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SUMMARY 

by Alexandre Dauv i l l e r  
Member-correspondent of t h e  
French Academy of Sciences 

The au thor  shows how t h e  d i f f e r e n t i a l  r o t a t i o n  could be  
s u s t a i n e d  by coupling, a t  resonance, an  o s c i l l a t i o n  of t h e  pho- 
tosphere  wi th  t h e  r o t a t i o n  per iod  us ing  t h e  e f f e c t  of p l ane ta ry  
t i d e s ,  and how t h e  l a t t e r  modulate t h e  a c t i v i t y  w i t h i n  t h e  11- 
year per iod .  H e  shows a l s o  how t h e  t o r o i d a l  f i e l d  is  concen- 
t r a t e d  and expulsed from t h e  photosphere by v o r t i c e s  due t o  t h e  
C o r i o l i s  f o r c e s ,  and how, f i n a l l y ,  t h i s  f i e l d  i s  s u s t a i n e d  by 
t h e  d i s r u p t i v e  d i scha rges  c o n s t i t u t i n g  t h e  g ranu la t ion .  

* 
* *  

According t o  a c c r e t i o n  t h e o r i e s ,  a l l  celest ia l  bodies  should be s t rong-  

l y  magnetic,  s i n c e  the  i n t e r s t e l l a r  medium inc ludes  weak and frozen-in f i e l d s .  

But  t he  stellar magnetism is f a r  from c o n s t i t u t i n g  a r u l e  and i s ,  t o  the  con- 

t r a r y ,  an except ion .  We should l i k e  t o  show t h a t  t h i s  magnetism, as w e l l  as 

the  d i f f e r e n t i a l  r o t a t i o n ,  of which i t  i s  in sepa rab le ,  are very  s u p e r f i c i a l  

phenomena due t o  an e x t e r n a l  cause ,  s a y ,  t he  t i d e s  exe r t ed  by t h e  p l a n e t s  i n  

t h e  case of t h e  Sun and t h e  companions i n  t h e  case of magnetic stars. 

1. The D i f f e r e n t i a l  Rota t ion .  According t o  t h e o r i e s  of r e l a t i o n s h i p ,  

the  Sun had, a f t e r  t h e  placement of p l a n e t s  i n  o r b i t s ,  a very  s t r o n g  d i f f e r -  

e n t i a l  r o t a t i o n ,  s i n c e ,  indeed ,  i t  passed from t h e  e l l i p s o i d a l  t o  t h e  spher i -  

c a l  shape ,  of which a f e e b l e  reminder s t i l l  s u b s i s t s .  The c u r r e n t  t h e o r i e s  

of s o l a r  magnetism wish t o  f i n d  i n  t h i s  mechanical energy t h e  source  of magnet- 

i s m .  However, Babcock 1 1 1 ,  e s t ima t ing  i t  a t  6.1O3* e r g s ,  acknowledges t h a t  
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i t  could n o t  a s s u r e  t h i s  magnetism f o r  a per iod  i n  excess of a few m i l l e n i a .  

Tf ,  as w i l l  b e  shown below, t h i s  sou rce  ought t o  be  even a sc r ibed  n o t  t o  t h e  

r o t a t i o n ,  bu t  t o  r a d i a t i o n ,  t h e  f r i c t i o n $  would have ha rd ly  permi t ted  i t s  

p e r s i s  tance  f o r  4 *lo9 years. Thus i t  r e q u i r e s  a s u s t a i n i n g  mechanism. 

very weak, t h e  t i d e s ,  e x e r t e d  upon t h e  Sun by t h e  p l a n e t s ,  could have pro- 

longed a f e e b l e  r e s i d u a l  r o t a t i o n  t o  ou r  contemporary epoch. 

