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A b s t r a c t .  C la ss ic a l  i n v e s t i g a t i o n s  o n  t h e  А р - s t a r  m a g n e t i s m 

relied  u p o n  m e a s u r e m e n t s  o f  t h e  l o n g i t u d i n a l  field  a n d  o f  t h e 

field  m o d u l u s .  O u r  a i m  h a s  b e e n  t o  d e t e r m i n e  t h e  t r a n s v e r s e 

c o m p o n e n t  o f  t h e  field,  w h ic h  r e q u i r e s  a  l i n e a r  p o l a r i z a t i o n 

analys is .  O u r  a p p r o a c h  i s  t h a t  o f b r o a d b a n d  p o l a r i m e t r y ,  w h i c h 

gives  a  good  i n s i g h t  o f  t h e  t r a n s v e r s e  Z e e m a n  effect,  o w in g  to 

t h e  m a g n e t i c  i n t e n s i f i c a t i o n  m e c h a n i s m .  A b o u t  5 0  s t a r s  h a v e 

been  observed  a t  t h e  P i c  d u  M id i  O b s e r v a t o r y  ;  for  a  d o z e n 

o b jec ts  o f  t h i s  s a m p l e ,  w e  h a v e  g a t h e r e d  a  sufficient  n u m -

ber  o f  go o d  m e a s u r e m e n t s ,  so  t h a t  t h e  t i m e - v a r i a t i o n  o f  t h e 

Stokes  p a r a m e t e r s  d i s p l a y s  c learly  t h e  m o d u l a t i o n  a s s o c i a t e d 

with  th e  s t a r  r o t a t i o n .  T h e  t h e o r e t i c a l  i n t e r p r e t a t i o n  h a s  b e e n 

developed  in  c lose  c o o p e r a t i o n  w i th  t h e  g r o u p  o f  E .  L a n d i 

D e g l ' I n n o c e n t i ,  a t  F i r e n z e .  A  s i m p l e  c a n o n i c a l  m o d e l ,  b a s e d 

o n  th e  g e o m e t r y  o f  t h e  o b l i q u e  r o t a t o r ,  f o r e c a s t s  specific  fea-

tu r e s  (single  o r  d o u b l e - l o o p e d  d i a g r a m s ,  in  t h e  Q ,U  p l a n e ) , 

which  agree  very  well  w i t h  t h e  o b s e r v e d  d a t a .  W e  h a v e  e s t a b -

lished  t h a t  t h e  k n o w l e d g e  o f  b o t h  t h e  l o n g i t u d i n a l  field  a n d 

th e  l inear  p o l a r i z a t i o n  v a r i a t i o n s  e n a b l e s  t o  d e r i v e  a c c u r a t e l y 

th e  two  angles  i  a n d b e t ta w h ic h  specify  t h e  d i p o l a r  m o d e l .  H ow -

ever,  in  a  s ign if icant  n u m b e r  o f  cases ,  t h e  o b s e r v e d  v a r i a t i o n s 

o f  t h e  p o l a r i z a t i o n  d o  n o t  f i t  closely  t h e  m o d u l a t i o n  e x p e c t e d 

for  a  uniform  d i p o l e .  W e  h a v e  found  t h a t  s u c h  p e c u l i a r i t i e s 

c a n n o t  re su l t  s i m p l y  f r o m  a b u n d a n c e  i n h o m o g e n e i t i e s  a t  t h e 

surface  o f  t h e  s t a r ,  w h i c h  im p l ie s  t h a t  t h e  m a g n e t i c  t o p o l o g y 

m u s t  d e p a r t  from  t h e  p u r e  d i p o l a r  c o n f i g u r a t i o n .  W e  h a v e  d e -

signed  a n  in vers ion  p r o c e d u r e  w hich  a l lo w s  u s  to  d e t e r m i n e  a 

se t  o f  d e p a r t u r e s ,  w i t h  r e s p e c t  to  t h e  d i p o l e ,  r e s u l t i n g  in  a n 

im p ro ved  f i t  w i th  t h e  o b s e r v a t i o n s  :  t h e  m a i n  f e a t u r e  r e q u i r e d 

is  an  e x p a n s io n  o u t w a r d s  of  t h e  l ines  of  force,  over  a  p a r t  of 

t h e  m a g n e t i c  e q u a t o r ,  n o t  far  from  t h e  r o t a t i o n  ax is .  O n e  c a n 

guess  t h a t  t h e  e x i s t e n c e  o f  su c h  e x t e n d e d ,  o r  even  o p e n ,  m a g -

n e t ic  s t r u c t u r e s  w o u l d  h a v e  s ignif icant  c o n s e q u e n c e s  for  t h e 

s t a r  e v o lu t io n . 

K e y  w o r d s :  p o l a r i z a t i o n  -  s t a r s  :  m a g n e t i c  f ie ld  -  s t a r s  :  pe-

culiar 

1 .  I n t r o d u c t i o n 

T h e  f i r s t  d e t e c t i o n  o f  a  s t r o n g  m a g n e t i c  f ie ld  a t  t h e  s u r fa c e  o f 

an  Ap  s t a r  (  78  V ir  )  w a s  p e r f o r m e d  50  y e a r s  a g o  by  B a b c o c k 

(1 9 4 7 ) .  S in ce  t h a t  t i m e ,  n u m e r o u s  m e a s u r e m e n t s  o b t a i n e d , 

f i r s t  i n  U .S .  o b s e r v a t o r i e s ,  t h e n  i n  o t h e r  s i t e s ,  a n d  p a r t i c u -

lar ly  in  Z e l e n c h u k ,  h a v e  p r o v id e d  a  g o o d  k n o w l e d g e  of  t h i s  im -

p o r t a n t  m a n i f e s t a t i o n  o f  s te l la r  m a g n e t i s m  ( a c t u a l l y ,  t h e  m o s t 

c o n s p i c u o u s  a f te r  t h e  m a g n e t i s m  o f  t h e  S u n ) . 

