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A b s t r a c t . 

This paper describes an ongoing programme aimed at obtaining and modeling high-resolution 
spectropolarimetric observations of magnetic Ap stars in all 4 Stokes parameters. The ul t imate 
goal of this effort is to produce detailed maps of the surface magnetic fields and chemical abun-
dance distr ibutions of these objects. Herein we review our instrumentation, observations, analysis 
procedures and preliminary model comparisons. We furthermore discuss new results concerning 
the impact of anomalous dispersion on spectrum synthesis for magnetic Ap stars, the potential of 
4-Stokes timeseries for constraining simple models of the magnetic field geometry and chemical 
abundance distr ibutions, and the outlook for detailed reconstructions of the surface field and 
abundance structures. 

1. Introduction 

Investigators have recently achieved considerable suc-
cess exploring the magnetic field structure of Ap and 
Bp stars using Stokes and V Zeeman spectropo-
larimetric observations (e.g. Mathys & Hubrig, 1997; 
Bagnulo & Landolfi, 1999; Landstreet &; Mathys, 
2000) as well as Stokes Q and U net broadband lin-
ear polarisation observations (e.g. Wade et al., 1996; 
Leroy et al., 1996; Bagnulo et al., 2000). These da-
ta have demonstrated the value of observations ob-
tained in multiple Stokes parameters for constraining 
the topologies of the surface magnetic fields of these 
stars. 

A t the same time, the detailed exploitation of 
these data has been limited by the approximate na-
ture of the observational diagnostics, as well as their 
often schematic or incomplete theoretical interpreta-
tion. For example, all of the commonly employed di-
agnostics ignore the effects of chemical abundance in-
homogeneities. 

The goal of this programme is to provide a more 
physically accurate and theoretically interpretable 
way to constrain the magnetic field structure and 
chemical abundance distributions of Ap stars. We ac-
complish this by taking the observation and model-
ing back to the place where the Zeeman effect occurs: 
within individual spectral lines. In this paper we de-
scribe the instrumental, observational and numerical 
solutions we have adopted and developed in order to 
obtain and model high resolution, high signal-to-noise 

* Based on observations obtained using the MuSiCoS spec-
tropolarimeter at the Pic du Midi observatory, France. 

rat io measurements of the spectral lines of magnetic 
Ap stars in all four Stokes parameters. 

2. The MuSiCoS spectropolarimeter 

The 4 Stokes parameter observations were obtained 
using the MuSiCoS (MUlti-SIt e Coord inated Spec-
troscopy) spectropolarimeter mounted on the 2 metre 
Bernard Lyot telescope at the Pic du Midi observa-
tory. 

The spectropolarimeter consists of a table-top 
echelle spectrograph (Baudrand &; Bohm, 1992) fed 
by a double optical fibre directly from a dedicated 
Cassegrain-mounted polarisation analysis unit (Do-
nati et al., 1999). In one single exposure, this appa-
ratus allows the acquisition of a stellar spectrum in a 
given polarisation state (Stokes V, Q or U) through-
out the spectral range 450 to 660 nm with a resolving 
power of about 35000. 

In Fig. 1 we show the optical layout of the polar-
isation analysis unit. In normal operation, starlight 
enters the analyser at the Cassegrain focus. The beam 
then may optionally pass through a rotatable re-
tarder (in the case of Stokes V observations) or not 
(in the case of Stokes QorU observations). The beam 
then intersects a Savart-type beamspli t ter which sep-
arates the stellar light into two beams which are re-
spectively polarised along and perpendicular to the 
instrumental reference azimuth. The analysed beams 
are then focally reduced to an aperture of f / 2 .5 for 
injection into the double 50 fibre, which t rans-
port the light to the spectrograph. The unit is com-
pact, about 30 cm high by 30 cm wide by 15 cm deep 
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i n Fig. 2, for the cool Ap star Coronae Borealis 
(Wade et al., 1999a). These represent the first high-
quality measurements of stellar spectral line Zeeman 
linear polarisation ever obtained, and confirm both 
the general weakness and complexity of Stokes Q and 
U profiles. A more extensive at las of the circular and 
linear polarisation Zeeman signatures in the spectrum 
of CrB is provided by Wade (1999). 

