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Questions of General Background and Methodology 
. Relating to Aerodynamic Phenomena in Stellar Atmospheres. 

D i s c u s s i o n . 

Chairman: M . MINNAERT 

— Editor: 

Following Pecker ' s p resen ta t ion of the preceeding paper , there were a 
n u m b e r of questions raised b y aerodynamicis ts simply on clarification of 
t he as t ronomical jargon. R a t h e r t h a n reproduce this somewhat repet i t ious 
discussion, i ts context has been incorpora ted into t he symposium proceedings 
b y simplifing and expanding t h e releVent sections of t h e paper . Then , we 
pass t o those aspects of t h e discussion concerned with t h e conten t of t h e 
paper in i ts bear ing on the symposium. 

— A. U N S O L D : 

Speaking of methodology in t he philosophical sense, I a m reminded of 
A. COMTE , who though t t h a t t h e ve ry principles of scientific inference would 
m a k e i t forever impossible to de termine , e.g., t he chemical composit ion of 
a s tar . 

Looking over some of t he examples given of par t icu lar modes of as t ro-
physical inference, I would r emark t h a t historically, th ings evolved in a 
r a the r different way. 

As an example of quasi-empirical , quasi- theoretical inference, the discovery 
of « chromospheric tu rbu lence» is quoted . Actual ly, th is evolved as follows. 
I t r ied to explain (Ap. J., 6 9 , 73 (1929)) t h e large wid th of t he chromo
spheric Ca+ H and K lines as Doppler effects due to « tu rbu lence », t h e word 
then being used in this connect ion for t he first t ime, no t ing however t h a t 
t h e mot ion migh t also be re la ted to those of prominences. McCrea now 
noticed t h a t t he Pannekoek-Minnaer t eclipse measures of a low densi ty , or 
r a t h e r emission-gradient, in t h e chromosphere could be explained b y including 
t h e hyd rodynamic pressure of t h e ment ioned « tu rb u l en t » mot ions . 

As a n example of wholly « theore t i ca l» inference, t h e discovery of t h e 
hydrogen convection zone is quoted , whereas t he ac tua l happen ing differs. 

https://doi.org/10.1017/S0074180900104401 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104401


PART I : D I S C U S S I O N 45 

T h e earliest suggested energy t r anspor t in s tars , b y convection, was shown 
b y K. SCHWARZSCHILD in 1905 to be inferior to radia t ion . B u t in 1 9 3 1 1 
wondered how a s ta t ic solar a tmosphere in rad ia t ive equi l ibr ium could exhibi t 
sunspots and other signs of violent mot ion. The solution came from two 
sources. F i rs t , R . H . F O W L E R h a d noted t h a t ionization of an a b u n d a n t element 
could depress t he specific-heat ra t io , so eventual ly s ta r t convection. Second, 
H . N . R U S S E L L h a d shown i t probable t h a t hydrogen was m u c h more abun
d a n t t h a n h i ther to supposed. Combining these two ideas immedia te ly showed 
t h a t the sun mus t have a convectively uns table layer. 

Summariz ing these historical notes , i t becomes obvious t h a t in all these 
cases jus t one, r a the r t r ivial , m e t h o d was followed; namely , t o find connections 
be tween facts or theoret ica l ideas which h i ther to had appea red unre la ted . 

Turning to the as t rophysical problems, t he essential po in t abou t which 
t h e discussion centers is t h a t in a stellar a tmosphere we have two functions. 
One , the absorpt ion coefficient, depends on frequency, t e m p e r a t u r e , pressure. 
T h e other , t he source-function, also m a y depend on frequency and temper
a t u r e . I t seems t o m e t h a t th is th ree- te rm representa t ion of t h e source-
function summarized b y P E C K E R is essentially equivalent to t h e phenome-
nological presenta t ion previously used following essentially t he procedures 
of K. SCHWARZSCHILD . T h a t is, t he source-function is d ivided in to one p a r t 
called t rue scat ter ing, as an ex t reme case of non-equi l ibr ium; a n d incoherent 
scat ter ing, as an in te rmedia te t y p e ; and one can add « ex t inc t ion» , a t e r m 
indicat ing t h a t t h e re-emission in a line follows t h e general behavior of 
t he rmodynamic equi l ibr ium, b u t wi th a different scale-factor. 

How can we find out something abou t these functions? I t h ink t h a t besides 
a t t ack ing the problem from a more or less formal viewpoint , ano ther pro
cedure m a y be no t b a d ; viz., simply calculate a great n u m b e r of different 
cases and see which depends on which. F o r example , we ask wha t is t h e 
influence of the k ind of rad ia t ive exchange on the center - l imb var ia t ion of 
t h e line-wings, examining t h e question from the scheme of t rue absorpt ion, 
scat ter ing, or ext inct ion. Nex t , we ask w h a t affects t h e dependence of the 
effect upon dep th , or frequency, for weak lines, or for s t rong lines. All these 
points ac tual ly h a v e been invest igated in much detai l . 

On the o ther hand , one invest igates the effect of a t e m p e r a t u r e gradient , 
of various kinds . Also, w h a t deviat ions from the rma l equi l ibr ium can be 
well-matched simply b y a suitable scale-factor on t h e P lanck function? 
One can see qui te clearly t h a t Some observat ional effects are s trongly affected 
b y deviat ions from thermal-equi l ibr ium, and others n o t ; so he can select 
a certain body of observat ions to invest igate t h e effect. Of course, beside 
such a phenomenological approach , t h e kinet ic approach — favored recent ly 
b y some workers — remains impor tan t . I would emphasize t h a t non-
equi l ibr ium calculations are ve ry sensitive to wha teve r approximat ions one 
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makes to the very detai led knowledge required of all t he a tomic p a r a m e t e r s 
t h a t enter . Kinet ic calculations require knowing which process is t he fastest,, 
a n d which the slowest; missing one, everyth ing m a y be completely wrong in 
a comparison wi th observat ions . 

A typical example is t h e well-known story of t he p l ane t a ry nebulae . If one 
assumed t h a t the general behavior of a p lane ta ry nebula is wholly de te rmined 
b y hydrogen, which is b y far t h e most a b u n d a n t element , he would obtain 
electron tempera tures abou t 10 5 , corresponding to t h e color t e m p e r a t u r e of 
t he centra l star . Actual ly , t h e very few oxygen a toms present depress t h e 
t e m p e r a t u r e to the order 10 4 . Such things can happen in ordinary stel lar 
a tmospheres , only we d o n ' t know yet . W e recognize only qui te a n u m b e r 
of problems — e.g., t he F e spec t rum is so horr ibly complicated i t is a lmost 
out of t he question to deal wi th i t kinetically. B u t why no t deal wi th hydrogen? 
B u t how can we be sure t h a t something is no t going to happen , as in t h e 
p l ane ta ry nebulae? I say this , no t to deter anyone from mak ing kinet ic 
calculations — t h a t would mean a complete misunders tand ing of m y 
remarks — b u t simply to indica te how terr ibly complicated t hey are, and 
how careful one mus t be. I would in general favor first a general idea concerning 
the impor tance of var ious kinet ic processes and then t r y to justify or reject 
t he more phenomenological approach . 

F o r t h e aerodynamicis ts , I m a y use a comparison. If you have a compli
ca ted problem of t u rbu len t flow, etc . , you will p robably never t h ink of t r ea t i ng 
t h a t directly b y kinetic me thods . B u t wha t one does is to justify t h e phenom
enological Navier-Stokes equat ions , using kinetic methods , t hen for pract ical 
applicat ions uses these phenomenological methods . To me, such a similar 
procedure in astrophysics doesn ' t seem bad. 

— J.-C. P E C K E R : 

Firs t , I would note t h a t we t r ied to describe only t he logical s t ruc tu re 
of t h e various points t rea ted , no t looking too deeply in to t h e historical p a t 
t e r n ; m a y b e we were wrong. 

