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ABSTRACT

We revisit the formation of radiative instabilities in cool star atmospheres and compare our results with
those given by Muchmore, Nuth, & Stencel. We have considered the combined influence of CO and SiO
molecules and have computed models for a grid of effective temperatures and geometrical dilution factors for
the stellar radiation. Our results are based on the analysis of the energy balance of gas elements with pre-
scribed thermodynamic properties. Our results show that radiative instabilities are most likely primarily
caused by CO, whereas SiO is expected to play only a minor role, éxcept when the CO density is reduced
compared to LTE values or the CO band can be assumed to be optically thick. The onset of radiative insta-
bilities is expected to be strongly modified when dynamic phenomena such as stochastic shocks are present.
Our results provide strong evidence that dust formation can most likely not occur via a radiative instability
alone. Therefore, we present a revised version of the Muchmore et al. dust formation paradigm, which also
considers hydrodynamic cooling. The new paradigm is particularly relevant in cases where dust is formed

relatively close to the stellar photosphere.

Subject headings: circumstellar matter — instabilities — stars: late-type — molecular processes —

stars: atmospheres

1. INTRODUCTION

In an earlier paper, Muchmore, Nuth, & Stencel (1987, here-
after MNS) have presented theoretical evidence that radiative
instabilities due to SiO molecules can occur in the outer atmo-
spheres of cool giants and supergiant stars, rapidly reducing
the temperature by as much as 1000 K. The work of MNS was
preliminary, but it was evident that their results would have
important implications for the physics of outer stellar atmo-
spheres, such as (1) the formation of molecules and dust, (2) the
occurrence of bifurcated (i.e., two-component) cool star
chromospheres, (3) the occurrence of SiO maser emission, and
(4) outer atmospheric dynamic phenomena. Maciel (1976,
1977), Elitzur, Brown, & Johnson (1989), and Jergensen &
Johnson (1992) have discussed the dynamic role of molecules in
outer stellar atmospheres including their possible role in gener-
ating mass loss. The physics of SiO masers was the topic of two
reviews by Elitzur (1992) and Stencel (1993). Muchmore (1990)
has assessed molecular equilibria and disequilibria in red giant
atmospheres.

Molecular cooling instabilities are also considered to be the
major cause for the two-component structure of chromo-
spheres in the Sun and other stars. Observational and theoreti-
cal results for the Sun were given by Ayres (1981), Ayres &
Testerman (1981), Kneer (1983), Deming et al. (1984), Much-
more & Ulmschneider (1985), Muchmore (1986), Ayres, Tester-
man, & Brault (1986), Mauas, Avrett, & Loeser (1990), and
Athay & Dere (1990). Results for late-type stars other than the
Sun, particularly for Arcturus (K 1.5 III), were given by Heasley
et al. (1978), Ayres (1986), Tsuji (1988), Cuntz & Muchmore
(1989), and Wiedermann & Ayres (1990). The latter authors
analyzed CO fundamental lines near 4.7 um for several G and
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K giant stars and showed that all these stars must have bifur-
cated upper atmospheres consisting of “ hot” and “cool” com-
ponents. Many years ago, Glassgold & Langer (1976) discussed
cooling instabilities in CO clouds, which are important for
evolution and fragmentation processes. In a very recent paper,
Le Bourlot et al. (1993) present a detailed study of thermal
bifurcation in dark interstellar clouds due to the nonlinear
behavior of the interstellar chemical reaction rates, which leads
to a low- and a high-ionization phase of the gas.

The result that the outer atmospheres of late-type stars, par-
ticularly cool giants and supergiants, are most likely radi-
atively unstable was also used to interpret recent
“nonstandard ” observational results. In a recent study Drake
et al. (1992) reported results from a radio continuum observa-
tion monitoring program for Betelgeuse (M2 Iab). They found
variabilities in the form of dips at different wavelength, which
were uncorrelated and ‘behaved stochastically. The timescales
ranged from 10° to 107 s. Drake et al. argued that the observa-
tions indicate thermal instabilities in the wind region, which
can lead to sudden molecule formation and therefore to the
observed drastic decrease in the degree of hydrogen ionization.
Clayton et al. (1992) recently discussed a series of IUE observa-
tions together with visible and infrared data of the RCB stars
RY Sgr, R CrB, and V854 Cen. The authors concluded that
dust is formed relatively close to the stellar surface, which is
inconsistent with traditional stellar atmosphere models. Evi-
dence that dust formation close to the stellar surface can also
occur in Betelgeuse was given by Bester et al. (1991). Brugel et
al. (1991) reported observational and theoretical results for L,
Puppis, a Mira star, obtained during 1985-1987. These results
provided evidence that patches of the stellar surface alternate
between a quiet state (with little dust, an extended warm atmo-
sphere, and low atmospheric TiO absorption) and a dusty
wind state (with a cooler atmosphere and higher atmospheric
TiO absorption). This result also indicates hydrochemical
instabilities and associated atmospheric velocity structures.

