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Abstract.

This pape describs an ongoirg programne aimed at obtaining and modelirg high-resolutim
spectropolarimetd observatios of magnetc Ap stars in all 4 Stokes parameters The ultimate
god of this effort is to produe detailadl maps of the surfa@ magnetc fields and chemica abun
dance distributiors of these objects Herein we review our instrumentation observationsanalyss
procedurs and preliminay modd comparisons We furthermoe discus new resuls concernimg
the impad of anomalows dispersim on spectrun synthess for magneté Ap stars the potentid of
4-Stokes timeseries for constrainig simple modek of the magnetc field geomety and chemica
abundane distributions and the outlook for detailed reconstructios of the surfae field and

abundane structures
1. Introduction

Investigatos have recenty achievel considerabd suc
ces exploring the magnetc field structue of Ap and
Bp stars using Stokes I and V Zeema spectrope
larimetric observatios (e.g Mathys & Hubrig, 1997
Bagnub & Landolfi, 1999 Landstreé¢ &; Mathys
2000 as well as Stokes Q and U net broadbad lin-
ea polarisation observatios (e.g Wade et al., 1996
Leroy et al., 1996 Bagnub et al.,, 2000) Thes da
ta hav demonstratd the value of observatios ob-
tained in multiple Stokes parametes for constraininy
the topologies of the surfae magnetc fields of thes
stars

At the same time, the detailed exploitation of
thee data has been limited by the approximaé na
ture of the observationh diagnostics as well as their
often schemati or incomplee theoretich interpreta
tion. For example all of the commony employea di-
agnostis ignore the effecs of chemica abundane in-
homogeneities

The god of this programne is to provide a more
physicaly accurae and theoreticaly interpretabé
way to constran the magnetc field structue and
chemica abundane distributiors of Ap stars We ac
complish this by taking the observatim and model
ing bad to the place where the Zeema effed occurs
within individua spectrad lines. In this pape we de
scribe the instrumental observationh and numericd
solutiors we havwe adoptel and develope in orde to
obtain and modd high resolution high signal-to-noige

* Basal on observatios obtainel using the MuSiCoS spee
tropolarimete at the Pic du Midi observatory France

ratio measuremerstof the spectrd lines of magnetc
Ap stars in all four Stokes parameters

2. The MuSiCoS spectropolarimeter

The 4 Stokes paramete observatios were obtaina
using the MuSiCoS (MUIti-Site Coordinatel Spec
troscopy spectropolarimetemounte on the 2 metre
Bernad Lyot telescoe at the Pic du Midi observa
tory.

The spectropolarimete consiss of a table-t@
echelk spectrograp (Baudram &; Bohm, 1992 fed
by a double opticd fibre directly from a dedicatel
Cassegrain-mounte polarisatimm analyss unit (Do-
nati et al., 1999) In one single exposure this appa
ratus allows the acquisition of a stellar spectrun in a
given polarisation stae (Stokes V, Q or U) through
out the spectra range 450 to 660 nm with aresolvirg
power of abou 35000

In Fig. 1 we showv the opticd layout of the polar
isation analyss unit. In normd operation starlight
enters the analyse at the Cassegrai focus The bean
then may optionally pas throudh a rotatabk A/4 re-
tarde (in the ca® of Stokes V observationp or not
(in the case of Stokes QorU observations)The bean
then intersecs a Savart-tyg beamsplitte which sep
arates the stellar light into two beans which are re-
spectivey polarisel along and perpendicula to the
instrumenté referene azimuth The analyse beans
are then focally reducel to an apertue of f/2.5 for
injection into the double 50 umiibre, which trans
port the light to the spectrograph The unit is com
pact, abou 30 cm high by 30 cm wide by 15 cm deg
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Figure 1: Optical layout of the MuSiCoS polarisation
enalysis unit (edapted from Donati et ol., 1599).

(excluding the calibration facilities), and is affixed di-
rectly to the TBL Cassegrai bonnette This arrange
ment reducel differentid mechanich deformatio to
within abou 10 um, and allows for accurae projec
tion of the orthogonaly polarisa images onto the
fibres.