Second, on the form of t h e source-function, a grea t deal of work can of 
course be done using t h e classical approach — using pu re absorpt ion, t hen 
pure scat ter ing, etc. I would jus t give an example from t h e Meudon labo
ra to ry , worked out b y Mme. P R A D E R I E (*), which shows how th ings can really 
be unders tood a t once if one j u s t uses t he direct S8 = Bv(Tex) approach . 
I measured several years ago equiva lent widths of molecular CH lines, from 
center t o l imb on the d isk ; L A B O R D E a t Meudon has recent ly m a d e m o r e 
accura te measures ; t he results are t h e shaded area in F ig . 1. H o w to compute 
this var ia t ion , from theory? Theoret ical computa t ions , using t h e classical 

O PECKER, J . - C . a n d E U G E N E - P R A D E R I E , F . , Ann. Ap., 23, 6 2 2 ( 1 9 6 0 ) . 
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theory for pure absorpt ion (equivalent to L T E ) gives curve A . P u r e scat
ter ing, gives curve 8. The classical theory depends great ly upon choice of 
t h e model, and we could discuss this a t length. B u t , I h a v e no procedure 

A absorption 

Fig. 1. 

whatever t h a t allows a choice between curves A and # , to distinguish between 
the effect of a choice here and of uncer ta in ty in model , for such a complicated 
th ing as a molecule. Now, however, t u r n to the new empirical me thod which 
has been set u p to get T e x , on t he basis of the methodology described in m y 
talk. I t is an i te ra t ive me thod , giving you T e x as function of optical dep th , 
using the observed centra l 
intensities of some CH lines 
(cf. Fig . 2 ) . F r o m this set 
of T e x , and BV(TJ for t h e 

source-function one computes 0 
without further hypothes is Fig. 2 . 
t he center- to- l imb var ia t ion 
of equivalent wid th . Such computa t ion has been done for two sets of measures ; 
one, by Mme. P R A D E R I E a t Meudon; t h e otner , b y E . M U E L L E R a t Michigan. 
(The former set required a small correction for in s t rumen ta l profile: t he Michigan 
measure are undoub ted ly be t te r . ) I give results from b o t h sets of measure , in 
Fig . 1 , t o show t h a t t h e resul t is qui te sensitive to t he da t a . TEX lies abou t 3 0 0 ° 
higher t h a n TE a t a cer tain dep th from the Meudon d a t a ; and about 2 0 0 ° 

CO 
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higher from the Michigan da t a . Possibily t he agreement wi th observat ions 
m a k e s me overoptimist ic . B u t I w a n t to emphasize t h a t when you t r ea t t he 
source-function as J B , ( T w ) , you au tomat ica l ly t ake in to account t h e intercon
nect ion of t he source-function wi th t h e populat ion of levels, which gives you 
a w a y t o get Tex(r), a n d th is resul t is impossible t o achieve wi th t h e « clas
sical » method . 

— M. M I N N A E R T : 

I would summarize th is in terchange as follows. According to t h e s i tuat ion, 
i t m a y be advan tageous : ei ther t o follow t h e inductive v iewpoint a n d derive 
f rom t h e observations t h e sorce-function and a tomic level popula t ions ; or 
in o ther cases t o follow a deduct ive method , to s t a r t from models described 
b y absorpt ion or scat ter ing a n d see how the empirical observat ion agrees; 
i n still o ther cases t h e kinetic me thods m a y be impor t an t , which m a k e use 
of t rans i t ion probabili t ies a n d collision cross-sections and are t he final a im. 
Whi le we can only be finally satisfied b y a kinet ic explanat ion , i t is clear 
t h a t this is for t he m o m e n t ve ry difficult, and one of t h e o ther me thods m a y 
b e of greater advan tage . 

— A . U N D E R H I L L : 

Most of t h e remarks m a d e so far deal wi th t he sun. I t is possible t o observe 
a n isolated point on t h e sun ; for t h e s tars , you always receive t h e l ight from 
t h e whole disk. Therefore you a lways have one more in tegra t ion to inver t , 
a n d rela t ing t he observat ions to t he theory becomes one s tage more difficult. 
N e x t , considering the considerable observat ional uncer ta in t ies in details of 
l ine profiles, I wonder how m u c h meaning can be a t t a ched to some of the 
intr icacies of the theory which has been presented. H o w different are the 
p red ic ted profiles from a simple theory , say L T E , a n d those from a more 
e labora te theory , which is cer ta inly more correct? I agree t h a t we generally 
simplify t h e physics because we canno t handle t he more correct representa t ion — 
b u t you mus t also r emember this point is observat ional unce r t a in ty . 

— M. M I N N A E R T : 

Here , I th ink lies t h e a d v a n t a g e of t he me thod favored b y Unsold because 
t h e n you have calculated several possible models, a n d h a v e der ived the 
exper imenta l consequences for each of these theories, so you can nicely see 
where t h e discrepancies w i th t h e observat ions exceed t h e errors of measurement . 

— A . U N S O L D : 

I t is a for tunate c i rcumstance t h a t using for theoret ical in te rpre ta t ion 
of observat ion the two ex t r eme cases of radia t ive exchange — t rue absorpt ion 
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a n d then scat ter ing — the differences for most types of s tars come out of 
t h e same order of magn i tude as the usual errors of measurement . This seems 
to indicate t h a t in stellar work of med ium accuracy i t is often no t worthwhile 
to worry abou t fine details of radia t ive transfer, b u t jus t to go ahead. 

— E . 1ST. THOMAS: 

I will give specific examples to the cont rary . Would you admi t Lyman-
a lpha in the sun as a good example or should I go to t h e stars? 

— A . U N S O L D : 

I was only ta lk ing of stellar spectra of fairly normal types and in the 
usual visual range. 

— E . N . THOMAS: 

Then we should be in agreement t h a t using solar observat ions, it is easy 
to distinguish between the L T E and the n o n - L T E predic t ions; between the 
classical method of assuming t h a t a line is formed in some in termedia te 
between pure absorpt ion a n d pure coherent scat ter ing, and a more precise 
detai led theory such as P E C K E R and I summarized. Thus it is no t a question 
of wha t theoret ical approach is correct — we can check t h a t on t he sun — b u t 
whether the detai led theory is too refined for the accuracy of stellar observation. 

Turn to the stellar observat ions of C a + H and K, by O. C . W I L S O N , whose 
in terpreta t ion is of s t rong interest to this aerodynamic-ast rophysics colloquium. 
The observations show an absorpt ion line wi th a self-reversed, emission 
core ( i f - shaped core). Observat ional ly, t he separat ion of t he emission peaks 
increases from ho t t e r to cooler stars along the spectral sequence. A number 
of authors have in te rpre ted this relation to imply an increase of « tu rbu lence» 
from hot to cool s tars , assuming t h a t the fine details of a transfer problem 
can be ignored so t h a t the profile of the central «absorpt ion core» simply 
reflects the profile of t h e absorpt ion coefficient. If one wan t s to follow the 
logic suggested above, he would proceed to ask into a be t t e r in terpre ta t ion 
of such a profile b y saying he has three choices: ei ther in te rpre t on the basis 
of pure coherent scat ter ing, or on the basis of pure absorpt ion — t h a t is L T E — 
or t r y t o get a complete n o n - L T E theory. The questions t he theory mus t 
answer a re : how does the ampl i tude of the emission peak and the relat ive 
ampl i tude of t he emission peak to the emission m i n i m u m depend on physical 
quant i t ies actual ly in t he a tmosphere — velocity fields, electron density, e tc . 
I assert t h a t if I use coherent scat ter ing alone, I will no t predic t t he presence 
of t he emission peak. If I use L T E , then I mus t assume t h a t the temper
a tu re is first low, t h e n high, then low going into t he a tmosphere (since 
I(v) :-> B^T^TJ), Sections 2*3, 3*1 of our summary-pape r ) . On the o ther 
hand , going to t h e n o n - L T E in terpre ta t ion , one comes to the conclusions 

4 Supplemento al Nuovo Cimento. 
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t h a t t h e features are explained b y a monotonic ou tward rise in a tmospher ic 
t empera tu re , and the re la t ive ampl i tude of t he emission peaks plus t he sepa
ra t ion of t he emission peaks is a s t rong function of t he t empera tu re gradient 
in t h e a tmosphere in addi t ion to whatever velocity effect m a y exist . This 
p ic ture would not come from ei ther of the a l te rnat ive two procedures, and 
i t is ha rd ly based on theoret ical differences comparable to t he observat ional 
unce r t a in ty of the da ta . 

— A. U N D E R H I L L : 

To obta in emission — you h a v e to have ei ther an extensive body of gas 
bigger t h a n the s tar itself, or a t empera tu re t h a t does not , as in a normal 
s tar , increase steadily inwards . Now your first two cases, which are very 
simple, can ' t possibly give a line like t ha t . Therefore when you have 
an emission or something peculiar — you know t h a t you have not jus t a 
simple case. 