(excluding the calibration facilities), and is affixed di-
rectly to the TBL Cassegrain bonnet te. This arrange-
ment reduced differential mechanical deformation to 
within about 10 , and allows for accurate projec-
tion of the orthogonally polarised images onto the 
fibres. 

A complete polarimetric exposure consists of a se-
quence of 4 subexposures, between which the retarder 
(for circular polarisation Stokes V) or the instrument 
itself (for linear polarisations Stokes Q and U) is ro-
tated by ±90°. This has the effect of exchanging the 
beams within the whole instrument, and in part ic-
ular switching the positions of the two orthogonally 
polarised spectra on the CCD. This observing proce-
dure should in principle suppress all first-order spu-
rious polarisation signatures down to a level of about 
0.01% (Donati et al., 1997). The detailed optical char-
acteristics of the polarisation analyser and the spec-
tropolarimetric observing procedures are described by 
Donati et al. (1999). 

3. Observations 

We have employed the MuSiCoS spectropolarimeter 
throughout a total of 50 nights (allocated in 1997 
Feb., 1998 Feb., and 1999 Jan.) to obtain both circu-
lar and linear polarisation (i.e. 4 Stokes parameter) 
observations of 12 magnetic Ap stars. For 7 of these 
stars full rotat ional phase coverage has been achieved. 
The full list of stars for which complete Stokes obser-
vations were obtained is shown in Table 1. 

Circular polarisation Zeeman signatures are de-
tected in essentially all spectral lines of all targets 
observed, with a typical relative ampl i tude of ~ 1%. 
We furthermore detect much weaker linear polarisa-
tion Zeeman signatures in the strongest, most mag-
netically sensitive spectral lines of several of these 
objects. An example of such a detection is shown 

4. Least-squares deconvolution 

While Zeeman linear polarisation is clearly detected 
in strong, magnetically sensitive spectral lines in 
many of our highest quality spectra, i t is often only 
marginally detected in strong, sensitive lines in the 
much more common moderate S/N spectra, and is es-
sentially never detected in weaker, less sensitive lines. 
The lines in which linear polarisation is detected (for 
example FeII492.393 nm and FeII501.844 nm, both 
of multiplet 42; Fig. 2) tend to be the strongest and 
most magnetically sensitive metal lines in the visible 
spectrum. 

In order to increase the absolute S/N of our linear 
polarisation observations we exploited the informa-
tion contained in the many spectral lines in our echelle 
spectra. As is discussed by Donati et al. (1997), Least-
Squares Deconvolution (or LSD) is a cross-correlation 
procedure designed for the detection and measure-
ment of such weak polarisation signatures (of order 
~ 0.01 - 1% full ampli tude) in stellar spectra. LSD 
takes advantage of the fact, for weak magnetic fields, 
that the shapes of spectral lines (and associated polar-
isation features) are approximately the same from one 
spectral line to another. Donati et al. (1997) develop 
the procedure for extraction of Stokes V signatures 
of active late-type stars. Wade et al. (1999a) showed 
that LSD can also be used for extract ing mean linear 
polarisation Zeeman signatures, and that deconvolu-
tion procedures apply which are analogous to that 
developed by Donati et al. (1997). 

In Fig. 3 we i l lustrate the weak line, weak field 
homomorphism of which LSD takes advantage. We 
also show that this homomorphism breaks down in 
the case of strong fields. This is discussed further in 
Sect. 6.1. 

5. LSD mean Zeeman signatures 

LSD was employed to extract mean Zeeman signa-
tures from all Stokes spectra of Ap stars, as well 
as from numerous Stokes observations of sharp-lined 
standard stars. 

5 .1 . S tandard s tars 

Cool, sharp-lined nonmagnetic stars were selected as 
standards in order to diagnose spurious contributions 
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to the line polarisation due to small changes in the 
position or shape of the observed spectrum either dur-
ing or between exposures. The 4-subexposure observ-
ing procedure we employed (described by Donati et 
al., 1997) should in principle reduce all spurious sig-
natures in spectral lines down to a level of around 
0.01%. In practice, we find (as did Donati et al., 1997) 

that episodic signatures several times larger can be 
produced, although these appear only in our linear 
polarisation spectra and are thought to be associated 
wit h the rotation of the polarimeter module. 