A complet polarimetric exposue consiss of a se
quene of 4 subexposuresbetwea which the retarde
(for circular polarisation Stokes V) or the instrumen
itseff (for linear polarisatiors Stokes Q and U) is ro-
tated by £90°. This has the effed of exchangig the
beans within the whole instrument and in partic-
ular switching the positiors of the two orthogonaly
polarisel specta on the CCD. This observirg proce
dure should in principle suppres all first-order spu
rious polarisation signatures down to alevd of abou
0.01% (Donai et al., 1997) The detailal opticd char
acteristic of the polarisatiom analyse and the spee
tropolarimetrc observirg procedure are describe by
Donai et al. (1999)

3. Observations

We have employa the MuSiCoS spectropolarimete
throughou a total of 50 nights (allocatel in 1997
Feb, 1998 Feb, and 199 Jan) to obtain both circu-
lar and linear polarisation (i.e. 4 Stokes parametey
observatios of 12 magnetc Ap stars For 7 of these
stars full rotationd pha® covera@ has been achieved
The full list of stars for which complet Stokes obser
vations were obtaine is shown in Table 1.

Circular polarisatim Zeema signatures are de
tected in essentialy all spectrd lines of all targes
observed with a typica relative amplitude of ~ 1%.
We furthermoe deted¢ much weake linea polarisa
tion Zeema signaturs in the strongest mos mag
netically sensitie spectrd lines of severd of thes
objects An exampk of such a detectimm is shown
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in Fig. 2, for the cod Ap star # Corona® Boreals
(Wade et al.,, 1999a) The= represenh the first high-
quality measuremerstof stella spectrd line Zeema
linear polarisatiom eve obtained and confirm both
the generd weaknes and complexity of Stokes Q and
U profiles. A more extensie atlas of the circular and
linear polarisation Zeeman signature in the spectrun
of # CrB is provided by Wade (1999)

4, Least-squares deconvolution

While Zeema linear polarisatio is clearly detectel
in strong magneticaly sensitive spectrd lines in
many of our higheg quality spectra it is often only
marginally detect@ in strong sensitiwe lines in the
much more comma moderaé S/N spectra and is es
sentially never detectd in weaker less sensitiwe lines
The lines in which linear polarisatio is detecte (for
exampk Fell492.38 nm and Fell501.84 nm, both
of multiplet 42; Fig. 2) tend to be the stronges and
most magneticaly sensitive metd lines in the visible
spectrum

In order to increa® the absolue S/N of our linear
polarisation observatios we exploited the informa
tion containel in the many spectra lines in our echelk
spectra Asis discussd by Donai et al. (1997) Least
Square Deconvolution (or LSD) is across-correlatin
procedue designe for the detectiom and measure
ment of sudh wea polarisatiomm signature (of order
~ 0.01 - 1% full amplitudg in stella spectra LSD
takes advantag of the fact, for wea&k magnete fields,
that the shapes of spectré lines (and associatd polar
isation feature$ are approximatey the sane from one
spectra line to another Donaf et al. (1997 develp
the procedue for extraction of Stokes V signature
of active late-type stars Wade et al. (19993 showel
that LSD can also be usdal for extractirg mean linear
polarisatim Zeema signhatures and that deconvolu
tion procedure apply which are analogos to that
develope@ by Donat et al. (1997)

In Fig. 3 we illustrate the we& line, we& field
homomorphisn of which LSD takes advantage We
also showv that this homomorphisn breals down in
the ca® of strorng fields. This is discussd further in
Sect 6.1

5. LSD mean Zeeman signatures

LSD was employal to extrad mean Zeema signa
tures from all Stokes spectm of Ap stars as well
as from numerows Stokes observatios of sharp-linel
standad stars

5.1. Standard stars

Cool, sharp-linel nonmagnet stars were selecte as
standard in order to diagno® spuriows contributiors
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Table 1: Maognetic Ap stars with MuSiCoS observations in all { Stokes parameters {adapted from Wade et al,