— E . N . THOMAS: 

I only remark t h a t here we have a good example — involving m a n y 
s tars — where t he stellar observat ions are quite good enough to show t h e 
inadequancy of t he several simple theories you would have us generally use. 

— M . M I N N A E R T : 

I t is clear t h a t if you m a k e in t h e fashion of U N S O L D t h e whole series of 
models , looking not only to L T E or to non -LTE, emission, absorpt ion, dif
fusion and so on, b u t also inser t ing all possible values of micro- turbulence 
and macro- turbulence, a comparison wi th observat ion gives a very full pos
sibility of judging abou t t h e model . Only, t h e quest ion is whe ther i t will 
no t require a great a m o u n t of p h a n t a s y to combine all possibilities of na tu re , 
no t forgett ing anyone. On t h e o ther h a n d if you are able to in te rpre t induc
t ively t h e observed profile a n d to t rans la te t h a t in to t h e source function and 
t h e a tomic level popula t ions t hen of course you m u s t t a k e in to account the 
l imit of precision of your observat ions and see whether you have reached 
the same precision in your theory . I t t he theories of Fraunhofer lines bo th 
me thods of approach h a v e been used. They have b o t h the i r va lue and I 
believe t h a t their respective mer i t s have now been p u t forward sufficiently. 

— K . H . B O H M : 

P E C K E R has strongly emphasized t h e difficulties which occur if one has 
to de te rmine t h e source function in a n o n - L T E si tuat ion. 

One should also note t h a t t h e same difficulties occur wi th regard t o the 
in te rpre ta t ion of the absorpt ion coefficient in the n o n - L T E case. Consider 
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for instance the most general case of a subordinate line for which the source 
function varies wi th wavelength . Consider a three-level model of an a tom, 
in which levels 2 and 3 are broadened, and absorpt ion from 2 to 3. Level 2 
m a y be reached b y absorpt ion from level 1; b u t if t he source function is not 
cons tant within t he line, this means there is no complete redis t r ibut ion of 
the a toms over t he level 2. This means the dis tr ibut ion of a toms over level 2 
depends on the details^of t he radia t ion field in line 1-2. B u t the distr ibution 
in level 2 certainly influences t he absorpt ion coefficient in line 2-3. So one 
cannot in terpre t in such a case t h e frequency-dependence of absorpt ion coef
ficient wi thout knowing w h a t goes on in the other line. Moreover deviat ions 
from the Saha ' s equa t ion alone would lead e.g., to deviat ions in t h e absorpt ion 
coefficient and no t in t h e source function. So it is m y impression we need 
not only a be t t e r unde r s t and ing of the source function bu t also of the ab
sorpt ion coefficient in t he n o n - L T E case. 

— E . N . THOMAS: 

I certainly agree t h a t one should s tudy n o n - L T E effects on opacity as 
well as on source-function; I do not know how one could s tudy one effect 
wi thout s tudying the other . Indeed , our own studies of chromospheric non-LTE 
effects concerned opaci ty before they concerned source-function; we were 
led from the former to t h e la t ter . Excep t a t such large optical depths t h a t 
one does not see t h e m in t he line, a n o n - L T E effect on opaci ty invar iably 
leads to one on source-function. I would only disagree t h a t in the case 
you cited, the source-function is necessarily f requency-dependent . I would 
expect it to be ^- independent a t least in the line-center, fixed wholly b y non-
coherence induced b y t h e the rma l velocity field; and a n y other broadening 
of the energy levels s imply int roduces more non-coherence in scat tered radia
t ion, thus less v-dependence in source-function. 

— E . B O H M - V I T E N S E : 

PECKER ment ioned the me thod of determining velocity fields from t h e 
absorpt ion coefficient, as used b y D E J A G E R and GOLDBERG , and la ter b y 
UN-NO to determine t he depth-dependence of t he velocity field in the sun 
(cf. Section 3*1.1) I would emphasize t h a t wi thout knowing something a priori 
abou t the dis t r ibut ion of l ine-absorbing a toms , we cannot say to which level 
t h e measured velocities correspond. As P E C K E R pointed out , t he me thod 
is probably useful for a Milne-Eddington d is t r ibu t ion ; viz., no dep th depend
ence of ra t io of line to cont inuous opaci ty and of profile of l ine-absorption 
coefficient. However , for a Schuster-Schwarzschild dis t r ibut ion — all line-
absorpt ion a toms concent ra ted in a th in layer — then all velocity averages 
are performed over this t h in layer. However , t he layer to which one sees 
a t to ta l optical depth r = 1 m a y lie below this th in l ine-absorbing layer. 
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Thus , t h e me thod gives a(AA,) = a(AA*) from one pair of points on t h e two 
lines, leading to a V which we assign to the geometric level corresponding 
to T = L Another pair of poin ts of equal in tens i ty m a y correspond to a 
r = 1, t h u s to another geometr ic level, t o which we assign the Vx de termined 
from th is pai r of points . Bu t , b o t h V and Vx represent averages over the 
same, th in , l ine-producing layer ; a n d if we do find a change in velocity, i t 
would mean t h a t there is a very s teep gradient in velocity in t he high a tmos
pher ic layers, in the case of our example . This s i tuat ion is t r ue main ly for 
neu t ra l a toms of low exci ta t ion. So one mus t be very careful in using this 
me thod . 

— M . M I N N A E R T : 

Since in your example , t h e opt ical thickness of t h e line-forming layer 
m u s t be less t han 1, would you agree the method becomes useful for thicker 
layers'? 

— E . B O H M - V I T E N S E : 

No, because you still measure t h e mean of the velocities down to a certain 
point , and you still don ' t know the dep th to which t h e mean refers. Also, 
in m a n y cases you cannot very well compare t he two lines because you don ' t 
t a k e t h e mean over the same regions. 

— J . W A D D E L L : 

P E C K E R considered two points I should like to comment on. The first 
is t he ident i ty of the source function in lines of the same , mul t ip le t ; the 
second is the frequency independence of the source function. Bo th of these 
points are subject to observat ional checks. Consider the case of t he N a D lines. 
The emergent in tensi ty on the disk of the sun for Na Dx or N a D2 is given 
by — using j to denote which line, a n d assuming a common source-function — 

CO 

= J8(x) exp [ - Tjj/x] AT dp . 

0 

A t a n y geometrical dep th , x , t h e optical dep th r2(x) = 2r1(x) because the 
/-values of the two lines are in t h e ra t io of 2 to 1. I n this case 

This equat ion should b reak down in t he wings of t he line where t h e source 
function of the cont inuum becomes i m p o r t a n t and where t h e d a m p i n g enters . 

© 
CO 

https://doi.org/10.1017/S0074180900104401 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104401


PART I : DISCUSSION 

1.0, 

0.61 

£ 0.4! 

1 0.2. 

; - 1 1 1 I I T I I T T 1 

-
••* 

*• 

-
* * • » » * 

•• 

<. • 
# 

• x " 

, , , , , , » > • 
-

' v . 

- \ 
• 

- , t 

t • 

* t 
1 i 

i i 1 L i t 1 I 1 1 1 1 1 

0.8 
R 

0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 
B 

Fig. 3. - Comparison of I2(/<, 0) with 7 1 (/ / /2, 0) in core of lines (not corrected for telluric 
absorption), x Na Dl, /< = 0.50. # Na 7) 2 , n = 1.C0. 

