
PART ITT. 

Spherically-Symmetric Motions in Stellar Atmospheres. 
A. - Pulsating Variable Stars. 

D i s c u s s i o n . 

Chairman: B . SCHATZMAN and K . N . THOMAS 

— E . B O H M - V I T E N S E : 

If one considers a s ta t ic model stellar a tmosphere , characterized by 
Teff^— 5000° and # ~ 3 0 e m / s 2 , which are the values jus t discussed for some 
of the cepheids, he finds t h a t the radiat ive acceleration - gr = — xg Fjc -
can a t some depths exceed the gravi ta t ional acceleration -• g = GM/R2. x is 
t he continuous absorption coefficient, and F is the radia t ive flux. This situa
t ion occurs a t a depth where T ~ 1 0 000°. Here, t he ne t acceleration will be 
ou tward , and the gas pressure will decrease inward ; in deeper layers, x de
creases and the effect reverses. Can this effect be of impor tance when con
sidering cepheids! 

— ( \ A . W H I T N E Y : 

If you consider the fact t h a t convective t ranspor t m a y reduce the radia
t ive flux, will the radiat ive acceleration still predominate? 

— E . B O H M - V I T E N S E : 

Yes. These models are jus t in t he tempera ture-gravi ty region where the 
instabi l i ty cannot cause convection because of radiat ive exchange between 
convective cells. 

— W . B . THOMPSON: 

W H I T N E Y mus t have t aken this effect into account in discussing the non-
s ta t ic case. For if you have motions , then the effect of radia t ion will be to 
t ransform the hydrodynamic shock in to a radiat ive shock, in which there is a 
t ransi t ion from opaque to t r anspa ren t regions occurring across the shock front. 

— C . A . W H I T N E Y : 

Mrs. B O H M - V I T E N S E considers the T = 1 0 4 level ; , while m y calculations 
apply to a much higher level, where the hydrosta t ic model predicts essentially 
neut ra l hydrogen. 
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— ft. L U S T : 

Two other questions. .1) W h a t would be the effect of shock waves on 
the l ight-curve; 2) How does this picture of shock waves compare with Laut -
man\s calculations ? 

— C. A. W H I T N E Y :<. 

L a t j t m a n used the non-dimensional equations, bu t assumed small ampli
tudes, so t h a t in a sense the integrat ions were linear. He used the same lower 
boundary condition as I did, a piston. However, he used a frequency consid
erably lower t h a n I did, a n d therefore more appropr ia te to cepheids. 

At the top he used as boundary condition the relation between velocity 
and velocity gradient which would hold in the linearized case in the absence 
of downward-running waves. I am not sure t h a t his conditions are physically 
significant because the s i tuat ion is actually non-linear. 

Another point to notice is t h a t he also did integrat ions assuming perfect 
reflection a t some part icle, and found t h a t the character of the solutions was 
significantly al tered by this change of boundary condition. 

Now to the other point , how does the velocity curve with a shock affect 
the light curve? Since the light curves resemble closely the velocity curves, 
the feeling has been t h a t the motions in the a tmosphere produce the l ight 
variations. 

However, if there is only a weak shock or a progressive wave, the rate of 
production of thermal energy by compression is a very small fraction of the 
stellar flux. Therefore the a tmosphere acts only as a filter to the radiation, 
passing through it. 

On the other hand , the rate of production of thermal energy can be sig
nificant in the presence of strong shocks, and could produce a modification 
of the light curve over a small phase interval. 

— A. U n d e r h i l l : 

I would draw your a t t en t ion to the /3 Cephei s tars , which have pulsat ion 
periods near 6 hours, and atmospheric t empera tu re ((20-:-25)10 8)°. The light 
curves have small ampl i tude (< 0 m .05), while t he range in velocity exceeds 
100 km/s . One observes t h a t the velocity increases rapidly, then there occurs 
a discontinuity as the velocity decreases. On spectra of t he highest dispersion, 
you m a y see double, and occasionally triple, sets of lines dur ing the very short 
period when the velocity decreases. The period of one star, BW Vulpeculae, 
has been increasing over t he (25-^-30) years it has been observed. ODGERS and 
KUSHWAHA have discussed the observations of this s tar in te rms of an iso
thermal shock. 
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— A. J . D E U T S C H : 

The discontinuity in t he velocity curve is really an astonishing thing. In 
a 5 m inu te period, one sees the velocity indicated by the hydrogen Balmer 
lines change, apparent ly discontinuously, by nearly 150 km/s . I t is the most 
s t r iking phenomenon encountered in any of the pulsat ing variables. 

