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ABSTRACT

We present 4 model series of thebEx dynamical opacity-sampling models of Mira variables
with solar abundances, designed to have parameters simite€et, R Leo and R Cas. We
demonstrate that theobex models provide a clear physical basis for the molecularl shel
scenario used to explain interferometric observations wéMariables. We show that these
models generally provide a good match to photometry andfar@metry at wavelengths
between the near-infrared and the radio, and make the matf®its publicly available. These
model also demonstrate that, in order to match visible afrdri@d observations, the Fe-poor
silicate grains that form within 3 continuum radii must hareall grain radii and therefore
can not drive the winds from O-rich Mira variables.

Keywords. stars: AGB and post-AGB, stars: atmospheres, stars: asiatther, stars: mass

loss

1 INTRODUCTION

Asymptotic Giant Branch (AGB) stars represent the finaldosi
powered stage in the evolution of solar-type stars, and nigine
by which the vast majority of the material in our Galaxy isyrec
cled from stars back to the interstellar medium_(Gail 2008ya
variables represent the final stage in AGB evolution befoeg be-
come dust-enshrouded and difficult to observe. They areightbr
in the infrared that they can be used as competitive extatal
distance indicators and probes of star formation histoikK&ba
2004;| Menzies et al. 2010). They are also unique amongsarstel
classes in their opportunity for detailed observatiorghtlicurves
that differ in shape and amplitude in different bandpaspés-
tospheres that show different sizes and structure as aidanot
wavelength, velocity-resolved motions and complex spectr

The observational literature on Mira variables is very ex-
tensive, as partly detailed below in Sectidn 4. In order tdkena
sense of these observations, comprehensive models areectqu
that link physical parameters to pulsation, and pulsatmrok-
served properties and mass-loss. The previous generdtiond
els (e.g. Hofner et al. 1998; Hofmann etlal. 1998) suffeneanf
grey or mean-opacity like approximations in their radiativans-
fer codes, so were not ideally suite to interpreting manyeoled
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properties, for example visible brightness or high-reotuspec-
troscopy. The next generation of models (Upsalla:Hofnaitle
2003COoDEXireland et all 2008) are better suited for modern ob-
servational comparisons, but extensive grids have notegt pro-
duced, both because of solvable but difficult computatitssmies
and the lack of a clear calibration for model parameters.

Here we present four physical model series for M-type Mira

variables, as a first step in tuning and testing d@DEX models

to derive physical parameters of Mira variables from obsgons,
and to gain physical insight into the dominant physical peses

in Mira-variable atmospheres. Observational predictionfiding
predictions for infrared interferometry of the model seidge made
available online so that new observations can easily be acedpto
these models.

One of these model series has parameters baseden one
based onR Leo and two are based on R Cas with different as-
sumptions. For all models, only the pulsation period is gnared
to match observations, and in this paper we aim to examine the
other model outputs in order to more closely target modééseo
real stars in future papers. The model construction wasrithest
in Paper ||(Ireland et al. 2008): they begin with input parterse
of mass, luminosity and composition, with three other fraeam-
eters being microturbulent velocity, mixing length,() and turbu-
lent viscosity ¢, ). Pulsation is self-excited (i.e. it occurs sponta-
neously), and the temperature of all layers is calculatesidbying
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the conservation of energy equation via a detailed opaeitypling
method.

Details of the parameter choices for the model series aemgiv
in Sectio 2, as well as basic comparison of the model lightesu
to observations. Model predictions for spectra, in paléicthe ef-
fect of extension on spectra, are tested in Se€fion 3, anuddels
are compared to observationso€et including infrared and radio
interferometry in Sectiohl4. In Sectidh 6, we compare the ehod
structures to previously published ad-hoc molecular gbeglers,
and in Sectio]7 we discuss the mass loss rates of the models an
the driving mechanisms. In Sectioh 5 we discuss the effeicipoft
parameters on the models, and the possibility for bettébreet
ing the input parameters so that, e.g. the mass of indivibliis
could be inferred from models. Finally, in Sectidn 8 we conel
and discuss plans for future work.

2 MODEL PARAMETERSAND DESCRIPTION

A detailed description of the model construction was given i
Paper I. Briefly, the models consist of self-excited grey eisd
that determine the atmospheric pressure stratification lamd
nosity. The temperature profile is then re-iterated usingjaec-
ity sampling code with 4300 wavelength points, assumingarad
tive and local thermodynamic equilibrium. Dust formatiatidws
Ireland & Scholz|(2006), except that we drop the Rayleighraypp
imation, instead replacing it by a smooth fit to the Mie apjra¢
tion of spherical grains, weighting the Rayleigh scatigiiy:

@)

wherea is the grain radius) the wavelength of radiation,

o the scattering cross-section ang the scattering cross-section
in the Rayleigh approximation. This cross-sectioy; is the total
cross-section weighted by (1}, wherey is the impact parame-
ter. This weighting ensures that the radiative accelanatiodust is
correct in the presence of forward-scattering.

The choice of free parameters was only briefly discussed in
Paper | in the context of the54 model series, based on the param-
eters of the prototype Mira variable Cet. The input parameters
for all 4 model series presented here are given in Table 1ttand
reasons for their choice give in sub-sections below.

The behavior ovet0?* days of each nonlinear pulsation model
series is shown in Figures 1-4. As each model series runsegoy m
cycles, we chose only a few typical cycles for detailed exetion.

In each of these cycles,;10 representative models were extracted
and their velocity and pressure structures used as inpaetmbdel
atmosphere code which, after temperature iteration, greetsa
and centre-to-limb variation (CLV) for the models. The estur-
ing which models were extracted are shown as shaded regions i
Figures 1-4 and the actual models extracted are shown #essdinc
the top panels of these figures. The instantaneous physicafp
eters and shock front locations for the chosen models asngiv
Table BEB (available in their entirety in the on-line versof the
journal). We note that the model radius is defined in theskesab
as the radius where the Rosseland optical depth is unitytrend
effective temperature is defined by this radius.

oum(a,\) = or(a, N1+ 4.5(%)4)*1,

Table 1. Parameters of 4 model series. The masgsluminosity L, metal-
licity Z, mixing-length parametesv,, and turbulent viscosity parameter
oy, are input parameters, and the parent-star raéliysand periodP are
derived parameters.

Name M L Z am ay Ry P Pinear

054 11 5400 0.02 35 025 216 330 261
R52 11 5200 0.02 35 025 209 307 243
C50 1.35 5050 0.02 20 024 291 427 408
c81 1.35 8160 0.02 35 032 278 430 374
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Figure 1. The luminosity (top panel), effective temperature (midatel),
and the radii of a representative selection of mass zoné®baanel) plot-
ted against time for model54. The red line in the bottom panel shows the
position of the point where the grey approximation opticeptth g = .
T.g in the middle panel is here defined as the temperature where2/3,
which is close to the effective temperatuxe(L/R2)1/4 of the non-grey
atmospheric stratification. The shaded regions show the imtervals in
which models were selected for detailed atmospheric mantapatation.
The selected models are circled in the top panel. The massndsity,

. metallicity and period of the nonlinear pulsation model shewn at the

top of the plot.

of |Girardi et al. [(2000). However, as shown by Edvardssoh.et a

(1993), there is a scatter in [Fe/H] from about -0.5 to +0r3stars

of this age, so that the Mira stars we are aiming to model could

have somewhat different abundances to those we have adopted
The adopted value for the mixing length in units of pressure-