1.0, 

•5 0.8| 

§ Q6I 

* 0 . 2 

I 

—i 1 1 1 r— 

_J I I L_ 
0.8 
R 

0.6 OA 0.2 0 0.2 
-J I L_ 

0.4 0.6 0.8 
B 

Fig. 4. - Comparison of JT2(//, 0) with 0) in core of lines (not corrected for telluric 
absorption), x Na Dl9 ?i = 0.40. • Na D 2 , ^ = 0.80. 

https://doi.org/10.1017/S0074180900104401 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104401


54 P A R T I : DISCUSSION 

- 0 . 8 

0.8 ' 06 OA ' 0 2 ' 0 , ' 0̂ 2 0̂ 4 ' 0.6 ' o'.8 
R AA. in A B 

Fig. 5 . - Comparison of / 2 ( / . « , 0 ) wi th / i ( / t e / 2 , 0 ) in core of lines (not corrected for telluric 
absorpt ion) , x N a Dl9 ( . 3 0 . • Na D 2 , // = 0 . 6 0 . 

assumpt ion t h a t the source function of the N a D lines is identical , is a reasonable 
one. Nex t we use the in tercompar ison method a t a par t icu lar JU to derive 
t h e Doppler width . Fig . 4 (Ann. oVAp. 23,921, (I960)) demons t ra tes the values 
of AAp derived for various intensi t ies a t the given disk positions JLC. Goldberg's 
resul ts for t he C a + H a n d K lines are compared. I n b o t h t he H, K lines and the 
N a D lines a t JU = 1.00, we find t h a t t he Doppler wid th increases wi th dep th into 
t h e sun and yelds t empera tu res in excess of 100 000°. GOLDBERG suggests t h a t 
t h e in tercomparison m e t h o d is inval id if t h e source funct ion is frequency-
dependen t ; I feel th is m u s t be t he case because we h a v e exc luded for 
t h e N a D lines t h a t t h e faul t m igh t lie in different source functions for the 
two lines. 

However , i t would appea r t h a t the source function is comple te ly non
coherent (i.e. f requency-independent) over t he region where AA^ is flat, 
name ly for intensities u p to 15 per cent of con t inuum. The Dopp le r width 
ob ta ined in this region is on t he order of .04 A, yielding a t e m p e r a t u r e on 
t h e order of 5 400°. On the o ther hand , a t e m p e r a t u r e of 4 000° would 

At the Sacramento P e a k Observa tory I have m a d e center- to- l imb obser
va t ion of t he N a D lines where t he /^'s were chosen in t h e ra t io of 2 to 1. 
F igs . 3, 4 and 5 demons t ra te the comparison. I t would appear t h a t the 
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permit a r a n d o m « t u r b u l e n t velocities» on the order of 1.8 km/s . This 
t en ta t ive conclusion is in agreement with U N N O . His resul ts based on McMath-
Hulber t Observa to ry t racings indicate also a decrease of turbulence wi th 
height. 

— K . H . B O H M : 

I find the 3- term form of wri t ing the source function very convenient if one 
considers resonance lines or very special types of subord ina te lines. B u t for the 
general case of subord ina te line, I cannot unde r s t and t h a t i t is useful to m a k e 
such a dist inction be tween lines of photoelectr ic t y p e and collision type . 
Consider a many-level a tom. The emission coefficient in line (n+l)->n 
is coupled to all o ther possible t ransi t ions wi th in t h e a tom, and therefore 
to the radia t ion field in all lines and the cont inua. B u t this coupling is usually 
no t expressed explicit ly ( though i t is cer ta inly implicit) and I do no t se& 
how such a line can be character ized as ei ther photoelectr ic or collision t y p e . 
I t has often been asked whether radia t ive equil ibr ium wi th coupling between 
m a n y different levels would no t under certain condit ions lead to level popu
lat ions close to t h e case of L T E even if t h e rad ia t ion field in t he different 
lines is no t given b y the P lanck function. 

To answer for ins tance this question one might perhaps prefer a different 
formulat ion of t h e source function like e.g. t h a t of H E N Y E Y , which within 
a certain t rans i t ion frame of approximat ion shows the coupling between the 
different t ransi t ions explicitly. 

I should like to ask THOMAS whether he th inks t h a t his source-function 
describes any s i tuat ion or whe ther i t is his own opinion t h a t he really wants 
to have its appl icat ion l imited mainly to resonance or to certain types of 
subordinate lines. 

— R. IsT. THOMAS: 

I share your concern — and believe this is one of t he chief problems facing 
us in discussing t h e source-function. Certainly every th ing we have done u p 
to now is only for resonance lines — really only for a 2-level a t om plus a con
t inuum. Now there are two a l te rna te ways of t ry ing to ex tend the method
ology t h a t J E F F E R I E S a n d I have in t roduced for t h e resonance lines. On 
the one hand , one could do explicitly jus t w h a t you ment ioned, t r y to t ake 
all t he transfer problems in all t he lines in to account . J E F F E R I E S has set 
u p a chain-process- type a t t a c k in an a t t e m p t t o inves t iga te this problem 
(Ap, J . , 1960) in certain simple case. I t essentially comes down to a set 
of s imultaneous red ia t ive transfer equat ions , which are very messy. F r o m 
m y own s tandpoin t , I prefer t o t r y to reduce t h e p rob lem to an «equiv
alent 2-level a t o m » — wri te down the equat ions of s tat is t ical equil ibrium 
for the 2 levels, t ak ing into account all t he t ransi t ions t hen t r y a per turba t ion 
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t r e a t m e n t . The source-function is a ra t io of 2 absolute r a t e s ; emission in 
t h e l ine : t he absorpt ion in t he line. E e t a i n these, a n d t rans i t ions to which 
the a tmosphere is t r anspa ren t , as absolute r a t e s ; in t roduce other radia t ive 
processes, requir ing solutions of a transfer equat ion, as ne t ra tes , which you 
eva lua te as per tu rba t ions , b y i te ra t ion on the two levels to which t hey cor
respond. Therefore we h a v e reduced these 2 exact equat ions of statist ical 
equi l ibr ium to an equivalent 2-level a tom, using exact ly t h e physical idea 
of t h e th ree te rms we h a d before: one t e r m is t he rad ia t ion in t h e line itself; 
a second is the collision in t h e line itself — those are t h e only 2 direct pro
cesses; a n y other process, ionization and re-capture , or exci ta t ion t o a higher 
level a n d cascade, is an indirect process, which you t r ea t in exact ly t h e same 
way as you did the te rms to t h e con t inuum in the 2-level (plus cont inuum) 
approximat ion . 

— K . H . B O H M : 

Le t us assume you use t he i te ra t ive procedure for calculat ing a par t icu lar 
subord ina te line, say t h e Paschen a line, corresponding to a t rans i t ion from 
n = 4 to n = 3 . Now for an a t o m in the level n = 4 usual ly the probabi l i ty 
for m a k i n g a t ransi t ion to , say n = 2 or n = 5 is of the same order of magni
t u d e as t he probabi l i ty for m a k i n g a t ransi t ion to n = 3 . Now you s ta r t 
wi th a 2-level a tom consisting of n = 3 and n = 4 and use an i te ra t ive pro
cedure, though the probabil i t ies of t ransi t ions to other levels are of t h e same 
order of magn i tude . I don ' t see how this procedure converges. 

— E . N . THOMAS: 

The idea is t h a t you express t he 3 - 4 t rans i t ion as an absolute r a t e , and 
t h e 2 -4 t ransi t ion as a ne t r a t e ; t h u s t he relative size of the la t t e r becomes 
very small . If I can get a rough approx ima t ion to i ts value , there is a hope 
t h a t error will not pe r tu rb t he solution too much . W o r k along these lines 
has j u s t s ta r ted . Some of it is described in Chap. 9 of t h e Chromosphere mono
graph (THOMAS and A T H A Y ( 1 9 6 1 ) : cf. b ibl iography in PECKER-THOMAS pape r ) . 

— G . E L S T E : 

Fi rs t , a r emark on t h e quest ion of a more realistic model of dis t r ibut ion 
of absorbing mater ia l , raised b y Mrs. B O H M - V I T E N S E . The cores and flanks 
of m e d i u m s t rong lines are formed in a layer abou t 1 5 0 k m thick, compared 
wi th a thickness of a b o u t 3 0 0 k m for t he whole photosphere . P lo t t h e 
cont r ibut ion of each dep th to t he J v - in tegra l , vs log rc. You find bell-shaped 
curves, wi th half-width a b o u t A log rc~ 1 . 4 (Fe , # ~ 4 eV). F o r a line twice 
as s t rong, t he position of t h e contr ibut ion curve shifts u p w a r d abou t 
A log TC = — 0 . 4 . So t he layers over which one has averaged in t he two cases 
over lap considerably. The l o g r t . , t o which the found b y Unno ' s proce-
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dure refers, m a y be t he center of gravi ty of t he cont r ibut ion curve. This 
is no t necessarily t h e dep th a t which the value of source-function equals the 
emergent in tensi ty , as used b y U N N O . 