— A. U N D E R H I L L : 

Depending upon your t empora l a n d spectral resolution you also get two 
and sometimes three sets of Balmer lines. You get the feeling t h a t you see 
different volumes of gas a t t he same t ime . The line t h a t is moving a t + 1 0 0 km/s 
gets weaker, and you do no t see m u c h of i t—bu t while you can still see it, 
you find another one qui te strong, b u t moving outward , — 50 km/s . Also 
note t h a t HM goes into emission for a very short t ime, dur ing the cycle. 

— L . D A V I S : 

Can one assume t h a t t h e two or th ree velocities seen simultaneously refer 
to pa tches a t different places on t h e star, or m u s t he assume t h a t t h e y rep
resent spherically-symmetric velocities? 

— A. U N D E R H I L L : 

I don ' t know whether one sees pa tches or several spherical ly-symmetric 
shocks a t once, b u t the spectral var ia t ions one sees for shell-stars and or super
giants m a k e one ask this question. I t is a question of t he relat ive life-times 
of shocks in these atmospheres, and the path- lengths th rough which one can 
observe a t any moment . I suspect t h a t one observes several shocks a t once; 
otherwise, he would not observe some of the sudden doublings and widenings. 

— P . L E D O U X : 

I would like to make a general comment on these /? Cephei s tars . I n m a n y 
of these stars , t he line profiles change in the course of t h e cycle. H U A N G has 
no ted t h a t this effect does no t affect the equivalent wid th b u t consists siniply 
in a widening of t he line. This favors t he idea t h a t we are looking a t different 
pa r t s of t h e s tar surface a n d no t a t superposed layers. 

On t h e other hand , m a n y of these stars have two ext remely close periods. 
Despi te the fact t h a t these periods m a y va ry in t he long run , t hey are very 
s table in t he sense t h a t t h e difference between t h e m remains t he same for 
m a n y cycles, giving rise to a very regular bea t phenomenon so t h a t t h e ampli
t u d e is modula ted with a period which m a y be 30 to 200 t imes t h e short period. 
This again makes it very difficult to in terpre t these s tars in t e rms of purely 
radia l oscillations. As far as I a m concerned, I fail t o see how you can get 
two very close periodicities on this basis wi thout very artificial assumptions 
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leading to near-commensurabi l i ty of the periods of two radial modes and in
voking coupling. 

The easiest way out of this is to apply non-radial oscillations in the presence 
of rota t ion or a magnet ic field. Fo r instance, let us consider t he mode repre
sented by a spherical harmonic of order two. I n absence of rota t ion (or 
magnet ic field), we get only one period. B u t if ro ta t ion is present the de
generacy of the frequencies disappears and we can get two periods t h a t are 
very close to each other. On t h a t picture, pa r t of the s tar would be moving 
out while the rest is moving in and this could a t least qual i ta t ively account 
for t h e changes in t h e line-profiles, which was t h e only effect known when 
I first discussed this problem. 

I don ' t know how the s trong discontinuity discussed above in t he case of 
BW Vul could be explained on this basis. However, I would like to note t h a t 
the velocity curve which has been shown suggests a very s t rong non-linearity, 
a l though, if in terpre ted in te rms of radial pulsat ions, t he relat ive ampl i tude 
in these stars, 8R/R, is very small, of the order of 0 .01; i.e. appreciably smaller 
t h a n in the classical cepheids, even those t h a t exhibit t he smoothest behavior. 

— H. PETSCHEK: 

I t was ment ioned t h a t t h e period had changes in the last 25 years. On 
the basis of a simple radial mode of an acoustic oscillation how do you explain 
a change in the period? 

— E . SCHATZMAN: 

The theories which have been developed on the pulsat ion show t h a t the 
period is an ex t r emum proper ty of the whole star, and if the period changes 
it means t h a t something in. t he whole star is changing. I n the case of the 
cepheids, for example , some of t hem are known for (150 — 180) years—with no t 
quite one second change in period in t h a t length of t ime , which shows t h a t 
during the last 180 years the s tar has not changed its s t ructure by any ap
preciable amount . 

