
PART I I I . 

Spherically-Symmetric Motions in Stellar Atmospheres. 

B . - The Propagation of a Shock-Wave in an Atmosphere 
of Varying Density. 

Summary-Introduction. 

E. SCHATZMAN (*) 

Institut d'Astrophysique - Paris 

1. - Introduction. 

There is astrophysical evidence for the existence of shocks propagat ing in 
regions of variable density. W e have therefore the choice of discussing first 
t h e physics of shocks in a variable density a tmosphere , or the astrophysical 
phenomena. Following Kap lan ' s prel iminary report , we shall describe first 
t h e astrophysical facts, for t h e reader to be able to unders tand the connection 
of the physics wi th the astrophysics. 

l ' l . Novae and Supernovae. - There is a widespread belief t h a t .Novae and 
Supernovae ou tburs t s are due to the appearance a t the surface of a s tar of 
a, shock front somewhere inside (LEBEDINSKY (1946), SCHATZMAN (1946a, b), 
ROSSELAND (1946), GUREVITCH L E B E D I N S K Y (1947)). 

Several questions arise, concerning the product ion of shocks in novae : 

(i) Na tu r e of t he ins tabi l i ty ini t iat ing the shock. 

(ii) Energy sources of the shock. Has the shock a nuclear origin or is 
i t produced b y some other physical process? 

(iii) Propaga t ion of t he shock in layers of decreasing density. The methods 
used for describing t h a t process will be given la ter in this paper. 

I t is no t necessary t o recall here Milne's pic ture of t h e nova phenomena 

O A considerable help in prepating this report was the preliminary report of Dr. S. A. 
KAPLAN from Lvov Observatory. 

Ed. Note: Last minute circumstances prohibited Dr. Kaplan's attendance at the 
Symposium and Dr. Schatzman kindly undertook to prepare and present this report. 

14 - Supplemento al Nuovo Cimeidu. 
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as t h e sudden collapse of an uns tab le star, wi th l iberat ion of gravi ta t ional 
energy, though i t can be connected with some of t h e modern pictures of 
supernovae. B ie rmann ' s p ic ture ( 1 9 3 9 ) of a sudden release of recombinat ion 
energy, with formation of a convective zone, has been objected to b y L E D O U X , 
because i t cannot be a sudden phenomenon. 

SCHATZMAN ( 1 9 5 8 ) has shown t h a t vibrat ional ins tabi l i ty cannot lead t o 
a n y acceptable picture of t h e recurrence of a nova, as the t ime scale of t h e 
recurrence would then be of t he same order of magn i tude as t h e Helmhol tz-
Kelvin t ime scale of t h e contract ion. H e has shown t h a t v ibra t ional instabi l i ty 
in t he presence of a resonance-induced oscillation of finite ampl i tude could lead 
to a reasonable theory of t he recurrence. 

I t is a great t emp ta t i on to suppose t h a t t he shock is in i t ia ted b y a deto
na t ion wave, the exploding fuel being some convenient nuclear species. How
ever, for most kinds of nuclear fuels, i t can be shown (SCHATZMAN, 1 9 5 1 ) t h a t 
t h e thickness of a detonat ion wave is much larger t h a n the radius of the star , 
unless the cross-section of t he energy producing nuclear react ion is excep
t ionally large and the abundance of the nuclear fuel great enough. The con
clusion is t h a t the energy appear ing in the novae phenomenon, abou t 1 0 4 5 ergs, 
has to be l iberated in a t ime shorter t h a n the half period of oscillation of t h e 
s tar (about 1 0 4 s), in a non-l inear phenomenon, t he surface appearance of the 
shock being only due to t he propagat ion of a wave in regions of decreasing 
density. 

Spectroscopic observat ion of novae shows the existence of systems of lines, 
wi th different radial velocities. I t seems t h a t t he envelope which has been 
ejected is made of several shells catching up with each other. (See, for example, 
t he d a t a collected by C . P A Y N E - G A P O S H K I N ( 1 9 5 7 ) , and the well-known book 
of VORONTZOV-VELYAMINOV: Gaseous Nebulae and Novae ( 1 9 4 8 ) ) . 

There is a large var ie ty of novae, and it is no t t h e place here to classify 
t h e m . However, i t should be ment ioned t h a t i t is unlikely t h a t one process 
only is producing the novae ou tburs t s . Several nuclear reactions, depending 
upon the range of densi ty, t empera tu re and chemical abundances can lead 
to explosive processes. 