Examples of LSD profiles of Arcturus (exhibit-
ing no spurious signatures in Stokes V down to a 
level of 0.002%, as well as detected spurious signa-
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tures with maximum full ampl i tude 0.03% in Stokes 
Q and U) are shown in Fig. 4. Because such spu-
rious signatures scale both with line sharpness and 
central depth, they are predicted to be much weaker 
for out typical Ap targets. Wade et al. (1999a) show 
that potential spurious signatures are negligible for 
all programme stars. 

5.2 . M a g n e t i c A p s tars 

The magnetic Ap stars for which 4 Stokes parameter 
observations have been obtained are listed in Table 1. 
Most of these targets were selected based on suc-
cessful detection of broadband linear polarisation by 
Leroy (1995). They are furthermore selected to have 
relatively low v s ini , and are typically quite bright, 
both criteria selected in order to improve the poten-



tial  for  detect ing  t h e  weak  linear  p o lar isa t io n  signa-

tures .  Finally,  we  have  t e n d e d  to  avoid  h o t  s ta r s  (in 

p art icu lar  H e  peculiar  s tars)  b e c a u se  of  the ir  re la-

tively  low  line  densities  a n d  therefore  t h e  lower  m ul-

tiplex  p o te n t ia l  for  L SD . 

Using  LSD ,  s ign atu res  in  all  four  Stokes  p a r a m e -

ters  are  consistently  d e te c te d  in  t h e  sp e c tra l  lines  of 

most  of  our  ta r g e t s .  T h is  h a s  allowed  us  to  follow  th e 

ro ta t ional  var ia t ion  of  th ese  profiles  for  a  n u m b e r  of 

stars. 

T h e  LSD  profile  var ia t io n s  for  t h e  slowly-rotating 

(vsini  5  k m s
- 1

,  P r o t  =  18.49  d ) ,  cool  FOp  s ta r 

C rB  are  shown  in  Fig.  5.  T h e  Stokes Q   a n d U  sig-

n a tu re s  in  t h e  sp e c tra l  lines  of  th is  s ta r  are  especially 

strong,  and  are  in  fact  d e te c te d  in  m a n y  individual 

spectral  lines  a t  m o s t  r o t a t i o n a l  p h ases .  T h e  linear 

polarisation  s ign atu res  of  C r B  are  t h e  clearest  of 

any  s tar  observed  in  th is  p r o g r a m m e .  C o rre sp o n d -

ingly,  th e  LSD  profiles  show  well-defined,  high  S/N 

signatures  which  are  observed  to  vary  clearly  t h r o u g h -

out  th e  ro ta t io n a l  cycle. 

In  Fig.  6  t h e  LSD  Stokes  profile  var ia t io n s  of  t h e 

m ore  rapid ly  r o t a t i n g (vsini ~=  14  k m s
- 1

,  P r o t  = 

5.47  d)  AOp  s ta r  C V n  a r e  show n.  N o te  t h e  clear 

Doppler  d is tort ion  of  t h e  m e a n  Stokes I  profiles  (due 

to  inhom ogeneous  d i s t r ib u t io n s  of  t h e  chemical  ele-

m ents,  in  p a r t ic u la r  F e).  T h e  var ia t io n s  of  Stokes  V , 

Q   and U  a re  weaker  a n d  m o r e  com plex  t h a n  those 

of  C rB ;  one  can  fu r th e rm o re  observe  features  prop-

agat in g  (due  to  r o t a t i o n a l  m o d u la t io n )  th ro u g h  t h e 

profiles  o b t a in e d  at  successive  r o ta t io n a l  phases. 

