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The dependence of optical properties of graphite grains on temperature changes was computed 
It is shown that this mechanism can play an important role in explaining the time-dependent varia
tions of polarization in some late-type variable stars. 

I . Introduction 

It is well known that graphite is one of possible materials responsible for the observed 
interstellar as well as circumstellar extinction and polarization effects. 

Temperature differences of interstellar and circumstellar grains reaching several 
hundred degrees seem to be high enough to change essentially the optical properties of 
the grains in these regions. 

It would, therefore, be worth studying the behaviour of the refractive indices of the 
grains in relations to the temperature. This problem, as far as we know, has not been 
discussed up to now in astronomical problems. The published computations concerning 
extinction and polarization features in interstellar space deal with refractive indices 
measured and/or computed at room temperature. 

An attempt is made in this paper to estimate the course of the refractive index for a 
single crystal of graphite with temperature in the region 15 K-500 K. From these theore
tical values of refractive indices the scattering properties are computed by help of the Mie 
theory for different sizes of graphite grains and for wavelengths 3500 A and 5000 A. The 
results are presented in Fig. 1 and Tables 1 and 2. 

2. Optical Properties of Graphite Grains Versus Temperature 

For our purpose, only a single crystal of graphite was considered according to [1]„ 
The hexagonal crystalline structure of graphite has one axis of rotational symmetry (c-
axis). Various experimental values of the normal reflectivity and the oo -conductivity (at 
zero frequencies) perpendicular to the c-axis were obtained. Unfortunately, no direct 
measurements are available for the refractive indices of graphite flakes so that only single 
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crystal values obtained from small natural single crystals [2], [3] could be adopted. The 
optical complex n-ik refractive indices are derived using the following theoretical expres
sions 

»2 = 0.5 [(e2 + 4A2c"2 0 1 / 2 + e] 

k* = 0.5 [(e2 + 4A2c~2 oi)i/« — e] ( 1 ) 

where e is the dielectric constant, c = the velocity of light, A the wavelength of incident 
light, o<o the conductivity at optical frequencies. 
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In this case, however, it is assumed that the absorption and reflection are caused by 
free carriers. This is discussed more detailedly in [2] where it is shown that 60> ~ <TO/10 
in a satisfactorily wide range of optical frequencies (3500-5000 A). Thus, the following 
values of conductivity taken from [4] were used for evaluating the corresponding refrac
tive indices: 

and 

o<o = 0.1 c/o = 2.34 x 1015 sec - 1 at room temperature (300 K) 

Oo> = 0.1 a0 = 2.25 x 10" secr1 at 15 K. 
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The temperature dependence of conductivity was found also for other temperatures 
in [3] and the respective values are plotted in Fig. 1. The dielectric constant is virtually 
almost independent of temperature so that the resulting complex refractive index depends 
practically only on the conductivity variation with temperature, (e = 4 was used in this 
paper.) 

3. Application to Intrinsic Polarization Observed in Some Red Variables 

Several theoretical models and suggestions have been presented to explain the inter
esting behaviour of intrinsic polarization observed especially in some red variables. An 
excellent review paper has recently been published (see [5]). An attempt to explain the 
time-dependent variation of polarization of some red variables due to two dynamical 
nonmagnetic models was made by Svatos and Vanysek in 1971 at the Czechoslovak Stellar 
Astronomy Conference (see also [6]). Their first model was a dynamical one in which 
circumstellar matter was allowed to evolve due to temperature changes. The second 
was based on the dynamical interaction between grains and gas causing the periodic 
alignment of nonspherical grains. 

According to [1] the polarization by partially aligned graphite platelets may be due to 
highly anisotropic conductivity of graphite expressed as 

Amp g^A.C (2) 

where C is the extinction cross-section computed according to the Mie formulae 
for the conductivity perpendicular to the c-axis, A is a constant depending on the total 
number of particles in the line of sight and on the fraction of particles effectively 
aligned. 

Temperature changes of circumstellar grains around the variables of late-type giants 
depend on the change of the effective temperature Tett of the stars. The equilibrium 
temperature is maintained in the grain quite perfectly and there is no phase shift relatively 
to the variation of Tett of the stars. For the equilibrium temperature T9 of the grain holds 
approximately 

where L is the luminosity of the star, a = Stephan's constant, r the grains distance, x the 
grains absorbability near Amax of the energy spectral distribution of stellar radiation and e 
the infrared emissivity for Amax for Tg. 