For all 4 model series, we assume solar element abundancesscale height for the54, R52 andC81 seriesq,, = 3.5, iS unusu-

from|Grevesse et al. (1996). This is near the mean abunddnce o
served for stars in the solar vicinity with ages of 3-®° years
(Edvardsson et &l. 1993). Our red giant model with mass 1.35 M
has an age of-3x10° years and the red giant model with mass
1.1 My has an age ofv6x10° years according the isochrones

ally high compared with models of more compact stars. Howeve
this is not unreasonable, as detailed hydrodynamic cdionkof
stellar convection often suggest valuesdgy in the range 1-4 (see
the parameter summarylin Meakin & Arnett 2007). Decreadieg t
mixing length in models makes heat transport more diffiquthie
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Figure 2. The luminosity and mass-zone positions in R&2 series, show-
ing the locations of the phases chosen for detailed modepatation.

outer convective layers, causing the model star to expahereF
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Figure 3. The luminosity and mass-zone positions in @& series, show-
ing the locations of the phases chosen for detailed modepuatation.

fore mixing length has been used by us as a way to produce the Table 2. Parameters of the extende®4 cycle, including the position of

correct period, given a luminositf§z,. However, this procedure is
always ambiguous for a given field Mira, because the distande
hencel is always uncertain by 10% or more.

The value ofa,, can be adjusted to give the correct pulsation
amplitude. Alternatively, within limits) can adjusted to give the
correct pulsation amplitude. Thus far in our models serieshave
assumed values df based on e.g. typical masses as a function of
period and then used, to tune the pulsation amplitude. By com-
paring these model series with observations, we aim to dpvel
preferred values fot,, and «,, or at least a preferred prescrip-
tion for choosinga,,, anda,, as a function of the physical input
parameters\/, L (a proxy for evolutionary state along the AGB)
andZ.

Although our models have been generally based on the stars 2
o Cet, R Leo and R Cas, there are a range of parameters that are 563160

consistent with these Miras, and a detailed comparison elith
servations will inevitably reveal where the differences lin the
following section, we aim to discuss the chosen parametars f
each model series, compare predicted light curves to obddight
curves and draw preliminary conclusions as to whether cmmatg
physical input parameters could improve model fits. We cadbs
V, J and K band for comparison to observation$:band because
of the wealth of observational data, aiiédnd K because the model
predictions are most reliable in these band-passes. Foictm-
parison, we add 0.5 magnitudes to the predicted V-band fluses
account for non-LTE effects as computed in the models attele
phases in Paper |, where the correction needed varies bhethW@e
and 1.0 magnitudes.

the shock fronts.

Model Phase L R I S1 S2 S3
(Lo) Rp) (K (Bp) (Bp) (Rp)
260820 -0.20 4050 0.90 3299 2.82 0.91
260960 -0.10 4240 0.85 3434 2.85 0.87
261140 0.00 8013 0.98 3761 286 0.99
261320 0.10 8102 1.20 3398 2.87 1.28
261460 0.19 7420 1.34 3154 283 150
261620 0.31 5830 1.41 2898 2.74 1.70
261740 0.40 4462 1.42 2697 264 182
261860 0.50 3640 1.34 2640 2.47 1.91
261940 0.60 2440 1.40 2333 231 193
262160 0.70 3450 0.97 3055 2.07 1.89 0.97
262360 0.80 4110 0.90 3325= 1.82 0.90
62600 0.90 4355 0.85 3462 1.74 0.86
1.00 8428 099 3786 161 101
263740 1.10 8420 1.20 3439 = 1.37

21 0545400 L series

The 5400 L, model series fop Cet (P = 332 days) has model
parameters chosen to match the luminosity obtained fromJthe
and K photometry of Whitelock et all (2000) and the Knapp et al.
(2003) revisedHl PPARCCS parallax. The mass of 1.1Mwas
adopted since an analysis of the Galactic scale height af Wiri-
ables by Jura & Kleinmanmn (1992) suggest a massbfl M, for
Mira variables with periods from 300—400 days, while a stodly
the population of Miras by Wyatt and Cahn (1983) gives a pnege
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Table 4. Parameters of the 4-cycle continuous phase covers&decycle, including the position of the shock fronts.[To beikalde on-line only]

Model Phase L R s S1 S2 S3 S4 S5 S6
Le) (Bp) (K) (Rp) (Rp) (Rp) (Rp) (Rp) (Rp)

285180 -0.20 3979 0.92 3263 354 0.92
285320 -0.11 4107 0.86 3397 4.06 0.87
285500 0.00 7288 093 3769 421 0.94
285700 0.10 8236 1.17 3468 436 1.22
285860 0.20 7623 1.33 3189 452 147

285980 0.31 6270 1.40 2952 1.70

286060 0.41 4513 143 2692 1.87

286100 0.49 3845 1.40 2614 1.95

286140 0.59 2548 153 2258 2.02

286320 0.70 3204 1.00 2959 2.00 1.00

286520 0.80 4092 091 3291 193 0.92

286700 0.90 4218 0.86 3415 1.83 0.87

287000 1.00 7188 0.93 3755 164 094

287560 1.10 8431 1.17 3487 138 1.25

287740 120 7734 132 3204 = 1.62

287820 1.30 6304 140 2963 1.95

287880 140 4658 143 2720 2.18

287940 151 3820 1.38 2629 2.38

287980 1.61 2661 147 2326 252 113
288140 1.70 3342 1.00 2984 261 1.00
288320 1.80 4034 091 3279 2,67 0.92
288460 1.90 4159 0.86 3407 271 0.87
288620 200 7340 0.93 3770 271 137
288820 210 8170 1.17 3461 271 1.22
289020 220 7495 132 3181 2.69 1.46
289240 230 6174 140 2948 2.66 1.66
289440 240 4655 1.42 2730 263 1.80
289620 249 3918 136 2671 246 191
289740 259 2525 1.42 2336 226 1.97
289920 270 3064 0.99 2932 = 1.99 0.99
290120 280 4073 091 3290 201 0.92
290360 290 4301 0.86 3434 2.08 0.87
290740 3.00 7795 0.95 3796 1.97 0.96
291500 3.10 8412 117 3474 2.06 1.29
291740 319 7759 1.32 3210 = 1.65
291800 331 6097 140 2935 2.19
291820 3.41 4451 1.43 2688 2.55
291840 355 3438 140 2544 3.07
291860 3.61 2813 1.35 2469 324 113

itor mass estimate of 1.18 Mfor o Cet. We give this model series  continuum fluxes are similar from cycle to cycle, high-lageser-
the designatiom54. vational features differ depending on the upper atmospbieoe-

Figure[® shows the light curves derived from 4 cycles of the ture. The reason for this can be seen in Tables 2 thrbligh 4ewhe
054 model series between times 8000 arid days in Figurgll. upper layer shock front positions are not repeatable frootedp
To fit the K-band maximum fluxg Cet needs to be at a distance cycle. For example, in Tablé 2, at phase -0.2, the uppergsback
of 107 pc . This corresponds to a parallax of 9.3 mas, comgiste from a previous cycle is at 2.82,. Exactly 1 cycle later, at phase
within 20 of the latest HIPPARCOS value of 10:81.22 mas from 0.8, the upper shock has just merged with a lower shock atf,,82
van Leeuwen (2007).