T h e  profiles  in  Figs.  5  a n d  б  were  e x tra c te d  using 

full  line  m a sk s ,  co n ta in in g  in form ation  a b o u t  spectra l 

lines  of  all  re levant  chem ical  e lem ents .  However,  LSD 

can  also  be  used  on  su b se ts  of  such  m a sk s  which  a r e 

res tr ic ted  to  single  chem ical  e lem ents .  Fig.  7  shows 

profiles  for  t h e  A 4p  s t a r  53  C a m  o b ta in e d  for  Fe  a n d 

Ti  su b m a sk s .  L a n d s t r e e t  (1988)  m odelled  th e  chem-

ical  a b u n d a n c e  d i s t r ib u t io n s  over  t h e  surface  of  th is 

s tar ,  a n d  found  F e  to  be  d i s t r ib u te d  essentially  h o m o -

geneously,  while  Ti  showed  a  very  s t ro n g  surface  vari-

a t io n .  T h i s  is  clearly  confirmed  by  these  profiles:  while 

t h e  Fe  Stokes I  profiles  show  relatively  little  var ia-

t ion,  t h e  Ti  profiles  vary  from  n e a r-d isa p p e a ra n c e  to 

being  s tronger  t h a n  t h e  m e a n  Fe  profile.  T h e V, Q  

a n d U  profiles  also  show  significant  variability.  T h e 

m orphology  of  t h e  Fe  V, Q   a n d U  profiles  a re  sub-

stantia l ly  different  from  those  of  Ti  ( th e  difference  in 

th e  noise  level  aside;  th is  resu lts  from  th e  relatively 

small  n u m b e r  of Ti  lines  in  t h e  s p e c t r u m  as  c o m p a re d 

to  Fe).  T h i s  is  likely  a  resu lt  of  t h e  very  different  sam -

pling  of  t h e  m a g n e t ic  fie ld  d is tr ibut ion  by  these  two 

e lem ents  d u e  to  th e ir  dissimilar  surface  d is t r ib u t io n s . 

LSD  profiles  can  also  be  m e a su re d  to  provide  m o r e 

conventional  d iagnostics  of t h e  m a g n e t ic  field,  such  as 

t h e  m e a n  lo n gitu d in a l  m agn et ic  f ie ld  an d  n et  linear 

po lar isa t ion  ( D o n a t i  et  al.,  1997;  W ade  et  al.,  1999b). 

T h e  m e a s u r e m e n ts  a re  of  very  high  precision,  a n d 
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provide a powerful test of the accuracy of the LSD 
procedure (Wade et al., 1999b). In Fig. 8 we com-
pare measurements of the longitudinal magnetic field 
of CVn extracted from LSD Fe profiles, as well as 
net linear polarisation measurements extracted from 
LSD profiles of the A2p star 78 Virginis, with previ-
ously published observations of these quantit ies. The 
agreement between the previously published measure-
ments and those obtained from LSD profiles is excel-
lent. This indicates that LSD produces profiles which 
have magnetic diagnostic value as good as or better 
than any other da ta currently available. 

6. Modeling Stokes profiles 

Modeling the line profiles of non-magnetic stars re-
quires the solution of the unpolarised transfer prob-
lem, which involves a single first-order differential 
equation. Treatment of the spectral lines of magnetic 
stars, on the other hand, requires the solution of the 
polarised transfer problem, involving a set of four 
coupled first-order differential equations, one for each 
Stokes parameter. 

Landstreet (1988) focused considerable energy de-
veloping a code to solve the polarised transfer prob-

lem in order to synthesise spectral line profiles of mag-
netic stars. Because of the cost of computing cycles at 
the time the code was writ ten, as well as because such 
effects were thought to have relatively small conse-
quences for Stokes I profiles, magneto-optical effects 

(or anomalous dispersion) were ignored in the origi-

nal polarised transfer calculation. On the other hand, 
CPU cycles are now extremely affordable, and fur-
thermore we expected magneto-optical effects to have 
very important effects on calculated Stokes Q and 
U profiles. We have therefore substantial ly modified 
Landstreet 's original line synthesis code to include 
magneto-optical effects. The resultant code (known 
as ZEEMAN2) is described in some detail by Wade et 
al. (2000). 