Second, I have a resul t bear ing on a choice between depth-var ia t ion of 
velocity and r -var ia t ion of source-function. Ees t r ic t a t t en t ion to such weak 
lines t h a t t he only b roadening mechanism for t he absorpt ion coefficient is 
Doppler ; use Te(r0) ob ta ined empirically from the con t i nuum; and assume 
Sv = BVo(Te) to compute line profiles, wi thou t in t roducing a n y tu rbu len t veloc
i ty . These computed profiles are only some f as wide as those observed. 
One choice for an explana t ion lies between in t roducing non- the rmal mot ion 
and int roducing a r - independence for Sv. 

I th ink, a priori one can say t h a t the to ta l source function in the line 
(Sa + rvSc)l(l + rv) can differ from t h a t in the cont inuum, and therefore can 
have a r-dependence, only where the to ta l absorpt ion coefficient depar ts non-
negligibly from the absorpt ion coefficient in t he con t inuum. If one has a 
the rmal motion according to t he kinetic t empera tu re Te in t he photosphere , 
t he line absorpt ion coefficient — which has to be added to the continuous 
absorpt ion coefficient — has a width which is only § of the width of the 
observed line. H o w can the source function differ from t h a t in the con
t i n u u m over a range larger t h a n the one where the absorpt ion coefficient 
is different? This is only possible if there exists an addi t ional widening such 
as non- thermal , so-called « t u r b u l e n t » motions provide. So as a first approxi
mat ion , a non- thermal velocity field with two unequal components , horizontal 
and vert ical , each dep th- independent has been in t roduced (ALLEN, W A D D E L L ) . 
These two quant i t ies are fixed by two observed quant i 
ties, central dip and half-width. We are able to fit t he 

center-to-l imb var ia t ion of t h e equivalent width and half 
wid th and to reconcile computed and observed profiles a t 
t he l imb, b u t there still exists a discrepancy in the profile 
a t t he center of the disk as shown in Fig. 6. The question 
is do we revolve this discrepancy b y in t roducing a dep th-
dependence of t h e vert ical motions, or do we t r y a 
^-dependent 8J I believe we can exclude the la t te r unless, lfne dePnt 
in addi t ion to t he ^-dependence, an anisotropy of t he Fig- 6. 
source function is in t roduced, because the discrepancy 
only appears a t t h e center of t he disk b u t vanishes a t t he l imb. 

— Ed. note: 

Quan t i t y in b racke ts is t he contr ibut ion function, on log T ; scale, for I ; . 

Wr i te 
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— J . W A D D E L L : 

P E C K E R spoke of t h e difficulty in distinguishing be tween dep th depend
ence a n d angular dependence in turbulence . Let me show w h y I believe 
it is possible to distinguish be tween the two effects. Consider t he contr ibut ion 
function of the central dip of two lines, A and B, a t two posit ions on the disk 
(u = 1.00 and ju = 0.35). 

Line A a t disk posi t ion JLL = 0.35 is formed a t t h e same optical dep th as 
line B a t disk position p = 1.00. Nevertheless bo th lines A a n d B are repre
sen ted wi th a cons tant radia l componen t of turbulence of 1.8 km/s and a 
cons tan t tanget ia l component of 3.0 km/s . If t he increase of Doppler width 
to t h e l imb were in te rpre ted as an increase of tu rbulence wi th he ight above 

t h e photosphere for line A, i t would no t be pos-
fontribution function sible to compute the correct half wid th of line B 

a t t he center of the disk. 
Since this somewhat idealized case is similar 

to t he results I obta ined a t the McMath-Hulber t 
Observa tory , for 11 lines, I feel t h a t one is able 
to dist inguish between the angle and dep th de-

log r pendence . Fu r the r , when one looks a t t h e varia-
Fig. 7. t ion of t h e half widths wi th ^ , he finds a s t rong 

increase near ju ~ 1, leveling off a t smaller ^ for 
m a n y wide lines. This is an immed ia t e clue t h a t we are concerned wi th a JU 
effect and no t an optical dep th effect; for optical dep th effects show themselves 
most s t rongly qui te near t he l imb. I t is possible to represent t he observa
t ions wi th a dep th dependence of t he form 

V 2 = £ 2 _ (A2 — B2)T2 , 

but unlike the JU dependence, the values of A and B depend on the line chosen. 
However when I used non- isotropy, I could explain eleven lines wi th the 
same 2 cons tan t s ; 1.8 k m and 3 k m (cf. W A D D E L L : Ap. J. 127, 284 (1958)). 

— J.-C. P E C K E R : 

I n present ing the summary- in t roduc t ion , I ment ioned the possibility 
of such effects as discussed b y W A D D E L L or iginat ing in n o n - L T E effects. 
At Meudon, we have been looking a t Unno ' s g raph of his photospher ic 
resul ts , giving rms velocity var ia t ion wi th depth , which show t h a t t he points 
coming from the lines of Ti a n d those from Cr fall sys temat ical ly on opposite 
sides of his mean curve. This resul t is easily in terpre ted , if we assume U N N O 
made (implicitly) a mis take , comput ing the optical dep th of each of these 
lines in t he classical way . Now if one in t roduces n o n - L T E considerat ions 
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from a purely empirical s tandpoin t , he finds t h a t this dispersion of points is 
ent irely due to neglected n o n - L T E effects ( J - C . P E C K E R and L. V O G E L : 
Ann. cTAp., 23, 5 9 4 ( I 9 6 0 ) ) . 

— J . W A D D E L L : 

Note t h a t previously the increase in Doppler width with decreasing ju 
h a d been explained as a depth-dependence — turbulence increasing with 
height in the photosphere . Unno ' s results go jus t in t h e opposite direction. 
I do not th ink we should argue whether he is r ight or wrong. I would only 
note t h a t his results are a smaller magni tude motion, compared to those from 
line-broadening to t h e l imb. Unno ' s results do no t explain m y observations, 
nor are they an a l t e rna te pic ture . Also, they are based only on observations 
made a t the center of the disk. Our in terpre ta t ions are compat ib le . 

— M . M I N N A E R T : 

There is one point which was ment ioned in the speech of P E C K E R where 
the aid of the aerodynamicis ts will be especially useful for us . Tha t is the 
question whether supersonic turbulence is possible; we h a v e an aerodynamicis t 
prepared to give his opinion on this point . 

— F . H . CLAUSER: 

When asked if I would ta lk abou t whether supersonic turbulence were 
possible, I said t h a t I was no t prepared to answer t he quest ion. MINNAERT 
said i t 's always the same with aerodynamicis ts , t h a t any question we ask 
t h e m has not been worked out , so give your beliefs. 

In order to m a k e any meaningful s t a t ement , I feel t h a t I will have to go 
back a bi t wi th our concepts to lay a little foundat ion. Suppose t h a t we were 
to be confronted wi th a velocity field, of a single componen t species. La te r 
on I ' ll come back and t r y to give an indicat ion of wha t happens when m a n y 
species are present . Such a velocity field for this single component is specified 
b y the three components of veloci ty: Z7, V and W, — each as functions of 

y, z and t. B u t for simplicity of i l lustrat ion in t h e example t h a t I shall 
quote to you, I shall assume t h a t there is a single veloci ty component , V 
a n d t h a t it will be a function of a single variable x . 