The models fit the general light-curve shape and amplitude
but they are~0.1 magnitudes too blue ifi-K colour, too blue in
V-K by ~1 magnitudes (hence too bright i near maximum by The period of R Leo is slightly shorter than thato€Cet, and we
~1 magnitudes), and these 4 cycles do not reproduce the tycle- chose to model R Leo with a model identical to th€et model,
cycle scatter in/ and K magnitudes near minimum. but with a luminosity reduced to match the smaller period0(31

We also computed models for more compact atmosphere cy- versus 332 days). Miras typically also have reduced madses a
cles (between times 1000 and 2000 days in Figure 1) and mere ex duced periods_(Jura & Kleinmann 1992), but we chose not to re-
tended atmosphere cycles (between times 3500 and 430Q Hays)  duce the mass so as to see the differential influence of Iwsityno
J, H andV fluxes were not noticeably different. The atmospheric alone (Wyatt and Cahn 1983 give a mass of 1.04fdr R Leo).
structures for the various models are shown in Fiflire 1. Bme ¢ =~ The model has a luminosity derived by assuming R Leo was at a
sistently blueJ-K andV-K colours suggest that Teff is too high  distance of 110 pc, corresponding to a parallax of 9.1 maginag
in the model (see Section 5 for more discussion). consistent with the van Leeuwen (2007) value of 14235 mas

Although the basic model properties, (R, T.g) and the near- within 2-o.

'22 R525200 L series
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Table 5. Parameters of the extended 2 cycles of B series, including the position of the shock fronts.[To bailable online only]

Model ~ Phase L R T SI S2 s3 s4
Lo)  (Bp)  (K) (Rp) (Rp) (Rp) (Rp)

360540 -0.20 4442 0.92 3411 202 0.93
360760 -0.10 5000 091 3535 194 0.92
361180 0.00 8266 1.06 3696 179 1.11
361720 0.10 7425 124 3338 157 1.40
361860 0.19 6491 133 3118 = 171

361900 0.32 4700 1.36 2844 2.10

361920 0.46 3729 125 2793 2.38

361940 0.54 2795 115 2714 2.51

362020 0.60 2901 1.06 2851 258 1.06
362200 0.70 3837 0.96 3209 269 0.97
362380 0.80 4405 0.92 3400 279 094
362560 0.90 5083 091 3545 281 0.92
362780 100 8236 1.06 3704 287 1.10
363000 1.10 7408 1.24 3337 293 1.37
363180 120 6374 133 3097 2.89 159
363380 1.30 4897 136 2870 292 177
363540 141 4088 131 2797 281 191
363600 1.49 3063 124 2674 = 1.97

363700 160 2567 1.06 2767 2.00 1.05
363900 1.70 3910 0.96 3225 2.00 0.97
364120 180 4456 0.92 3409 194 094
364380 1.90 5076 091 3544 1.86 0.93
364960 2.00 8304 1.07 3699 176 112

Table 6. Parameters of the compact 2 cycles of R%2 series, including the position of the shock fronts.[To bailable on-line only]

Model Phase L R g Sl S2 S3 S4
(LG)) (Rp) (K) (Rp) (Rp) (Rp) (RP)

386260 236 4640 135 2836 2.18
386280 249 3813 126 2796 2.56
386320 260 2569 113 2680 2.89 1.10
386500 270 3753 0.99 3148 3.09 1.00
386660 2.80 4198 0.93 3332 327 0.95
386840 290 4680 090 3486 3.46 0.92

387040 3.00 8026 0.99 3801 1.02

387260 3.10 7704 1.18 3446 1.27

387420 3.19 6844 130 3193 1.49

387580 330 5449 136 2951 1.70

387700 3.40 4350 1.34 2805 1.85

387780 3.49 3585 127 2743 1.93

387860 3.61 2049 124 2421 198 1.09
388040 3.70 3560 0.99 3111 1.97 0.99
388240 3.80 4311 0.93 3355 1.92 0.95
388480 3.90 4704 0.90 3483 183 0.93
388900 400 8166 0.99 3814 1.69 1.03
389540 410 7818 1.17 3473 148 1.30
389680 420 6744 131 3172 = 1.69

389720 432 5120 1.35 2908 2.06

389740 449 3819 1.26 2803 2.45

389780 460 2700 112 2728 265 1.10
389940 469 3700 0.99 3128 277 1.00
390120 480 4182 0.93 3332 2.88 0.95
390300 490 4674 0.90 3482 3.01 0.93

It is clear in Figurd b that this model is too blue to be an ef- sible that these two stars have different metallicity (ire redder
fective model for R Leo in both/-K and J-K colours, and has colours of R Leo could be because it has a higher metallicky)
a visual amplitude much larger andra amplitude slightly larger difference in mass is also possible, with a compensatinggghian
than R Leo. The amplitude of the R Leo model is slightly snralle  luminosity within that allowed by the parallax error to rietéhe
than the amplitude of the Cet model due to the reduced luminos- same period.
ity. This luminosity change by itself is not enough to expléie

different visual amplitudes of the real R Leo ancCet. It is pos- Like theo54 series, we computed an extended sub-series (day

numbers 3600-4500 in Figuré 2) and a compact sub-series (day
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Table 7. Parameters of th€50 series, including the position of the shock fronts.[To bailable on-line only]

Model Phase L R Ig S1 S2 S3 S4 S5
Le) (Bp) (K (Rp) (Rp) (RBp) (Rp) (Rp)

375360 -1.30 2673 0.92 2532 249 0.92

375490 -1.20 3407 0.85 2810 256 0.87

375630 -1.10 3529 0.80 2924 259 0.83

375780 -1.00 6640 0.87 3271 2.63 0.92

375920 -0.90 7218 1.08 3077 262 1.13

376050 -0.80 7039 1.16 2883 2.60 1.37

376160 -0.70 6412 123 2738 255 1.57

376260 -0.60 5537 1.24 2627 248 1.74

376330 -0.50 4263 121 2493 238 1.84

376380 -0.40 2851 1.10 2357 219 191

376470 -0.30 2678 0.92 2543 = 193 0.92

376630 -0.20 3392 0.84 2816 1.97 0.87

376820 -0.10 3595 0.80 2937 197 0.82

377110 0.00 6722 0.88 3261 1.86 0.94

377490 0.10 7253 1.04 3058 175 118

377710 0.20 7037 1.16 2876 = 1.53

377750 0.30 6400 1.23 2735 2.01

377760 0.40 5465 1.24 2618 2.39

377770 0.53 3720 1.21 2407 2.83

377790 0.61 2633 1.18 2233 3.06

377880 0.70 2883 0.91 2606 3.31 0.91

378020 0.80 3370 0.84 2823 3.55 0.86

378160 090 3813 0.80 2981 3.76 0.82

378320 1.00 6750 0.89 3253 3.96 0.93

378470 110 7246 1.06 3035 4.15 1.18

378570 121 6955 118 2852 4.34 1.44

378630 131 6250 1.23 2713 4.52 1.65

378660 1.40 5395 124 2610 (4.66) 1.80

378680 149 4166 1.21 2476 (4.80) 191

378710 1.61 2512 1.06 2326 (4.97) 1.97

378810 1.70 2972 090 2631 195 0.91

378960 1.80 3380 0.83 2827 1.89 0.86

Table 3. Parameters of the compazh4 cycle, including the position of the
shock fronts.[To be available online only]