6 .1 . I m pa c t o f m a g n e t o - o p t i c a l effects 

To examine the impact on the Stokes profile calcu-
lations of including magneto-optical effects, we have 
performed several comparisons of profiles calculated 
both with magneto-optical effects turned off, and with 
magneto-optical effects turned on. Our initial con-
cern was the impact on Stokes Q and U profiles, and 
magneto-optical effects clearly have important conse-
quences for the inferred linear polarisation amplitude 
and orientation. However, we were surprised to note 
that these effects also have, for saturated lines, a very 
dramatic impact on Stokes I profiles as well. As is 
shown in Fig. 9, magneto-optical effects can desatu-
rate strong lines, substantial ly increasing the slope of 
the curve-of-growth, and resulting in saturated lines 
which can be much deeper than obtained ignoring 
magneto-optical effects. Such an effect may well be 
responsible for the inability of Landstreet et al. (1989) 
to reproduce the core depths of strong lines of Fe, Ti , 
Cr and Si in the spectrum of the strongly-magnetic 
star HD 215441. I t probably also affects somewhat 
the abundance distribution determined by Landstreet 
(1988) for the Ap star 53 Cam. This is quite impor-
tant, as Landstreet 's model of 53 Cam has been used 
for a number of important tests of the diffusion theory 
(e.g. Babel & Michaud, 1991). 

This remarkable desaturat ing effect on Stokes I 
profiles, as well as the important impact on Stokes 
Q and U profiles, has been verified using two other 
independent polarised spectrum synthesis codes (as 
part of a larger study by Wade et al., 2000). A sim-
ilar increase in the equivalent width of Stokes I pro-
files upon the inclusion of magneto-optical effects was 
noted by Landolfi et al. (1989). These results do 
not appear to be consistent with the statement by 
Vasilchenko et al. (1996) that magneto-optical effects 
have negligible impact on the Stokes profiles of hotter 
Ap stars. 

6.2 . M o d e l i n g L S D profiles 

Because LSD profiles are in fact calculated using the 
profiles of many individual spectral lines, it is not im-
mediately evident that i t should be possible to repro-
duce their shapes or variations using the parameters 
of any single spectral line. A simpleminded exami-



138 



139 

nation of Fig. 3 suggests that, even if such an ap-
proach may be appropr iate in the case of weak fields 
(where the LSD model seems to be apply), i t seems 
very unlikely to produce reasonable results in the case 
of strong fields (where the LSD model clearly breaks 
down). 

This is in fact exactly what was shown by Wade 
(1998) for the special case of a Zeeman triplet. Wade 
calculated synthetic spectra in the four Stokes param-
eters for specified magnetic field configurations, and 
extracted from those spectra LSD profiles which were 
subsequently fi t using a Zeeman triplet line profile 
model. Spectra were calculated for mean field moduli 

of 0.5, 2, 4, 8 and 12 kG. While the Stokes I and 
V LSD profiles were reasonably well reproduced by 
the triplet model for 4 kG, the Stokes Q and 

U LSD profiles were observed to exhibit large differ-
ences from the triplet model for field moduli as low 
as 2 kG, and more strikingly the agreement was ob-
served to degrade with increasing projected rotat ional 
velocity. 

A far more sophisticated study of the shapes of 
LSD profiles, as well as the outlook for reproducing 
them using relatively simple models, is currently un-
derway (Shorlin, 2001). 

While much of this work is still in progress, one 
conclusion that can be made at this point is that a 
simple triplet line profile model does not accurately 
reproduce the LSD profiles of Ap stars with fields 
stronger than a few kG. As this comprises most of 
the stars observed by Wade et al. (1999a), modeling 
of their Stokes profiles (at least initially ) must con-
centrate on the profiles of individual spectral lines. 

6 .3 . C o m p a r i s o n w i t h p u b l i s h e d m o d e l s 

One application of the new data is to confront the 
predictions of magnetic field models which have been 
published previously and which are based on less so-
phisticated data sets. 