Though 

While t h e  Moon t o  Ea r th  r a t i o  is 1 / 8 1  t h a t  of p l a n e t s  t o  Sun is  only  

/743 . But, wh i l e  t h e  l u n a r  a c t i o n  impar t s  t o  t h e  c e n t e r  of g r a v i t y  of t h e  

system Earth-Moon t h e  d e s c r i p t i o n  of a circumference,  of 0.73 RE r a d i u s ,  in- 

cluded i n  our  Globe, t h e  only  a c t i o n  of J u p i t e r  makes t h e  c e n t e r  of g r a v i t y  

of t h e  System Sun-Jupiter desc r ibe  a circumference of a r a d i u s  a l r eady  exceed- 

i n g  t h a t  of t he  Sun. J u p i t e r  and S a t u r n  are i n  conjunct ion  every 20 y e a r s ,  

p e r i o d i c a l l y  extending t h a t  d i s t a n c e  t o  n e a r l y  two s o l a r  r a d i i ,  The curve 

descr ibed  by t h e  po in t  of t h a t  solar system's c e n t e r  of g r a v i t y ,  was t r aced  

by C, tf. Cleminshaw [ 2 J :  It is  a loop, of which t h e  per iod  is about  22 y e a r s ,  

Uranus and Neptune having mostly f o r  e f f e c t  a s h i f t  t h e  e longa t ion  maximum by 

a few y e a r s ,  

The c u r r e n t  maximum (1968) l a g s  by 3 yea r s .  En c a l c u l a t i n g  t h i s  curve f o r  

t h e  preceding cen tu ry  i t  would b e  i n t e r e s t i n g  t o  f i n d  o u t ,  whether o r  no t  

t h i s  curve accounts  f o r  t h e  i n e q u a l i  of t h e  11-year pe r iod  (8 t o  1 7  

years, accord ing  to  Turne r ' s  r u l e ) ,  

1 

During t h e  a c t i v i t y  maximum of 1957, t h e  l a g  was of two y e a r s ,  

The average t i d e  e x e r t e d  by t h e  Sun on t h e  Ear th ,  corresponds t o  energy 

expendi ture  of 1 , 4 * 1 0 1 9 / 3  e4rgs/s. 

smaller than t h a t  of t h e  Sun and the sum of t i d e  ons 2 (m/a3) being f o r  
the Beven o t h e r  planets 5.5 times g r e a t e r ,  p l a n e t a r y  t i d e s  exe r t ed  upon the 
Sun could no t  exceed 10" e r g s / s e c ,  

o f  3km o f  ocean water, they  are being exe r t ed  upsn a l i g h t  and mobile gas 

(H + H e ) ,  which is r a r e f i e d ,  a t  h igh  temperature,  find they can a f f e c t  s e v e r a l  

m i l l i o n  k i lome te r s  o f  t h e  photosphere,  

The mass of t h e  Ear th  being 3*105 times 

B u t ,  i n s t e a d  o f  a f f e c t i n g  a th i ckness  

Wa s h a l l  83.88 t h a t  t h e  th i ckness  crf 

tlie l a t te r ,  i n  s t a t a  o f  d i f  entia1 r o t a t i o n ,  i s  of t h e  o rde r  of ZQOO kme 
Wit11 an  overage d e n s i t y  of P ~ O - - ~  g/cm3, its masa is 6 e 1 Q 2 6  g and i t s  kinetic 
energy i s  of ergs f o r  a 0.5 km/soc v e l o c i t y  excesljlr 

?'he e f f e c t  of p l a n e t a r y  t i d m  i s  t o  make t h e  slag- atmosphere o ~ e i l l a t e  
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with  a per iod  of 33/2 days,  i n  resonance wi th  t h e  i n t e r n a l  r o t a t i o n  per iod  

of 33 days.  The s l i g h t e s t  f r i c t i o n  r e t a r d i n g  t h e  "co t ida l "  e l l i p s o i d  w i l l  

produce an  e q u a t o r i a l  a c c e l e r a t i o n  adding up t o  t h e  d i f f e r e n t i a l  r o t a t i o n .  

Th i s  is  an  e f f e c t  analogous t o  t h e  one fo re seenbyE.  Holmberg [3]  f o r  pro- 

ducing a d i f f e r e n t i a l  r o t a t i o n  of t h e  terrestrial  atmosphere by t h e  resonant  

g r a v i t a t i o n a l  and thermal  o s c i l l a t i o n  of s o l a r  t i d e s .  But, whi le  t h i s  e f f e c t  

i s  cons ide rab le  i n  t h e  case of Venus 141, i t  remains ve ry  f e e b l e  i n  t h e  case 

of t h e  Sun. 