W e  will  n o t  re v ie w  t h i s  t o p i c s  i n  d e t a i l ,  h e r e ,  s in c e  g o o d 

s y n t h e s i s  a r e  a v a i la b le .  I n  p a r t i c u l a r ,  L a n d s t r e e t  (1 9 9 2 )  h a s 

well  d e s c r i b e d  t h e  tw o  m a i n  t y p e s  o f  m e a s u r e m e n t s  w h ic h  h a v e 

b e e n  o b t a i n e d  for  se v e ra l  d o z e n s  A p  s t a r s .  T h e  l o n g i t u d i n a l 

f i e l d  i s  t h e  c o m p o n e n t  w hich  i s  m o s t  e a s i ly  o b t a i n e d  t h r o u g h 

a n  a n a l y s i s  o f  t h e  c i r c u l a r  p o l a r i z a t i o n  in  t h e  w in g s  o f  s p e c t r a l 

l ines.  T h i s  m e a s u r e m e n t  r e q u i r e s  a  g o o d  s p e c t r a l  d i s p e r s i o n 

a n d ,  even  t h o u g h  A p  s t a r s  are  re la t iv e ly  b r i g h t ,  l a r g e  t e l e s c o p e s 

a r e  o b v io u s ly  w e l c o m e  ( w h e n c e  t h e  v a lu e  o f  t h e  o b s e r v a t i o n s 

o b t a i n e d  w i t h  t h e  б - m e te r  t e l e s c o p e ) .  T h e  s e c o n d  t y p e  o f  m e a -

s u r e m e n t  i s  t h a t  o f  t h e  f i e l d  m o d u l u s .  I t  c a n  b e  m a d e  s i m p l y 

b y  m e a s u r i n g  t h e  l ine  s p l i t t i n g ,  a t  l e a s t  i n  t h o s e  s t a r s  w h i c h 

show  n a r r o w  s p e c t r a l  l in es .  T h e  a v a i la b i l i ty  o f  m o d e r n  p h o t o -

e lec tr ic  d e t e c t o r s  h a s  p r o v id e d  t h i s  t y p e  o f  r e s e a r c h  w i t h  a  n e w 

i m p e t u s ,  r e s u l t i n g  i n  i n t e r e s t i n g  r e s u l t s  s u c h  a s  t h o s e  d e r i v e d 

re c e n t ly  b y  M a t h y s  (1 990,  a n d  s u b s e q u e n t  p a p e r s ) . 

N ow ,  i n  s p i t e  o f  a n  i n t e r e s t i n g  a t t e m p t  b y  B o r r a  a n d 

V a u g h a n  ( 1 9 7 6 ) ,  t h e r e  h a s  b e e n  n o  i n v e s t i g a t i o n  o n  t h e  t r a n s -

verse  c o m p o n e n t  o f  t h e  f ie ld  v e c t o r .  T h i s  s h o r t a g e  c a n  b e  u n -

d e r s t o o d  i f  o n e  r e m e m b e r s  t h a t  t h e  t r a n s v e r s e  m a g n e t i c  f i e l d 

m u s t  b e  d e r i v e d  f ro m  a  l in e a r  p o l a r i z a t i o n  a n a ly s i s ,  w h ic h  i s 

h a r d  t o  a c h i e v e  w i t h  c o u d e  s p e c t r o g r a p h s  ( c o u d e  m i r r o r s  in -

t r o d u c e  a  s e v e r e  i n s t r u m e n t a l  s i g n a l ) .  H o w e v e r ,  i t  i s  c le a r  t h a t 

t h e  c o m p l e t e  k n o w l e d g e  o f  t h e  m a g n e t i c  f i e l d  d o e s  r e q u i r e  t h e 

m e a s u r e m e n t  o f  t h e  t r a n s v e r s e  c o m p o n e n t ,  a n d  t h a t  t h e  a n g u -

lar  q u a n t i t i e s  ( t h e  c u s t o m a r y  a n g l e s  i  a n d  b e t t a )  w h ic h  define  t h e 

o b l iq u e  r o t a t o r ,  will  b e  recovered  safely  o n l y  o n c e  t h e  l i n e a r 

p o l a r i z a t i o n  i s  k n o w n .  T h u s ,  t h e r e  i s  d e f in i te ly  a  g r e a t  n e e d 

for  g o o d  m e a s u r e m e n t s  o f  t h e  l i n e a r  p o l a r i z a t i o n  o f  A p  s t a r s . 