— P . L E D O U X : 

The main difference between the ordinary cepheids and the /? Cephei s tars 
is t h a t the la t te r are B stars , which we believe evolve very rapidly to the r ight 
of the main sequence, wi th increasing radii and decreasing densities. STRUVE 
has shown t h a t t h e decrease in densi ty necessary to account for t he increase 
in period (cf. formula (19) in the text ) is compatible wi th the normal theory 
of stellar evolution. 

— E . M . B U R B I D G E : 

W h a t would you say the period should be for stars of this type? 
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— P . L E D O U X : 

The observed Q-value is abou t 0.025 and it is difficult to account for i t 
on t he basis of purely radial oscillations unless we adop t a model wi th an 
ext remely high mean value of the effective polytropic index through the star. 
This does not seem likely according to the usual views on stellar s t ruc ture in 
t he re levant pa r t of the Her tzsprung-Russel l diagram. 

The first jp -mode of a non-radia l oscillation corresponding to a spherical 
harmonic of degree two would certainly be more favorable in t h a t respect. 

However , there may still be doubts on the correct models and masses for 
these stars so t h a t i t is difficult a t this stage to reach definite conclusions. 

— S. S. H U A N G : 

The most striking observat ional result is t h a t the periods of the Can is 
Majoris s tars either remain cons tant or increase with t ime—no single example 
of a decrease has been found. Therefore, we a t t r ibu te the increase to stellar 
evolution. As L E D O U X pointed out , a massive star evolves rapidly. When it 
depar t s from the main sequence after exhaust ing t h e hydrogen in i ts core, 
i ts radius increases, hence its densi ty decreases. Therefore, its period will 
increase according to the PVg = cons tant relation. 

— E . SPIEGEL: 

The so-called van Hoof effect consists of the existence of phase differences 
in plots of velocity vs. t ime, for lines from different elements. Are there any 
differential velocity effects observed between elements for these/? Cephei stars? 

— A. J . D E U T S C I I : 

Such velocity differences do exist in this star, measured by these phase 
differences. 

— P . L E D O U X : 

There is some confusion here. The van Hoof effect consists in tho fact t h a t 
t he doubling of the lines does not occur a t the same t ime for different lines. 
The doubling occurs progressively in those lines whose origin is higher and 
higher in the a tmosphere , exact ly as if a discontinuity were indeed moving 
outward . 

— Ed. Note: 

At this point in the discussion, there arose questions on the source of the 
pulsat ional . ins tabi l i ty . The discussion for t he balance of t h e morning session 
was long and confused. F o r this reason, L E D O U X has revised and very con-
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siderably amplified the t r e a t m e n t of pulsational instabi l i ty in the tex t of t h e 
in t roductory summary , bear ing in mind the source of difficulties encountered 
dur ing the discussion. 

During the afternoon recess, a smaller group held informal discussion, and 
an unsuccessful a t t e m p t was made by CLAUSER and others to present some 
consensus of opinion on an « aerodynamic » look a t the problem of the insta
bility mechanism main ta in ing the oscillations. Various simplified thermo
dynamic systems were outl ined in an a t t e m p t to construct a system schema
tizing a star. The aim was to clarify the origin of cepheid instabil i ty in the 
.simplest physical t e rms . Again, the result of the discussion was essentially 
confusion. Consequently, W H I T N E Y has prepared the following outline of a 
model, essentially due to EDDINGTON , as a preferable subs t i tu te for any 
a t t e m p t to provide an edi ted coherent account of the ac tual discussions of 
this topic. 

— Model presented by Whitney: 

Consider a plane-parallel homogeneous slab of gas whose lower boundary 
is s ta t ionary. Let the slab be confined above by a t r ansparen t piston whose 
height varies sinusoidally with an ampl i tude small relat ive to the slab thick
ness. If the frequency of the piston is kep t very low relat ive to the resonant 
frequencies of the slab, hydros ta t ic equilibrium will be mainta ined. Let 
P(t)=F + dP(t) be the pressure within the slab and let V(t)=V+dV(t) be 
the volume of a uni t column within the s lab; bars denote mean values. (Note : 
1*111 V(t) as just t he piston height.) Wri te 

( 1 ) dV(t) --= A micot . 

Let there be an energy flux F{(t) upward through the lower surface of the 
s l a b with 

( 2 ) Ft(t) = F<[1 +et sin (cot + <p)] . 