The problem of supernovae is likely to be different, in t he sense t h a t t he 
whole s tar seems to be blown a p a r t b y the explosion. The to ta l amoun t of 
energy l iberated is of t h e order of 1 0 4 9 erg (the energy a t rest of t he whole 
sun is 2 . 1 0 5 4 erg, a n d i ts grav i ta t iona l energy is of t he order of 4 . 1 0 5 0 erg). 
Evolu t ion of a cont rac t ing s tar can eventual ly lead to nuclear reactions which 
m a k e t he s tar dynamica l ly uns table . A collapse, wi th a large t empera tu re 
a n d densi ty increase, can favor a large var ie ty of nuclear reactions which 
have been invest igated b y B U R B I D G E , B U R B I D G E , H O Y L E and FOWLER ( 1 9 5 7 ) . 
However , t he hydrodynamics of t h e collapse and the generat ion of the shock-
wave have no t been inves t iga ted except by COLGATE ( 1 9 5 9 ) . 
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1*2. Cepheids. - The problem of shocks in a var iable densi ty a tmosphere 
is now considered as a s t andard problem of Cepheids, and has been discussed 
by W H I T N E Y in his in t roduc tory report . 

1*3. Solar chromosphere and corona. - According to BIERMANN (1948), 
SCHWARZSCHILD (1948), SCHATZMAN (1949ft), t he heat ing of the solar chromo
sphere is due to energy dissipation of compression waves, created by granulat ion. 
THOMAS (1948) has suggested t h a t the heat ing is due to t he dissipation of the 
kinetic energy of the spicules. 

The product ion of sound waves b y turbulence a n d the i r propagat ion out 
of the tu rbu len t regions is a well-known observed fact (cf. t he summary Aspects 
of the Turbulence Problem b y H . LIEPMANN , 1952). 

Therefore, i t can be considered as certain t h a t compression waves, pro
duced in the hydrogen convective zone, do propagate outside, towards the 
chromosphere and corona, though no astrophysical fact can be considered as 
a direct proof of these waves. 

Let us first consider waves of a very small ampl i tude . I t is well known 
t h a t no a tmosphere is t r ansparen t to a progressive wave, unless its period 
is smaller t h a n a critical period. 

4TTH 
P — -

c r i t ~ a ' 

where H is the scale height of the a tmosphere and a the sound velocity. F o r 
an isothermal a tmosphere 

TT A ~ T> 4 : 7 1 ( 1 

H=—, so I \ R I I = • - . 
79 yg 

For the sun 

P c r t ~ 2 4 0 

If a t some place in an a tmosphere the densi ty is Q0 and the velocity 
of the mater ia l is v, t he flux of mechanical energy FM is 

FM = i o • * F g r o u p = \ o^a j / l - , 

where a = 2n\P. 
I t is clear t h a t mechanical energy can be carried in t he chromosphere only 

by waves of a period P < P c r i t , the group velocity vanishing for P = Paix. 
A rough evaluat ion, based on a schematic theory of turbulence in the convective 
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zone, shows t h a t the main contr ibut ion to the mechanical flux is due to periods 
appreciably smaller t h a n 240 s, of t he order of 50 s or smaller. 

SCHATZMAN (1949ft) has even suggested t h a t the efficient acoustic waves 
have a period of only 8 s. The wavelength corresponding to a period P is 

I t is readily seen t h a t a reasonable approximat ion , for P < ^ P c r i t , is 

If P is 10 s, a = 6 km/s , A = 60 k m ~ \H. 
W e shall discuss la ter t he quest ion of the period of the acoustic waves. 

Le t us consider first t he increase of ampl i tude of the wave as i t propagates 
in t h e a tmosphere . 

The ampl i tude increases as exp [\(xjH)\ F r o m the top of the convective 
zone to a height of 1000 k m , we have about 10 scale heights , and the ampli
t u d e should be mult ipl ied b y 150, if t he phenomenon was still linear. 

However , we change from a l inear phenomenon to a non-linear one, when 
the quadra t i c te rms are of the order of magni tude of t he l inear t e rms in the 
equat ion . Let us consider, for example , the cont inui ty equat ion 

The condition for the t ransformat ion of the wave into a shock-wave is 

A ~ aP. 

o(l + d iv£) =Q( 

and develop it to the second order 

o = 0 o [ l - d i v ! + ( d i v f ) 2 ] . 

d i v f | ~ 1 . 

As we have 

we find for | d i v | | 
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The condition | div £ | = 1 gives, with cr£0*="y, 

with v = 1 km/s , we have 

We can conclude t h a t in less t h a n 4 scale heights , t h e wave becomes a 
shock-wave. 

If there were no dissipation, the ampl i tude of the wave would then $>e 
very large, the mater ia l velocity being of the order of the sound velocity or 
larger. However , as there is energy dissipation, the velocity ampl i tude of 
t h e wave does no t exceed the sound velocity, and it remains small. 