A c t u a l l y ,  a  s p e c i a l  t y p e  o f  l i n e a r  p o l a r i z a t i o n  a n a l y s i s , 

n a m e ly  b r o a d b a n d  p o l a r i m e t r y ,  h a d  b e e n  successfully  a p -

plied  t o  5 3  C a m  ( K e m p  and  W o l s t e n c r o f t ,  1974)  a n d  t o  H D 

71866  ( P i i r o l a  a n d  T u o m i n e n ,  1 9 81 ) .  I t  r e v e a l e d  s iz e a b le  t i m e -

v a r i a t i o n s  o f  t h e  l i n e a r  p o l a r i z a t i o n  ( a t  t h e  level  o f  0.05  % ) , 

w ith  t h e  s t a r  r o t a t i o n  frequency.  T h u s ,  i t  lo o k e d  p r o m i s i n g  t o 

ta c k le  a g a i n  t h i s  t y p e  o f  p r o g r a m ,  a s  well  for  t h e  o b s e r v a t i o n s , 

which  w e re  m a n a g e d  a t  t h e  P ic  d u  M i d i  O b s e r v a t o r y ,  a s  for 

t h e  t h e o r e t i c a l  i n t e r p r e t a t i o n ,  w h ic h  w as  d e v e l o p e d  a t  F i r e n z e 

b y  t h e  g r o u p  o f  E .  L a n d i  D e g l ' I n n o c e n t i .  T h e  r e s u l t s  o f  t h i s 

i n v e s t i g a t i o n  h a v e  b e e n  p u b l i s h e d  in  s e v e r a l  a r t i c l e s  ( I  t o  V I ) 

q u o t e d  i n  t h e  b i b l i o g r a p h y  a n d  t h e  p r e s e n t  p a p e r  i s  e s s e n t ia l ly 

a  s y n t h e s i s  o f  t h e s e  p u b l i c a t i o n s . 
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MODELING AP STARS WITH THE HELP OF LINEAR POLARIMETRY 3 1 

Fig. 1. The magnetic intensification mechanism. (Leroy, 1962). 

the wavelength variat ion should be simi lar. Ac tual measure-
ments of Ap s tars polar izat ion in different bands confirm th is 
view (Paper V) . 

2.3. Advantages and drawbacks of broadband polarimetry 

T he possibi l i ty to perform a d iagnosis of the t ransverse mag-
netic field using simply a po la r imeter resul ts in a great gain 
of l ight : not only is the po la r imeter more t ransparent t han 
any spec t rograph ic system, but one can choose really b road 
spectral bands (from 100 A to 1000 A) allowing to per form 
accurate po lar imetry : at the focus of the 2-meter telescope of 
Pic du Midi , a 10 minu tes in tegrat ion reduced the photon noise 
down to a polar izat ion level of 0.01 % , for s tars of magn i t ude 
6 to 7. Of course, one could fear t h at a broad spectral region 
include a major contr ibut ion of unpo lar ized cont inuum, which 

2 . B r o a d b a nd l i n e ar p o l a r i z a t i on as a c o n s e q u e n ce of 

the Z e e m an effect 

2.1. Integrated polarization over a spectral line 

Everybody knows the shapes of the Stokes pa ramete rs profiles 
across a spectral line submitted to the Zeeman effect. The in-
tegral properties, which have been sometimes considered (see 
e.g. Ronan et al., 1987), entail one i m p o r t a nt feature concern-
ing the transverse Zeeman effect : as the sa tu ra t ions of the sigma 
and pi components are not equal, t he re is a net residue of l inear 
polarization, within a spect ral l ine, as soon as the l ine is not 
optically thin (Figure 1). Th is phenomenon is often refered to 
as the magnetic intensif ication effect (Leroy, 1962 ; Ca lamai et 
al., 1975), because i t impl ies also a change of the equivalent 
width of the line. 

The computat ion of the net po lar iza t ion which is observed 
over the whole profile of a spect ral l ine is a very s imple m a t t er 
i f one uses a model of l ine format ion lik e that of Unno (Fig 
2). Calamai et al. (1975) have shown t h at one has to take into 
account the anomalous dispersion effect, with the i m p o r t a nt 
consequence that the polar izat ion of the t ransmi t ted l ight can 
discard slightly (say by 10° — 20°) from the direct ion of the 
projected field vector ( the d iscrepancy d isappears in a purely 
transverse field). 

2.2. Polarization within a spectral interval including many lines. 

The result is reached very easily, in pr inc ip le, since one has only 
to add the indiv idual cont r ibut ions of every l ine. Of course, one 
must know the absorpt ion character is t ics of the lines (central 
absorpt ion coefficient and Doppler w id th) and their Zeeman 
spli t t ing pat tern ; these quant i t ies are easily available in the 
case of the solar spec t rum only. F igure 3 shows the wavelength 
variat ion derived for the Sun (Leroy, 1989). Later on, i t has 
become apparent t hat the increase of the polar izat ion towards 
the ultra-violet is reduced by the effect of b lends (Leroy, 1990). 
Similar results were derived by Saar and Huovelin (1993) for 
var ious spectral types. T he case of Ap s tar spec t ra has not been 
treated explicitly bu t, here too, the po lar izat ion i s due main ly 
to the iron and chromium spec t rum and the general t rend of 
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d i lu tes  t h e  m a g n e t i c  s ig n a l  w e  a r e  i n t e r e s t e d  i n .  S u c h  i s  n o t 

t h e  case,  a t  l e a s t  for  co o l  A p  s t a r s  ( c o l o u r  i n d e x  B-V  o f  t h e 

order  of  0.10-0.30)  :  a  g l a n c e  at  t h e  b e a u t i f u l  s p e c t r u m  of 

C r B ,  p u b l i sh e d  a  lo n g  t i m e  a g o  b y  H i l t n e r  ( 1 9 4 5 ) ,  re ve a ls  t h a t 

line  c ro w d in g  i s  s o  s e v e r e  i n  t h e  b lu e  p a r t  o f  t h e  s p e c t r u m  t h a t 

th e  role  o f  t h e  c o n t i n u u m  is  a l m o s t  n e g l ig ib le .  B u t  i t  i s  t r u e 

t h a t  for  t h e  h o t t e r  A p  s t a r s ,  w h ich  h a v e  a  le s s  r ic h  a b s o r p t i o n 

s p e c t r u m ,  t h e  b r o a d b a n d  m e t h o d  b e c o m e s  ineffect ive . 