The results of MNS are quite intriguing but are nevertheless
preliminary. The reason is severalfold. First, MNS have treated
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solely SiO band opacity together with a continuum opacity in
the optically thin approximation, while ignoring frequency-
dependent effects of other molecules such as CO. Second, MNS
have treated only a very small set of effective temperatures and
only cases with a dilution factor 0.5 for the stellar radiation
field. As continuum opacity MNS used a Rosseland mean
opacity based on the table of Kurucz (1979), which was widely
extrapolated to lower temperatures and pressures. Better con-
tinuum opacities have meanwhile become available, which are
expected to affect the results. We now have considered the
combined influence of CO and SiO molecules and have com-
puted models for a larger grid of effective temperatures and
geometrical dilution factors for the stellar radiation. The radi-
ation in the SiO band was assumed to be optically thin in all
models. In the case of the CO band we also considered the
optically thin limit and also explored the potential impact of
optical depth effects by considering reduced CO cooling rates.
For O, C, and Si we assumed solar abundances. For the con-
tinuum opacity, we use the version of Alexander, Augason, &
Johnson (1989). We also note that Cuntz & Muchmore (1989)
have meanwhile investigated time-dependent effects of acoustic
wave heating and molecular cooling in the outer atmosphere of
Arcturus (K1.5 IIT) and have treated CO, SiO, as well as a
continuum opacity also including radiative transfer effects.
Cuntz & Muchmore found that the radiative energy losses
occurred preferably in CO, whereas SiO as well as the contin-
uum appeared as a source of radiative heating. This result was
entirely unexpected and should be viewed as a further reason
to revisit radiative instabilities in cool stars.

We should not rule out entirely that molecules other than
CO and SiO also impact the onset of radiative instabilities.
These molecules must fulfill two criteria: First, the molecules
must be abundant. Second, the molecular spectrum must
consist of distinct bands which lie at largely different wave-
lengths or, alternatively, the spectrum must contain a large
number of lines which produce a considerable temperature
variation of the cooling rate. In all other cases, the molecules
can only impact the generation of radiative instabilities in con-
junction with other constituents such as H™. We note that
H,0 molecules might possibly match the above-mentioned
criteria. In any case, our paper is not intended to ultimately
“solve ” the problem of the initiation of radiative instabilities;
nevertheless we hope to make a significant contribution to this
topic.

The paper is structured as follows: In § 2, we discuss the
behavior of the CO/SiO radiative cooling function and the
instabilities which occur in or near LTE. In § 3, we discuss
timescales for some of the competing processes which may
invalidate the LTE assumption. We also present estimates for
the influence of dynamic phenomena such as shock waves with
long and short periods. In § 4, we apply our results to models
of Betelgeuse and present a new dust formation paradigm. Our
conclusions are given in § 5.

2. PHYSICS OF RADIATIVE INSTABILITIES

Ayres (1981) and Kneer (1983) have first emphasized that the
potential instability in the cooling function for an optically
thin gas arises from the competing influence of a continuum
opacity, notably H ™, and molecular opacity, particularly that of
CO. This phenomenon depends upon (i) the presence of strong
vibration-rotation bands in the infrared and (ii) the very strong
temperature dependence of molecular concentrations in some
ranges of temperature.

For our study we take the simplest possible approach, a
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local stability criterion strictly applicable only to optically thin
gas. As in Cuntz & Muchmore (1989) we use a three-frequency
point approximation and introduce temperature-dependent
frequency weights:

Amax, i
w(T) = f By(T)dA/B(T), 1

where the integration intervals are from 4.29 to 6.2 um for CO,
referred to as w,(T), and from 7.5 to 10.0 um for SiO, referred
to as wy(T). The weight for the continuum band is then
w3(T) = 1 — w; — w,, representing all other frequencies. For
our study we take the molecular constants of Huber & Herz-
berg (1979a, b). For CO we take the partition function of
Kurucz (1983) and for SiO we take the partition function of
Rossi, Maciel, & Benevides-Soares (1985). For the continuum
we use the Rosseland mean opacity table of Alexander et al.
(1989). At low pressures, where tabulated values were not avail-
able, we extended the table by assuming 0x/dp = O for the
opacity per gram. For further information, see also Muchmore
& Ulmschneider (1985) and MNS (note that the denominator
in eq. [1] of MNS should have been 4J + 2).

The cooling function ¢ is then defined as ¢ =), k(S;
— J;), where S is the source function, and J is the mean inten-
sity. We assume the gas to be optically thin, in LTE, and that it
is irradiated by a star with an effective temperature T, so that
the mean intensity is given by J, = WB(T,y). W is the spher-
ically symmetric dilution factor for the stellar radiation field
given by Mihalas (1978, p. 120). Also note that this approach is
a significant improvement over the work of MNS, who only
treated SiO molecules together with the continuum band and
only considered the case W = 0.5.

Assuming S, = B, and introducing the functions w(T) the
cooling function becomes

& = ko[ B(T)Wy(T) — W - B(Tge),(T 1))
+ Ksio[B(T)W(T) — W - B(Tg))wo(Tog)]
+ Kconlﬂ:B(T)[l - WI(T) - WZ(T)]

-W- {B(Teff)[l = wi(Teee) — wo(Tee)1}] )
which is illustrated in Figure 1 for two different effective tem-
peratures, with a range of dilution factors and densities. For O,
C, and Si we use solar abundances.