This  permanent t i d e  i s  modulated w i t h  an  11-year per iod  by t h e  a c t i o n  

of p l a n e t a r y  r evo lu t ions .  It must t h e r e f o r e  be mani fes t  i n  a s u p e r f i c i a l  

s o l a r  o s c i l l a t i o n  of s a m e  per iod .  Now, t h e  homogenous measurements of t h e  

e q u a t o r i a l  and p o l a r  d iameters  performed by Monte Mario between 1870 and 

1937, have ind ica t ed  t o  M.  Cimino [5] an  o s c i l l a t i o n  of 22 yea r s  wi th  +0.2" 

ampli tude,  t h e  Sun pass ing  through t h e  s p h e r i c a l  shape dur ing  t h e  pe r iods  

of a c t i v i t y  maximum. An 11-year s o l a r  diameter  v a r i a t i o n  w a s  a l s o  recogni- 

zed by B. Meyermann [ 6 ] ,  whi le  o t h e r  au tho r s  f a i l e d  t o  confirm i t .  

This  ve ry  f e e b l e  p l a n e t a r y  t i d e  a c t i o n  would be incapable  of engendering 

i t s e l f  a d i f f e r e n t i a l  r o t a t i o n ,  o r  even of compensating e n t i r e l y  t h e  slowing 

up. I t  could only  have prolonged i t  t i l l  our  contemporary t i m e s  be fo re  i t s  

t o t a l  disappearance.  Then t h e  Sun should no longer  show any a c t i v i t y .  It 

has ,  however, been proved by t h e  f a c t  t h a t  t h e  e q u a t o r i a l  v e l o c i t y  of t h e  

Sun v a r i e s  w i th  t h e  11-year cyc le .  Th i s  i s  t h e  way t h e  spec t roscop ic  measu- 

rements made a t  Mount-Wilson of t h e  l i n e s  of t h e  r eve r s ing  l a y e r  have shown 

an e q u a t o r i a l  v e l o c i t y  of 2.06 km/sec i n  1906-1908, epoch of a c t i v i t y  maximum, 

and of 1 .90 km/sec i n  1919-1924, epoch of a c t i v i t y  minimum. W e  t h e r e f o r e  have 

t o  do wi th  a major e f f e c t ,  reaching 8 percent .  

2. So la r  Magnetism. A l l  t h e  magnetohydrodynamic t h e o r i e s  proposed f o r  

t h e  i n t e r p r e t a t i o n  of s o l a r  magnetism s i n c e  t h e  works by G.  Gouy (1912) 

and S i r  J. Larmor (1919) had involved a h y p o t h e t i c a l  i n t e r n a l  f i e l d ,  assumed 

a t  t i m e s  t o  be very  i n t e n s e .  However, H. Lamb [ 7 ]  had shown as e a r l y  as i n  

1883, how t h e  celest ia l  bodies  behaved, on account of t h e i r  dimension, as 

media of q u a s i - i n f i n i t e  conduct ion , in  which t h e  magnetic f i e l d  l i n e s  remained 

f i x e d  . 
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The dura t ion  of such a f i e l d  pe r s i s t ance  i n  a sphere  of r ad ius  R,  of perme- 

a b i l i t y  p and of conduc t iv i ty  0, f o r  an i n t e n s i t y  reduct ion  equal  t o  l / e ,  

t h a t  i s ,  37 percent ,  would be equal  t o  4u(JR2/ TT. 