H owever,  w e  b e l ie v e  t h a t  t h e  m a i n  d r a w b a c k s  o f  b r o a d b a n d 

m e a s u r e m e n t s  a r e  d if ferent  :  t h e  f i r s t  o n e  i s  t h a t  o n e  c a n n o t 

d is t in gu ish  t h e  m a g n e t i c  s ig n a l  f rom  a n o t h e r  b r o a d b a n d  c o n -

t r ib u t io n ,  a n d  i n  p a r t i c u l a r  f rom  t h e  p o l a r i z a t i o n  d u e  t o  t h e 

in ters te l la r  m e d i u m .  F o r  t h e  b r i g h t e r  A p  s t a r s ,  w h i c h  a r e  n o t 

far  from  t h e  S u n  (less  t h a n  5 0  p c ) ,  t h e  i n t e r s t e l l a r  p o l a r i z a t i o n 

is  of  t h e  o r d e r  of  s o m e  u n i t s  of  0.01  %  ( L e r o y ,  1993a,  1993 

b)  ;  t h e  p o l a r i z e d  s ig n a l  c o n t a i n s  a  m i n o r ,  c o n s t a n t ,  contri

b u t io n ,  in  a d d i t i o n  t o  t h a t  d u e  t o  t h e  Z e e m a n  effect,  w h ich  i s 

not  very  t r o u b l e s o m e .  B u t  f a r t h e r  s t a r s  o f  lo w  g a l a c t i c  l a t i t u d e 

are  m u ch  m o r e  c o n t a m i n a t e d  a n d  t h e i r  s t u d y  v ia  b r o a d b a n d 

p o la r im e try  i s  q u e s t i o n a b l e .  T h e  s e c o n d  diff iculty  r e s u l t s  f ro m 

th e  fact  t h a t  t h e  r e l a t i o n  b e t w e e n  t h e  f i e l d  s t r e n g t h  a n d  t h e 

p o la r iza t io n  m a g n i t u d e  c a n n o t  b e  e s t a b l i s h e d  a c c u r a t e l y  for 

a  c o m b i n a t i o n  o f  s e v e r a l  t e n s  or  h u n d r e d s  o f  l in e s .  I t  m e a n s 

t h a t  t h e  a b s o l u t e  va lu e  o f  t h e  p o l a r i z a t i o n  v a r i a t i o n s  s h o u l d 

not  b e  t a k e n  i n t o  a c c o u n t  a t  t h e  s t a g e  o f  t h e  i n t e r p r e t a t i o n . 

Finally,  it  is  t h e shape  o f  t h e Q (t)  a n d U(t)  v a r i a t i o n s ,  or  t h a t 

of  t h e Q , U  d i a g r a m ,  w h i c h  c o n t a i n s  t h e  i n f o r m a t i o n  useful  for 

m a g n e t ic  m o d e l i n g . 

In  c o n c lu s io n ,  p o l a r i m e t r y  w ith  a good  s p e c t r a l  r e s o l u t i o n , 

m e a su r in g  t h e  S t o k e s  p a r a m e t e r s  profiles  a c r o s s  well  k n o w n 

sp e c tra l  l ines  is  c e r t a i n l y  m o r e  a d v i s a b l e ,  as  well  k n o w n  by 

solar  o b se rv e rs .  In  t h e  s t e l l a r  case,  i t  i s  s t i l l  n e c e s s a r y  to  b e  s u r e 

t h a t  one  c a n  r e a c h  a  sufficiently  low  n o ise  level  b u t  i t  is  h igh ly 

p ro b a b le  t h a t  t h e  n e w  i n s t r u m e n t s  c o m i n g  n o w  i n t o  o p e r a t i o n 

will  p rov ide  m o r e  a c c u r a t e  d a t a  t h a n  b r o a d b a n d  p o l a r i m e t r y 

(which,  in  t u r n ,  i s  p r o b a b l y  t h e  b e s t  way  to  g e t  a  fast  o verv iew 

of  t h e  p h e n o m e n o n ) . 

3 .  M e a s u r i n g  t h e  t i m e - d e p e n d e n t  p o l a r i z a t i o n  o f A p 

s t a r s 

W e  have  given  a l r e a d y  s o m e  i n d i c a t i o n s  o n  t h e  m e a s u r e m e n t s 

m a d e  a t  t h e  P ic  d u  M id i  O b s e r v a t o r y ,  d u r i n g  t h e  l a s t  f i v e  y e a r s . 

T h e  p o l a r i m e t e r  " S t e r e n n " ,  w hich  w as  s e t  a t  t h e  C a s s e g r a i n 

focus  of  t h e  2 - m e t e r  t e l e s c o p e ,  is  a  d o u b l e - b e a m  p o l a r i m e t e r , 

with  a  r o t a t i n g  ha lf-w ave  p l a t e  d e s ig n e d  for  t h e  U B V  r a n g e . 

M ost  m e a s u r e m e n t s  w e re  m a d e  t h r o u g h  a  s t a n d a r d  В  f i l te r . 