The cooling function above is strictly valid only when both
the CO and SiO bands are optically thin. Mauas et al. (1990)
have extensively discussed the failure of this approach when
optical depths become appreciable and found that even for a
high-gravity star like the Sun, the approximation is reasonable
for chromospheric layers and above. For giant stars, on the
other hand, with large pathlengths, the CO band can easily
become optically thick in the inner parts of a circumstellar
envelope (cf. Cuntz & Muchmore 1989). This significantly
changes the scenario which had been suggested by Kneer
(1983) and MNS. Cooling by CO and by SiO occur at different
places in a steadily expanding atmosphere. Each can only
affect the energy balance significantly in those layers where
7 < 1, but where it is still appreciable. Figure 2 presents indi-
vidual contributions to the cooling curve for two specific selec-
tions of parameters. In this case, CO completely dominates for
T < 4000 K and the continuum dominates at higher T. SiO is
insignificant compared to CO. The reason is that the abun-
dance of Si is an order of magnitude smaller than that for CO
and w,(T)/w,(T) is typically about 5, caused by the behavior of
the Planck function in the CO and SiO bands, while the
opacity per molecule is very similar.
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F1G. 1.—Radiative cooling functions considering CO, SiO, and continuum
opacity at various densities and geometrical dilution factors for T,,; = 3000 K
and 5000 K. The curves are labeled with the logarithm of the density. The
geometrical dilution factors considered are for 1 R, (dotted lines), 2 R, (dashed
lines), and oo (solid lines).

In Figure 3 we evaluate the domains of radiative instability
defined as 0¢/0T < 0 in the temperature-density plane for dif-
ferent effective temperatures. We find that there is always a
main “CO radiative instability island” most pronounced at
low densities and relatively high effective temperatures. The
influence of the geometrical dilution factor is found to be less
important, except for T, 2 4500 K and at distances R < 1.3
R,. For small dilution factors, the differences due to different
effective temperatures are insignificant, as expected. For large
dilution factors, the temperature bifurcation depends also on
the stellar effective temperature, particularly in the very low
density regime. For W = 0.5,log p = —15, and T, = 3000 K,
we find a bifurcation of temperature between 2650 K and 3360
K. For T = 4000 K, the bifurcation is between 2750 K and
3370 K, and for T, = 5000 K, it is between 3130 K and 3710
K. We also investigated the reason for the low-T and high-T
boundaries of the main CO instability islands. We found that
the low-T boundary is determined by the interplay among CO
band absorption, CO band emission, and continuum absorp-
tion. CO absorption is most important at the high end of the
effective temperature range considered, whereas continuum
absorption dominates at the low end of the effective tem-

TEMPERATURE (K)

FI1G. 2—The different contributions to the radiative cooling functions for
T = 3000 K and log p = —10. The upper figure shows the results for 1 R,
and the lower figure for 3 R, . The long-dashed lines indicate the heating and
cooling in CO, the short-dashed lines (almost invisible) indicate the heating
and cooling in SiO, and the solid lines indicate the heating and cooling in the
continuum. The dotted lines show the total radiative cooling functions.

perature range. The high-T boundary of the main CO insta-
bility islands is given by the interplay between CO band
emission and continuum emission. Also note that our study
completes an earlier study of Muchmore & Ulmschneider
(1985), who have discussed the regions of thermal instability
for T, = 5000 K and T, = 6000 K at conditions appropriate
to the solar temperature minimum.

In some cases, additional regions of instability appear. These
regions are attributable to the behavior of the continuum
opacity, which shows that radiative instabilities are not always
necessarily a consequence of frequency-dependent effects. In
the neighborhood of T = 2500 K, dxk_,,/dT < 0, due to the
contributions of H,O and TiO (Alexander, Johnson, & Rypma
1983; Alexander et al. 1989). However, the boundaries of these
regions are poorly determined; the table of continuum opa-
cities does not have adequate resolution to form good numeri-
cal derivatives for some regimes of T and p. In particular, there
is a gross discontinuity in the table’s behavior near log T = 3.3
and log p = —2.5. Near log p = —35, a further regime of insta-
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FI1G. 3.—Domains of radiative instability in the temperature-density plane
for different effective temperatures considering CO, SiO, and continuum
opacity. The upper figure shows the results for 2000 K (solid lines), 3000 K
(long-dashed lines), and 4000 K (short-dashed lines), whereas the lower figure
shows the results for 4000 K (short-dashed lines) and 5000 K (dotted lines). In all
cases the geometrical dilution factor is W = 0.5.

bility appears for T,¢ 2 4000 K. Here 6¢/0T is dominated by
the term (0K on/0T)[B(T)W3(T) — WB(T e)ws(T.e)]. At the
low-T end of this region, W B(T,¢)ws(T.ec) > B(T)w;(T); at the
high-T end, these terms become comparable, which is the con-
dition responsible for the high-T boundary. The low-T bound-
ary occurs as the Planck function shifts toward the optical
band and continuum emission replaces CO absorption as the
dominant contributor to 0¢/0T.