By analogy wi th the na tu re of the radiat ive transfer process a t great depths 
within a star> we should consider this flux to be carried th rough the slab by 
the rmal ' conduc t ion , with a tempera ture-dependent coefficient of conduction. 
The variat ions of Ft(t) produce a thermal wave which propagates up through 
the slab. The ampl i tude and phase of the flux a t the top of the slab are de
te rmined essentially b y t h e hea t capaci ty of t he slab a n d t h e law of temper
ature-dependence of t he coefficient of conduction. 

However, a t this stage we allow our analogy with the stellar case to be 
weakened in order to simplify the algebra. We neglect conduction and assume 
energy transfer to be purely radia t ive . Fur the r , we require t h a t the gas within 
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t he slab be optically th in so t h a t the absorpt ion takes place uniformly through
out t he slab. The net r a t e of absorpt ion per g ram will t hen be determined 
by F i and the opaci ty of t h e gas. W e express this absorbed energy as F(t) = 
= F sin (cot+y). 

If F(t) = 0, t he gas pressure P(t) will be related to the volume of the box, 
V(t), th rough the adiabat ic law a n d we m a y write for the small var iat ions, 

&P(*) = - y 8 F ( t ) ~ , 

w h e r e 8V(t) is g iven b y e q u a t i o n (1) . 
T h e t o t a l work done on t h e p i s ton dur ing one cycle, W, is t h e n 

2a 

W= <j>8P^8VAt=-y y°> A2jsm cot cos cot dt = 0 , 
0 

and vanishes. 
W h e n F(t) is non-zero, b u t its cyclic integral vanishes, i.e. 

t+(2nl(o) 

F(t)dt= 0 , 
+(2M 

/ 
t he energy equation in linearized form is 

y d _ V d 
y — 1 dt y—1 at 

This equat ion has the following integral 

8P(t)=y^iQ(z)-y8V(t)f, 

where 
t t 

Q(t) ~JF(t)dt = j F(t)dt. 
0 annlco 

The pressure var ia t ion now contains a t e rm proport ional to Q(t), t he heat 
absorbed since the commencement of t he currect cycle, i.e. since t=2nnlio. 

Inser t ing F(t) = F sin (cot+<p) leads to 

8P(t) = — y ^ 1 ^ c o s (cot + OJ) — y ~A sin cot 
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Insert ing this in to the work integral gives 

271 
y — 1 f y — 1 

W = — - y FA j cos (cot + cp) cos cot dt = — JZFA cos cp . 

o 

Noting t h a t cp is t he angle by which the absorption r a t e leads the volume 
change, we see t h a t t he implications of this relat ion are t h e following: If VT, 
t he net work done on the piston is positive, the system is unstable in the 
sense t h a t there is a ne t transfer of energy from the radia t ion field into the 
mechanical system driving t h e piston. 

For various values of cp we have 

W = 0 when cp = 3rt/2 , 

W > 0 when n\2<cp< 3TT/2 , 

W < 0 when 3rt/2 < q> < nj2 . 

The major weakness of the analogy between the system discussed above 
and the cepheid envelope is in the assumption t h a t the slab is optically thin. 
A further weakness lies in t he assumed boundary conditions of a s ta t ionary 
lower boundary and a driven piston above. 

I n reviewing the discussion of this subject during the Symposium, it is 
clear t h a t the major source of confusion was the weakness of the analogy 
between this simple system and the cepheid envelope. 

(Ed. Note: Several questions were raised which are appropr ia te to the 
model presented; we reproduce these, and their answers; then Pecker 's question 
on asymmet ry of line profiles marks the t u rn of the discussion from this topic 
of instabil i ty source.) 

— H . PETSCHEK: 

In the model described, the flux is absorbed ins tantaneously . But in the 
stellar case, t he rad ia t ion takes a t ime of the order of a million years to ge t 
from the center t o the region where you wan t to absorb it . 