1999a).
Object HD number my Spectral type Period # Obs.
(days)
Magnetic Ap/Bp stars
With complete or partial phase coverage
HD 24712 24712 6.0 A9p SrEuCr 1244572 4
HD 32633 32633 7.1 B9p SiCr 6.443000 13
49 Cam 62140 6.5 A9p SrEu 4428679 14
53 Cam 65339 6.0 A2p SrEuCr  8.402681 10
HD 71866 71866 6.8 A2p EuSr 6.480022 10
HD 98088 98088 6.2 AlpSr 5.4905130 3
a® CVn 112413 2.9 A0p SiEuHg 5446939 18
78 Vir 118022 49 Alp SrCrEu 347220 18
g CrB 137909 3.7 A9 SrCrEu 18.44868 17
With single observations
HD 81009 81009 6.5 A5opCrSeSi 33.4084 1
Preston's star 126515 7.1 A2p CrSr 129495 1
HD 153882 153882 6.3 Alp CrEu 6.400890 1
FREE J19r E
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Figure 2: Stokes I, V, Q and U profiles of # CrB observed for Fen {92.393 nm and Fenl 501.844 nm on 09
Feb, 1998 (phose 0.64). The agreement of the overlapping échelle orders, along with the reproduction of similar
signatures in both lines and LSD profiles, shows clearly that linear polarisation profiles are detected.

to the line polarisation due to smal changs in the
position or shape of the observel spectrum eithe dur-
ing or betwea exposures The 4-subexposug observ
ing procedue we employa (describel by Donai et
al., 1997 shoul in principle reduce all spuriows sig-
natures in spectrd lines down to a levd of arourd
0.01% In practice we find (as did Donat et al., 1997

that episodt signaturs severd times larger can be
produced althouch thes appea only in our linear
polarisation specta and are though to be associatd
with the rotation of the polarimete module

Examples of LSD profiles of Arcturus (exhibit
ing no spuriows signaturs in Stokes V down to a
level of 0.002% as well as detect@ spuriows signa
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Figure 3: Left frame — I{ustrative Stokes I and V profiles for absorption lines of various strengths (characterised
by the depth d) and magnetic sensitivities (characterised by the Landé factor z), calculated assuming o weak
magnetic field (300 G). All Stokes V profiles have been normalised according to the product d - z, and are
virtually identical. This homomorphism is the basis of LSD. Right frame — The seme profiles for the case of a
strong magnetic field (3000 G). Clearly profile homomorphism breaks down in this case. This will be discussed

further in Sect. 6.1.

LSD profiles of Arcturus, 1998 Feb. 03
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Figure 4: Left - LSD Stokes I and V profiles of the non-magnetic standard star Arcturus. Note that no
spurious signatures are detected (down to a relative level of 0.002%). Right — L5D Stokes ( and U signatures
of Arcturus. Note the presence of week (relative full amplitudes of ~ 0.03%) spurious signatures. The Stokes
V,@Q and U profiles have been ezpanded and shifted for display purposes.

tures with maximum full amplitude 0.03% in Stokes
Q and U) are shown in Fig. 4. Becaug such spu
rious signatures scak both with line sharpnes and
centrd depth they are predictal to be much weake
for out typical Ap targets Wade et al. (19999 shov
that potentid spuriows sighatures are negligible for
all programne stars

5.2. Magnetic Ap stars

The magnetc Ap stars for which 4 Stokes paramete
observatios havwe been obtainea are listed in Table 1.
Most of thes targets were selectel base& on suc
cessfll detection of broadbau linear polarisation by
Leroy (1995) They are furthermoe selecte to hawe
relatively low v sini, and are typically quite bright,
both criteria selectel in order to improve the poten



136

E

0.020

1.60

0.074
0.129
0183

080

0.252
0371

.480

i
7

-D.005

0536

0,60

D.644
0693

0.752

040

0.848
859

0910

}
iiciliifli

%

0.20

0.827
0.96€

0,015

:

-3 0 40
Vetocity (km/s}

-40 & 40
Veloaty (kmis)

~40 Q@

4

Veloaly firrus)

~40 ¢ 4«
Valoaly [larv's)

Figure 5: Variation of Stokes I, Q, U and V LSD profiles of 8 CrB. Rotational phases are shown at left.

tial for detecting the weak linear polarisation signa-
tures. Finally, we have tended to avoid hot stars (in
particular He peculiar stars) because of their rela-
tively low line densities and therefore the lower mul-
tiplex potential for LSD.

Using LSD, signatures in all four Stokes parame-
ters are consistently detected in the spectral lines of
most of our targets. This has allowed us to follow the
rotational variation of these profiles for a number of
stars.