We now discuss the limiting case in which CO band opacity
does not exist or is drastically reduced in size. This can occur
either due to reduced CO particle densities caused by (time-
dependent) non-LTE reaction rates or by an extreme Si
overabundance/C underabundance, or, alternatively, in cases
when the CO band is sufficiently optically thick, whereas the
SiO band is optically thin. This case has been studied in detail
by MNS. They used for the continuum opacities the table of
Kurucz (1979), which is strictly valid only in the temperature
range between log T = 3.5 and 5.0, and in the pressure range
between log p = —2.0 and 6.0. As a consequence the table of
Kurucz was widely extrapolated. This procedure was in part
justified as the SiO band opacity often largely exceeded the
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continuum opacity. On the other hand, as the boundaries of
the radiative instability regions are defined as d¢/0T =0, a
very uncertain value for the continuum opacity can neverthe-
less affect the results. This indeed happened. In Figure 4 we
reevaluate the domains of radiative instability in the
temperature-density plane for different effective temperatures.
As continuum opacity we use the version given by Alexander et
al. (1989). We also find that there is always a main “ SiO radi-
ative instability island ” most pronounced at low densities and
relatively high effective temperatures. For W = 0.5, log
p = —15, and T =2000 K, we find a bifurcation of tem-
perature between 1980 K and 2380 K. For T = 3000 K, the
bifurcation is between 2040 K and 2400 K, and for T,;; = 4000
K, it is between 2250 K and 2750 K. These results show that
the bifurcation due to SiO occurs at much lower temperatures
than the bifurcation due to CO previously discussed. Our
results are nevertheless substantially different from those of
MNS. MNS also found main SiO radiative instability
islands, but found also regions of “thermal runaway ” below
temperatures of ~1200 K. These regions do not exist (or are
drastically reduced in size) when CO molecules are included.
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F1G. 4—Domains of radiative instability in the temperature-density plane
for different effective temperatures considering SiO and continuum opacity,
but no CO. The upper figure shows the results for 2000 K (solid lines) and 3000
K (dashed lines), whereas the lower figure shows the results for 3000 K (dashed
lines) and 4000 K (dotted lines). In all cases the geometrical dilution factor is
W =0.5.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994ApJ...433..303C

No. 1, 1994

MNS found that the regions of thermal runaway are relatively
large and most pronounced at relatively low effective tem-
peratures. This latter result, however, was not caused by the
extrapolation of the Kurucz opacities, but by an error in the
definition of the temperature-dependent frequency weight
functions.

We also have explored the transition between the regions of
radiative instability due to CO and those caused by the joint
influence of CO and SiO. We computed a grid of models
reducing the CO LTE number density by foo = 0.1, 0.02, and
0.004, respectively. Our results are given in Figure 5. These
results are also applicable in the case when CO LTE number
densities are maintained, but the CO cooling rate is reduced
due to optical depth effects.

3. TIMESCALES

The actual behavior of gas in an expanding circumstellar
envelope depends on more than just the radiative cooling rate
discussed in § 2. Whether gas is actually cooled (heated) in this
way depends on whether there is adequate time, on whether
chemical reactions proceed fast enough to maintain LTE in
molecular abundances, and on whether hydrodynamic effects
occur which significantly alter the temperature. MNS dis-
cussed some of these issues; here we present similar estimates
for our more general case. We also present estimates of time-
scales associated with dynamic phenomena, including shock
waves of both short and long periods.

Since many ideas in this section are the same as those pre-
sented by MNS, but using updated data, the descriptions are
abbreviated whenever possible.

3.1. Radiative, Excitation, and Chemical Timescales
The radiative cooling time is given by

3R(T

87.[” T

Here T; denotes the temperature just above the onset of molec-
ular cooling (LTE) and Tig denotes the radiative equilibrium
temperature. (All other symbols have there usual meaning.) We
also included the geometrical factor of 4z, which was not used
in the estimates of MNS. For the calculation of ¢, we
adopted T, = 3500 K and W = 0.5. We found an increase in
t.0o1 With decreasing density, changing from 1 x 10*to 1 x 108
s for a density decrease from log p = — 10 to —17.5 (see Table
1). These results depend only marginally on the effective tem-
perature considered. As a test case we used T, = 2000 K and
found that t ., changes from 4 x 10* to 3 x 105 s for a density
decrease from log p = —12.5 to —17.5, whereas for log
p = —10,t.,, remains the same.