Model Phase L R Ik S1 S2 S3
(Lo) Rp) (K (Bp) (Bp) (Rp)

248480 -0.30 3243 0.99 2982 2.03 0.99
248680 -0.20 4122 0.90 3312 2.02 0.91
248900 -0.10 4379 0.86 3450 1.99 0.87
249240 0.00 7870 0.95 3793 1.92 0.97
249960 0.10 8358 1.18 3458 180 1.29
250360 0.21 7432 1.34 3152 = 1.69

250400 0.29 6239 1.39 2960 2.10
250420 0.38 4768 1.41 2749 2.42
250440 0.53 3520 1.33 2628 2.96
250460 0.60 2847 1.32 2497 3.18 1.13
250640 0.70 3305 0.99 2990 3.46 0.99
250820 0.80 4019 0.91 3287 3.74 0.91
250980 0.90 4238 0.85 3436 401 0.86
251160 1.00 7713 0.96 3768 4.42 0.97

numbers 8200-9100 in Figuiré 2). The compact sub-seriesthad i
detailed radiative transfer model truncated &4 because the very
low density in the outer layers<( 10~'° gecm?) had extremely
low opacity and the models had outer-layer physical coniitiout-
side the range where our equation of state was valid. Adaéi/t

J and K fluxes were similar in each case (only the extended sub-

series is displayed).

2.3 (818160 L series

With the same input physics as theCet models, we attempted to
create a longer period series appropriate for the Mira bR Cas

(P = 430days) by increasing the luminosity and mass. However,
the model pulsation amplitude became much too large, reguis

to increase they, parameter. The HIPPARCOS distance for R Cas
in\Whitelock et al. |(2008) would require the star to be vergdem
luminous when compared with the mean solar-vicinity P-latel
tionship of| Whitelock et al.| (2008) or the LMC P-L relationgh
(e.g.Hughes & Woaod 1990). For this model series, the lumigosi
of our model was derived by assuming R Cas falls on the mean
solar-vicinity P-L relationship of Whitelock et ial. (2008hd is at

a distance of 204 pc, with a corresponding parallax of 4.9 mlas
most 3¢ from thelvan Leeuwen (2007) value of 7:95.02 mas.
The mass adopted for R Cas is 1.35% Ms given by Wyatt & Cahn
(1983).

The light curves of R Cas in thé, J and K bands are shown
in Figure 8, corresponding to day number4000-5700 chosen for
detailed radiative transfer computation in Figlite 3. Thand K
light curves of the model fit the observations quite well, ievim all
cycles where the near-maximum model was computed, the sodel
are too bright inl” near maximum light. The near-maximum con-
tinuum effective temperature is3800 K in Tabld_8, corresponds
to an MO or M1 giant according to the temperature calibratibn
Fluks et al. [(1994) and appears like an M2 giant in the TiO fea-
tures as predicted by our model spectra. This is much too @rm
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Table 8. Parameters of th€81 series, including the position of the shock fronts.[To bailable on-line only]
Model Phase L R Ik S1 S2 S3 S4 S5 S6
Le) (Bp)  (K) (Rp) (Rp) (Rp) (Rp) (Rp) (Rp)

243570  -0.40 3917 158 2182 274 1.96
243670  -0.30 3705 1.34 2336 240 2.06 0.98
244000 -0.20 5772 0.87 3235= 214 0.87

244140  -0.10 5133 0.79 3311 229 0.79

244330 0.00 9462 0.81 3811 225 081

244700 0.10 12460 1.08 3522 221 114

246230 0.20 12120 1.28 3212 220 1.49

246810 0.30 11150 1.40 3015 205 1.87

246910 0.40 8327 144 2758 = 231

246940 0.52 5324 1.65 2310 2.82

246960 0.61 4427  1.84 2087 3.07

247020 0.70 4103 1.63 2175 3.39 1.01
247280 0.80 5302 0.89 3130 3.67 0.89
247450 0.90 5184 0.79 3322 3.88 0.79
247560 1.00 10470 4.13 0.78

247690 1.10 11640 1.06 3498 4.39 1.08
247810 1.20 12060 1.27 3228 4.54 1.35
247900 1.30 10990 1.39 3014 (4.80) 1.60
247970 1.40 8416  1.44 2769 (4.92) 179
248020 1.50 5748 1.58 2405 1.91

248060 1.59 4234  1.67 2169 1.99

248130 1.70 4143 141 2341 2.00 1.00
248430 1.80 5493 0.88 3175 196 0.88
248580 1.90 5250 0.79 3326 1.89 0.79
248730 2.00 9757 0.79 3882 1.76  0.79
249030 210 12020 1.06 3523 159 1.09
249400 220 12350 1.26 3255 = 1.41
249500 230 11070 1.38 3029 1.82
249580 2.39 8557 1.42 2801 2.09
249710 2.50 5655 1.57 2400 2.35
249890 2.60 4468 1.68 2191 2.53
250020 2.70 3955 159 2180 2.68
250290 2.80 5609 0.89 3178 2.79
250440 2.89 5270 0.80 3311 2.88
250550 3.00 9899 2.94
250670 3.10 11740 1.06 3501 2.97
250780 3.20 11920 1.27 3217 2.98
250870 3.30 10810 1.38 3012 2.98
250960 3.40 8299  1.43 2765 2.95
251040 3.49 5758 155 2429 2.87

R Cas which has a catalogued spectral type of M6-M10. Therefo  observed M6 spectra In_Fluks ef al. (1994) than either M5 of M7
we are forced to conclude thatg is too high for this model. spectra. It also has ala- K colour that matches that of R Cas (see

Figurel?).
24 C505050 L series

Asthe 8160 I, model or R Cas was so clearly discrepant near max- 2.5 UsingtheModels
imum, and as the individual HIPPARCOS distance in Whiteletk
al. (2008) would give a luminosity of only3770L; , we chose
to construct a lower luminosity model. The luminosity wasetde
mined by fixing the mixing length parameter which was decdas
to amore standard value af,, = 2. The luminosity was then tuned
to match the model period to that of R Cas. As usual, the tartiul
viscosity parameter was then tuned to match the bolometria
tude of R Cas and the model. The resulting luminosity (505D L
suggests that R Cas is at a distance of 166 pc with a corresgpnd
parallax of 6.0 mas: this is now consistent with the HIPPARCO Lr = / L(A)dA (2
value within 2e. A

The near-maximum effective temperature of this model is now
~ 3250 K, both consistent with an M6 spectral type from the cal-
ibration of|Fluks et al.[(1994) and providing a better matchhe L hitp://www.physics.mg.edu.aumireland/codex/

For each model phase in Tablgs 3 throdigh 8, we provide the
full model output. Indeed, this output was already used by
Woodruff et al. (2009) in advance of publication in order tore
pare the models to wavelength-dispersed infrared intemfetry. A
sample 3 lines from one of these tables is given in Table 9tdero

to use these models to compare to a specific observatiogrante
tion over a filter profileF’ () is required:
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Table 9. An excerpt of the table available on-line describing the el@ditput for then54 series model 285180. The center-to-limb variation (CL\§tliswn
as a fraction of the central intensify as a function of normalized radius on the apparent steli, di5R, .