0 = 10'' (*) , R = 7.10" cm, t h i s  du ra t ion  would a t t a i n  2.10' years .  Thus, 

t he  Sun's i n t e r i o r  behaves as i f  i t  were magnet ical ly  empty, and t h i s  is due 

t o  the  presence under the  photospherd of a convect ive gas l a y e r  impenetrable 

t o  the  l i n e s  of force .  However, t h e  only th ing  tc be r e t a i n e d  from C. Wal& 

works [ 8 ] ,  is t h a t  gas c u r r e n t s  can induce a t o r o i d a l  f i e l d ,  capable  of emer- 

ging l o c a l l y  and producing b i p o l a r  s p o t s  s a t i s f y i n g  t h e  Hale l a w .  

by T.  G. Gowling [9 ] ,  t h a t  t h i s  r e s u l t  could be simply r e a l i z e d  by t h e  d i f f e r -  

e n t i a l  r o t a t i o n .  I n t e r p r e t i n g  t h e  magnetograph d a t a  of W .  H. Babcock and 

H. D. Babcock of Mount-Wilson [ l o ] ,  t h e  f i r s t  au thor  proposed an a t t r a c t i v e  

theory of s o l a r  a c t i v i t y ,  i n  which t h e  f i e l d ,  always remaining s u p e r f i c i a l ,  

is  transformed from p o l o i d a l  t o  t o r o i d a l  and then i n t o  s p o t  f i e l d s  t h a t  d i s -  

perse i n t o  chromospheric and coronal  a r chs  and i r r e g u l a r  p lages ,  r e s t o r i n g  

every 11 years  a newpoloidal  f i e l d  of oppos i te  d i r e c t i o n .  

t he  magnetic energy is borrowed from t h e  mechanical energy of t he  d i f f e ren -  

t i a l  r o t a t i o n ,  and w e  have shown above t h a t  i t  could no t  be  so. 

search  f o r  mechanisms a s su r ing  f i e l d  regenera t ion ,  making i t  emerge from t h e  

photosphere and concent ra t ing  s weak p o l o i d a l  

i n t o  a s p o t  f i e l d  capable  of a t t a i n i n g  up t o  4500 gauss.  

w i l l  t ake  p l ace  i n  t h r e e  s t a g e s .  

I f  w e  p o s t u l a t e  p = 1, 

It w a s  show0 

Nevertheless ,  

Thus, w e  must 

f i e l d  of t h e  order  of t h e  un i ty  

This ampl i f i ca t ion  

1. The e q u a t o r i a l  d i f f e r e n t i a l  r o t a t i o n  al lows F t  t o  make up f o r  some 

20 rounds pe r  11-year cyc le ,  t h a t  i s ,  an i n i t i a l  p o l a r  f i e l d  of one u n i t y  

may engender i n  each hemisphere a t o r o i d a l  f i e l d  of 20 gauss ,  both f i e l d  

being opposed. 

2. The p u l l  of t h e  c o t i d a l  wave i n t o  tune on t h e  r o t a t i n g  Sun w i l l  induce 

a t  middle l a t i t u d e s  very  f l a t  s u p e r f i c i a l  v o r t i c e s  due t o  C o r i o l i s  forces .  

These v o r t i c e s ,  c a l l e d  upon as e a r l y  as of 1865 by H. Faye, appear t o  be  t h e  

only ones capable  of concent ra t ing  the  t o r o i d a l  f i e l d  up t o  some hundred u n i t s  

and make i t  emerge a t  t h e  photosphere level. 

a s p o t  is t h a t  of such a vor tex .  

They w i l l  be  concealed by t h e  Evershed e f f e c t  and w i l l  no t  c a r r y  t h e  granula- 

t i o n ,  which has t h e  c h a r a c t e r  of a quasi- instantaneous d i s r u p t i v e  discharge.  

The magnetic f i e l d  symmetry of 

Thei r  gyra tory  d i r e c t i o n  w i l l  be  immaterial. 

I1 
(*) [ t h e  French abbrev ia t ion ' s  "u. i. m. Engl ish equiva len t  could not  be 

determined] 
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When the  emergent f i e l d  becomes i n t e n s e  enough t o  set t h e  g ranu la t ion  a s i d e ,  

they w i l l  be  a b l e  t o  g ive  rise by its magnetic p re s su re  t o  e i t h e r  t h e  guiding 

o r  the  guided s p o t .  