For cooling to actually proceed on this timescale requires
that other conditions be fulfilled. Chemical reactions must be
fast enough to keep molecular abundances near LTE. This

‘ “H(T, p)tdT . 3

cool —

TABLE 1
CO TIMESCALES (s)

lOg 14 texc tcool tchem
—10 ......... 1x107° 1 x 10* 2 x 106
—12.5 ....... 3x 1077 6 x 10* 5 x 108
—15 ......... 1x1074 2 x 10° 2 x 10!
—-175 ....... 3x1072 1 x 108 5 x 10'3
-20 ......... 1 x 10! . 2 x 106
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F1G. 5—Domains of radiative instability in the temperature-density plane
for T,¢; = 4000 K and W = 0.5 considering CO, SiO, and continuum opacity,
where the CO number densities are systematically reduced by factors f.,. The
upper figure shows the results for foo = 1.0 (solid line) and 0.1 (long-dashed
line). The middle figure shows the results for foo = 0.1 (long-dashed line), 0.02
(short-dashed line), and 0.004 (dotted line), whereas the lower figure shows the
results for foo = 0.004 (dotted line) and 0.0 (solid line).
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condition will be satisfied in the inner parts of a steadily
expanding envelope. It will fail farther outward because of low
densities and will also fail in the presence of shock waves, if the
shocks are strong enough to dissociate molecules and if the
period between shocks is not much longer than the reassocia-
tion time. A further condition for the cooling mechanism to
work is that collisional excitation of molecular IR bands must
be fast enough to redistribute energy absorbed in the contin-
uum band. Note that this last condition will always be satisfied
in the density regime explored.

The collisional timescale for excitation of the fundamental
IR band of SiO was estimated by MNS to bet,,, ~ 10710 p~!
gem3 s at T =2500 K. A similar estimate for CO can be
found following Ayres & Wiedemann (1989). The collisional
deexcitation rate is then given by

exp (By — Ay T~ 13)
1 —exp (—©/T)

Cm = Py (4)

for collisions with hydrogen atoms. Py is the partial pressure
for hydrogen, Ay = 3.0 and B,; = 18.1 are the Landau-Teller
constants, and ® = 3122 K is the excitation temperature. For
T = 2500 K we thus get t,,, = 1/C,, ~ 10" p~1cm3g !5

The timescale for chemical reactions, i.e., the formation of
CO, is much more difficult to approximate. MNS, who dis-
cussed the formation of SiO, relied on the direct reaction
Si + O - SiO and used a rate constant of k; = 10717 cm3 s~ 1.
Adopting the same concept for the formation of CO results in a
rate constant of k; ~2 x 1077 cm3 s~ ! (Dalgarno, Du, &
You 1990). As chemical timescale we thus get

tehem =In2/(k; No) =2 x 107* p~tem3 g ts. (5

The results are given in Table 1. We note, however, that this
concept is questionable since in outer atmospheres of cool stars
molecules are typically formed in a more complex way. The
actual number density of CO is found by solving complicated
networks of chemical reaction chains. In the case of oxygen-
rich circumstellar envelopes, detailed computations have been
given by Gail & Sedlmayr (1986), Glassgold & Huggins (1986),
Mamon, Glassgold, & Omont (1987), and Beck et al. (1992),
among others. In all cases it was found that ¢, is much
shorter than that given in Table 1. This is particularly true in
systems in which molecular reaction rates are modified by the
presence of a chromospheric (= UV) radiation field (e.g., Glass-
gold & Huggins 1986, Beck et al. 1992).

3.2. Hydrodynamic Timescales

The microscopic timescales should be compared with the
hydrodynamical timescales. This is simple in cases of radially
moving gas in which no time-dependent effects occur. There
are then two timescales associated with the expansion of the
envelope: the wind acceleration timescale given by ¢, . =
(Ou,,/0r)~*, where u,, denotes the mean (time-averaged) velocity
of the envelope, and the expansion timescale, or dilution time,
which is ty; = r/2u,,. The latter one corresponds in principle to
tayn Used in MNS. Of the two, t,;, is more relevant since it
determines the rate of change of the density.

In the case of shocks which propagate through an expanding
envelope, other timescales also become relevant. There is, for
instance, the repetition time of the shocks which is t. In cases
of monochromatic shock waves, t, can be identified with the
shock wave period. Shocks are usually described by the Mach
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number M, which is

U. —
M, ===, ©)
€1
where U, is the shock velocity, u, is the preshock gas velocity,
and ¢, is the preshock sound velocity. The postshock velocity
u, is given by

®-1
20
Also note that ¢, /c,, is given by

a_ [1+0 ®)
cw V14+@°

where @ = p,/p; and ® = p,/p, denote the ratios of pressure
and density across the shock, respectively. The subscript m
indicates quantities representative of the mean atmosphere, i.e.,
time-averaged conditions. For more information, see Galil,
Cuntz, & Ulmschneider (1990). Note, however, that we now
have defined the ratio c,/c, somewhat differently. We also
assumed that the shocks propagate through gas with an adia-
batic exponent y. In the case of constant x and y, ® and © are
functions of the shock strength M, only (e.g., Landau & Lif-
shitz 1975). Quasi-analytic expressions for cases of variable p
and y have been given by Nieuwenhuijzen et al. (1993) and
others.