Wade et al. (1999a) make such comparisons with 
models of the Ap stars CrB, 53 Cam, 49 Cam and 
HD 71866. In Fig. 10 we reproduce their results for 
53 Cam, a comparison of the observed profiles of Fe II 
492.393 nm and those prediction assuming the mag-
netic field/abundance distribution model for this star 
reported by Landstreet (1988). We first point out the 
acceptable fi t to Stokes I using Landstreet 's model 
without magneto-optical effects (fine curves), and the 
clearly improved fi t when magneto-optical effects are 
included (heavy curves). This indicates that anoma-
lous dispersion has an impor tant impact on the mor-
phology of FeII 492.393 nm. Secondly, we note that 
while the shapes of the Stokes V signatures are ap-
proximately reproduced by the model, the amplitude 
of Stokes V is consistently overestimated. Finally we 
address the most striking aspect of this compari-
son: the model substantial ly overestimates the am-
plitude of Stokes Q and U at every phase, and at 
some phases this overestimation is at least 500%. A 
similar disagreement between the observed and calcu-
lated Stokes Q and U profiles has also been encoun-
tered by Bagnulo & ; Wade (in progress) using a non-
axisymmetric multipolar model (Bagnulo et al., 1999) 
determined using various magnetic moments, as well 
as broadband linear polarisation measurements. This 
may well provide evidence that the magnetic field of 
53 Cam is substantially more complex than has pre-
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viously  b een  supposed. 

6.4 .  R e c o v e r y  o f  t h e  m a g n e t i c  f i e l d  c o n f ig u r a -

t i o n 

T h e  m o s t  excit ing  p o t e n t ia l  o f  t h e  new  sp ectro p o lar i-

m e tr ic  d a t a  is  th e ir  ability  to  c o n s t ra in new  m o d e ls 

of  t h e  m a g n e t i c  f ie ld  configurations,  as  well  as  t h e 

surface  chem ical  inhom ogeneit ies ,  of  Ap  s ta r s .  T h i s 

exp lorat ion  of  th is  p o te n t ia l  is  in  i t s  early  stages. 

To  d a t e ,  a  few  n u m e r ic a l  e x p e r im e n ts  have  b e e n 

c o n d u c te d  to  explore  t h e  p o t e n t i a l  o f t h e  new  d a t a  for 

con stra in in g m a g n e t i c a n d a b u n d a n c e m o d e ls .  For ex-

am ple,  t h e  a u t h o r  (W ade,  in  progress)  h a s  e x a m in e d 

th e  ability  o f  t h e  Z eem an  s ig n a tu re s  to  c o n s t ra in  low-

order  a x isy m m e tr ic  m u l t ip o la r  m o d els  o f  t h e  m a g -

netic  f ie ld,  ignoring  a n d  inc luding  t h e  effects  o f  a b u n -

dance  nonuniform ities .  T h e  resu l ts  o f  th e s e  te s t s  a re 

very  encouraging,  suggesting  t h a t  a  re p re se n ta t iv e  ax-

isym m etr ic  f ie ld  configuration  can  be  recovered  even 

in  th e  presence  of  s u b s t a n t ia l  n o n a x i s y m m e t r i c  fie ld 

c o n tr ib u t io n s  a n d / o r  chem ical  a b u n d a n c e  nonunifor-

m ities  as  large  as  several  dex.  In  a d d i t io n ,  recovery  of 

th e  a x i sy m m e tr ic  configuration  c a n  be  achieved  us-

ing  high  signal-to-noise  r a t i o  observat ions  o b t a i n e d 

at  fewer  t h a n  5  r o t a t i o n a l  p h ases . 

P isku n o v  ( these  proceedings)  a n d  K ochukov 

(these  proceedings)  describe  t h e  M a g n e t ic  D o p p ler 

Im agin g  tech n iqu e,  essentially  t h e  a p p l ic a t io n  of  t h e 

D oppler  Im agin g  p r o c e d u r e  to  four  S tokes  p a r a m e t e r 

observations.  T h i s  tec h n iq u e  i s  a im e d  a t  r e c o n s t r u c t-

ing  s im ultaneously  b o t h  t h e  vecto r  m a g n e t i c  f ie ld  dis-

t r ib u t io n s  a n d  t h e  chem ical  a b u n d a n c e  d i s t r ib u t io n , 

w i t h o u t  m a k in g  a n y a priori  a s s u m p t i o n s  a b o u t  t h e 

s t r u c t u r e  or  d i s t r ib u t io n  of e i th er .  T h i s  tech n iq u e  in-