— P. L E D O U X : 

Energy generated a t t h e center will t ake a long t ime t o reach the surface. 
B u t we consider a s tar t h a t has reached a s teady s ta te in which the flux at 
any point is de termined by the local t empera tu re gradient . I n the same way, 
t he dis turbance of flux a t a given point a t a given ins t an t is determined entirely 
by the local per tu rba t ion of the opacity, of the radia t ing power per unit sur
face, and by the local change of the t empera tu re gradient . Effectively, the 

a» 
o 
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problem can be described in te rms of a heat conduction coefficient. W e m a y 
leave out of consideration the excess heat generated close to the center of 
the star . This simply provides ano ther local contr ibut ion to t h e instabi l i ty, 
which is automatical ly t aken into account in the integral expressing the co
efficient of vibrat ional ins tabi l i ty (cf. the tex t ) . This excess energy generation 
does no t determine the excess flux. The point is t h a t in a star, t he energy 
generat ion per second—or the to ta l r a t e of energy radia t ion—is only a very 
small fraction of the in ternal energy (here l O " 1 2 to 10~ 1 4 ) . So we have an 
enormous energy reserve, and the flux will adap t itself a t each ins tan t to the 
local conditions. 

— H. PETSCHKK: 

Yes, b u t the effect you are describing is an effect of varying hea t con
duct ion coefficient. Can you show why more energy is s topped where the 
t empera tu re is high due to the wave. I am willing to let you va ry the opaci ty 
any way you like—T still do no t unders tand the hea t flux mechanism. 

— P. L E D O U X : 

W h a t you need in the piston analogy is tha t , while you compress the gas, 
its opaci ty should increase, sub t rac t ing from the flux some energy which is 
t ransformed into thermal motion and an excess pressure. 

— A. J . DEUTSCH: 

Am I to infer now t h a t the question of the phase lag is now understood, 
and t h a t it no longer const i tutes the problem it once did? 

— P . L E D O U X : 

I would like to emphasize t h a t what I have done this morning is to t ry 
to summarize the present s ta te of two of the fundamenta l problems associated 
with the interpretat ion of the cepheids: 1) wha t is the origin of the instabil i ty? 
2) if this instabil i ty is due to the ionization of an a b u n d a n t element in the 
external layers, does it, a t the same t ime, produce a phase lag of the order of 
t h a t observed? 

The work of ZHAVAKIN and Cox confirms t h a t the second ionization of He 
has a large destabilizing influence; b u t whether i t can m a k e the whole s tar 
vibrat ional ly unstable has to be checked by detai led computa t ions . A phase-
shift also arises, bu t its value is cer tainly no t as critical for instabi l i ty as was 
once suggested by E D D I N G T O N . Again, in the case of t he cepheids, only de
tai led computa t ions on realistic models could show whether this phase-
shift is similar to the one observed. My own feeling is t h a t t he problem is 
still far from being definitely sett led b u t the present line of approach is promising. 
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Are there other lines of approach? As far as the instabi l i ty is concerned, 
we cannot quite be sure unt i l we possess a reasonable model for the internal 
s t ructure of these s ta r s ; and the possibility of ha rd self excited oscillations 
should not be discarded completely. As far as the phase-shift is concerned, 
the anharmonici ty m a y contr ibute to i t ; and furthermore, the exact interaction 
between the oscillations of the interior and those of the atmosphere—which 
m a y be considered, in par t , as driven by the variable flux issuing from the 
interior—has not received a lot of a t tent ion . 

— A. U N D E R H I L L : 

I just wan t to remark t h a t the move toward He I I as the driving force 
of cepheid variat ion makes me very h a p p y ; because in the early type stars, 
hot O's, and B's , there is ample evidence t h a t small fluctuations of light and 
radial velocity t ake place, and in some ways can be qual i ta t ively compared 
to cepheid variat ions. But you know perfectly well t h a t in these atmospheres 
there is no hope of hydrogen convection ar is ing—but there is of helium. You 
would like to have the same th ing work for bo th types of stars—so qualita
tively I am very pleased to hear this result on He I I . 

— R. L U S T : 

I would like jus t to add to the remarks of L E D O U X t h a t also B A K E R and 
KIPPENHAHN arc making similar calculations in Munich. B u t it is too early 
to say something definite about the results. They t r y to fit an adiabat ic 
interior to a non-adiabat ic shell. 

— E . BOHM-VITENWE: 

1 should like to make a remark which may confuse the ma t t e r again. 
Hut 1 would like to point out t ha t cepheids in the H - E diagram appear just 
a t the line where the stars change from having a hydrogen convection zone 
to where they do not . Since this transit ion is ra ther ab rup t , it seems pos
sible t h a t during the course of pulsation the s tar m a y change from a s ta te 
with active convection to a s ta te where there is no convective energy t ranspor t . 
And so perhaps t he driving mechanism m a y also be correlated to switching 
on the convection and tu rn ing it off again. 