A further timescale which is relevant in the presence of
shocks is the time for quasi-adiabatic cooling (= hydrodynamic
refrigeration) referred to as t, 4. t,.4 is the characteristic time
for changes in the volume between the shocks due to the com-
bined effects of the overall wind expansion and the shock

waves. It is given by
1 2u,\°!
i N —2> , )

wa= (2 o (L s
MENor) T \taee | <P) €

where (P) is the mean wave period. In our quantitative esti-
mates given in Table 2 we have chosen an envelope appropri-
ate to Betelgeuse, for which we adopted the wind model of
Hartmann & Avrett (1984) as a mean atmosphere. The value of
thya depends on the mean sound speed, the shock strength, and
the wave period. It is also not density sensitive. Since thya refers
to changes of hydrodynamic and thermodynamic quantities
between the shocks, the relevant timescale is therefore min (¢,
thya)- We assumed values for the wave periods based on the
following considerations: We take advantage of the fact that
the inner part of the Betelgeuse envelope is chromosphere-like
and probably dominated by heating through short-period
shock waves generated in the underlying convection zone.
Such waves have a frequency spectrum with an estimated

Mscl . (7)

u2=

TABLE 2
HYDRODYNAMIC TIMESCALE (s)

Lhya
log p tain tace t, M,=15 M;=50
—10....... 6 x 10'2 4 x 10'° 2 x 106 4 x 106 1 x 108
—125..... 2x 10 2x108 2 x 108 4 x 10° 1 x 108
—15....... 1x108 4 x 107 2 x 106 3 x 10® 1 x 108
—-175..... 3 x 108 4 x 10°
—-20....... 5 x 10° 3.6 x 107 7 x 107 3 x 107
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maximum at about 2 x 10° s (Cuntz 1992), which varies pro-
portional to gravity g~ !, which is, however, uncertain. This
period was used for the estimates at log p of —10, —12.5, and
—15. Farther out in the envelope, short-period waves are
unimportant and shocks with longer periods dominate. In
these regions, wave periods corresponding to stellar pulsation
modes are appropriate. For the tabulated values at log
p = —20 we adopted a period of 3.6 x 107 s (~1.15 yr), which
was identified by Dupree et al. (1987) both in photospheric and
chromospheric studies. Note that evaluating hydrodynamic
timescales in a mean (time-averaged) atmosphere would
produce results which are meaningless.

Note that equation (9) is strictly applicable only in cases in
which no major shock-shock interaction occurs. In monochro-
matic wave models {P) can also be identified with tp. In
models with significant shock-shock interaction the situation is
more complex: both the mean wave period {P) and the post-
shock velocity u, tend to increase with atmospheric height (see,
e.g., Cuntz 1987, 1992). Nevertheless, equation (9) is still useful
in this case in order to get an order-of-magnitude estimate for
the prevailing hydrodynamic timescale.

5. AN APPLICATION TO ATMOSPHERE MODELS
OF BETELGEUSE

Effects of radiative instabilities are most obvious when
applied to existing outer atmosphere models of cool giants and
supergiants. As tutorial examples we make use of models of
Betelgeuse given by Hartmann & Avrett (1984) and Cuntz
(1992). Figure 6 shows domains of radiative instability in the
temperature-density plane appropriate to Betelgeuse together
with theoretical models. We used 3900 K as effective tem-
perature as proposed by Tsuji (1989) and used W = 0.5 and
W = 0 as geometrical dilution factors. Note that neither the
difference due to the two different geometrical dilution factors
considered nor the uncertainty in the effective temperature of
Betelgeuse impact our results (see also Fig. 3 showing the effect
of different effective temperatures on the position of the insta-
bility islands). Similar to Figure 2 of MNS we show the Alfvén
wave—driven wind model of Hartmann & Avrett (1984) in
Figure 6a. We find that the Hartmann & Avrett wind model
crosses the main CO instability island 3 times. MNS also
found that the Hartmann & Avrett model crosses the SiO
instability island 3 times, which is, however, located at some-
what lower temperatures. The main difference with MNS,
however, is the following: MNS found that the Hartmann &
Avrett model also penetrates the SiO cooling instability region
located at temperatures below ~ 1200 K. When assumed that
also CO molecules are present, we find that this region does
not exist or is drastically reduced in size. As a consequence, a
“thermal runaway ” is now impossible or unlikely to occur—
contrary to MNS, who argued that the SiO cooling instability
in this area could potentially lead to the formation of dust.
This was an extremely significant finding, because most dust-
driven wind theories lack a mechanism which carries a suffi-
cient amount of matter to the dust formation radius.

Figures 6b and 6¢ show two time steps of the time-dependent
ab initio model of Cuntz (1992) for the outer atmosphere of
Betelgeuse. The first time step is given by a monochromatic
wave model (almost no shock-shock interaction), whereas the
second time step is given by a stochastic wave model (strong
shock-shock interaction). The time span between the models is
6.69 x 107 s. Both models look extremely complicated when
plotted in the temperature-density plane. We see that for a
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F1G. 6.—Domains of radiative instability in the temperature-density plane
appropriate to Betelgeuse for W = 0.5 (dotted lines) and W = 0.0 (dashed lines)
based on CO, SiO, and continuum opacity together with theoretical models
from the literature. Fig. 6a shows the wind model of Hartmann & Avrett (1984)
(dash-dotted line), whereas Figs. 6b and 6¢ show two time steps of the time-
dependent ab initio model of Cuntz (1992) (solid lines). The time span between
the models is 6.69 x 107 s. The first time step is given by a monochromatic
wave computation (almost no shock-shock interaction), whereas the second
model is produced by stochastic waves (strong shock-shock interaction). In
Figs. 6b and 6¢ reading from top to bottom, the solid lines represent increasing
height in the models; the breaks in the lines show the positions of shocks.
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Outer dust formation. A detailed discussion of this effect in the case of
Atmosphere Betelgeuse was recently given by Beck et al. (1992). A previous

