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Abstract

ISOによる観測結果により明らかにされた結晶質シリケイトの形成過程に焦点をあて星周
領域でのダストの形成過程について議論する。均質ダストだけでなく不均質ダスト形成を
同時に考慮した取り扱いの重要性を強調する。また、観測から指摘されている結晶質シリ
ケイト中の鉄の含有料に関しても言及する予定である。

Formation of Crystalline Silicate in Circumstellar
Envelopes of Oxygen{Rich AGB Stars

1. Introduction

� ISO SWS Observations : Waters et al., 1996; A&A 315, L361

Emission features between 20 and 45�m around evolved oxygen{rich stars

� identi�cation of crystalline silicate features

� � 33:5�m ! olivine (Mgx;Fe1�x)2 SiO4

� � 40:4�m ! pyroxene (Mgx;Fe1�x) SiO3

� x � 1

� the features becomes prominent with decreasing the color temperature

� the coexistence of amorphous and crystalline silicate ;

(amorphous silicate from 10�m feature in NML Cyg)

� steady state dust driven winds 中でのダスト形成の枠組みの中で結晶質シ
リケイトの形成を考察する。

(1) a kinetic theory of crystallization of amorphous silicate based on

the classical nucleation theory and the laboratory experiment data

(2) the model of dust formation and the temporal evolution of dust

temperature

(3) Formation of crystalline silicate and the resulting spectral feature, based

on the result of dust condensation calculations.



2. Crystallization of amorphous silicate

� Formulation of crystallization in amorphous phase based on the classical

nucleation theory (crystallization in melt; e.g. Seki and Hasegawa (1981))

� spontaneous nucleation of crystalline nuclei and the growth

� di�usion controls the kinetics

2-1 Basic Equations

� nucleation rate of crystalline nuclei J(t)
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 ; the molecular volume

� ; the interfacial energy between crystalline and amorphous phases

D = D0 exp (�Ea=kT ) ; the self di�usion coe�cient

�Gv = LTm=(Tm � T ) ; the Gibbs free energy di�erence between

amorphous and crystalline phases

� No reliable basic data available for amorphous and crystalline silicates

� Comparison with the laboratory experiment

=) evaluation of the basic data



2{2 Evaluation of the basic data

� Laboratory experiment by Hallenbeck and Nuth (1998, Icarus 131, 198)

� annealing of magnesium silicate smoke at given temperatures

� IR spectroscopy as a function of annealing time and temperature

� Establishment of a dual maxima and then the change of the spectral

feature stall at a time written by

tstall = A exp
 
Ec
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� Comparison of the measured spectrum with the absorption spectrum

calculated by mixing

a{MgSiO3 by Dorschner et al. (1995) and c{olivine by Koike (1998)

=)

� spectrum change during annealing! change in degree of crystallization

� characteristics of spectrum at stall ! � = 0:2 � 0:25

� The volume fraction of crystalline phase for a constant temperature is

� (t) = 1� exp
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with the characteristic time scale of crystallization
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� Fitting the experiment data by the above equation with tstall ' 0:7�c ,

=)

lnD = 1:47� 102 � 1:723� 105=T � = 731 dyne=cm

�Gv = 1:851� 104 Tm=(Tm � T )

for �xed 
 = 5:226� 10�23cm3 and Tm = 1830 K



3. Formation of dust grains around O{rich AGB stars

see Kozasa & Sogawa 1997, Ap&SS 251, 165; 1998, Ap&SS 255, 437

� Al2O3 grains condense in the inner sonic region

at Tgas = 1350 � 1400 K, and rrg (Al2O3) = 0:11 � 0:2�m

� Accretion of silicate on Al2O3 grain starts slightly inside the sonic point

at Tgas = 1040 � 1100 K and rgr(core{mantle)= 0:13 � 0:3�m

� homogeneous silicate grains condense in the supersonic region

at Tgas = 920 � 990 K and rgr (silicate) = 0:0012 � 0:006�m

� mass fraction �m of silicate in the core{mantle grains increases with

increasing _M ; �m = 0:03 � 0:22

3{2 Temperatures of dust grains

� Radiation transfer calculations by the Monte{Carlo method

� spectral energy distribution

� temperature of dust grains after the formation

図 1: Temperatures of dust grains after their formation for the given mass{loss rates; a) for

Al2O3 and heterogeneous grains, and b) for homogeneous silicate grains



4. Formation of crystalline silicate and the spectral features

4{1 Formation of crystalline silicate

� The volume fraction of crystalline silicate in the grains is calculated by
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along the thermal history of dust grains undergoing after the formation,

� The characteristic time scale of crystallization �c is very sensitive to Tgr:

Tgr = 1100 K �c � 20 secs.

1000 K � 30 days

900 K � 106 years

=)

crystallization is impossible for Tgr � 900 K in the circumstellar envelopes

� The result of calculations:

� _M � 2� 10�5M�/yr : no crystalline silicate (� < 10�6)

� _M � 3� 10�5M�/yr :

� silicate in the core{mantle grains is completely crystallized (� = 1).

� homogeneous silicate grains remain amorphous.

4{2 The spectral feature

� crystalline olivine feature appears at � 33:5�m

not so prominent but distinguishable for _M � 3� 10�5M�/yr

� 10�m feature is dominated by the thermal radiation from homogeneous

silicate grains (amorphous) and tend to be in absorption



5 Conclusions

(1) Silicate in the core{mantle grains is crystallized for _M � 3�10�5M�/yr

(2) homogeneous silicate grains remain amorphous

(3) crystalline olivine feature appears around 33:5�m ;

the feature could tend to be prominent with increasing _M

(4) homogeneous silicate grains dominate the 10�m feature;

the feature tend to be in absorption.

(5) the mass fraction of silicate in the core{mantle grains

increases with increasing _M

� mass fraction of crystalline silicate increases

� crystalline silicate emission feature could tend to be more distinctive

� The observed crystalline feature is a diagnostic of the mass loss

rate.

� Silicate in the core{mantle grains can be crystallized by the

thermal processing in the massive stellar winds in the latest stage
of stellar evolution.