volves  a  very  large  n u m b e r  of  free  p a r a m e t e r s ,  a n d 

therefore  requires  a  su b s ta n t ia l ly  larger  n u m b e r  of 

observations  in  o rd er  to  o b t a i n  a  re liable  m o d e l .  O n 

th e  o th e r  h a n d ,  t h e  r a n g e  of  possible  m o d e l  config-

u r a t io n s  is  m u ch  g re a te r  t h a n  for  a  tech n iq u e  such 

as  t h a t  described  above,  a n d  so  will  no  d o u b t  allow 

for  m u c h  b e t t e r  r e p r o d u c t i o n  of  t h e  observat ions  (al-

t h o u g h  w h e th e r  o r  n o t  t h e  r e s u l t a n t  m o d els  are  con-

g ru e n t  w ith  rea l i ty  is  always  a n o t h e r  q u e s t io n !) . 

In  a d d it io n  to  these  n u m e r ic a l  exercises,  a  few  at-

t e m p t s  have  b een  m a d e  to  a c tu a l ly  fit  t h e  new  d a t a 

using  various  m o d e ls .  T h e  a u t h o r  (W a d e ,  in  progress) 

is  in  t h e  process  of em ploying  t h e  a x i sy m m e tr ic  m o d -

eling  p ro c e d u re  described  above  to  r e p r o d u c e  t h e 

Stokes  profile  var ia t io n s  of  C o r o n a e  Borealis .  In 

Fig.  11  we  show  t h e  observed  Stokes  profile  var ia-

tions  of  Ca  I  616.2  in  t h e  s p e c t r u m  of  C r B ,  com-

p a r e d  w i th  t h e  best-fit  a x i sy m m e tr ic  m a g n e t i c  dipole 

+  linear  q u a d ru p o le  +  o c tu p o le  m o d e l  o b t a i n e d  v ia 

least-squares.  W hile  t h e  fit  to  Stokes V , Q   a n d U  is 

clearly  only  a p p r o x im a t e ,  t h e  m o d e l  does  recover  val-

ues  of t h e  inclination  г,  t h e  obliquity  ,  a n d  t h e  m e a n 

f ie ld  intensity  t h a t  a re  c o m p a r a b le  t o  th o se  re p o rte d 

by  o th er  a u th o r s  (e.g.  Leroy  et  al.,  1996;  L a n d stre e t  & 

M a th y s ,  2000;  B agn u lo  et  al.,  2000).  W hile  a  nonuni-

form  d is tr ibut ion  of  С  a  w as  also  considered  in  th is 

m odeling,  no  evidence  for  line  profile  variability  due 

to  such  nonuniform ities  w as  found  ( th e  r e s u l ta n t  uni-

form  Ca  a b u n d a n c e  was  =  - 5 . 3 ) .  Th is  is  not 

surprising:  t h e  g e o m e try  of  C r B  resu lts  in  essen-

tially  t h e  sam e  h e m isp h e re  of  t h e  s t a r  being  visible 

t h r o u g h o u t  an  en t ire  r o t a t i o n .  T h i s  geo m etry  is  illus-

t r a t e d  in  Fig.  12.  Therefore  even  if  surface  a b u n d a n c e 

nonuniform ities  do  exist  t h e y  will  p r o d u c e  litt le  or  no 

line  profile  variability.  A n o t h e r  possibility  is  t h a t  a 

nonuniform  C a  d is t r ib u t io n  m igh t  sa m p le  th e  m a g -

n etic  e q u a to r  (say),  re su l t in g  in  Stokes  profiles  w ith  a 

different  general  m o rp h o lo g y  t h a n  w ould  be  o b ta in e d 

for  a  uniform  d is t r ib u t io n .  Again,  no  evidence  for  such 

a  scenario  was  observed. 