This is the main discrepancy between Scha tzman and Biermann ' s theories. 
As UNSO LD recalls i t ( 1 9 6 0 ) , BIERMANN supposes t h a t dissipation occurs when 
the Mach n u m b e r is of t he order 1 . However, t he shock front appears cer
ta inly before such a large ampl i tude is reached, as the velocity of propagat ion 
is larger in the regions of compression t h a n in t h e regions of di latat ion. As 
an exact theory does no t exist , we satisfy ourselves b y a comparison with the 
uniform case, where t he shock front appears after a dis tance x': 

with aPIH ~ |; ajv ~ 6 , we obtain x'/H = \. 
Therefore, we shall consider t h a t already in t he photosphere , t he compression 

waves are t ransformed in to shock-waves. 
After two scale heights , t he velocity in t he wave is abou t (ale), (Mach 

number M = 1 / 6 ) , b u t dissipation in the front is a l ready present . 
Dissipation occurs in t he shock front, as a consequence of t he steep change 

in density. I t is wor th considering t h e theory of dissipation for a viscous fluid. 
The energy dissipated per second is 

a aP 
x'c±— — 

v 2n 

dp yp do\ , 
u - — u \dx , 

dx Q dx 

where ju is the coefficient of viscosity. The change of specific en t ropy being 
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we see t h a t the energy dissipated in the shock front is given by 

(gTu dS, 
r 

Q 
J 

TdS is the change of energy per gram. gTdS is the change per cubic centi
meter , and ugTdS the change per square cent imeter per uni t of t ime. 

I n the case of infinitely weak shocks, the energy dissipated is g0T0u0AS. 
I t is well known t h a t AS is then proport ional to (Ap)3. W e are led to a for
mula which is similar to the formula given by B R I N K L E Y and KIRKWOOD (1948), 
and to the formula used by SCHATZMAN (1949), by D U B O V (1960) and W E Y -
MANN (1960) 

(1) A\] - - ^ g0 ^ , 

where A F is the velocity behind the shock front and V the sound velocity. 
The m a t t e r is supposed to be a t rest ahead of the shock front. AW is the 
energy dissipated for 1 cm of propagat ion. 

The question now is na tura l ly of finding the energy W corresponding to 
the dissipation AW. If we can suppose t h a t we have N-shaped waves, we 
have simply 

W = lQ0(bV)*Vt0, 

where Vt0 is the length between two successive shock fronts (DUBOV , 1960). 
Using a similarity a rgument , SCHATZMAN (1949) was led to a similar formula, 
b u t his t ime t0 was not rigorously a constant . 

The choice of t0 is na tura l ly very impor tan t , as i t relates the flux of me
chanical energy and the ra te of dissipation. D U B O V (1960) takes J 0 = 1 0 s ; 
SCHATZMAN (1949) as ment ioned above, takes t0 = 8 s. 

U N N O and KAWABATA (1955) deduced from the theory of turbulence in 
the convective zone t0 = 4.6 s. 

As ment ioned b y D E J A G E R (1961) Vt0 is likely to be t h e length of t he wake 
beh ind t h e shock front. 

I n t he case of N-waves, t he velocity behind the shock front is related to 
the mean square velocity W1 by t he relation 

(Avy = w~*. 

If E is the energy rad ia ted a w a y per g ram per second, we have t h e relation 

Fo r E = 10w e r g g - ' s " 1 , V = 6 -10 5 cm s~\ we find W = 2.2 km/s , corre-
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we see that the energy dissipated in the shock front is given by

!erfUdS,

T dS is the change of energy per gram. fJT dS is the change per cubic centi
meter, and ufJT dS the change per square centinleter per unit of time.

In the case of infinitely weak shocks, the energy dissipated is fJoTouo~S.
It is well known that ~S is then proportional to (~p)3. "'Te are led to a for
mula which is similar to the formula given by BRINKLEY and KIRKWOOD (1948),
and to the formula used by SCHATZMAN (1949), by DUBOV (1960) and WEY

~ANN (1960)

(1)

where ~ 1T is the velocity behind the shock front and 1T the sound velocity.
The matter is supposed to be at rest ahead of the shock front. ~ lit" is the
energy dissipated for 1 em of propagation.

The question now is naturally of finding the energy W corresponding to
the dissipation ~WT. If we can suppose that ,,'"e have N-shaped waves, we
have simply

where Vto is the length between two successive shock fronts (DuBov, 1960).
Using a similarity argument, SCHATZMAN (1949) was led to a similar formula,
but his time to was not rigorously a constant.