However,  t h e  b r i g h t e r  s t a r s  (e.g.  C r B )  w e re  o b s e r v e d  t h r o u g h 

a  n a rro w e r  filter  ( p a s s b a n d  100  )  c e n t e r e d  at  4 2 0 0  .  A  s u i t -

able  i n t e g r a t i o n  t i m e  r e d u c e d  t h e  p h o t o n  n o i s e  d o w n  t o  t h e 

level  o f  p o l a r i z a t i o n  of  0.01  % ,  a n d  in  m a n y  c a se s  d o w n  to 

0.005%.  T h e  i n s t r u m e n t a l  p o l a r i z a t i o n ,  o f  t h e  o r d e r  o f  0 .01-

0.05  %  ,  w as  s u b t r a c t e d  w i t h  an  u n c e r t a i n t y  o f  a b o u t  0.005  % . 

A l to g e th e r ,  t h e  s t a n d a r d  d e v i a t i o n  o f  o u r  i n d i v i d u a l  m e a s u r e -

m e n t s  was  m o s t l y  in  t h e  r a n g e  0.005-0.015 %  .  T h i s  a c c u r a c y  is 

abso lute ly  n e e d e d  s i n c e  t h e  a m p l i t u d e  o f  t h e  l i n e a r  p o l a r i z a t i o n 

var ia t io n s  t o  b e  m e a s u r e d  i s  a lw ays  s m a l l e r  t h a n  0 . 1 % . 

W e  o b served  5 5  d if ferent  s t a r s  b u t  t h e  n u m b e r  o f  m e a s u r e -

m e n t s  i s  n o t  t h e  s a m e  for  e a c h  o b j e c t  b e c a u s e  i t  was  s o o n 

obvious  t h a t  s o m e  s t a r s  sh o w e d  i n t e r e s t i n g  p o l a r i z a t i o n  sig-

nals  a n d  t h a t  o t h e r  d i d  n o t .  All  o u r  d a t a  ( a b o u t  400  m e a s u r e -

m e n t s )  h ave  b e e n  p u b l i s h e d  i n  p a p e r  V ,  t o g e t h e r  w i t h  a n o t h e r 
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4 . T h e o r e t i c a l p o l a r i z a t i o n o f t h e o b l i q u e d i p o l a r 
r o t a t o r 

4.1. The canonical model 

T he f i r st a t t e m pt to compu te the l inear po lar izat ion expec ted 
for a ro ta t i ng d ipolar s tar was done by Landi Degl ' Innocenti 
et al. (1981), under very general condi t ions ( the case of t he de-
centered d ipo le was considered at once). T he resul ts d id show 
clearly the ma in character is t ic features of the so lut ions, which 
are par t icu lar ly visible wi th t he help of d iagrams d r a wn in 
the Q, U p lane. However, for t he more s imple case of the cen-
tered d ipole (or quadrupo le ), t he compu ta t i ons are much easier 
and can be per formed analyt ical ly, at least i n the case of the 
weak-field approx imat ion (when the polar izat ion d ue to m a g-
net ic intensif icat ion is p ropor t ional to t he square of the field 
modu lus). We have publ ished in paper I a set of po lar iza t ion 
d iagrams, for different values of i and , which are reproduced 
in Figures 7 and 8 (in Figure 7, magneto-op t ical effects are ne-
glected while they are taken in to account i n F igure 8). Let us 
ment ion t h at general analyt ical resul ts deal ing wi t h more com-
plex mu l t ipo lar conf igurat ions have been publ ished recent ly by 
Bagnulo et al. (1996). 

(2) (3) (4) 

4778 
108662 
152107 
165474 
188041 
201601 

11502 
12447 
15089 
15144 
34452 
89822 
96707 

108945 
112413 
124224 
125162 
140160 
148112 
148898 
176232 
196502 
206088 
220825 
223640 

9996 
12288 
14392 
18296 
32633 
37776 
90569 

110066 
111133 
125248 
126515 
130158 
133029 
134214 
137949 
153882 
215441 
219749 
224801 
335238 

T he ma in feature visible on Fig 7 is the existence of two 
types of d iagrams : the single-loops which are found in the 
lower left corner of the figure evolve as double- loops in the up-
per r ight corner. Th is character is t ic topology i s d i rect ly l inked 
to the i and values and one can hope t hat the compar ison 
of the observed d iagrams with the compu ted ones wil l give an 
unambiguous de te rmina t ion of these angles. However, one no-
tices t hat the shape of the d iagrams changes but slowly a long 
the d iagonal i = ; in other words, the l inear po lar izat ion is 

(1) 

24712 

62140 

65339 

71866 

80316 

98088 

115708 

118022 

137909 

192678 

We have noted that, presently, the measurements accuracy 
is just sufficient, and it looks careful to be sure of the reliability 
of our data. This check may be done by comparing the observa-
tions of the same star, obtained with two different instruments. 
Figure 4 compares our measurements of 53 Cam with those 
of Kemp and Wolstencroft (1974) and Figure 5 does the same 
for HD 71866 (Piirola and Tuominen (1981) data compared 
with ours). In our opinion, these comparisons prove that the 
published error bars are quite realistic and that one can make 
serious interpretation work based upon this observational material. 

100 measurements obtained previously by various a u t h o r s, and 
scattered in the l i te ra ture. Al l the observat ions have been plot-

ted accord ing to the ro ta t ional phase, which impl ies t h at the 
star period is well known. T h at was general ly the case since 
we observed many famous s tars ; however, in some ins tances, 
our polarimetry has yielded the per iod, or at least an improved 
value of the period ( remember that for a s tar observed po le on, 
wit h a magnetic axis at 90° from the ro ta t ion axis, the surface 
f ie l d and the longi tudinal f ie ld remain cons tant ; b ut t he l inear 
polar izat ion rotates at twice the s tar ro ta t ion frequency, which 
al lows to determine the per iod). 