I t r y to avoid those questions t h a t mean the difference between a vector 
variable in a vector space wi th a t ime var iable pa ramete r , and those which 
you can ta lk abou t , a scalar var iable in a scalar space. There are m a n y 
problems which revolve a round the difference between vector and scalar 
variables, b u t I t h ink I can avoid these wi thout any controversy. Now — so 
far as t he aerodynamicis t is concerned, there is an i m p o r t a n t fact of life 
t h a t emerges and covers a good deal of our th ink ing and background — t h a t 
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is, those par t icular common fluids t h a t are given to us to work with , such as a i r 
and water , have such a low viscosity t h a t if you were to compute t h e Eeynolds* 
n u m b e r from any realistic combinat ion of pa ramete r s , you invar iab ly get a 
very large number . (The Eeyno lds ' n u m b e r is defined as a velocity t imes a length 
divided b y the k inemat ic viscosity — viz., the ordinary viscosity divided b y the 
densi ty of the fluid.) I n fact to get Eeynolds ' numbers of the order of 1, you 
ei ther h a v e to go to such microscopic sizes for reasonable velocities t h a t you 
can ' t use ordinary in s t rumen ta t ion a n y more , or you h a v e to go to such low 
velocities with ordinary dimensions t h a t you h a v e n ' t a n y in s t rumen t s capable 
of measur ing t h e m a n y more . Basically this means t h a t in those character
istic features t h a t we see in t u rbu l en t flow, — eddy sizes, e t c if we t a k e any 
character is t ic velocity a n d a n y character is t ic length, a n d divide b y kinemat ic 
viscosity we invar iably get large numbers . Now this is t he background on 
which I base the nex t p a r t of m y remarks . You all are familiar wi th t h e dif
ficulties of analysing non-s ta t ionary r a n d o m functions. If you simply s t a r t 
wi th t ru ly non-s ta t ionary r a n d o m functions, i t ' s ha rd to know jus t where 
to begin, and invariably you m a k e assumptions t h a t t he r a n d o m function 

Now supposing, to be definite, we were to select, t o begin wi th , a charac
teris t ic size — which I will v a r y in a m o m e n t — b u t pick ou t a given size 
and say t h a t we shall analyse a sample of this length. W e see t h a t i ts velocity 
has a m e a n level, and a round t h a t mean it has fluctuations. If we look a t the 
dynamics of such a sys tem, we find t h a t if we consider those par t icu lar p a r t s 
of a fluctuation t h a t are small compared to this length, t hen from a physical 
po in t of view I have an eddying mot ion tak ing place. The fact t h a t I ' ve 
picked t h e mean here, as t h e s t a r t , implies t h a t I no longer ask abou t an 
absolu te magni tude of velocity b u t s imply have a glob of m a t t e r here in space 
t h a t is undergoing an eddying mot ion , and I walk along wi th i t , so t h a t i t 
looks to me as though i t ' s s t and ing still on t he average. And wi th in t h a t 
chunk of ma t t e r , there is a complete hierachy of eddies. Since I ' ve res t r ic ted 

U(X) at fixed time 

Mean level over indicated interval 

Fig. 8. 
X 

m u s t be s t a t ionary or 
some such pos tu la te . Now 
t h e w a y t h a t m a n y of us 
s t a r t is t h e following. Sup
posing t h a t we were in 
fact given th is simple plot : 
one velocity component 
against a single var iable x . 
If we t ake a cut a t a given 
in s t an t of t ime through 
t h e fluid a n d measure t h e 
result , we get some such 
r a n d o m function as this . 

00 
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m y consideration to something this big or smaller, I can ' t talk about bigger 
eddies. They do no t exist for me — I 've simply cast t h e m out by simply 
agreeing to go along locally with this glob. You are all familiar with the 
classical concept of viscosity and wha t it means . If I have a s t reaming motion 
in which different layers are moving a t different velocities, and a sub-motion 
takes place — it will carry with it m o m e n t u m from one layer to another . 
Now, in this problem, t h a t I consider, I find t h a t there are these small-scale 
motions t ak ing place, doing exact ly this in terchange of m o m e n t u m , exert ing 
an effect of viscosity. Le t me tie this in now with m y fact-of-life of a 
momen t ago, t h a t the ordinary, thermal-mot ion , viscosity is quite small. 
Physical ly wha t is happening is th i s : I have a glob, which has a character is t ic 
mot ion within it t h a t is dist inguishable if I look a t sizes t h a t big, b u t there is 
a r a n d o m smaller mot ion , still large in scale compared to t h e the rma l mot ion, 
b u t much more i m p o r t a n t in transferring m o m e n t u m within the glob t h a n 
is the rmal mot ion. This smaller sub-motion is act ing as a viscosity to t he 
glob itself. I n this way energy is transferred from the large-scale mot ion 
down the size-scale to t he rma l motion. We express this quan t i t a t ive ly in 
te rms of wha t we call a power spectrum. I t is essentially the square of the 
ampl i tude of the ordinary p a r t of the spect rum. P lo t here the wave number 
against the energy per un i t wave number size, and we find t h a t for a 
character is t ic t u rbu len t mot ion we get a curve t h a t looks something like this . 

I 've been ta lk ing abou t wha t goes on in a centra l por t ion Of the spect rum 
— the pa r t indicated b y an arrow. I t is an empirical fact backed up by a 
number of theories t h a t F varies as ri~*- in this region. This result emerges 
purely dimensionally if you m a k e the as
sumpt ion t h a t all of the energy transfer 
is t ak ing place by the smaller eddies ac t ing 
as viscosity for t he larger hierarchy. 

B u t now consider the two extremit ies 
of the curve. F i r s t if I consider large n, 
small eddy size, I find F decreasing con
t inual ly . If I mul t ip ly t h e ampl i tude — 
which is a k ind of velocity — b y w 1 , which 
is a kind of length, I can form a kind of 
local Eeynolds ' number , which gets small
er and smaller. There comes a place where this is of the order of the number 
computed from the rma l viscosity. 

I t is a t t h a t point t h a t t h e energy is no longer t ransferred from the bigger 
eddies to the smaller eddies, b u t now begins to be t ransferred by viscous 
action to hea t . So we h a v e the concept : energy in t h e big eddies gets t r ans 
ferred to even smaller eddies down t h e chain, and eventua l ly is converted 
in to the rmal energy. 

energy spectrum 

Wave number n 

Fig. 9. - Power spectrum. 
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B u t a t t he other end, if I progressively increase m y length scale — inva
r iably I come to the scale where there is something feeding t h e energy in. 
I n l abora tory exper iments i t is invar iably a solid wall, an obstacle, a wing, 
a propeller blade, or i t can be convective eddy sizes, Bena rd cells. I t is a t 
this poin t t h a t the stat ist ics seem no longer to be app ropr i a t e ; you get a 
field t h a t you do not analyse stat is t ical ly any more . You begin to search 
for t h e non-linear driving mechanisms t h a t feed t h e energy from a moving, 
solid wall, or a convective cell, e tc . T h a t dimension, we are missing. Our 
representa t ion breaks away from this curve when you reach sizes t h a t are 
par t icu lar to t he b o u n d a r y layer, t he wave size, t he cell size, etc . 

So far i t looks as though I a m no t ta lking a t all abou t supersonic turbulence , 
b u t I h a d to get this background laid for it . Now, we h a v e this velocity field, 
which so far I have t r ea ted as a cont inuum. Supposing t h a t we were to use 
even smaller ins t ruments in mak ing our measurements . If we were to do 
so we would find t h a t t h e curve does no t look like this . To be specific, sup
posing t h a t I were to in t roduce a l i t t le cork ball in t h e fluid, a n d actual ly 
t race out its mot ion in order to de termine the velocity field, then in t roduce 
progressively smaller a n d smaller ones. Now, to a cer tain range, I will m a p 
out this velocity field, b u t as the ball gets small enough there comes a t ime 

the curve, Ax, gives me the t u rbu l en t energy, u2. The area unde r this « ther
m a l » curve, A2, gives me the velocity of sound squared, a2. 

Now the question a b o u t supersonic turbulence in our view arises in the 
following w a y ; the turbulence would be supersonic if this area Ax became 
larger t h a t this area A2. Is this possible? And w h a t new concept would 
h a p p e n if i t were to become so? Now in the first place, all of our l abora tory 
exper iments have been in cases in which this area A2 is considerably smaller 
t h a n Ax\ t he ordinary cases of subsonic turbulence. 

B u t let us look and see w h a t happens now if we were to approach the case 
of supersonic turbulence. I would do this no t by mak ing Ax bigger — ra the r 
hold i t constant , s imply decrease the t empera tu re , and see w h a t happens . 
W h e n looked a t this way , the re is a un i t y t h a t did no t exist before. The energy 
of one eddy was fed in to a smaller eddy, and a chain arose. B u t the re came 

F energy spectrum 

where t he Brownian movemen t 
begins to be percept ive . Then I 
get a change in t he curve, a tail 
is added for large n — above the 
tail , I have w h a t I call tu rbu
lence; below it, I have t he ther
mal mot ion. 

Wave number n Now, this is essentially Aw2/Aw 
plot ted against n. So t he area 
under this « t u r b u l e n t » port ion of 

Fig. 1( . - Power spectrum. 
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a break in the cha in ; this p a r t of the curve a t t he b reak was not d rawn; I 
s imply said I h a d to invoke a new mechanism, viscous dissipation, which 
fed the energy in to t h e t he rma l pa r t . 