The choice of to IS naturally very important, as it relates :the flux of me
chanical energy and the rate of dissipation. DUBOV (1960) takes to == 10 s;
SCHATZMAN (1949) as mentioned above, takes to == 8 s.

UNNO and KAWABATA (1955) deduced from the theory of turbulence in
the convective zone to == 4.6 s.

As mentioned by DE JAGER (1961) llto is likely to be the length of the wake
behind the shock front.

In the case of N-waves, the velocity behind the shock front is related to
the mean square velocity W 2 by the relation

(~V)2 == 9W2 •

If E is the energy radiated away per gram per second, we have the relation

For E == 1010 erg g-l S-l, V == 6.105 cm S-1, we find W == 2.2 km/s, corre-
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rii cvae{l + nalni)I((oLQL)l + 

+ Vet + Vie + (Via VM + Vea Vai)L(Vat + VAE))(0P(l + n«/n<)* 

where coj, is the p lasma frequency 

4c7znee2 

A>L and QL the gyrofrequency of the electrons and the ions. 

sponding to A F ~ V. F o r such a velocity, t he shock cannot be considered 
any more as a weak shock. However, the approx imate formula ( 1 ) , is still 
a good approximat ion , as has been shown by SCHATZMAN ( 1 9 4 9 ft). 

In fact, an exact value of W can be found only as a result of the theory 
of transfer in the low chromosphere. The equil ibrium theory of the chromo
sphere supposes an exact balance between the heat generated by shocks and 
the energy radia ted * away. 

An interest ing remark has been made by D U B O V ( 1 9 6 0 ) , supposing t h a t 
t he energy is rad ia ted away either by hydrogen or by helium. H e shows t h a t 
if the energy dissipated b y acoustic waves increases, t he t empera tu re has to 
j u m p from about 6 0 0 0 to 1 2 0 0 0 ° . He suggests t h a t the appearance of the 
spicules is due to a rapid change in the the rmal balance from a « cold» to a 
« hot )> plasma. However , his results should be revised, in order to take into 
account the exact solution of the non-local- thermodynamic-equil ibr ium con
ditions, as for example in POTTASCH and THOMAS ( 1 9 6 0 ) . 

Compression waves can dissipate energy, as long as the mean free p a t h 
is not too large. I n t h e corona, where the conduct iv i ty of the gas becomes 
very large, there is no dissipation any more by shock-waves, and the corona 
becomes almost isothermal . Already ment ioned by A L F V ^ N ( 1 9 4 1 ) , the effect 
of conduct ivi ty has been especially taken into account b y SCHATZMAN ( 1 9 4 9 ) 
a n d recently s tudied in more detai l b y U N S O L D ( 1 9 6 0 ) . 

Dissipation in magne tohydrodynamic waves has been considered by P I D -
DINGTON ( 1 9 5 5 a a n d ft, 1 9 5 6 ) and by COWLING ( 1 9 5 6 ) . The main effect, in 

t ransverse waves, is due to the fact t h a t all particles (neutral a toms, ions and 
electrons) do no t move exact ly together. The calculation of the coefficient 
of damping of t ransverse waves by neutr&l friction has been done by Miss 
A . BAGLIN ( 1 9 6 0 ) , s ta r t ing from the microscopic theory of a plasma with a 
high number of collisions. 

If vap is t he n u m b e r of collisions per second of one part icle of species a 
against all particles /S, we have for the constant of d a m p i n g : 
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Numerical ly, we find 

— k = CJ2 n o - 1 - 9 3 - - - I- i o - 3 0 - 3 5 - - — — + i o 2 1 1 7 ——-I. 

x being the degree of ionization. 
If we compare Km&e to t h e p a t h of a t ransverse wave in a t ime t0, we obta in 

The velocity of the t ransverse wave is equal to the velocity of t h e Alfven 
wave, BjVkriQ, where Q is t he to t a l densi ty of the gas. 

The consequences of t h e above expression have no t been worked ou t yet . 
However , i t can be seen t h a t no t ransverse wave can p ropaga te in t he lower 
chromosphere, unless t he magne t i c field is large enough to prevent complete 
damping . F o r example , for N = 1 0 i 6 , (1 -x)/x = 1 0 3 - 5 , T = 6 000°, co = 0.6, 
t h e second t e r m gives 

Eough ly speaking, the magnet ic field has to be larger t h a n 30 G for magneto-
hyd rodynamic waves to p ropaga te in t h e photosphere . The appearance of 
M H D waves in the upper chromosphere can explain t he transfer of mechanical 
energy in t he corona. 