Table 1 gathers all those s tars for which l inear po la r ime t ry 
was available at the t ime when Paper V was wr i t ten. T he four 
classes indicate : (1) those s tars which have a well de te rm ined 

polarization variation ; (2) those for which i t wil l be possible 
to reach the same s tage, after some addi t ional observat ions 
; (3) those which show l i t t l e polar ized signal, e i ther because 
the magnetic f ield i s too 'small, or because the s p e c t r um has 
few saturated metal l ic l ines ; (4) those which show a s t rong 

constant polarization, added by the interste l lar m e d i u m, which 
ser iously hampers the analysis of the signal due to the Zeeman ef fect. 

Table 1. A catalogue of Ap s tars, labeled wi th their HD num-
ber, for which some b roadband l inear po lar imet ry is avai lable 
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moderately sensit ive to the quan t i ty i + , while i t is very 
sensit ive to i — . Th is p roper ty is qui te interest ing because i t 
i s well known tha t, on the oppos i te, the circular polar izat ion 
i s mainly sensit ive to i + (Hensberge et al., 1979), so t hat 
one foresees the possibi l i ty to get really good values of i and 

by using s imul taneously the l inear and circular polar izat ion 
observat ions ; this quest ion wil l be examined later. 

T he comparison between Fig 7 and 8 shows the conse-
quences of the magneto-opt ical effects. When both i and 
are small, which means t hat the observer always sees the same 
magnet ic pole, the effect is essential ly a global ro tat ion of the 
polar izat ion d iagram (similar to t h at due to a different posi t ion 
angle of the rotat ion axis in the p lane of the sky). For larger val-
ues of i and , the observer sees a l ternat ively the two magnet ic 
poles and the magneto-opt ical ro ta t ion i s a l ternat ively direct 
and retrograde, which p roduces, eventual ly, d istorsions of the 
d iagram. In this case, the analysis i s more involved because the 
value of the magneto-opt ical effect, and thus the ex tent of the 
distorsion, depend weakly on the f ie ld modu lus. 

4.2. The medium field case 

I n the visible spec t rum, the weak field approx imat ion remains 
valid as long as the field m o d u l us is below 500 - 1000 G. On 
the other hand, i t is well known t h at the field s t rength is often 
10 t imes larger at the surface of Ap s tars so that one can ques-
tion the adequacy of the canonical model for this par t icu lar 

class of s ta rs. Th is problem has been invest igated by Bagnulo 
et al. (Paper I I I ) : as the exact value of the polar izat ion due 
to magnet ic intensif ication has been previously tabu la ted by 
Landi Degl ' Innocenti and Ca lamai (1982) (see also Ca lamai 
and Landi Degl ' Innocent i, 1983), one can compu te exact po-
lar izat ion d iagrams and compare them with those derived from 
the canonical model. 

Unexpectedly, the differences are weak, which can be ex-
plained by different factors, the main reason being the homo-
geneity of the field s t rength at the surface of a d ipolar s ta r. The 
ex t reme values of the field modu lus are only wi th in a factor of 
2, and the net polar izat ion of the in tegra ted stel lar disc is deter-
mined essential ly by the mutual cancel la t ion of the e lementary 
signals issued from regions with different f ield az imuth. Th is 
cancel lat ion process is very effective : in the canonical model, 
the net polar izat ion i s 15 t imes smal ler t han that which would 
arise from a s tar covered with l ines of force paral lel to the 
polar f ield. Th is behaviour is i l lus t ra ted in F igure 6, which 
displays the repar t i t ion of Q/I and U / I over the surface of a 
d ipolar s tar with i t s magnet ic axis in the p lane of the sky. We 
conclude that the net l inear polar izat ion of a magnet ic s tar is 
more sensit ive to the or ientat ion of the f ield lines than to the 
f iel d modu lus, which has some consequences for the following 
of this invest igat ion. 
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5 . D e t e r m i n i n g t h e c h a r a c t e r i s t i c a n g l e s i a n d 

We have seen that compar ing an observed polar izat ion dia-
gram, with the theoret ical d iagrams of Fig 8, provides a de-
termination of i and , which is a signif icant progress since 
neither the long i tud inal f ield, nor the surface field, allowed to 
disentangle these two angles. But i t has been noted also that 
i t is the jo int use of l inear and circular po lar izat ion d a ta which 
really yields accura te values for i and . Some examples have 
been given in Paper II I : since one can c o m p u te bo th the cir-
cular and the l inear polar izat ion signals which emerge from a 
dipolar s tar, a p rogram of residues min imiza t ion wil l provide 
the wanted quant i t ies. 