3. But,  i n  o rde r  t o  g ive  rise t o  s p o t  f i e l d s  of several m i l l i o n  u n i t s ,  

i t  i s  necessary  t o  r e s o r t  t o  a fundamental phenomenon, capable  of inducing 

t h e  magnetic energy a t  t h e  expense of r a d i a t i o n .  Faye be l i eved  the  photo- 

sphere  t o  be  i n  a convect ive state. Y e t  t h i s  s ta te  r e q u i r e s  a p a r t i a l l y  ion- 

i zed  gas .  The atomic hydrogen is  n e u t r a l  i n  t h e  photosphere and i t s  ioniza-  

t i o n  is completely achieved only a t  i t s  base ,  s a y ,  a t  several thousand k i lo-  

meters, where t h e  temperature  exceeds 20,000" K. 

only between t h e  levels of i o n i z a t i o n  of atomic hydrogen (13.5 ev) and of 

helium (24.5 ev ) .  I n  o t h e r  words, t h e  photosphere of n e u t r a l  hydrogen and 

helium appears t o  b e  t h e  d i e l e c t r i c  of a s p h e r i c a l  condenser (analogous t o  

the  Ea r th ' s  t roposphere)  of minimum conduc t iv i ty ,  a t  t h e  base  of which pre- 

v a i l s  a high e l e c t r o n i c  pressure .  

The convect ive s h e e t  e x i s t s  

W e  have suggested i n  1932 [ l l ]  t h a t  t h e  g ranu la t ion  r ep resen t s  a d i s rup t -  

ive d ischarge  i n  t h e  form of fugacious arcs ac ross  t h e  photosphere,  whose 

th ickness  would b e  measured by the  l eng th  of f i l amen t s  seen  ly ing  i n  t h e  pe- 

numbra, s a y ,  some 5000 km as an  average. The b e s t  Janssen  and P. Cheval ie r ' s  

nega t ives  show a t  t i m e s  g ranules  provided wi th  a long r o o t ,  widening a t  t h e  

s u r f a c e  by decomposition i n t o  bulbs  w i t h  a shape of t u l i p s .  These uns t ab le  

arcs are indeed quenched a t  once by magnetic pinching. 

of electric c u r r e n t  a t  t h e  expense of thermal  energy, as, f o r  example, t h e  

G. Medicus' and G. Wehner's a r c . [ l 2 ] .  These au thors  had obta ined  a d i r e c t  

c u r r e n t  of 0 .5  5 under an e lec t romot ive  f o r c e  of 0.8 - v wi th  0.3% e f f i c i e n c y  

s t a r t i n g  from t h e  h e a t  consumed t o  h e a t  up a cathode covered by barium i n  a 

r a r e f i e d  atmosphere of xenon. 

These are genera tors  

The P .  Wil la rd ' s  works [13] have shown as e a r l y  as i n  1906 how l i g h t  o r  (*) 

a p o s i t i v e  column w a s  a plasma having t h e  p r o p e r t i e s  of t h e  arc, t h a t  i s ,  

those  of an  e las t ic  conductor ,  which i s  f l e x i b l e  and e x t e n s i b l e ,  

v i b r a t i n g  and winding up i n  a t r a n s v e r s e  magnetic f i e l d  by amplifying t h e  

e x c i t i n g  f i e l d .  Each of t h e  e q u a t o r i a l  g ranu la t ion  f i l amen t s  is wrapped up 

i n  the  t r a n s v e r s e  t o r o i d a l  f i e l d  and g ives  rise t o  a lacal f i e l d ,  which is 

capable  of 

(*) [This  sen tence  is  confused and hard ly  i n t e l l i g i b l e  i n  t h e  o r i g i n a l  
t e x t ]  
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propor t iona l  t o  i ts  i n t e n s i t y  and remains f ixed  i n  the  gaseous c u r r e n t .  

f i e l d  of 3000 gauss  i n t e n s i t y  i s  produced by a f i l amen t ,  run through by a 

c u r r e n t  of 1 0 l 2  a and wound up pursuant  t o  a 2000 km curva ture  r ad ius .  The 

number of granules  i n  the  per iod  of a c t i v i t y  maximum being 4.106, t h e  elec- 

t r o n i c  emission of t he  Sun a t t a i n s  4-1018 a which y i e l d s  a d e n s i t y  of l o 7  
thermal e l e c t r o n s  p e r  c m 3  a t  t h e  base  of t h e  corona. This  emission s u p p l i e s  

*cm-2-s-1/ev. 

c o n s t i t u t i n g  the  e q u a t o r i a l  s o l a r  wind which would a t t a i n  7 0 1 0 ~ ~  g / s .  

va lues  are i n  s e n s i b l e  agreement wi th  t h e  experimental  da t a .  