I n t h e regions of low densi ty , t h e damping of M H D waves, becomes very 
small, unless we have to deal wi th shock waves. The product ion of a shock 
results from the fact t h a t t he p lasma is compressible. 

Le t us consider, wi th K. O. FRIEDRICHS (1959) a surface S(t) wi th a charac
terist ic velocity of propagat ion, c c h , in t he normal direction a t each point of 
t he surface S(t). 

If we consider the normal component of t h e flow velocity 

Un = (n0-p), 

we can wri te for the characterist ic velocity 

Thus , ±c is the normal component of t he characterist ic velocity, relat ive to 
t he flow velocity. 

As is well known, there are , a t any point , three values of c. The flow 
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velocity u can be considered as the composition of three velocities; one, utf 

is a transverse veloci ty; t he two others being along the two vectors a and 

where c f a g t and c 8 l o w are the two velocities of propagat ion of the non-transverse 
waves. The th i rd velocity is 

and is t he Alfven velocity. 
Excep t for t he pure t ransverse wave, the characteris t ic velocity differs 

from the velocity c. Therefore, exact ly as for sound waves, these waves will 
have the tendency to get steeper and steeper, unt i l t hey become shock-waves. 

The t ransverse wave , on t he other hand , being a shear wave , is no t asso
ciated with a change of densi ty, and has no reason for becoming a shock-wave. 
Moreover, in case of a t ransverse shock-wave, there is no change of densi ty 
a n d no change of en t ropy , a n d therefore, no dissipation in t h e shock front 
(except when t ak ing in to account the diffusion of each k ind of particles wi th 
respect to the others) . Therefore, only M H D compression waves can lead t o 
a shock and to large dissipation. 

OSTERBROCK ( 1 9 6 1 ) has s tudied in detai l t he dissipation b y M H D shocks. 

1*4. Stellar chromospheres and corona. - I t seems very likely t h a t for s tars 
of late spectral types , which have a convective zone, a source of energy exists 
which can produce a round these stars a chromosphere a n d a corona. 

Several problems arise in t h a t connection, which can be ment ioned only 
briefly: 

(i) I n g iant s tars , i t seems probable t h a t a large ampl i tude of the acoustic 
waves (shock-waves), is reached already in t h e photosphere . Assuming t h a t i t 
is t he case, SCHATZMAN ( 1 9 4 9 a) has shown t h a t a flux of mechanical energy Fm 

of t he order of 1 / 2 5 t h of t h e to t a l energy flux can provide sufficient energy for 
t h e product ion of large chaotic motion. I t is t h e n possible to explain t he 
wid th of t he lines in several s tars (d C Ma, e Aur, rj Aql, a € Mi). 

(ii) However , i t is qui te likely t h a t t h e emission features in the lines 
of Ca I I , found b y O . C. W I L S O N and M. K . V A I N U B A P P U ( 1 9 5 7 ) are a con

sequence of t he t empera tu re gradient in t he outer layers of the star, and are 
similar t o the emission feature in the case of these lines on t he sun. J E F F E R I E S 

a in 

4:71 

o 
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a n d THOMAS ( 1 9 5 9 ) have shown, in the case of the sun, t h a t these features 
can reasonably be explained b y the tempera ture gradient . 

The existence of such a gradient shows t h a t most s tars are surrounded by 
a chromosphere. 

(iii) The s tudy of t he transfer problem with an energy source leads to 
new solutions with a t empera tu re min imum in the outer layers of t he star . 
B A R O I N and SCHATZMAN ( 1 9 5 0 ) have obta ined a model wi th a t empera tu re 
m i n i m u m a t 

T ~ 0 . 0 2 . 

New computat ions of such models, with solution of the problem of line 
format ion, should be made . 

W o r k in t h a t direction lies in the recent paper of W E Y M A N N ( 1 9 6 0 ) . How
ever, he did not consider flows wi th a discontinuity, as s tudied b y PARKER. 
Therefore, his conclusions concerning the optical effects of t he outgoing flow 
of m a t t e r cannot be considered as definitive. 

(iiii) I t should be ment ioned t h a t mass-loss occurs as soon as the the rmal 
velocities of the particles is of the same order of magni tude as t he velocity 
of escape, as ment ioned b y E U B R A and COWLING ( 1 9 6 0 ) . I n supergiants , t h e 
t empera tu re corresponding to escape can be reached before the t empera tu re 
of a corona, as we have 

T = 1 0 " - ^ 
mQ B 

F o r a radius of a few t imes 1 O 2 E 0 , we m a y well have a t empera tu re of 
escape of 1 0 5 ° C , which is well below the t empera tu re of the corona. 

2. - Theory of shocks. 