version of the dust formation paradigm based on observational
%:i‘;:’}‘i)“, constraints and also considering the effect of ionizing UV radi-
e ation has been given by Stencel, Carpenter, & Hagen (1986). A
Y paradigm which also takes into account the impact of stellar
Chromosphere Thermal Instabilities | Molecular Layers evolution processes was given by Cuntz & Stencel (1992).
T~6000K - 1 T-2500K
Due to CO/SiO
5. CONCLUSIONS
Large-Scale .. . . . . eqegs .
uv Hydrodynamic We have revisited the formation of radiative instabilities in
- Radiation Cooling cool star atmospheres due to CO, SiO, and continuum opacity
and compared our results with those of MNS. Our results are
Dust based on the analysis of the energy balance of gas elements

—1 T <1200K

Emergent
Stellar Radiation

Y
Mass Loss

FI1G. 7.—The revised paradigm for dust formation in cool evolved stars

fixed temperature many different values for the realized atmo-
spheric density exist, which is ultimately a consequence of the
atmospheric shock structure. Both models penetrate the CO
radiative instability island many times. However, in the mono-
chromatic wave model (Fig. 6b) the repetition time of the
shocks is only ~2 x 10°s, so we cannot expect that a radiative
instability would have time to develop. The model given in
Figure 6c relies on stochastic waves. This model is character-
ized by a complicated hydrodynamic and thermodynamic
structure with time-dependent episodes of energy and momen-
tum deposition. The direction of the flow alternates between
infalling and outflowing motions depending on the shock
strength and the radiation-hydrodynamic history of the flow.
The prevailing hydrodynamic timescales in this model are typi-
cally larger than those in the monochromatic case. The
models are also characterized by quasi-adiabatic
cooling (or hydrodynamic refrigeration), which reduces the
temperature by 1000-1500 K below the radiative equilibrium
temperature at a length scale of several pressure scale heights.
The associated timescales range from 2 x 10 s for small-scale
atmospheric motions to 5 x 107 s, which is the characteristic
time between episodic inflow and outflow events. These time-
scales are consistent with observational constraints (see
summary of Querci & Querci 1986). Similar timescales were
also seen in a recent study of Drake et al. (1992), who found
evidence for thermal instabilities in radio continuum observa-
tions. Also note that the models of Cuntz (1992) treat only
energy losses (and gains) due to H™ and Mg 11, Ca 1, and Fe 11
emission lines and do not include molecules at all. Neverthe-
less, temperatures as low as 1200 K are reached. This occurs
without the influence of radiative instabilities, but it can be
expected that large-scale quasi-adiabatic cooling and radiative
instabilities might act in a synergic manner.

Based on all these results we present a new paradigm for
dust formation (see Fig. 7), which is particularly relevant in
cases where dust is formed relatively close to the stellar photo-
sphere. The paradigm also considers hydrodynamic cooling. It
also takes into account the effect of ionizing chromospheric
UV radiation, which can drastically enhance the efficiency of

3 Note that this value was incorrectly given in Cuntz (1992)as 5 x 10°s.

with prescribed thermodynamic properties. The radiation in
the SiO band was assumed to be optically thin. In the case of
the CO band we also considered the optically thin limit and
explored the potential impact of optical depth effects by con-
sidering reduced CO cooling rates. For O, C, and Si we
assumed solar abundances. The impact of relevant timescales
has been evaluated. We also discussed possible effects associ-
ated with the dynamics of long-period and short-period shock
waves. Our major findings include the following:

1. Radiative instabilities exist for a broad range of ther-
modynamic conditions, which are present in cool star atmo-
spheres. In many cases, they are caused mainly by CO
molecules and to a much smaller extent by SiO.

2. In the framework of our study we found that this conclu-
sion is altered only when the CO cooling rate is substantially
reduced. This can occur either due to a reduced CO particle
density caused by (time-dependent) non-LTE reaction rates or
by an extreme Si overabundance/C underabundance, or, alter-
natively, in cases when the CO band is sufficiently optically
thick, whereas the SiO band is optically thin. This latter case is
probably the most important exception.

3. We cannot rule out entirely that molecules other than CO
and SiO also impact the onset of radiative instabilities. These
molecules must fulfill two criteria: First, the molecules must be
abundant. Second, the molecular spectrum must consist of dis-
tinct bands which lie at largely different wavelengths or, alter-
natively, the spectrum must contain a large number of lines
which produce a considerable temperature variation of the
cooling rate. A molecule which possibly matches these criteria
is H,O, which is an important constituent of atmospheres of
O-rich stars later than M5.

4. Note that molecules which do not meet these criteria can
nevertheless provide a significant contribution to the overall
atmospheric cooling. Note, however, that they can impact the
generation of radiative instabilities only when other constitu-
ents such as H™ are present. These molecules can therefore be
treated as part of the continuum opacity.