Now I do no t h a v e to do t h a t . I can ta lk abou t this whole process as 
p a r t of a single curve, and simply say t h a t the energy is being continuously 
transferred down the curve and into t h a t port ion of the curve which is the 
the rmal energy. So J can apply the whole process t h roughou t the entire 
curve. If we go t oward supersonic turbulence, no t b y mak ing the velocity 
larger b u t by mak ing the velocity of sound smaller, the ampl i tude in the 
the rmal region will come down. There is a coupling between these two 
regions, so the a m o u n t of viscous dissipation a t t he onset of the thermal 
region is reduced. So in the process of following another curve in the thermal 
region, t he posit ion of t he curve in the tu rbu len t region is raised (cf. Figure) . 
To reduce the viscosity, all you do is to have the eddies ex tended to smaller 
scale. So the ne t flow of energy down the cascade of eddies is still the same. 
As we continue to decrease the viscosity, the « minimal » position of the curve 
simply moves out even far ther . 

Eventua l ly , t he smallest eddies become comparable to the mean free 
p a t h and there is really no clear distinction between eddies and thermal 
motion anymore . 

Originally, a lmost all work was done on incompressible turbulence. The 
adven t of high speed flight forced us to consider t he effects of compressi
bil i ty on turbulence , and as usual , the effect of compressibil i ty wasn ' t 
;just to shift th ing a l i t t le — it mean t going back to some very fundamenta l 
ideas. You go th rough the formal process of set t ing up the Navier-Stokes 
equat ions, including the conduct ive and convective hea t transfer equat ions, 
t he equat ion of cont inui ty , e tc . — they are horr ibly non-linear, almost hopeless 
to t ry and solve. B u t for small pe r tu rba t ion of t he flow, you make the 
following assumpt ion — you assume t h a t essentially you have a uniform 
background field on which you superimpose fluctuations of t empera tu re , 
pressure, densi ty, velocity, etc . This gives you a set of par t ia l differential 
equat ions of high order, which you can linearize b y saying t h a t the fluctuations 
are small compared to cer ta in basic quant i t ies — e.g. t he velocity of sound, 
t he fluctuation m u s t no t be large compared to the basic t empera tu re , etc . 
And in this process you find the high order par t ia l differential equa t ions 
can be split so t h a t t h e to t a l field of var ia t ion can be represented as a set 
of solutions of several different par t ia l differential equat ions . 

We in te rpre t t h a t as saying t h a t t h e ' full compressible Navier-Stokes 
equat ions have solutions t h a t represent different modes of behavior . Now 
if you examine these modes of behavior , you find t h a t one of the equat ions 
is essentially t he equa t ion oi sound modified b y certain small t e rms in which 
you have s imul taneously occurring densi ty fluctuations, t empe ra tu re fluctua-
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t ions, velocity fluctuations, e tc . I n addi t ion there is a second set t h a t essentially 
corresponds to shearing mot ion . A n d these equat ions have all t h e character
istics t h a t we have associated previously with incompressible turbulence . 
There is a th i rd set of equat ions t h a t essentially correspond to h e a t transfer, 
b u t th is is a convective t y p e of h e a t transfer, and i t is no t o rd inary hea t 
t ransfer in which there is no velocity present . I t t u rns ou t there still are 
velocity- tempera ture- pressure-, etc. , fluctuations, b u t in different pro
por t ions — the velocity is much smaller now. And i t tu rns out t h a t as long 
as the fluctuations are small , a n y r a n d o m field can be categorized in these 
th ree pa r t s — so much eddy- turbulence , so much random-sound , — and so 
m u c h ho t spots which are diffusing. B u t as one increases t h e level of the 
fluctuations, non-linear te rms begin to appear , and cause w h a t had been 
nea t ly categorized as eddy- turbulence to begin to feed over in to t h e r a n d o m 
sound, and also over in to t he conduct ive, convective transfer. 

Now there comes a point where you can no longer say t h a t this par t icular 
th ing is eddy- turbulence, and this par t icular th ing is r a n d o m sound, and 
t h a t par t icular th ing is a set of ho t spots r andomly d is t r ibu ted th roughou t 
the field. Now we believe t h a t your physical in tui t ion abou t t h e existence 
of turbulence and abou t t he existence of sound waves and abou t the existence 
of ho t spots and so on is no t an a rb i t r a ry one ; t h a t there really is something 
in na tu re , t h a t this ma thema t i ca l spli t t ing goes in to your in tui t ion, and t h a t 
you find t h a t there is this spl i t t ing. Bu t , we th ink your in tu i t ion begins to 
fail you under s t rong condit ions, where t he ampl i tude becomes so large t h a t 
you can no longer split those things and say t h a t is sound waves, this is 
turbulence, and so on. 

I should like to say t h a t aerodynamicis ts have done some addi t ional work 
on the effect of magnet ic fields. W e find t h a t as soon as magnet ic fields are 
present t h a t will influence the flow field, the order of t h e equat ions increases 
and they become even more complex. A typical new phenomenon t h a t 
enters is t he waves first discussed b y A L F V ^ N . These appear as an addi t ional 
t ype of mode for the fluid. 

So, when we ask if supersonic turbulence is possible, t h e first question 
t h a t arises is whether , wi th such large ampli tudes , as would be required b y 
supersonic turbulence, t h e var ious modes of behaviour can be separa ted out , 
or do they necessarily become strongly inter twined. Also, t h e quest ion arises 
as to whether , in supersonic turbulence , the tu rbu len t mot ion can be sepa
ra t ed from the the rmal motions , or do they blend together . 

I n astrophysical examples , i t would appear from w h a t has been said 
before, t h a t an addi t ional complicat ion is present . This is t he possible 
s t reaming of various cons t i tuents or species th rough each other . I n t h e case 
of electric currents , we have a single example of such a s i tuat ion, because 
the current represents a s t reaming of the electron th rough the ion and the 
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neut ra l particles. I n as t ronomy it appears possible for the various a toms 
to s t ream through each other . F o r such problems, relat ively l i t t le work has 
been done. I t is qu i te possible t h a t if such cross-streaming takes place on a 
large scale, gross instabil i t ies can occur, and turbulence would appear , driven 
by other new interact ion mechanisms. This will br ing in wholly new concepts 
t h a t are not contained in our present experience. 

<, 
— M. M I N N A E R T : 

On the case of different k ind of a toms, we as t ronomers would have given 
as the criterion — different kinds of a toms will have different velocity of 
the rmal motion, inversely as (mass)*, b u t the same velocity of turbulence. 

— G. E L S T E : 

One has to be very careful whi th such a simple criterion. If he deduces 
different tu rbu len t velocities, or different the rma l velocities from different 
widths of different lines, i t is not clear t h a t the results refer to the same a tmos
pheric region. Especially, this is t rue in ex tended a tmospheres , or promi
nences, where regions of completely different physical conditions lie along 
the same line of sight. 

— J . C. P E C K E R : 

And, one mus t be careful in saying non- thermal mot ions show no cor
relations with propert ies of a toms — e.g. gyromagnet ic mot ion when magnet ic 
fields exist. 

— M . M I N N A E R T : 

Let us not complicate things — neither by magnet ic fields nor by speaking 
of different regions. If we have a small mass of gas, as t ronomers t r y to separate 
the rmal from tu rbu len t motions by looking a t t he difference between lines 
of different a toms. Must we assume this me thod is oversimplified? 

— E . SCHATZMAN: 

I wan t t o comment on Clauser's nice description of so-called supersonic 
turbulence, in connection wi th several astrophysical facts or theories. Consider 
first t he problem of the hea t ing of the solar chromosphere b y sound waves. 
I t is usually accepted t h a t we have in the convective zone some eddies, t h a t 
some compression waves are produced by these eddies, and t h a t these com
pression waves get out and refract in t he upper p a r t of the solar a tmosphere . 
After a few wave-lengths these compression waves are t ransformed into minor 
shock waves of small ampl i tude — and we have in this region a r a n d o m noise 
of small shock waves. W h e n we use fairly reasonable es t imates of the a m o u n t 

- SuppJemento al Nuovo Cimento. 
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of energy dissipated, we do no t find a t the shock front a velocity j u m p larger 
t h a n 2 km/s . W i t h an ampl i tude of 2 km/s and a dis tance of 10 s between 
2 successive fronts, we h a v e qui te enough energy for expla ining t h e hea t ing 
of t h e solar chromosphere. There are minor differences concerning the theory 
b u t general agreement . 