Before giving t h e analysis of t h e published work on propaga t ion of shocks 
in a var iable densi ty a tmosphere , we shall briefly recall some i m p o r t a n t refer
ences concerning shock waves : 

(A) Shock fronts 

(a) T h e o r y of d i s s i p a t i o n i n a s h o c k f r o n t : 

L A N D A U a n d LIFSCHZTZ ( 1 9 5 3 ) ; 

(b) P r o p a g a t i o n of s h o c k s i n a u n i f o r m g a s , w i t h d i s s i 
p a t i o n : 

B R I N K L E Y a n d KIRKWOOD ( 1 9 4 8 ) ; 
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(c) M a g n e t o h y d r o d y n a m i c s h o c k s : 

F . D E H O F F M A N N and E . TELLER (1950), 

K. O. FRIEDRICHS (1955), 
J . B A Z E R and W. B . ERICSON (1959), 

P . GERMAIN (1959); 

(d) I n f l u e n c e of r a d i a t i o n . Work of SACHS (1946) and B O S S E -
LAND (1949) gives t he relations between densities, pressures, tempera tures , 
and velocities, before and after passage of the shock-wave. SCHATZMAN (1951) 
has calculated the velocity of propagat ion of a shock-wave, t ak ing into account 
the relativistic effects. 

Let us call U the velocity of the shock front, U— u t he mater ia l velocity 
behind the shock front, QX and Q0, PX and P 0 , TX and T0 t he density, pressure, 
a n d tempera tures after and before passage of the shock front. If we call x 
a n d y the ratios of t he densities and tempera tures 

Tx = yT0 , Q = XQo , 

a n d 

i - p = pBKPa + pe), 

we have the relation between x and y 

%2yPo + oo [(7 + y«)(l - p0) + 4 (1 - y)0o] - (7*/4 + 1) (1 - ft) - = 0 , 

t h e velocity U is given b y 

Qo X — 1 

a n d Z7 — ̂  is given by 

x(U — v.) = U . 

Numerical s tudy of these relations is under way. 
H . K. S E N a n d A. W. G U E S S (1957) have s tudied t he problem of rad ia t ive 

transfer in a shock front. Their work is based entirely on the assumption of 
local the rmodynamic equil ibr ium a n d great optical thickness. The result is 
expressed in te rms of thickness of the shock front as a function of the particle 
mean free pa th , AQ ahead of the shock: 

thickness — t0?.0. 
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The following table is t aken from the Sen and Guess paper , where M0 = w0/<?» 
is t h e Mach number for t h e velocity w0 of the m a t t e r wi th respect to t he front 
and ahead of i t (Table I) 

T A B L E I . 

1.5 
2 
2.5 
4 

9.5 
8.5 
9.7 

14.7 

27.3 
31.4 
40.8 
87.8 

t0 is t h e thickness wi thout radia t ion, t0R, with radiat ion. 
The exactness of these results can be contested, as MARSHALL ( 1 9 5 6 ) h a s 

shown. However, S E N and G U E S S , consider the possibility t h a t electrons a n d 
ions are no t a t the same t empera tu re in the front, in which case the P r a n d t l 
n u m b e r 

1 r ~ k ' 

(where tu is the coefficient of viscosity) is f. If electrons and ions were a t t h e 
same tempera tu re , PR would be much smaller t h a n f. B u t , if ions a n d electrons 
are no t a t the same tempera tu re , w h a t is the meaning of using the Kosseland 
mean calculated for L.T.E.? 

K A P L A N and KLIMISHIN ( 1 9 5 9 ) have also calculated some of; the propert ies 
of shock-waves, including radia t ion, wi th special regard to t he detonat ion-
recombinat ion wave. 

KUBIKOWSKI ( 1 9 5 9 ) has s tudied the cooling of m a t t e r behind the shock 
front when the optical thickness of the ma t t e r ahead of the shock front is 
small , for the purpose of appl icat ion to cepheids. H e obtains an expression 
for t he dis tr ibut ion of t empera tu re behind the shock front, a character is t ic 
length being 

L = = 1 KjJPpuV 
XQ\R 6PR C) ' 

where u is t he velocity of the shock front with respect to the m a t t e r behind. 
xql = rs is t he optical thickness of t he region of decay of t he t empera tu re . 

F o r example, for log Q2 = — 8 . 8 9 , 60 = 0 . 1 6 , log PQ = 2 . 5 7 , we have log x2 = 
= — 0 . 4 1 behind the shock front, Cpju/R = 1 6 . With « = 5 km/s , we ob ta in 

0 . 0 2 
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A similar problem has been studied by K A P L A N and KLIMISIIIN (1960), 
w i th accent on t he heat ing of the gas ahead of the shock front. 