Wavelength L lg CLV:  1/5R, and 1/ly
(um) (ergsum=—1)  (ergscemm? pm~lsr-1) 0.020 0.100 0.140 0.170 0.190 0.220 0.290 0.360 0.440
1.598 0.9786E+37 0.1124E+10 0.997 0923 0.828 0.691 0.4510820 0.066 0.053 0.046
1.599 0.8160E+37 0.3054E+09 0.999 0977 0955 0.932 0.9138790 0.796 0.662 0.337
1.600 0.1106E+38 0.1427E+10 0.998 0.940 0.863 0.743 0.274€240 0.022 0.022 0.026
M=1.35M, L=5050L, Z=0.02 P=427days
T T T 1 LE 3
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Figure 4. The luminosity and mass-zone positions in @ series, show-
ing the locations of the phases chosen for detailed modepuatation.
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Figure 5. Light curves of theo54 series inJ, K andV bands compared
with observations 06 Cet byl Whitelock et all (2000) and the AFOEV.

Figure 6. Light curves of theR52 series in the extended cycle jh K and
V' bands compared with observations by Whitelock et al. (2@0®) the
AFOEV.
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Figure7. Light curves of theC50 seriesJ, K andV bands compared with
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Figure8. Light curves of theC81 series/, K andV bands compared with
observations by Nadzhip etlal. (2001) and the AFOEV.



6x10°

T

5x10°

[P
i

=S

4x10°

L 3x10°

2x10°

1x10°

0 . .
1.6 1.7

A (microns)

Figure 9. A H-band comparison of the R Cha spectrum at phases 0.1 (top)
and 0.3 (bottom) to the 287820 (top) and 250460 (bottom) tsoafethe
054 series.

Ir(z) = /F(/\)I()(A)f(x, A)dA. (©)]
A

Here Ly is the stellar luminosity as seen through the filter,
Ir(z) is the intensity profile seen through the filtés(\) are the
tabulated values of the central intensity afid, \) are the tabu-
lated values of the normalized CLVs. It is much more prefierab
to use realistic filter profile’(\) with smooth edges (e.g. a Gaus-
sian) rather than square-edged filters in order to minimissedue
to the opacity sampling. Interferometric visibilities cnen be ob-
tained from the Hankel transform &f ().

3 MODEL SPECTRA

The spectra computed in theODEX models using the default
wavelength table come from an opacity sampling method with a
spectral resolution of up te-10*. However, in order to accurately
compare with observations at any wavelength, at led€t0 wave-
lengths have to be averaged together, preferably using-aquare
edged filter. In turn, this means that these default modegludsitcan
only be used at a spectral resolution®f~ 100 or lower. This is
especially true where the CO bandshAhand K bands are con-
cerned, where there is a combination of very strong abswrpatnd
near-continuum spectral features.

For the purposes of comparing spectra with observations in
H- and K-bands, we therefore also computed spectra andreente
limb variations at Rz 10° in these bands. In FigurE$ 9 dnd 10 we
convolved the model spectra with a Gaussian of Full-Widthf Ha
Maximum equivalent to a spectral resolution Bf = 1000, and
compared the model spectra with observations of the Mirabkr
R Cha from Lancon & Wood (2000). We chose to compare with the
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Figure 10. A K-band comparison of the R Cha spectrum at phases 0.1 (top)
and 0.3 (bottom) to the 287820 (top) and 250460 (bottom) soafethe
054 series.

4 OBSERVATION AND MODEL COMPARISON: O CET

The grand total of all available observations for Mira vahés with
parameters similar to those of the model series presentedsiar

too vast to compare to the model series of this paper in a senci
manner. Therefore, we have chosen to examine the availéble o
servations ob Cet in a general sense to describe the similarities
and differences between tl&4 series and Cet to further illus-
trate the utility of the model series and the wealth of infation
available to constrain models.

Table[I0 summarizes most of the key observations available
for o Cet. Time-dependent photometry is available between-ultra
violet and radio wavelengths, with the best light curveslale in
theV, J, H and K bands, as shown in Figuré 5 (V,J,K). There is
reasonable agreement between the model and observatidighfo
curve shape, amplitude and visible-infrared phase offsets

Spectral classification should also give an observed effec-
tive temperature. Unfortunately, the MK spectral clasatfin (e.g
Keenan et al. 1974) is based on B avidbands, where non-LTE
effects in an extended atmosphere are very strong (Irelaaid e
2008). Consequently, the combination of effective temjpeesand
metallicity can not be directly fit to observations. Specfa Cet
are also not available electronically to the knowledge @f #lu-
thors — a modern library of bright Mira spectra would cettiaine
of great use to future modelling efforts. In particularrared spec-
tra are a much more reliable model output, and phase-depende
infrared spectra would be a wonderful tool for tuning modai p
rameters.

Resolved observations have been made at wavelengths be-
tween 346 nm and 7 mm, with the broad range of highly wavelengt
dependent diameters being consistent with Models. The édan-
gular diameter versus wavelength curve as shown in Woodt .
(2009) between 1 and 4 microns was very similar toa6é model
series, however, in that paper, the models were placed atande

054 series, because the parameters of R Cha are most like those ofhat best fit the angular diameters. If instead the modelglared

o Cet. There was an arbitrary scaling applied to the obsemped-s

tra. These factors differed by 0.05 mags between the H- and K-

bands for the phase 0.1 spectrum and 0.15 magnitudes fonése p
0.3 spectrum: these small differences . The best model fite we
from phases 0.3 and 0.6, where temperatures w&@0 K cooler

at the distance that best fits the K-band photometry, thelandis
ameters as a function of phase are given in Figurés [I]to i8. It
clear that the mean diameter of the models are too small,teatd t
the phase-dependence of the observed diameter is lessupaatb
than in the model. Possible solutions to this are given iniSes3

than phases applicable to the R Cha observations. This demon and7.

strates that in the CO overtone bands, the models are tomhot f
R Cha. To make this statement more quantitatively based et sp
tral synthesis, metallicity effects would have to be coesid also
(beyond the scope of this paper).

In the radio, the measured angular sizexd@et corresponds
to the angular size of the Na and/Ar ionisation edges. The con-
sistency between models and observations shows that lerahal
equilibrium is a reasonably assumption for defining thezation
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Figure 11. Model diameters of the54 series in a narrow 1.24m band-
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Figure 12. The same as Figufell1, except for the H-band.

fraction. In the ultraviolet, the measured FWHM of 35 masreo
sponding to a shell uniform disk diameter €66 mas, will pro-
vide a strong constraint on the radii of small dust grainsweicr,
model outputs are not currently available for that wavetlemgnge.

5 PREDICTING FUNDAMENTAL PARAMETERSWITH
MODEL S AND OBSERVATIONS

For each Mira variable modeled in this paper, there are ntiyre
3 physical (/, L and Z) parameters and 2 model parameters,
anda,). In the parameter neighborhood of th&4 series, we find
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Figure 13. The same as Figufell1, except for the K-band.

that the radius of the “parent” star approximated by linadsation
is given by:

R, L. 08, Ms | _04,0m 07, Z \02
~ - — 4
216Ro (5400L@) 1.1M@) (3.5) (0.02) > @
or in angular units:
0* o dO.SFS.SM;OAa;LOJ( Z )027 (5)

0.02

whered is the distance, and’ is the received wavelength-
integrated stellar flux. In this section we will only discube most
direct measurements of effective temperature, deriveah fnear-
continuum interferometry and photometry, as spectrahfjtin the
presence of non-LTE effects (Ireland etlal. 2008), meiafliand
abundance errors has yet to be demonstrated for extendeaité gi

There is no dependence of the radiusxgnbut there is a small
dependence of the peridélon «,, which we will neglect here. The
period, which typically is expressed in terms of mass andusad
(the so-called PMR relationship), we will express in terrieuar
model parameters.., M. anda,:

Pin L. 1.8 M, —1.8,Qm\—15, Z \0.4
~ — 6
261d (54OOL@) 1.1M@) (3.5) (0.02) ’ ©)

Although these relationships are only approximate and do no
hold over a wide range of parameters, they demonstrate tine co
plex interplay between the model input parameters. In placa
measurement of from spectral synthesis, and measurements of
period, amplitude, angular diameter, luminosity and distaare
enough to constraid/, «,, anda,,. However, a 10% distance un-
certainty (the best of any nearby Mira) translates into a Z00-
certainty, or a 20% mass uncertainty keeping everything feted
at a given period. The relationships are further complatée the
non-linear pulsation period differing significantly frorhet linear
pulsation period (e.g. Table 1), depending on amplitude.