W e are no t ye t in t h e region Clauser described as supersonic tu rbu lence : 
we h a v e compression waves of a qui te well unders tood n a tu r e , a n d if there 
is a n y turbulence, i t is produced as a secondary effect b y these r a n d o m shock 
waves , a n d is a small effect. 

Second, tu rn ing to t h e stellar case S t ruve has observed cases, in which 
(Ap. J. 104, 138 (1946)) velocities inferred from line-profiles are m u c h 
larger t h a n one would expect on t he basis of results from the curve-of-growth 
me thod . I t has been in te rpre ted by saying t h a t we have very big masses 
in mot ion , and we in tegra te over t h e whole disk, like in tegra t ing over a series 
of small a tmospheres moving a t r a n d o m a t the surface of the star . Then , 
th is profile is actual ly supposed to be a profile due to macroscopic mot ion . 
B u t w h a t is remarkable is t h a t from the exci tat ion of the lines we have a 
t e m p e r a t u r e of t he order of 7 000°, which corresponds to a sound velocity in 
hydrogen of abou t 8 km/s , while the profile corresponds to abou t 25 km/s . 
This is undoub t ly macroscopic mot ion wi th velocities larger t h a n sound 
velocity. I t was a grea t t e m p t a t i o n to ex t rapola te t he above-ment ioned 
theory of acoustic hea t ing of t he chromosphere to the case of a g iant s t a r 
wi th a large convective zone, pure ly phenomenologically. W e suppose a large 
product ion of sound waves in t he convective zone, and we suppose t h a t the 
ampl i tude reached by t h e shock waves in the region where they are seen in 
t he spec t rum is large. B u t t hen i t is undoub ted ly the case Clauser has men
t ioned, when we cannot dis t inguish between r a n d o m shock waves a n d so-
called supersonic turbulence. I would only note t h a t using this phenome
nological theory, basing calculat ion on the assumpt ion of a cons tan t ra t io 
of t h e mechanical flux to t he l ight flux, and using an e lementary theory of 
t he line formation we could explain the width of lines in t he case of four s ta rs , 
t h e mater ia l I h a d in h a n d 10 years ago. I t would be wor th t ry ing again 
wi th t h e mater ia l collected b y Miss U N D E R H I L L . Na tu ra l ly astrophysicis ts 
would welcome any k ind of improvement of the theory , so t h a t we could 
a b a n d o n this phenomenological theory for a reasonable and sound theory 
of t h e r a n d o m motions in such a case. 

— E . N . P A R K E R : 

I would like first to emphasize a point t h a t has been m a d e m a n y t imes 
before, when an as t ronomer uses t h e word « tu rbu lence », he is no t necessarily 
th ink ing of the same phenomena as the aerodynamicis t . H e means any 
mot ion t h a t is no t microscopic in the kinetic theory sense — b u t on t h e 
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other hand which is of smaller scale t h a n his own visual resolution. I t migh t 
ve ry well be ordered mot ion — rising and falling columns, such as Benard 
cells. Wi th t h a t po in t in mind , I w a n t to discuss a single case of supersonic 
mot ion — let its scale be smaller t h a n our abil i ty to resolve visually so t h a t 
I m a n y legi t imately call i t « astronomical turbulence » — I th ink we can 
come to a specific conclusion for this special case. Suppose t h a t I have a 
boundary with a semi-infinite med ium on one side, and sui table machinery 
on t h e other side of t h e b o u n d a r y to generate waves. These waves m a y be 
compressional sound waves — they m a y be t ransverse hydro-magnet ic waves — 
they m a y be longi tudinal hydro-magnet ic waves . The principle in every 
case will be the same. I genera te waves a t t he b o u n d a r y a n d the waves prop
aga te ou tward in to t he med ium. Let the initial ampl i tude of the waves 
be 100 km/s . I use these numbers because they are no t inappropr ia te to t h e 
solar corona. Le t t he t empe ra tu r e of the med ium be 8 000 °K, so t h a t t h e 
thermal velocity is ~ 10 km/s . Now regardless of whe ther t he wave is t rans
verse or longi tudinal , if it has such an enormous ampl i tude compared to t h e 
the rma l velocity of t he gas, i t will steepen its front. The steepening will go 
on unt i l ha l ted b y some sort of dissipation mechanism. If t he wave were a 
sound wave, it would quickly become a shock wave. W i t h t h e Mach n u m b e r 
a t 10, the t empera tu re behind the shock wave will be much larger t h a n ahead. 
The the rmal velocity would be less, b u t of t he same order of magn i tude as , 
t he 100 km/s fluid velocity in t h e wave. So as the wave sweeps off to the 
r ight the a tmosphere re tu rns to something like hydros ta t i c equil ibrium. The 
original pressure is approx imate ly restored and t h e t empe ra tu r e is some sizeable 
fraction of a million degrees Kelvin. 

If the d is turbance were isentropic — the original t empe ra tu r e would be 
restored; the irreversible charac ter of the d is turbance a t such a large shock 
s t rength lets the med ium re ta in a t empera tu re near t he peak value — so 
long as we neglect e lectromagnetic radiat ion. 

Now if the gas should rad ia te fairly rapidly, relat ive to the in terval between 
pulses, then the t e m p e r a t u r e which m a y have j u m p e d a million degrees 
behind the shock will rap id ly sett le back to i ts 8000° equi l ibr ium value. 
Thus when the nex t pulse is generated with 100 km/s velocities, it again will 
be supersonic, Mach ten , and repea t t he cycle. Thus in this assumed case, 
an observer would see a t empe ra tu r e which is mos t of t h e t ime , over mos t 
of the area, 8 000°. H e would find superimposed velocities of the order 
of 100 km/s . The observer would — in the sense t h a t I said astrophysicists 
use the t e rm — say t h a t he h a d supersonic turbulence . 

Now on the o ther hand , suppose t h a t the pulses come sufficiently quickly 
t h a t the million degrees does no t have t ime to cool down b y radia t ion between 
successive pulses. Then t h e nex t 100 km/s pulse is no t very supersonic; i t 
will dissipate energy — b u t no t nearly as much. The nex t pulse will dissipate 
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even less, and it will t ravel , of course, very much far ther th rough t he med ium 
before i t dies out . The m e d i u m remains near 1 0 6 °K. The poin t t h a t I wan t 
t o m a k e here is t h a t an observer looking into the gas would now see only 
sonic mot ions . H e would see 1 0 0 k m / s mater ia l velocities in a million degree 
gas , which is roughly Mach one. H e would not have supersonic turbulence , 
as opposed to wha t he would see in the more rapidly cooling gas. 

I n t h e case of the solar corona, t h e t empera tu re re laxa t ion t ime is very 
long, somewhere on the order of a fraction of a day . And if one th inks of 
shock waves or hydro-magne t ic waves coming u p in to corona every few 
minutes then the cooling between shocks is slight. One has , then , a s i tuat ion 
where he would have subsonic turbulence, b y v i r tue of t h e fact t h a t t h e 
t empera tu re will rise to t h a t poin t where the waves no longer form steep 
fronts and irreversibly d u m p energy into the medium. This is the effect 
which a t least some of us th ink is very impor t an t in t he hea t ing of such things 
as t he solar corona, w h a t m a y control the t empera tu re of the corona, the 
t empera tu re rises to t h a t point where the waves no longer are supersonic. 
One m u s t worry abou t this par t icu lar condit ion in any s ta r or s i tuat ion where 
he sees wha t looks like supersonic « tu rbu lence» . Can you in fact keep the 
t empe ra tu r e down enough so t h a t t he « turbulence » is supersonic, or will 
t h e « turbulence » simply raise t h e t empera tu re of t he med ium so quickly 
t h a t you could not ma in ta in it a t a supersonic velocity? 

—Ed. note: 

(For a more detailed discussion of t he « pis ton » problem used as example 
here, cf. the summary by W H I T N E Y in P a r t I I I -A. Fo r a s u m m a r y of the 
viewpoint t h a t «supersonic as t ronomical tu rbu lence» represents a blend 
of higher atmospheric t empera tu res and non- random macroscopic mot ion, 
cf. Chapter 1 , Physics of the Solar Chromosphere, THOMAS a n d A T H A Y ( 1 9 6 1 ) ) . 
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