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Stellar wind flows in M-type supergiants 
produced by stochastic shock waves 

ABSTRACT 

I present first results of a novel ab-initio model for 
the formation and time-dependent behavior of chaotic 
stellar wind flows in M-type supergiants produced by 
stochastic shock waves. Stochastic shocks are closely 
related to the physical structure of the stellar convec
tive lones. For my wave models I have taken the stellar 
parameters of Of Orionis. My wave models show time
dependent episodes of momentum and energy deposi
tion produced by strong shocks generated by merging of 
shocks in the stochastic wave field. I also show that the 
limiting shock strength behavior found in monochr0-
matic wave models does not apply to stochastic shock 
waves. The stochastic variation of the energy dissipa
tion by the shocks might also explain irregular variabil
ities observed in chromospheric emission lines in many 
M-type supergiants. 

INTRODUCTION 

M-type supergiants located to the right of the coro
nal di viding line are characteriled by chromospheric 
structures and chaotic stellar wind flows . For Of Ori
onis, observations suggest the presence of infalling and 
outstreaming atmospheric flows (Boes gaard &z Magnan 
1975, Boesgaard 1979, Bernat 1981, Querci &z Querci 
1986, among others) and episodic chromospheric heat
ing events (Toussaint &z Reimers 1989). The broad vari
ety of observational results suggests that different com
ponents moving at different radial velocities are present, 
but the direction of the flow apparently alternates be
tween infalling and outfalling motion, possibly as a re
sult of dramatic events such as sporadic maas ejections, 
or simply a consequence of stellar pulsation or waves. 
JorÄs (1989) presented a detailed study of atmospheric 
features in Of Orionis, providing evidence for the com
plicated dynamics which occur. 

Explaining the observational results through ab
initio modeling is challenging. As a step toward accom
plishing this, I apply the model of Cuntl (1987), which 
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assumes deposition of mechanical energy and momen
tum in outer atmospheric layers due to the propagation ' 
of stochastic shock waves. I extend this model to M
type supergiant stars. This is motivated by results of 
previoUl studies which show that the outer atmospheric 
heating in M-type supergiants is expected to be en
tirely dominated by nonmagnetic heating, because the 
relatively weak chromospheric emission of these stars 
depends only on their effective temperatures (John
IOn 1987, Judge 1989, Judge &z Stencel 1991, Dupree 
1991). A similar result for slow-rotating single K giant 
stars was presented by Schrijver (1987 a,b). Hartmann 
&z Avrett (1984) computed an ab-initio model for the 
outer atmosphere of Of Orionis based on Alfvén wave 
dissipation, which could explain lOme of the observed 
properties. However, the relevance of this model re
mains uncertain due to the lack of magnetic field mea
surements. 

METHOD 

I have used an Eulerian one-dimensional, spher
ically symmetric, time-dependent radiation hydrody
namic code based upon the method of characteristics 
(Cuntl &z Ulmschneider 1988). The code is suitable 
to the study of propagating shocks, which are treated 
as discontinuities. Boundary conditions for incoming 
and outgoing shocks are solved. Ionisation of hydrogen 
is explicitly taken into account. Radiation damping is 
considered in the effectively thin plasma approxirnation 
using a Cox and Tucker type law given by Judge &z Neff 
(1990). Judge (1990) presented theoretical arguments 
that the effectively thin plasma approxirnation should 
work well for chromospheric layers of the inactive, low
gravity star studied here. For my wave model I have 
taken the stellar parameters of Of Orionis which are as
sumed to be T.}} = 3900 K, R. = 860 Re, and log g. = 
- 0.4 (Tsuji 1989). The initial atmosphere of the model 
extends from 1.1 up to 1.4 R • . The atmospheric extent 
has been chosen to encompass the scale length where 
the major part of the mechanical energy dissipation of 
the stochastic shock waves occur. Wave models com
puted to deduce the magnitude of time--averaged mass 
loss rates must certainly be based up on much more ex
tended atmospheric shells. 

RESULTS AND DISCUSSION 

For my study 1 start with a monochromatic wave 
model computed for a fixed wave period of 2 106 s and a 
fixed initial wave amplitude of 0.30 Mach. Then I start 
to introduce shock waves with stochastically changing 
wave periods in the short-period range. The shape of 
the wave period distribution is assumed to be Gaus-



sian centered at 2 106 s with a standard deviation of 
5 106 s. Negative periods have been omitted. The 
puk value of the wave period distribution has been 
chOlen according to the resuhs of traditional acoutic 
energy generation modem (Bohn 1981, 1984). Figure 
1 shows a snapshot of a time-il.ependent wave compu
tation obtained 1.9 107 s after allowing the wave pe
riod to change stochastically. The atmospheric model 
is characterised by a complicated hydrodynamic struc
ture containing a nonuniform distribution of 6 shocks 
with different strengths. The shock strengths M,,., the 
shock speeds U,,., and the post-shock temperatures 
T(2) for the model are listed in Table 1. The table shows 
that both the shock strengths and the shock speeds dif
fer substantially and change non-monotonically with 
height. 