Eevision of t h e theory is needed. 

( B ) Shocks in variable density atmosphere. 

(a) M e t h o d of s i m i l a r i t y . Already, a t the first meeting, BURGERS 
(1949) discussed the problem of propagat ion of a shock-wave in a variable 
dens i ty aomosphere. Since t h a t t ime, the method of similari ty has been devel
oped by SEDOV (1957). I t has been used several t imes, for example by SEDOV 
(1955), by KOPAL (1954), and CARRUS , F o x , H A A S , K O P A L (1951 a, ft), and 

b y M. H . ROGERS (1957) for an infinitely s trong shock (gravity being negligible). 
For spherical shocks, t h e similarity me thod can be applied only for a 

dis t r ibut ion of densi ty and other parameters given by a power law, e.g., 
g = Ar~* where J . and a are constants . The solution is obtained as a function 
of t ime and radius th rough a function f = (tip/r). Moreover, there mus t be 
only two characterist ic cons tant parameters , dimensionally independent (A is 
one of these parameters) . 

This second assumpt ion is very restrictive as we usual ly have more t h a n 
one characteristic pa ramete r (except A) with different dimensions; for example, 
t he constant of gravi ta t ion 67, the energy of the explosion E, t he tempera ture 
in the center of the star, and so on. 

Therefore, s imilari ty solutions can be obta ined only b y peglecting some 
parameters . K O P A L (1954) claims t h a t his 1954 solution is ve ry close to actual 
shocks; though KAPLAN in his prel iminary report doubts t h a t similari ty solu
t ions can represent astrophysical phenomena. 

The case a = § is singular and allows one to choose three parameters , 
A, G, and E, of which only two have independent d imensions: E~ GA2. 
The equat ion of the movemen t of the shock is r~ (GA)Ht (SEDOV 1957, CARRUS, 
F o x , H A A S , K O P A L 1951 ft). All parameters (density, velocity, pressures ...) 
behind shock front depend only on the dimensionless parameter , 

rj =rl(GA)U$, 

a n d therefore are similar. 
If we have two characteris t ic parameters A and 0 , then E depends on 

t h e t ime, b u t a is a rb i t ra ry (KOPAL , 1956). 
If £ = t2,0ljr, £! represents the position of the shock f ront : 

The Mach number of the shock is given by 

j f , = 4 ( 3 - « ) ( « - ! ) _ 
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There is, inside fx a sphere | 2 which is a contact discontinui ty, corresponding 
t o t h e presence of v a c u u m inside (ejection of a shell). 

W e should notice here t he constancy of the Mach number during shock 
propagat ion . I n real stellar condit ions, i t is certainly no t t rue . 

A series of papers are devoted to t he applications of the me thod of simi
lar i ty solutions to the movement of shocks in stars. To the above ment ioned 
papers , we mus t add SEDOV ( 1 9 5 6 ) , JAVORSKAYA ( 1 9 5 6 ) , LIDOV ( 1 9 5 7 ) , Ko-

GERS ( 1 9 5 6 ) . The book of BATJM, K A P L A N and STANYKOVICH ( 1 9 5 8 ) collects 

a number of impor tan t results . 
Special applications of t he theory of similarity flow has been made to t h e 

mot ion of t he shock near t h e surface of a s tar (GANDELMANN, F R A N K - K A M E -
NETZKY, 1 9 5 6 ) . I t was shown t h a t t h e equat ion of mot ion of t he shock near 
t he surface is (R — r)^ J 0- 5 9. The numerical value 0 . 5 9 0 of t he power of t 
was found for the stellar envelope with the Kramers law of opacity. I n t h a t 
solution, t he velocity and t empera tu re behind the shock increases to infinity 
when t h e shock approaches the surface. As a result from the above-ment ioned 
work, radia t ion would change considerably this result. 

(b) D i s c o n t i n u o u s m e d i u m . Another method, and still an exac t 
me thod , consists in replacing the variable density medium b y a series of layers 
wi th different densities. The problem is then to s tudy the effect of passage 
and reflection across the discontinuit ies, and this me thod was suggested a t t he 
first meet ing ( 1 9 4 9 ) . I t has been used by CHISNELL ( 1 9 5 5 ) and applied b y a 
group of Japanese scientists (ONO ; SAKASHITA and YAMAKAZI, 1 9 6 0 ) to t he 
propagat ion of plane shocks in a plane a tmosphere . They show t h a t the in
tens i ty of t h e shock is approximate ly proport ional to the power — 0 . 6 of t he 
pressure ahead of the shock front, and therefore increases considerably when 
approaching the surface. 