Consider first the problem of calibrating mass indepenglentl
of pulsation models. Orbital periods for non-interactingydg are
far too long for combined visual and spectroscopic combaoreits
to obtain dynamical masses due to the large radii of Mirasstgts
form a potential hunting ground for Mira variables where A&B
can be calibrated at a known initial mass (€.9. Lebzelter &&NVo
2007), but the final mass of the Mira is a function of the assiime
mass loss history, clusters do not easily provide the sare@ad
metallicity range of Miras as in the field, and a direct radiusa-
surement is not yet possible. Mass can also be estimatediram
matics. This is best done for Miras with kinematics incorsis
with the thick disk or halo. The best example of this for ngarb
Miras iso Cet.

o Cet has alf,V,W) space velocity of (-26, -62, -89) km$
when using the revised HIPPARCOS distance ffom van Leeuwen
(2007). This space velocity is unusually large for a Mirajchtis a
major reason why the interaction betwee@et and the interstellar
medium produces such an impressive tail (Martin et al. 208I7)
though kinematics is often inconclusive when applied toviddial
stars, this space velocity falls within the 97% probabitipntour
for thick disk membership accordingito Reddy €tlal. (2006 he
detailed analysis of Robin etlal. (2003), thé velocity of o Cet
is inconsistent at& with even the old (5-10 Gyr) thin disk, and is
most consistent with being a member of the thick disk, matlate
a single stellar population of 11 Gyr age. Importantlet can not
be a runaway star (e.g. Hoogerwerf et al. 2000) where itsespac
locity is due to a single strong gravitational interactiarits past,
because it has retained its wide companion Mira B, and thi orb
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Table 10. Summary of key observational data e€et. Units: Vega magnitudes for light-curves, mJy for rgotimtometry, milli-arcsec for diameters.

Wavelength  Data Type Observation Model range Phase Refesen

(um) Range Coverage?

0.55 Light Curve 2595 2.0-11 Y AAVSO,AFOEV

1.2 Light Curve (-1.7)-(-0.3) (-1.8)—(-0.6) Y Whitelock at (2000)

1.65 Light Curve (-2.6)-(-1.3) (-2.6)—(-1.5) Y Whitelocka. (2000)

2.2 Light Curve (-3.0)-(-1.8) (-3.00-(-20) Y Whitelock et al. (2000)

0.4-0.6 Spectral Type  M5e-M9e Ndhe Y Skiff (2009); Samus et al. (2004)
0.307 Photometry 14.85 Nofe N Karovska et al. (1997)

0.346 Diameter 35 (FWHM) Note N Karovska et al. (1997)
0.45-1.03 Diameter 31-103 25-60 N Labeyrie et al. (1977)

0.68-0.92 Diameter 20-60 FWHM  16-38 N Ireland et al. (2004)

1.24 Diameter 22-30 17-34 Y Woodruff et al. (2008)

2.26 Diameter 31-37 17-29 Y Woodruff et al. (2008)

1.24 Diameter 22-30 17-32 Y Woodruff et al. (2008)

1.1-3.8 Diameter 25-68 17-58 N Woodruff et al. (2009)

11.15 Diameter 46-55 21-72 Y Weiner et al. (2003)

3.6cnt Photometry 0.20-0.37mJy  0.09-0.32mJy N Reid & Menten (}99fatthews & Karovska (2006)
7mm Diameter 52 29-55 N Reid & Menten (2007)

aShorter-wavelength radio observations are consistehtavi€ power law within errors. A 0.12 mJy contribution from Mira Béibeen subtracted.
bNo model spectral type calculations are possible. See text.
¢Distance to model fixed to 107 pc so that K-band maximum agrees
dWhen the fluorescence scattering approximation is used @ager 1), the range becomes 26-80 mas, with the upper d@iafineted by the model &,,
surface.
€Although the ultraviolet is important for deep-atmosphemaperature profiles, no ultraviolet fluxes are output beedhe near-surface opaciites are likely
unreliable.

can not be highly eccentric as the periastron must be outsiat-
mosphere of Cet. Therefore the progenitor massdtet is almost
certainly less than 1.4 (e.g. the Girardi et all (2000) evolution-
ary tracks places a 1.06Mstar on the TP-AGB after 10 Gyr, or
less for sub-solar metallicity). This places the currenssnafo Cet
at 1M or less. This is close to our model value of 44%. How-
ever, if L were to be kept constant ard decreasedq.,, would
have to be increased further from its already large valuederato
maintain the period. We will discuss this further below afiest
discussingy,, .

we saw that the models were500 K too hot for R Cha. However,
R Cha has the hottest near-maximum spectral type of all Mira v
ables at periods 0£:300—-350 days in Keenan et al. (1974), so this
suggests that the models are too hot for any Mira. Inspedfon
some low-metallicity test models (to be published) indésathat
decreasing the metallicity reduces this discrepancy bes dot re-
move it.

Although the range of model diameters reported by
Woodruff et al. [(2008) were roughly consistent with the g
diameters for the Miras studied in that paper, the minimuna-me

The comparisons of models to observations in this paper has sured diameter for each star was larger than the minimum-diam

already provided significant evidence that model tempegatare
too high, implying thatv,,, = 3.5 is too high a value for Miras with
parameter ranges applicableddCet and R Cas. There are 3 key
pieces of evidence: the near-maximWnK colours, the infrared
spectral fitting for R Cha, and the measured angular diaseter

All series with o,,, = 3.5 are too warm near maximum,
as shown by theil/-K colours of <5.0. TheR52 and C81 se-

eter predicted by models. This remains true for the curresdeh
series (see Sectign 4), especially fo€Cet. A discrepancy in near-
continuum diameters at phase$.9-0.2, where the photosphere is
relatively compact can only be rectified with an increase adet
radius by 10-20%.