— J . - C \ PECKER: 

I would jus t come back on the empirical determinat ions of velocity field. 
There are essentially three ways of get t ing information on differential veloc
ities within the a tmosphere . Let us consider (Fig. 1)—the different layers 
of the a tmosphere . They could pulsate or as in a (s tanding wave) or as in b 
(progressive wave)—the outer layers being above. 
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1 ) L E D O U X has described how we can obta in radii—first from consid
erat ion of the radial velocity curve—and then from t h e consideration of the 
photomet r ic curves—coming from t h e combinat ion of d a t a concerning lumi
nosi ty and tempera ture . Now if Oke's results (which seem very conclusive) 
are t aken into consideration, i t means essentially t h a t t he radi i de termined 
from luminosi ty curve a n d from velocity are in agreement—in other words 
the radial velocity curve is the same from different ways to get to it . This 
conclusion is not necessarily in favor of the type of description of Fig . 
because it can be very well t h e case t h a t during all t he processes of t h e pul
sat ion we see t he same mater ia l layer of Fig. 1-b—the in te rpre ta t ion of the 
difference between the two radi i could have been t h a t we see a t different mo
men t s different layers, as schematical ly indicated by the crosses and dot ted 
lines on Fig. 1-b. And thus , t h e new agreement obta ined between the two 
radii does not part icularly favor t h e s tanding wave more t h a n the progres
sive wave. 

a) b) 
Fig. I. 

2) The second evidence in favor of ra te of var ia t ion of velocity with 
dep th has been given by W H I T N E Y when he presented t he t ime var ia t ion of 
t he different radial velocities from line to line curves a round which the 
points were quite scat tered. I do no t wan t to comment on th i s : i t is only 
obvious t h a t experimental is ts should look a t the question wi th a greater ac
curacy t h a n previously done. 

3) There is a possible th i rd way of inference of t he var ia t ion of radial 
velocity with dep th—a way which is a very difficult one indeed and which 
requires a detailed theory of the a tmosphere , b u t which could anyway be 
u sed :—In a cepheid—in a var iable s t a r—the lines are asymmetr ica l and the 
a s y m m e t r y can arise in two ways. The main one is t h a t we in tegra te over 
the disk of the star . I n addi t ion to th is , a gradient of velocity in the a tmosphere 
can influence the a symmet ry . The s tudy of t he a s y m m e t r y of t he lines, I 
th ink , should be taken , as a very difficult way b u t as a possible one, to get 
to those differential velocity effects. I do not know of any recent work on 
in terpreta t ions of asymmetr ies in any completely satisfactory way. 
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— C. A. W H I T N E Y : 

The observational d a t a t h a t you suggested are very difficult to use because 
the pur i ty of the spect rum is not wha t we would like. T E S K E , from Harvard , 
has been looking in a theoret ical sense a t construct ing profiles in an atmosphere 
with a velocity gradient . The work is not completed yet , b u t i t does give 
some hope if we can jus t get be t t e r spectra. The work so far has been done 
with the L T E approximat ion , since the mathemat ics even in this case is 
fairly involved. 

— W. H. MCCREA: 

I wish to p u t forward the suggestion t h a t cepheid pulsat ion m a y be es
sentially a resonance phenomenon. This would mean t h a t every s tar in some 
general category would have two characterist ic t imes associated with it, b u t 
t h a t a s tar in this category would be a pulsat ing s tar only if these two t imes 
are equal or commensura te . If th is suggestion is valid, i t is na tu ra l to expect 
t h a t one of the characterist ic t imes would be associated with the main pa r t 
of the interior; while the other t ime would be associated with its outer par t , 
or envelope. In this context , i t should be remembered t h a t pulsat ing stars do 
apparent ly posses ex tended atmospheres t h a t might have larger characterist ic 
t imes for associated phenomena than the atmospheres of, say, main-se
quence stars. 