This me thod is more elaborate t h a n the similarity me thod an can be applied 
to a larger var ie ty of cases. I t could be improved by introducing radia
t ive loss. 

An i m p o r t a n t work has been done b y HAZLEHTJRST ( 1 9 6 1 ) in order t o 
explain t h e novae ejection. 

(c) W e a k s h o c k s . Motions of weak shocks, as shown b y W H I T H A N 
( 1 9 5 3 ) , can be invest igated with t he linearized equat ions. 

SCHATZMAN ( 1 9 5 4 ) has used a Four ier analysis to s tudy the propagat ion 
of a given per turba t ion in an a tmosphere . I t is worth giving t he result , as 
i t has some implications for t h e hea t ing of the solar chromosphere. The 
ampl i tude of the wave can be wr i t ten 
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If we suppose a displacement a t 2 = 0 : 
8 = 0 for t < 0, £ =--1 for 0 < t < 0, 8 = 0 for t > 0, we have 

8(co) = 
exp [iaa] — 1 

4:7iio 

and by integrat ion over or, we find the ampl i tude 

for at<z<a(t + 0). 
The increase of pressure is 

A P = Cte ya*Q0 1 — exp -
y(j(z — zn) 

As a function of t ime, t he relat ive decrease of the pressure behind the shock 
front is characterized by a t ime 

For the sun, d 20 s. This characterist ic value is an essential result of 
t h e s t ructure of t he a tmosphere , a n d is much smaller t h a n t he crit ical period 
of the atmosphere (indeed, in t imes smaller). I t corresponds very closely 
to the period which h a d to be introduced in the decay theory in order to 
express in a simple way the kinetic energy of the shock. 

I n his prel iminary report , Kap lan mentions, in connection with the problem 
of weak shocks, a work of PICKELNER ( 1 9 5 9 ) in which he studied the gravi
ta t ional damping of acoustic waves. 

(d) S o l i t a r y w a v e s . The theory of simple waves (Riemann solution) 
is well-known. B A U M , K A P L A N , and STANYKOVICH ( 1 9 5 8 ) have studied the 

movement of these waves in a gravi ta t ional field. They can show how long i t 
takes for a non-linear flow to t u r n into a shock. l i t h e init ial pressure is P19 

t h e velocity of sound Ci9 a n d t h e gravi ty g, t h e dis turbance of t h e pressure 
tu rns to a shock a t t he point where the pressure is Ps. 

If r is a characteris t ic t ime of the dis turbance of t he pressure, we have 
f or y = | 

(e) A p p r o x i m a t e m e t h o d s . L E B E D I N S K Y ( 1 9 4 6 ) and SCHATZMAN 

( 1 9 5 1 ) have applied the law of conservation of energy, with the result t h a t 
t he velocity of propagat ion is given by V~(QT2)~*. 

O 
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However , the assumpt ion of conservation of energy is questionable in 
case of strong shocks. 

ODGERS and K U S H W A H A ( 1 9 5 7 ) assumed the constancy of t he pressure-

t i m e curve for every element of t h e gas. They found a fast damping of the 
isothermal shocks. 

SAKTJRAI ( 1 9 5 6 ) found a solution for the equat ion of the m o v e m e n t of the 

shock created (with energy E) in the center of a polytropic sphere. The 
solution is given by a series in (r/r 0 ), where r0 = (E/Snp^, pe being the 
pressure a t the center of t he star . The series converges for (r/r0) < 1 , and 
therefore is not applicable to the movement of the shock in t h e ou te r layers 
of a star . 

W E Y M A N N ( 1 9 6 0 b) t akes an average of the equat ion of energy for K -waves , 
assuming a profile for these waves. The result is an equat ion of energy which 
allows one to calculate t he hea t transfer in the chromosphere: 

where f is the Lagrangian co-ordinate, F0 the average radiat ion loss, r 0 a 
reference specific volume, and a = (P2 — Pi)IPo is t he shock s t rength parameter . 

However, he has not t aken i n t o account the refraction of the waves, which 
was considered by SCHATZMAN ( 1 9 4 9 b). Due account of t h e refraction can be 
found b o t h in D E J A G E R ( 1 9 6 1 ) a n d OSTERBROCK ( 1 9 6 1 ) papers . 

3. - Conclusion. 

Much progress has still to be done in the theory of propagat ion of shock 
waves in variable densi ty a tmospheres . Much a t ten t ion should be given to 
t h e numerical work of W H I T N E Y , using the theory of characterist ics. 

The astrophysicists wish certainly to receive some help from the aero
dynamicis ts to succeed in solving one of the major problems of astrophysics. 
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