We have also proposed (Paper IV ) a simplified method 
which requires only the knowledge of a few synthet ic quant i t ies. 
Let r be the ra t io of the smaller e x t r e m um of the longi tudinal 
field to the larger ex t remum. r, which is a lways between -1 and 
1, has been prov ided, for many s tars, by the s tandard obser-
vational me thods, beginn ing with the Babcock work. For the 
linear polar izat ion, we define P 1 and P 2 as the powers of the 
polarized signal for the harmonics 1 and 2 of the s tar ro tat ion 
period. I t i s in terest ing to note t h at these quant i t ies depend 
neither on the abso lu te scale of the po lar iza t ion, nor on the 
average value of the Stokes pa ramete rs (which can be spoiled 
by interstellar po lar iza t ion) and tha t, moreover, they are inde-
pendent of the absolute phase of the observa t ions (only relat ive 
phases, resul t ing from the knowledge of t he s tar per iod, are 

needed). We define the quant i ty s = (1 - P 1 / P 2 ) / ( 1 + P1/P2) 
and we c o m p u te r and s for different values of i and . T he 
d iagram which is ob ta ined (Fig 9) provides a fast de te rm ina-
tion of i and as soon as r and s have been deduced from the 
circular and l inear polar izat ion measuremen ts. 

Tab le 2, first presented in Paper VI , provides a list of i 
and values for 15 s tars, according to our l inear po la r imet ry 
and to the longi tud inal f ie l d d a ta avai lable i n the l i te ra tu re (an 
es t imate of the uncer ta in t ies i s also g iven). 

6 . O b s e r v e d d i s c r e p a n c i e s w i t h r e s p e c t t o t h e d i p o l a r 
m o d e l 

Al though the dipolar model i s a very good first approx imat ion, 
i t i s well known t hat some s tars have a long i tud inal field whose 
t ime var ia t ion i s more complex t h an the sinusoid forecasted by 
this s imple model. Not iceable d iscrepancies have also appeared 
when add i t ional pa ramete rs, for ins tance the surface f ie ld, have 
become avai lable : well-known cases are t h at of C rB , well 
documen ted by Wolff and Wolff (1970), or t hat of 53 C a m, 
thoroughly invest igated by Lands t reet (1988). Much a t ten t i on 
has been paid to the research of a mode l, more involved t han 
the s imple dipole, al lowing to f i t correct ly the observat ional 
d a ta ; i t i s not the place, here, to review these a t t e m p t s, of 
which t he more famous examples are t he decentered dipole 
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(Landstreet, 1970 ; Sti f t, 1975), or a combina t ion of dipoles 

and quadrupoles (Oe tken, 1977). 

Thus, we did not expect that the ad jus tment of our mea-
surements to a d ipo lar model would be always sat isfactory. 
Actual ly, some s ta rs do show a polar izat ion d iag ram well con-
sistent with the pu re d ipole (a good example i s t h at of HD 
24712, studied in p a p er II I ; see also Fig 10) ; bu t, in many 
cases, interest ing d iscrepancies have become appa ren t, when 

a sufficient number of measurements resul ted in an accura te 
polar izat ion d iag ram. A representat ive example is t hat of 49 
Cam (= HD 62140) t h at we have invest igated in deta il (Leroy 
et al., 1994) : i t is ra ther obvious t hat the po lar izat ion d iagram 
of this s tar (F ig 11) is different from the theoret ical d iagrams 
of Fig 8. 

I n a f irst s tep, we have asked whether such pecul iar i t ies 
could arise as a consequence of abundance pa tches : the fact 
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tion curves. In some cases, we may be sure t h at the polar iza-
tion pecul iar i t ies have to be in terpre ted in te rms of magnet ic 
anomal ies : i t is the case for C r B, which presents a non-
canonical po lar izat ion d iagram (Paper I I ) , while i t s spec t rum 
i s ra ther s tab le along the star ro ta t ion. We wil l come back soon 
to this interest ing example. 

7 . A m o d i f i e d d i p o l a r m o d e l c o n s i s t e n t w i t h t h e 
o b s e r v a t i o n s 

A polar izat ion d iag ram, which depar ts from the d iagrams com-
puted for a magnet ic dipole, can probab ly be explained by 

that the abundances of several e lements can be highly differ-
ent in various regions of the a tmosphere of Ap s ta rs is well 
established ; as the polar izat ion that we measure resul ts from 
a saturation mechanism, one could fear a cross of abundance 
and magnetic s ignatures in the observed da ta. Th is quest ion 
has been adressed in Paper IV , with the conclusion t hat abun-
dance variat ions have general ly a minor effect on the polar iza-
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several non-dipolar magnet ic topologies. To compensa te this 
non-uniqueness of the solut ion, i t looks reasonable to rely on a 
maximum entropy pr inciple which, i n the present case, can be 
expressed as the condit ion to f ind a mode l, f i t t in g the observed 
data, as close as possible to the pure d ipo le. 

The next s tages of the model choice are as follows : as the 
linear polarizat ion is but weakly sensi t ive to changes of the 
field modulus (section 4.2.), we wil l t ry to explain the obser-
vations through a change of the field l ine or ienta t ions. Among 
the possible ro ta t ions of the lines of force we reject those which 
result in non-merid ional pa ths, since i t is a character is t ic of the 
dipole to have mer id ian lines of force. Final ly, we note that the 
major contr ibut ion to the net po lar izat ion comes from the re-
gions around the magnet ic equator (F ig 6), since one f inds here 
only a significant set of paral lel l ines of force. In conclusion, the 
smallest depar tu res relat ive to the d ipo le, which wil l p roduce 
the largest var iat ions in the polar izat ion d iagram, are expected 
to be found for equator ial l ines of force ro ta t ing wi th in their 
meridian plane. But, as we want t hat the condi t ion divB = 0 
remains t rue, we wil l also impose that the incl inat ion changes 
must be symmetr ical around the magne t ic equator. 