C r B  is  well  know n  to  h ave  a  n o n -ax isym m etr ic 

m a g n e t ic f ie ld , a n d  so  an  a x i sy m m e tr ic  m o d el  such  as 

t h a t  described  above  will  only  very  a p p ro x im a te ly  de-

scribe  t h e  surface  configuration.  B agn u lo  &  W ad e  (in 

progress)  are  s tu d y in g  how  t h e  f i t  to  t h e  Stokes  p ro -

files  can  be  im proved  em ploying  a  n on -ax isym m etr ic 

m u lt ip o lar  m odel  consist ing  of  a  m a g n e t ic  dipole  + 

general  q u a d ru p o le .  P re l im in a ry  f i ts  by  least-squares 

to  a  few  (~  10)  lines  s im u ltan eo u sly  a r e  encouraging 

—  t h e  agreem en t  betw een  t h e  observed  an d  calcu-

la ted  Stokes  profiles  i s  su b s ta n t ia l ly  b e t t e r  t h a n  t h a t 

achieved  using  an  a x i sy m m e tr ic  m o d el . 

7.  O ut look 

T h e r e  cu rren t ly  exists  a  reaso n ab ly  large  collection 

of  four  Stokes  p a r a m e t e r  d a t a  su i tab le  for  m odeling. 

B ased  on  Table  2  a n d  t h e  f igures  p re se n te d  by  W a d e 

et  al.  (1999a),  t h e r e  a r e  4  s t a r s  (53  C a m ,  C r B , 

78  Vir,  C V n)  for  which  co m p le te  Stokes  d a t a  sets 

exist  for  which  t h e  observat ions  a re  of  sufficiently 

quality  t h a t  m odelin g  of  ind iv idual  sp ectra l  lines  is 

possible.  T h e r e  a re  fu r th e rm o re  t h r e e  ad d it io n a l  ob-

je c t s  (49  C a m ,  H D  32633,  H D  71866)  for  which  t h e 

observations  a r e  p r o b a b ly  of  insufficient  quality  for 

m odeling  of  indiv idual  sp e c tra l  lines,  b u t  for  which 

LSD  profiles  exist.  T h e  ex istence  of th ese  observations 

a p p e a r s  to  be  m o t iv a t in g  a  n u m b e r  of  investigations 

a im ed  at  the ir  i n t e r p r e t a t i o n ,  a n d  t h e  full  exploita-

t ion  of  these  d a t a  will  likely  t a k e  a  n u m b e r  of  years 

to  com plete . 

M eanwhile,  t h e  d eve lo p m en t  of  new  high-

resolution  s p e c t ro p o la r im e te r s  (for  e x a m p le  t h e  ES-

P a D O n S  s p e c t ro p o la r im e te r  for  t h e  C a n a d a -F ra n c e -

Hawaii  Telescope)  continues.  T h is  is  key,  as  t h e 

br ightest ,  s t ro n gest  f ie ld ,  sharpest- l ined  n o r t h e r n  A p 

s ta r s  have  a lread y  been  observed  using  t h e  M uSiC oS 

sp e c tro p o la r im e te r ,  leaving  only  t h e  m o re  challeng-

ing  objects,  m a n y  of  which  fall  o u ts id e  th e  capabil-
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ities  of  th is  i n s t r u m e n t .  N ew ,  m o r e  sensitive  in s tru -

m ents  are  required  to  c a rry  o n .  In  ad d it io n ,  while 

M uSiCoS  h a s  t h e  a d v a n t a g e  of  w ide  spectra l  cover-

age,  it  can  achieve  on ly  i n t e r m e d i a t e  ( R =  3.5  x  10
4
) 

spectra l  reso lution.  S u ch  a  reso lu t io n  corresponds  to 

ab o u t  8.5  k m s
- 1

,  allowing  less  t h a n  3  resolution  ele-

m ents  across  t h e  ro ta t io n a l ly - b ro a d e n e d  line  profile  of 

49  C am  (the  m o s t  r a p id ly  r o t a t i n g  Ap  s ta r  for  which  4 

Stokes  p a r a m e t e r  re su l t s  have  been  o b ta in e d  to  d a t e ) . 

S p ectro p o lar im eters  w i th  su b s ta n t ia l ly  higher  resolu-

tion  (1  -  2  x  10
5

)  w ould  allow  t h e  s tu d y  of  Stokes 

profiles  a n d  t h e  im a g in g  of  s te l lar  surfaces  w ith  m u ch 

greater  deta i l . 
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