The LSD profile variations for the slowly-rotating
(vsini 55 kms—l, Prot = 18.49 d), cool FOp star
B CrB are shown in Fig. 5. The Stokes Q@ and U sig-
natures in the spectral lines of this star are especially
strong, and are in fact detected in many individual
spectral lines at most rotational phases. The linear
polarisation signatures ofﬁ CrB are the clearest of
any star observed in this programme. Correspond-
ingly, the LSD profiles show well-defined, high S/N
signatures which are observed to vary clearly through-
out the rotational cycle.

In Fig. 6 the LSD Stokes profile variations of the
more rapidly rotating (vsini ~= 14 kms_l Prot =
5.47 d) AOp star a® CVn are shown. Note the clear
Doppler distortion of the mean Stokes 7 profiles (due
to inhomogeneous distributions of the chemical ele-
ments, in particular Fe). The variations of Stokes V,
Q and U are weaker and more complex than those
of;6 CrB; one can furthermore observe features prop-

agating (due to rotational modulation) through the
profiles obtained at successive rotational phases.

The profiles in Figs. 5 and 6 were extracted using
full line masks, containing information about spectral
lines of all relevant chemical elements. However, LSD
can also be used on subsets of such masks which are
restricted to single chemical elements. Fig. 7 shows
profiles for the A4p star 53 Cam obtained for Fe and
Ti submasks. Landstreet (1988) modelled the chem-
ical abundance distributions over the surface of this
star, and found Fe to be distributed essentially homo-
geneously, while Ti showed a very strong surface vari-
ation. This is clearly confirmed by these profiles: while
the Fe Stokes [ profiles show relatively little varia-
tion, the Ti profiles vary from near-disappearance to
being stronger than the mean Fe profile. The V, Q
and U profiles also show significant variability. The
morphology of the Fe V,Q and U profiles are sub-
stantially different from those of Ti (the difference in
the noise level aside; this results from the relatively
small number of Ti lines in the spectrum as compared
to Fe). This is likely a result of the very different sam-
pling of the magnetic field distribution by these two
elements due to their dissimilar surface distributions.

LSD profiles can also be measured to provide more
conventional diagnostics of the magnetic field, such as
the mean longitudinal magnetic field and net linear
polarisation (Donati et al., 1997; Wade et al., 1999b).

The measurements are of very high precision, and
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Figure 9: Comparison of Feil 492.3 nm Stokes I, Q,
U and V profiles computed with (heavy lines) and
without (fine lines) the effects of anomalous disper-
sion.

provide a powerfu tes of the accurag of the LSD
procedue (Wade et al., 1999b) In Fig. 8 we com
pare measuremerstof the longitudind magnetc field
ofa® CVn extractel from LSD Fe profiles as well as
ne linear polarisatiom measuremerstextracte from
LSD profiles of the A2p star 78 Virginis, with previ-
ously publisha observatios of these quantities The
agreemehbetweam the previousy publisha measure
mens and those obtainal from LSD profiles is excel
lent This indicates that LSD produces profiles which
have magnett diagnostc value as good as or bette
than any other data currently available

6. Modeling Stokes profiles

Modeling the line profiles of non-magneti stars re-
quires the solution of the unpolariseé transfe prob-
lem which involves a single first-orde differentid
equation Treatmen of the spectra lines of magnete
stars on the othe hand requires the solution of the
polarisel transfe problem involving a se of four
coupld first-orde differentid equations one for eat
Stokes parameter
Landstree¢ (1988 focusel considerale¢ enery de
veloping a code to solve the polarisa transfe prob-
lemin order to synthesie spectré line profiles of mag
netic stars Becaug of the cog of computirg cycles at
the time the code was written, as well as becaus suc
effecs were though to hawe relatively smal conse
quence for Stokes | profiles magneto-optich effecs
(or anomalos dispersion were ignored in the origi-
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nal polarisel transfe calculation On the other hand
CPU cycles are now extremeYy affordable and fur-
thermore we expectel magneto-opticheffecs to hawe
very importarnt effecs on calculatel Stokes Q and
U profiles We hawe therefoe substantialy modified
Landstreets origind line synthes$ code to include
magneto-optich effects The resultan code (known
as ZEEMANZ2) is describel in some detal by Wade et
al. (2000)