Withi n these l imi ts, we see that equator ial lines of force are 
allowed either to rise outwards, or to p lunge downwards, the 
sign and size of the incl inat ion being a funct ion of the mag-
netic longitude. T he best solut ion is found through a process 
of residues min imizat ion, after the pe r tu rba t i on has been de-
veloped into a set of spherical harmonics (up to the 3rd order). 
Needless to say that the solution which is reta ined must also 
agree with the observed d a ta on the long i tud inal f ield ; how-
ever, this addi t ional const ra int is not very severe because the 
field lines incl inat ion changes have only a weak effect on the 
integrated longi tudinal f ie ld ( the surface f ie ld d a ta are not con-
cerned by our modified model since the field modu lus is kept 
unchanged). 

Figures 12 and 13 display the solut ions obta ined for two 
stars which presented s t rong depar tu res relat ive to the dipole. 
In both cases the modif ication of the magnet ic topology is an 
expansion of the lines of force ou twards and i t is in terest ing 
to remark that this phenomenon occurs in the vicinity of the 
rotation pole. T he same t rend was sti ll found in four other 
stars (HD 65339, 71866, 98088, 118022) not p ic tured in this 
paper, and also in HD 192678 which has been studied recently, 
thanks to a four Ins t i tu tes col laborat ion (Wade et al., 1996). 

Figure 14 yields a schemat ic view of the trend emerging 
from this invest igat ion. Our sketch is valid only for those stars 
having a angle close to 90°, which represent the bulk of our 
observed da ta (small angles give rise to a nearly constant 
polarization which is hard to s tudy by our me thod ). Neverthe-
less, the fact that several s tars of our sample have expanded, 
or even open, lines of force, in the vicinity of their ro tat ion 
axis may be very signif icant. Such regions could be the site 
of stellar winds, or may be connected wi th the neighbour ing 
interstellar med ium (in cont rast with a d ipolar f ield pa t te rn 
which is essentially a closed s t ruc tu re ). 

Whil e the present invest igat ion is concerned only with the 
line of force or ientat ions, recent progress in the surface field 
measurement (see .e.g. Mathys, 1990) also makes possible the 
design of models with non-bipolar field modu lus. I t is certainly 
worthwile to combine bo th approaches and, in a prel iminary 
work of this type on C rB, we have found that the region of 
expanded lines of force seemed to be also a region of enhanced 
f ie l d s t rength. Under these par t icu lar condi t ions, i t has also 

revealed that i f the lines of force expansion is larger and larger 
at higher a l t i tudes, one can forecast some shift in the phase of 
the longi tudinal f ield max imum. Th is last f inding, i f confirmed, 
would be excit ing because i t cor responds to a cur ious obser-
vation by Wolff (1970), confirmed by Romanyuk (1986, 1987), 
namely that the longi tudinal f ie l d m a x i m um occurs later when 
the measurements are made below the Balmer j u m p, i.e. refer 
to a greater a l t i tude in the a tmosphere. .. 

8 . C o n c l u s i o n 

Al though the s tudy of t ransverse magnet ic f ields has been ne-
glected in the past, i t is obvious that future invest igat ions on 
stel lar magnet ism wil l be really sat isfactory only i f they include 
such measurements, in addi t ion to the cus tomary analysis of 
the surface and longi tudinal f ie lds. T h u s, magnet ic diagnosis 
must include some l inear po lar imetry, which is becoming eas-
ier with the recent development of Cassegrain spectrographs 
(or of f iber-fed spect rographs), well su i ted to on-axis measure-
ments. One can forecast that comple te Stokes profiles wil l be 
soon available, at least for the br ighter Ap s tars, which will 
open a new era for the de te rmina t ion of stel lar magnet ic fields 
(Piskunov and Khoklova, 1984). 

Our approach, based on b roadband l inear polar imetry, was 
less-ambit ious and suffered some shor tcomings. However, its 
s impleness has enabled to get quickly a first overview of the 
phenomena, owing to a survey bear ing on more than 50 stars. 
I t t u rns out that the character is t ic features coming out from 
these observat ions are in excellent agreement with the expecta-
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tions based on the s implest model, namely the obl ique ro ta t ing 
dipole. However, some unexpec ted t rends have emerged : the 
time variat ion of the l inear polar izat ion is weakly sensit ive to 
the field modu lus, b ut i t depends more cr i t ical ly on the angu-
lar pa t te rn of the l ines of force over the s tar surface. I t resul ts 
quite natura l ly t h at l inear po lar imet ry i s an excel lent tool to 
determine the charac ter is t ic angles i and which define the 
oblique ro ta tor ( the accuracy i s truly good when both l inear 
and circular po la r imet r ic d a ta are avai lable). 

I n some well-observed s ta rs, our measu remen ts have p ut in 
light serious d iscrepancies wi th respect to the d iag rams com-
puted for the s t a n d a rd dipole. We have invest igated sl ightly 
different magnet ic topologies, having only modi f icat ions of the 
lines of force or ienta t ion, wi th the aim to fi t correct ly the ob-
servations, with a m in imal depar tu re from t he pure d ipolar 
case. T he new feature which is needed is, in all the cases, an 
expansion of the l ines of force, above a pa rt of the magnet ic 
equator, not far from t he ro ta t ion pole ( th is geomet ry appl ies 
best to s ta rs hav ing a angle around 90°). T h is modified d ipo-
lar model, which still has to be checked by fur ther work, could 
be significant as far as the s tar evolut ion is concerned, since 
i t predicts a stel lar magne t i sm open towards the interstel lar 
medium, well different from the closed s t ruc tu re inherent to a 
dipolar conf igurat ion. 
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