Let us consider how models ef Cet could be modified in
order to achieve a larger apparent radius. The simplestadédth

ries compared to R Leo and R Cas respectively are the most dis-o place the star at a closer distance with a lower lumincaity

crepant. Although in general this could be due to fundanigrata
rametersM and L only, in this case it is not possible. The R Cas
R81 1.35M, 8160Ls model is reasonable for a Mira: i.e. all
AGB stars above a certain mass will go through an 8L6(Jhase,
and the mass of 1.3% at 8160Ls will result from some ini-
tial mass. The systematic study of Mira spectral type at mari
bylKeenan et al! (1974) found a trend of systematically Isperc-
tral types with increasing Mira period, with no Miras havingar-

the same linear radius and mass (preserving the period).ofée n
that the most recent HIPPARCOS analysis of van Leeuwen §2007
placeso Cet as close as 75 pc withirr2which would mean lumi-
nosities as low as 2690, are consistent with direct observations.
Such a low luminosity would, however, be 0.8 magnitudeswelo
the LMC P-L relationshipl(Whitelock et £l. 2008). This rébe-
ship provides a stronger constraint on the absolute K-ntadgiof

o Cet, as the dispersion in the relationship is only 0.13 ntages

maximum spectral types earlier than M5 in the 350-500 day pe- (Feast et 4l 1989). Adopting this relationship placesral@ver

riod range. The model spectral type-oM2 for R Cas is therefore
much too warm. This means that the combined choice.p= 3.5
and a,, = 0.32 together is incorrect for stars in the vicinity of
M =1.35 My andL = 8160 L.

R Cha is a Mira variable very much likeCet (period, ampli-
tude, colour), except for its more uncertain distance. IctiSe[3,

limit on the o Cet luminosity of 440Q. By solving the approxi-
mate equatioris 4 throu@h 6 after decreasing\thes 1 Mg, and in-
creasing angular diameter by 10%, the model luminosity ineso
4200L and the mixing length parametey, = 2.9 (effects ofa,,
andZ are neglected here). It is therefore likely not possiblettalffi
observations 0b Cet unless the model mass is greater thadl
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Figure 14. Temperature (K ; upper left), density (g cr ; lower left panel) and the moecular density,.; for molecules HO (upper right) and TiO (lower
right) as a function of r/R for 3 phases of a cycle of the54 model series: 285180 (phase -0.20, solid line), 28586020:0dashed), 286100 (+0.49,

short-dashed).

or the luminosity more thana®below the LMC P-L relationship
— each of which would be a controversial claim. This disaussi
shows just how difficult it is to provide precisely calibrdteodels
of Mira variables without clear observational referencas

The key problem here of finding the best value for, as a
function of M and L can be expressed as a problem of finding the
radii of real stars at gived/ and L. Mixing length only provides a
way to calculateR for given M and L once free parameters (espe-
cially the mixing length) are fixed based on known stars. M®dé
main-sequence stars and even K-giants can be calibratgdvedir
from the sun and other stars of accurately known parallaxv-Ho
ever, extrapolating to M giants, where pressure scalehteican
be a significant fraction of a radius, is not expected to hialvk.

What is therefore needed is a sample of M giants of well-
known M, L and R, from which to calibrate the mixing length. Al-
though we can not measuid, period can serve as a proxy fof
givenL andR. L andR can be measured accurately for a sample of
stars with relatively compact atmospheres (i.e. with adefined
R) that have a well known parallax, photometry and effectara-t
perature. At this point, spectral synthesis is not reliasieugh or
calibrated well enough for M giants to produce accuratectffe
temperatures and compositions. Therefore, this sampladlimo-
clude semi-regular pulsators with accurate photometryukan di-
ameters and periods. Either accurate periods or angularetiéss
are currently missing for many of the closest M giants, soug s
gest that measuring and collating such information shoelci
active area of research.

Assuming that a reasonable value ey, can be prescribed
for Mira models, the main free parameters for any individdaa
are composition and,,. Composition (primordial metallicity and
C/O ratio) must come from spectral synthesis. Given a seticiV
with well-measured distances, is determined from observations
and M from the period of the Mira - onlyy,, can be used to tune
the model amplitude and should be relatively easy to cakbra

6 THE MOLECULAR-SHELL SCENARIO

Interferometric measurements of Mira variables have béews
to be internally consistent only if there is a layer of molecwater
far above the continuum-forming photosphere (e.q. Weioéd
Observational comparison with models that include thisl kifwa-
ter and/or dust layer have so-far been dominated by nonigalys
models, i.e. those that neither provide a mechanism foragtey
the emitting material nor calculations of the chemistryt tiheter-
mines which components dominate the radiative transfermathw
radii.

Nevertheless, these ad-hoc models have provided a rdyative
simple picture for the regions around Mira variables ancehav
pressively fitted a limited selection of observable prapsrtin this
section we will examine the physical and observable progedf
the molecular shells in our model series.

Figs. 1 to 4 show that cycle-to-cycle variations in the piitga
models are generally quite modest in terms of the luminpsitthe
temperature at and the position of thg=2/3 layer and of the posi-
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Figure 15. The same as Figukel4 for the same phase 0.7 of 3 models okdiffeycles of th@54 model series: 248480 ("extended” series -0.30, solid Jine)

250640 ("extended” series +0.70, dashed), 288140 (+1h&di-slashed).

tion of deep-layer mass zones below te2/3 layer. The 054 and
C81 model series show somewhat more pronounced cycleete-cy
effects than the r52 and C50 models. Inspection of specifizenu
ical values of the radiu® of the Tross=1 layer and the therefrom
derived effective temperatufBs « (L/R?)'/* given in Tabs. 2
to 8 for the non-grey atmospheric stratifications confirns thicle
stability.

In contrast, we notice substantial differences betwedardifit
cycles, and often between successive cycles, in terms gidbie
tions of high-layer mass zones (Figs. 1 to 4). These diff@smare
closely related to substantial differences of the stremgtid posi-
tions of outward traveling shock fronts. Inspection of dhéront
positions (Tabs. 2 to 8) in the selected cycles for which iketa
atmospheric models were computed show a shock front typical
emerging at pre-maximum phase around -0.3to -0.1, thealinav
outward during about 1 to 1 1/2 cycles while it becomes weaker
and slower before the subsequent front catches up and lowtts fr
merge. Typically, the outer front starts retreating beforerger,
but occasional shock fronts traveling towards circumatedpace
(where they eventually fade away) are also seen in the Tables

The positions and heights of shock fronts at different phase
and in different cycles determine the upper atmospherigitien
stratification and, therefrom, the details of the tempeeasirati-
fication and of the partial-pressure stratification of maolac ab-
sorbers. The assumptions of local thermodynamic equilibrand
spherical symmetry are sufficient to derive this strataratas may
not be the case for the so-called MOLsphere (T/suji 2000) pesu
giants, due to the co-existence of the chromosphere in stass).

The study of Tej et al! (2003), based on models of Hofmannlet al
(1998), shows that the details of shock-front propagatiay fead

to strong cycle-to-cycle differences of the stratificatidnthe outer
atmosphere resulting in strong differences of the densitygeo-
metric characteristics of water “shells”, i.e. of layersosh absorp-
tion is dominated by water molecules.

FiguredT# t6 16 demonstrate, for th&4 and ther 50 series
of the here presentefiODEX model sets, the drastic phase and cy-
cle effects of shock-front propagation on the temperatienasity
stratification and on the appearance efHand TiO “shells”. Den-
sity decreases monotonically with radius, while the shagrehse
at a shock front provides theuter edge of any “shell”. The de-
crease of temperature with radius provides a relativelypskédge
to the region where water can exist in chemical equilibriamd
this provides thénner edge of any “shell”. At most infrared wave-
lengths, gas is reasonably transparent between tempesatiiere
H- opacity is dominant¥ 3000 K) and where water is domi-
nant (< 1800 K). A similar pattern is found for the TiO molecule
which, however, is formed in somewhat deeper layers thaermwat
and, therefore, does not depend so strongly on upper-atraosp
shock-fronts and shows smaller, though by no means nelgigib
cycle-to-cycle effects.