A 

- 

- 3  

f o r  i t s  hea t ing  and t h e  Roentgen emission l o 7  x 6'107x1.6.10-12, say ,  10 3 e rgs .  

It i s  n e c e s s a r i l y  n e u t r a l i z e d  by an expuls ion  of slow protons 

These 

Should t h e  a c t i v i t y  become very  s t r o n g ,  s p o t  p a i r s ,  disposed on e i t h e r  

s i d e  of t h e  equator  a t  t h e  same longi tude,could s p l i t , o n  account of l o c a l l y  

increased  e l e c t r o n i c  p re s su re  and by t h e i r  magnetic j u n c t i o n , t h e  two t o r o i d a l  

f i e l d s  i n t o  uns t ab le  b i p o l a r  e q u a t o r i a l  f i e l d s ,  capable  of t r i g g e r i n g  s o l a r  

ou tbu r s t s  [ 141 . 
This  is how t h e  thermal energy of t h e  Sun can g ive  rise t o  e l ec t r i c  ener- 

gy,  t ransforming i t s e l f  i n t o  magnetic energy r e c u r r i n g  cons t an t ly .  The Medi- 

cus '  and Wehner's experiments ,  j u s t  as those  of V i l l a r d ,  are of paramount 

importance f o r  t h e  understanding of s o l a r  a c t i v i t y .  

A s  of 1932, w e  had shown E321 t h a t  t h e  corona n e c e s s a r i l y  represented  

t h a t  Sun's e l e c t r o n i c  emission,  rendered v i s i b l e  by t h e  photospheric  l i g h t  

i t  d i f f u s e s .  I f ,  indeed,  one wished t o  cons ider  i t  as a plasma, t h e  prece- 

ding express ion  4 p 0 R z / ~  wi th  R equa l  t o  10 s o l a r  r a d i i ,  would imply t h a t  i t  

dould n o t  be  deformed i n  less than lo1 '  y e a r s ,  wh i l e  i n  r e a l i t y  i t  changes 

from day t o  day. The f a c t  is  t h a t  i t  i s  run through by e l e c t r o n i c  jets i n  

a t i m e  of t h e  o rde r  of t h e  minute,  t hese  e l e c t r o n i c  jets extending by t h e  

zodiaca l  l i g h t  beyond t h e  o r b i t  of Mars. 

This  very  s imple  s o l a r  a c t i v i t y  mechanism, which rests only on w e l l  

known f a c t s ,  could n o t ,  however, be  extended t o  Babcock's magnetic stars. 

The l a t t e r  are very  l i k e l y  s u b j e c t  t o  much more powerful t i d e  e f f e c t s  by 

known o r  unknown companions, and t h e i r  r o t a t i o n  v e l o c i t y  is  much h igher .  

But they have a s u r f a c e  temperature  of a t  least lo4'& 
f i c i a l  hydrogen is h igh ly  ion ized .  

t h e  s u r f a c e  and these  stars could have n e i t h e r  photosphere nor  granula t ion .  

f o r  which t h e  super- 

The i n t e r n a l  convect ive state extends t o  
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This is how Sirius A, of type AO, actually has a companion exerting strong 
tides, but its temperature reaches IO4'K and it is effectively not magnetic. 
The intense fields of magnetic stars remain external with respect to the 
convective sheet at chromosphere level, where the magnetic pressure H*/~IT 
balances the gaseous pressure, and they are engendered by an entirely dif- 
ferent mechanism from that suggested to us by the Sun. 
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