The following propert ies m a y support the suggestion: 

a) We have the fact t h a t the pulsation phenomenon is restr icted to very 
narrow regions in t h e H - R d iagram. SCHATZMAN has reminded us t h a t no 
known peculiari ty in nuclear processes of energy generat ion accounts for insta
bili ty in these regions. In t h a t case, the occurence of instabilities is indeed 
characterist ic of a resonance phenomenon. 

b) We have also been reminded by L E D O U X t h a t there is in fact in the 
observations some evidence for t he presence of two periods with the occurence 
of beats , and not jus t one simple period, in some cepheid phenomena. This 
seems to be ra ther direct suppor t of the suggestion. 

c) Again, it has been pointed .out t h a t there are a t least three chief types 
of pulsat ing star. A possibility on the basis of the present suggestion might 
be t h a t there are s tars in which the two characterist ic t imes are equal, stars 
in which one is twice the other, and stars in which some other simple com-
mensurabi l i ty occurs. 

d) If cepheid pulsat ion is a simple periodic phenomenon then, as has 
often been said, if is very h a r d to see why the oscillations are excited in some 
stars and not in others. According to the present suggestion, simple periodic 
oscillations m a y occur for a n y star. B u t normal ly t hey would be an exceed-
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ingly feeble phenomenon. I believe, however, t h a t there is some observational 
evidence for such weak periodic phenomena in some stars other then cepheids. 
While any star m a y show these weak periodic effects, m y suggestion is tha t 
it will show strong periodic effects only when a resonance occurs. 

e) T th ink the suggestion is no t out of accord with much of today ' s dis
cussion. F rom various points of view, we have had the concept of an oscillation 
of the interior of a star being l inked with phenomena in the other regions. 
My suggestion would change noth ing in all this except to require t h a t these 
lat ter phenomena should have a characteristic t ime, and t h a t the oscillation 
would lead to a «pulsat ion » only if this t ime is commensura te with this oscil
lat ion period. Fur the r , m y suggestion does not al ter t he need for a way of 
« driving » the pulsation as has been discussed. 

/ ) A very ten ta t ive quan t i t a t ive test may be noted. The characteristic 
t ime tx for an oscillation of t he main p a r t of a s tar is of the order Rjax, where R 
is the radius and ax is sound-speed in the interior. A characterist ic t ime 
associated with an envelope could be H/a0, when H is the depth of the envelope 
and a0 is sound-speed in this region. Thus, roughly, 

tjk = (R/HHavM = (RIH)(T0I1\)> , 

where T 0 , Tx are typical t empera tures for the envelope and for t he interior. 
Now suppose very provisionally t h a t the depth of t he envelope is fixed by 
the level a t which hel ium becomes ionized, in conformity with some of the 
indications of t h e discussion. This would require T0 t o be of t h e order of 
105 degrees, and we know t h a t Tx is of the order of 10 7 degrees. Thus (T0ll\)h 

would be of the order of 0.1. Fo r resonance to be possible, would have 
then a value about un i ty . Then we should have H/R ~ 0 .1. This would 
require the critical level for t he ionization of helium to be a t abou t 0.1 7t\ 
which is not unreasonable. I t seems, therefore, t h a t t he suggestion is worth 
pursuing. 

— E . SPIEGEL: 

I would like to suggest a physical reason for the possibility of a two-period 
s i tuat ion as MCCREA has suggested. Suppose t h a t this outer zone t h a t he 
ment ioned—it need not be the ent i re outer zone—were convectively unstable 
and there were some ro ta t ion . W e expect t h a t a t the low P r a n d t l numbers 
characterist ic of the stellar a tmospheres (the P r a n d t l n u m b e r is t he kinematic 
viscosity divided by the rmal conduct iv i ty) , the instabi l i ty would arise as over-
s tabi l i ty ; i.e. a periodic oscillation. This has been studied in the incompres
sible s i tuat ion by CHANDRASEKHAR . This over-stable layer has a na tu ra l fre
quency, and this provides a possibility for mechanical driving of pulsat ions 
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of the star. This would be, of course, a weak input , b u t if there were a res
onance of the sort ment ioned by M C C R E A , you might expect i t to be poten
tially a mechanism for driving pulsations. I really th ink of this in connection 
with the /? Cepheid s tars—for various reasons I will no t go into . The difficulty 
is t h a t it is ha rd to evaluate wha t the frequency of the over-stabil i ty is because 
the calculation has been done only for a plane-parallel case in an incompres
sible medium, and moreover, it has only been done in the stabi l i ty situation. 
I n the stars, we have clearly a highly unstable si tuat ion in which the stabili ty 
period m a y not be re levant , b u t the qual i ta t ive calculations have shown t h a t 
i t is not really impossible to expect this kind of thing. 