This result is a clue to the basic physics which 
is going on: after allowing the wave period to change 
stochastically, shocks with different strengths are intro
duced into the atmosphere. Different shock strengths 
cause different shock speeds, which lead to interact
ing, overtaking and merging of shocks ( ",hock-c/l7171ibG
lurn") . Since the strength of an overtaking shock com
bines with the shocks it engulfs, its speed increases, 10 

it overtakes more and more shocks in front of it and 
attains an even greater strength. Consequently, the 
amount of momentum and energy deposition that oc
CUli in the atmospheric layer varies drastically. The 
direction of the flow alternates bet ween infalling and 
outflowing motions depending on the strengths of the 
shocks and the hydrodynamic history ofthe flow. In the 
snapshot presented here, shock number 3 (counted from 
outside to inside) is the major cannabalising shock. 
This shock will lOon overtake the two shocks in front 
of it . 

A further interesting result is obtained by the be
havior of radiation damping. My time-il.ependent sto
chastic wave model shows that the radiation damping 
function is strongly peaked behind the shocks and is not 
directly related to the structure of the time-averaged 
atmosphere. The radiation losses decrease with increas
ing atmospheric height showing that the waves behave 
more and more adiabatically when propagating out
ward. The post-shock temperatures 7'<2) in my at
mOlpheric model range from 4690 K up to 7280 K. 
The mean thermalstructure of the atmosphere is lOme
what similar to that of the semiempirical chromOIphere 
model of Buri et al. (1981), who computed a semiem
pirical chromOIphere model for cr Orionis based upon 
the Ca 11 K and Mg 11 h,k emission lines from IUE spec
tra. They found a smooth increase of the atmospheric 
temperature starting from 2820 K in the temperature 
minimum layer up to 7000 K at a column mass density 
of 1.0 10-6 g cm- 2• 

In order to get further insight into the physics of 
time-il.ependent stochutic wave modem, I have plot
ted the minimal and maximal shock strengths u func-
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Fig. 1 A snapshot of a time-il.ependent stochutic 
wave computation. The flow speed u (Iolid line), the 
temperature T (dashed line), and the radiation damp
ing function D (dotted line) are shown u functions of 
height. 
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Fig. 2 Minimal and maximalshock strength (solid 
lines) in a time-il.ependent stochutic wave computation 
u functions of height. The run of the limiting shock 
strength (duhed line) is &lso shown. 

Table 1 SHOCK DATA 

M'A U,A 7'(2) 
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tions of the atmospheric height (Fig. 2). I have intro
duced 16 stochastic wave periods into the atmospheric 
layer covering a timespan of 6.9 107 s. The minimum 
wave period I introduced was 1.2 106 s, and the maxi
mum was 1.6 107 s. Due to overtallig and merging of 
shocks, different shock strengths are found at the same 
atmospheric height. For the outer boundary point of 
the at mos ph ere the shock strengths difFer fIom 1.22 
to 3.53. This result is extremely impressive when I 
compute the respective energy dissipation rate for the 
shocks. Since the energy dissipation rate behaves as 
(M.,,-1)2, a difFerence by a factor of 130 is produced 
by the stochastic nature of the flow . It is also obvious 
that the limiting shock strength behavior, as found in 
monochromatic wave models with waves having a fixed 
initial amplitude (e.g., CuntJ &z Ulmschneider 1988), no 
longer eDsts, when stochastic shocks are considered. I 
show the predicted limiting shock strength using data 
fIom the time- averaged atmosphere model. Changes in 
the mean sound speed (due to the thermal atmospheric 
structure) and in 'Y (due to the ionilation of hydrogen) 
and the height-dependency of the gravity have been 
explicitly taken into account. 

CONCLUSIONS 

I have computed a novel ab-initio model for the 
outer atmosphere of Q Orionis which includes chro
m08pheric heating and the generation of chaotic stel
lar wind flows. The chrom08pheric temperatures are 
found to be similar to those temperatures given by 
the semiempirical chromOlIphere model of Basri et al. 
(1981) . The atmospheric dynamics are extremely com
plicated. Stochastic variations of energy and momen
tum deposition occur. I found that the atmosphere is 
neither in static (nobody would expect this!) nor dy
namic equilibrium, but in time-dependent stochastic 
disequilibrium. The time average of the atmospheric 
flow speed can easily be related to the microturbulent 
velocity, a velocity which is required in classic stellar 
atmosphere models. I also showed that the limiting 
shock strength behavior found in monochromatic wave 
models (the waves must also maintain a fixed initial 
wave amplitude in these models!) no longer eDsts, 
when stochastic shocks are considered, because the at
m08pheric dynamics lead to the formation of shocks 
with different strengths at the same atmospheric height. 
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