Assuming A Tett ~ 500 K, A Tg ~ 50 K can be expected for the grains with high 
absorbability near X = lfi at distances about 1.5 stellar radii. 

The real A Tg may be higher than can be expected from the black-body solution. An 
uncertainty inATg always arises because the values of x and e for real grains are unknown. 
Besides, the molecular absorption bands fall into the range where the values of x are most 
important. 
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The energy absorbed by a grain with the absorption cross-section Cabs is 
CO 

£abs = W J Cabs (A) fl(A, Tett) dA (4) 
o 

where W is the dilution factor and B(X, Teff) the blackbody flux (uncorrected for absorp
tion bands). 

B(X T) 
The dimensionless quantity QabS — ' , ^\* (Table 3) proportional to the energy 

iJ(X, 1) 

absorbed by graphite grains at a particular A clearly shows that the strong dependence of 
Qabs (A) on A may cause a higher variation in A Tg. 

For an exact evaluation of A Tg it would be necessary to take into consideration 
the molecular bands opacity which considerably decreases the absorbed energy in 
the range of 5000 to 7000 A. In fact, the variation of the grains temperature follows 
more closely the relative change of star radiation at visual wavelengths than the varia
tion of radiation in Teff and, therefore, A Tg varies in relatively larger ranges than 7*eff, 
i. e.ATg^> 50K. 

Some additional thermalization of the grains would be caused by shock waves which 
probably are responsible for the occurrence of emission lines in the atmospheres of some 
longperiodic variable supergiants [8]. However, the resulting effect of shock waves on 
temperature of the grains depends strongly on the physical properties of the grains and 
a considerable amount of the energy of the shock wave transferred by collisions to the 
grains affects more the kinetic energy of the dust cloud, including the rotational energy 
of the nonspherical grains, and the shock wave contribution to the increase of Tg seems to 
be insignificant. 

If considering the variable star V CVn, it seems reasonable to assume that Tg at 
maximum of the light is some 400 to 500 K and some 80 to 100 K at minimum of the light. 

Table 1 shows that Qext ^ the degree of polarization increases with decreasing 
temperature for certain particle sizes. For some particles, e.g. a = 0.08 jum (x = 1.01, 
A = 5000 A), 2ext = 2.95 for Tg = 500 K and Qext = 3.30 for Tg = 80—100 K. 
This behaviour corresponds to the observations of some variable stars, especially of 
V CVn. According to [7], the occurrence of graphite grains with a ^ 0.06 /um is the 
most probable, which is in good agreement with our results. 

4. Conclusion 

Even if the occurrence of graphite grains in circumstellar envelopes of M-type stars 
is probable it would be very important to investigate the behaviour of this temperature 
mechanism for other kinds of grains, as for instance silicates, the existence of which is 
more probable in the M-type star envelopes. 

The aim of this paper is merely to show on the example of graphite that optical pro
perties changed due to temperature variations can play important, if not dominating, 
role in explaining such an interesting effect as the changes of intrinsic polarization of the 
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Table 3 

A(A) 5000 7000 10000 

Őabs 0.74 0.35 0.17 

л -S(A, T)max 
ö a b s B(Л,T) 

0.74 

0.245 

0.24 

0.14 

0.17 

0.15 

foг Tett = 2700 K 

for Tett = 2400 K 

Note: The values of Qabs are for a = 8 x 10~6 cm according to [7]. Qabs = Cabs/^a2 

scattered light in circumstellar clouds. This explanation seems to be very simple and na
tural. However, this mechanism cannot itself fully explain the features in more complica
ted objects like highly reddened stars (VY Canis Majoris). 

Laboratory data, especiaUy for silicates, concerning the dependence of conductivity 
and/or refractive indices are of extreme importance since the effects discussed here cannot 
be ignored in more detailed studies of the interstellar and circumstellar dust. 

It must be noted that the effect discussed here is obviously very important for distant 
parts of the dust envelope where the absolute values of the grain temperatures vary 
around 15 K and the dependence of the optical properties on A Tg may strongly be affec
ted. These problems will be discussed in next paper. 
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