5. We have evaluated the domains of radiative instability in
the temperature-density plane for different stellar effective tem-
peratures assuming optically thin radiation in the CO and SiO
bands, LTE number densities for CO and SiO, and solar abun-
dances for O, C, and Si. We found that there is always a main
CO instability island most pronounced at low densities and
relatively high effective temperatures. The influence of the geo-
metrical dilution factor is found to be less important, except for
T 2 4500 K and at distances R < 1.3 R,. In some cases,
additional regions of instability appear, which are attributable
to the behavior of the continuum opacity. This latter result
suggests that radiative instabilities are not always necessarily a
consequence of frequency-dependent effects.
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6. We compared our results with those given by MNS.
MNS have treated the interplay between optically thin contin-
uum and SiO band opacity and also found regions of radiative
instability. They found main SiO radiative instability islands ”
and regions of thermal runaway below temperatures of ~ 1200
K, which also depend on the effective temperature of the star.
These results can still be viewed as relevant, when CO mol-
ecules exist but the CO band opacity is substantially reduced.
Note, however, that MNS have given the regions of thermal
runaway somewhat incorrectly in part due to the extrapolation
of an early version of the Kurucz opacity to very low tem-
peratures and pressures.

7. The regions of “thermal runaway” do not exist (or are
drastically reduced in size) when CO molecules are included
(assuming LTE number densities and that the CO band radi-
ation is treated in the optically thin limit). This result provides
strong evidence that dust formation cannot occur via radiative
instabilities alone. As an alternative mechanism we point to
large-scale quasi-adiabatic hydrodynamic cooling, which was
studied in model computations. We also suggest that cooling
via radiative instabilities and cooling via hydrodynamic effects
can act in a synergic manner.

8. Even in cases, in which SiO molecules are unimportant
for generating radiative instabilities, SiO molecules can still be
considered as a tracer for “ very cool ” atmospheric layers. This
result should be considered as relevant for the interpretation of
SiO maser emission and its relationship to the onset of dust
formation.

9. We have applied our results to atmospheric models of
Betelgeuse including those given by Cuntz (1992), which are
based on stochastic shock waves. The models of Cuntz show
temperatures 1000-1500 K below the radiative equilibrium
temperature at a length scale of several pressure scale heights
due to large-scale quasi-adiabatic hydrodynamic cooling. The
associated timescales range from 2 x 10° s for small-scale
atmospheric motions to 5 x 107 s, which is the characteristic
time between episodic inflow and outflow events. We note that
these timescales are consistent with observational constraints
(see summary of Querci & Querci 1986). Similar timescales
were also seen in a study of Drake et al. (1992), who found
evidence for thermal instabilities in radio continuum observa-
tions of Betelgeuse. Also note that the timescale for hydrody-
namic cooling is not density sensitive, which is extremely
helpful in high-density regimes.

10. We point out that shock-shock interaction in a field of
short-period waves is a crucial feature for radiative instabilities
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to occur. The reason is that shock-shock interaction tends to
produce shock repetition times, which are occasionally much
larger than the radiative cooling time of the gas.

11. Based on all these results we present a new paradigm of
dust formation, which is particularly relevant in cases where
dust is observed to form relatively close to the stellar photo-
sphere. Note, however, that some of our conclusions are not
final. It would be important to compute better models for
stellar atmospheres, which self-consistently treat effects such
as thermal bifurcation, the propagation and interaction of sto-
chastic shocks, and thermodynamic effects associated and
interaction with nonequilibrium chemistry.

12. As a first step toward this goal, it would be interesting (i)
to also include other molecules besides CO and SiO in a
frequency-dependent manner, (i) to also study the impact of
improved continuum opacities given by Kurucz ( 1994), and (iii)
to self-consistently include thermal instabilities in recent ab
initio cool star chromosphere models.

Noteaddedinmanuscript—Inavery recent paper, Wiedemann
et al. (1994) presented an observational study of strong
vibration-rotation lines of CO near 4.6 um, which can serve as
a diagnostic tool for the thermal conditions in late-type stars
near and above the temperature minimum region in chromo-
spheric models. Wiedemann et al. studied eight stars with lumi-
nosity class II-II and spectral type G2-K 5. They found that
the CO models feature a steady decrease in temperature with
height in contradiction to chromospheric models, which are
based on the analysis of the Ca 1 and Mg 1t emission lines. The
authors conclude that thermal bifurcation generated by radi-
ative instability effects might be able to reconcile these contra-
dicting scenarios. In another paper, Carpenter et al. (1994)
analyzed the O 1and C1resonance lines in the UV spectrum of
o Orionis (M2 Iab) obtained with the Goddard High
Resolution Spectrograph. The authors also give results from
preliminary model computations for the line formation pro-
cesses. These results provide preliminary evidence that dust is
present within the chromosphere, which would indicate gross
inhomogeneities which are possibly a consequence of radiative
instability effects.

M. C. acknowledges financial support through the
Advanced Study Program at the National Center for Atmo-
spheric Research and through NASA grant NAGW-2904 to
the University of Colorado.
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