The model-predicted effects of such molecular “shells”rupo
the absorption properties of the stellar atmosphere atredsen-
ally important wavelengths have been discussed and cochpare
observations by Ireland etlal. (2008), Woodruff et al. (2088d
Wittkowski et al. (in preparation). Figute 117 shows typicgtle-
to-cycle differences seen in the water-contaminated speatf the
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Figure 16. The same as Figufe1l4 for the same phase 0.0 of 3 models ofsiveceycles of the 50 model series: 375780 (-1.00, solid line), 377110 (0.00,

dashed), 3783200 (+1.00, short-dashed).

3 models presented in Figdrel15. Typical effects of wateeftsh
upon the shape of the centre-to-limb variation have beaugéed
in the model study of Tej et al. (2003).

Though semi-empirical “shell” scenarios have been useld wit
remarkable success for interpreting spectroscopic and@mbmet-
ric observations of absorption features af®(e.g Matsuura et al.
2002; | Mennesson etlal. 2002; Ohneka 2004; Perrinlet al.l 2004;
Weiner| 2004) and of TiO (e.g_Reid & Goldston 2002), models
show that such scenarios can at best provide a very rouglr@ict
of the approximate instantaneous position and extent afrbbgy
layers. Such semi-empirical models cannot provide anyrinée
tion on changes of these layers with phase (since local migec
abundance and resulting molecule absorption as a functiocal
values ofp(r) andT'(r) sensitively depends on details of shock-
front progression). Note also that absorption by CO in lowi-€x
tation lines extends from the continuum-forming photosphat
~3000K right to the wind region, so a CO “shell” scenario (e.g.
Mennesson et al. 2002) should be considered with partioaar
tion.

Finally, we note that the existence of shell-like structune-
ticeably change the computed spectra in the models, bufféwse
are not so strong that the detailed shell structure can leettjir
inferred from low spectral resolution observations. Maughigh
spectral resolution observations is beyond the scope sfpper,
but such a study would have to take into account the velotities
ture of the atmosphere explicitly (e.g Nowotny et al. 2010).

X
=
L
248480
0.2+ 250640 -
L 288140 — — — —
0.0L | ! .
1.0 1.1 1.2 1.3 1.4

Wavelength (microns)

Figure 17. Spectra of the 3 same-phase models of Fifiure 15 showing-cycle
to-cycle differences of the spectrum in the J-band regigh@spectrum.

7 RADIATIVE ACCELERATION AND MASSLOSS

As described in Hofnat (2008), the conditions for radiatcceler-
ation to drive mass loss are that dust must be able to formthand
the opacity exceeds the critical opacity:

N 4weG M, M, ., L. _4
B Mo Lo’

K = 12830 cm’g ' (—=)( )
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Figure 18. Interferometric diameters for the54 series model 286060
(phase 0.41), fit to the spatial frequency where visibility= 0.5. The solid
line corresponds to the default number of dust nuclei, aadthid red line
corresponds to a factor of 3.1 increase in grain radius,géNg,c)=-13.7.
Observations frorn Woodruff et al. (2008) at phase 0.3 are-plegted. De-
spite still not being able to drive a wind, the large diamet&rshort wave-
lengths are clearly inconsistent with observations.

This opacity is attainable at solar metallicity with fully-
condensed iron-rich dust, which is not stable until apprately 5
continuum stellar radil (Woitke 2006). This opacity is atsached
by forsterite (i.e. Fe-poor silicate) grains of 400 nm radiue to
strong scattering (Hofner 2008).

The CODEX models have a chemical equilibrium model of
dust formation, so are not appropriate for modeling the slow
growing Fe-rich dust ak5R,, and indeed we artificially cut-off
Si condensation at a condensation fraction of 0.25 for géson.
However, as discussedlin Ireland & Scholz (2006), the pigtsmn
we use for dust formation is reasonably accurate for Fe-pibier
cates.

The strongest observational constraints on the radii ofidom
nant dust species are observations that probe the opadcityoat
wavelengths where dust scattering is dominant, and wagtisn
where water absorption is dominant. As optically thin sraty
does not affect the spectrum, the best observations to phive
difference are resolved observations of Miras as a functiovave-
length. Figurd_1B shows the interferometric diameters Gfet as
a function of wavelength as measured|by Woodruff et al. (2008
along with the diameters predicted by the 286060 model aadith
ameters predicted by the same model with the base-10 Ibguoi
the number of dust nucleii per H atoi,,. decreased from -12.2
to -13.7, and the corresponding maximum grain radius isa@a
from 63 to 194 mn. These large grains still have insufficiquataty
to overcome gravity in this model. We could not increase ttaéng
radii further without the optical depths becoming too lasgeur
chosen TR, surface, and the preferred value from Hofrier (2008)
of log(IVnuc=-15) would produce diameters that are far too large.
It is clear that these large grain radii are not consistettih Wie
relatively large HO column densities at several continuum radii
inferred from infrared interferometric observations.heit radia-
tion pressure on small Fe-rich grains or large Fe-poor greduld
drive winds from M-type Mira variables, but the base of thadvi
and the grains that drive it must originate from layers highan

8 CONCLUSIONSAND FUTURE WORK

The atmospheric models presented here, based on seléexcit-
sation models and opacity-sampling treatment of radiatians-
port, provide a fairly realistic approximation of the atmphsric
density-temperature stratification. Many spectral festlare pre-
dicted with satisfactory accuracy but some, like TiO bameguire
further improvement of the models e.g. the non-LTE treatnaén
Paper I. The present sequence of models also comprises only 4
combinations of basic stellar parameters at only a singlepce
sition and, therefore, can only describe a relatively smatiset of
Mira variables. Predictions of the 4 model series presehtze
(Table 1) are available on-line (Sect{onl2.5).

There are several potential causes of substantial dewiatio
from spherical asymmetry in Mira variables - including cecive
cells, weak chaos and Rayleigh-Taylor instabilities WaifR006).
Asymmetries are clearly not considered in our model series a
they are spherically symmetric, but asymmetries are weligtcom-
mon in Mira variables when observed at sufficient angulaores
lution (e.g/Ragland et al. (2006)). The one prediction tizat be
made from the models is that the wavelengths most susceptibl
cycle-to-cycle variations (e.g. L-band where the watellstare
optically-thick) should also show asymmetries, as higretayon
opposite sides of the star should not be strongly causatipected
and show weak chaos. We finally suggest that an observatitan so
missing in the literature is the astrometric motions of tdio pho-
tosphere over several cycles, which should be a strongatutifor
the degree of high-layer chaos in Mira atmospheres.

Determination of the internal fundamental model paranseter
i.e. mixing-lengtha,,, and turbulent viscosity, (Table 1), would
require observation of a set of stars with different massjhosity
and pulsation period. For a given pulsation period, a highass
star must have a higher luminosity (radius), but a similéeative
temperature. We suggest that further studies of low-aogsipul-
sators with Mira-like periods such as R Dor and W Hya may pro-
vide the key to tuning the mixing length parametey, of Mira
model series. These are likely higher-mass stars, but vstméar
effective temperatures t@ Cet. Tuning the turbulent viscosity pa-
rameter will best be done by fitting to amplitudes of modelthwi
the best-known masses such as, e.g., those kinematicsdigiated
with the thick disk.
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