— P . L E D O U X : 

Although very interest ing in itself, the idea of a resonance in a continuous 
hydrodynamical system between two par ts of the system seems difficult to 
apply unless one has good reasons to t rea t these two par t s as practically 
independent . Eigenperiods are only denned by boundary conditions and, if 
the boundary condition a t t he common boundary between the two regions 
contemplated is the cont inui ty of the displacement and the pressure, the two 
regions cease to be independent uni ts . Fur thermore , resonance does not free 
us from finding a source of mechanical work capable of amplifying the small 
motion with which we s tar t . 

— W. B. THOMPSON: 

The question has been raised as t e the influence of radia t ion when it is 
included in the discussion of t he shock. There are labora tory si tuations where 
you t ry to produce a hot shock; and when you do, you find a precursor, which 
has been associated with radiat ion running ahead of the shock. The precursor 
seems to play a vi ta l role in the whole role in the laboratory . Whether there 
is an analogy in the stellar a tmosphere I do not know. 

— R. N . THOMAS: 

This question, indeed the whole question of t rans ient affects, is extremely 
interest ing, if one s ta r t s ta lk ing abou t hydrogen and helium lines going into 
emission. Sone of us are reasonably- convinced t h a t we can now do a good 
job on the non-LTE calculation of calcium and hydrogen lines in the t ime-
s teady-s ta te s i tuat ion. As far I know, this approach has not been applied 
to discuss the problem of emission lines in the cepheid a tmospheres , b u t I 
a m confident t h a t i t will have to be, in t ime. However, if i t should tu rn out 
t h a t t ransient effects occur so rapidly t h a t the s teady-s ta te computat ions 
become invalid, we have a more nas ty species of n o n - L T E calculations to 
make . I am surprised t h a t this question of relaxat ion t imes has not been of 
wider concern here. 
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— P . L E D O U X : 

There is a question on which the comments of t he aerodynamieis ts would 
be very welcome, name ly : how do we pass exact ly from the simple picture of 
a l inear s tanding oscillation of t h e whole s tar to t h a t of a finite oscillation 
with running waves or shock-waves a t least in the externa l layers? 

Let us suppose first t h a t we have a perfectly reflecting bounda ry and t h a t 
t he oscillation remains ad iaba t ic r ight th rough to t h e surface b u t tha t , b y 
some means, we increase progressively t he ampl i tude . Will t h e oscillation 
remain a purely s tanding wave even when the velocity associated with the 
periodic displacement becomes larger t h a n the local velocity of sound of some 
region of t he s tar (usually th is happens first close to t h e surface)? F o r instance, 
we can find such solutions for the adiabat ic oscillations of the homogeneous 
compressible model. Are they meaningful? 

On the other hand , if we have no sharp boundary (surrounding medium) 
or if we have some dissipation in t he external layers, t h e oscillation in the 
external pa r t of the star , even in the linear approximat ion , will acquire a more 
or less impor tan t progressive pa r t . I t is this pa r t which gives rise to shock 
conditions as the ampl i tude increases? Where and when will this happen? 

— H . PETSCHEK: 

I would th ink t h a t one could answer this in t e rms of t he t ime i t takes a 
pressure pulse to steepen to form a shock-wave. If one makes t he piston as
sumpt ion W H I T N E Y has used, one can compare t he dis tance i t t akes t he pulse 
to steepen with the scale-height of the a tmosphere . If t he dis tance is less, 
you certainly get shock-waves. 

— Ed. Note: 

F r o m this point on, the discussion tu rned to wha t one could say abou t 
the effect of an a tmospher ic densi ty gradient on the steepening process—the 
steepening in an homogeneous a tmosphere following the usual R iemann argu
ments . MINNAERT emphasized t h a t in the ast ronomical case, t h e wave-length 
was very large compared to a tmospheric extent , so t h a t p robably t he question 
of the effect of a tmospher ic densi ty gradient was a l l - important . Since the 
problem of this densi ty-gradient formed the subject for a future session, 
fur ther discussion was deferred. Because this was t h e t u r n of t h e discussion, 
these records have been al tered from their chronological order to make t h a t 
session the next reported. 
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