6.1. Impact of magneto-optical effects

To examire the impad on the Stokes profile calcu
lations of including magneto-optich effects we hawe
performa severd comparisos of profiles calculate
both with magneto-opticheffects turned off, and with
magneto-optich effecs turned on. Our initial con
cem was the impad on Stokes Q and U profiles and
magneto-opticheffecs clearly have importart conse
quencs for the inferred linear polarisatiomm amplitude
and orientation However we were surprise to note
that thee effecs also have for saturate lines, avery
dramatc impad on Stokes | profiles as well. As is
shown in Fig. 9, magneto-opticheffecs can desatu
rate strorg lines, substantialy increasin the slope of
the curve-of-growth and resulting in saturate lines
which can be much deepe than obtainal ignoring
magneto-optich effects Such an effed may wel be
responsibé for the inability of Landstre¢ et al. (1989
to reprodue the core depths of strorng lines of Fe Ti,
Cr and Si in the spectrun of the strongly-magnet
star HD 215441 It probaby also affecs somewha
the abundane distribution determine by Landstreé
(1988 for the Ap sta 53 Cam This is quite impor-
tant, as Landstrees modd of 53 Cam has been usd
for anumbe of importarn test of the diffusion theory
(e.g Babd & Michaud 1991)

This remarkabé desaturatig effed on Stokes |
profiles, as well as the importart impad on Stokes
Q and U profiles has been verified using two other
independeh polarisel spectrun synthess codes (as
part of a large study by Wade et al.,, 2000) A sim-
ilar increae in the equivalen width of Stokes | pro-
files upon the inclusion of magneto-opticheffecks was
noted by Landolfi et al. (1989) Thes resuls do
not appea to be consistenh with the statemen by
Vasilchenlo et al. (1996 that magneto-opticheffecs
have negligible impad on the Stokes profiles of hotter
Ap stars

6.2. Modeling LSD profiles

Becaug LSD profiles are in fact calculatel using the
profiles of marny individua spectra lines, it is not im-
mediatey evidernt that it should be possibk to repro
duce their shaps or variatiors using the parametes
of any single spectra line. A simpleminde examt
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Figure 6: Variation of Stokes I, @, U and V LSD profiles of o® CVn. Rotational phases are shoun at left.

Figure 7: Comparison of Fe and Ti Stokes I, Q, U and V LSD profiles of 53 Cam. Rotational phases
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Figure 8: Left frame —~ comparison of mean longitudinal magnetic field measurements By obtained from Fe LSD
profiles of a® CVn (open circles} and those reported by Landstreet (1982) from observations within a single
Fell line {asterisks). Right frame — comparison of scaled net linear polarisation megsurements obtained from
LSD profiles of 78 Vir (filled circles) and the broadband linear polarisation measurements by Leroy (1995)

(open squares).

nation of Fig. 3 suggess that even if such an ap
proach may be appropriaé in the cae of we& fields
(where the LSD modd seens to be apply), it seens
very unlikely to produe reasonald resuls in the case
of strong fields (where the LSD modd clearly breals
down).

This is in fact exacty what was shown by Wade
(1999 for the specid cas of a Zeema triplet. Wade
calculatel synthett spectain the four Stokes param
eters for specifiad magnetc field configurations and
extractal from those specta LSD profiles which were
subsequenyl fit using a Zeema triplet line profile
model Specta were calculate for mean field moduli
(H) of 0.5, 2, 4, 8 and 12 kG. While the Stokes | and
V LSD profiles were reasonabl well reproduce by
the triplet modd for {H) < 4 kG, the Stokes Q and
U LSD profiles were observel to exhibit large differ-
ences from the triplet modd for field modul as low
as 2 kG, and more strikingly the agreemen was ob-
servel to degrade with increasim projecta rotationd
velocity.

A far more sophisticatd study of the shape of
LSD profiles as well as the outlook for reproduciny
them using relatively simple models is currenty un-
derway (Shorlin, 2001)

While much of this work is still in progress one
conclusio that can be made at this point is that a
simple triplet line profile modd does not accuratey
reprodue the LSD profiles of Ap starss with fields
stronge than a few kG. As this compriss mog of
the stars observel by Wade et al. (1999a) modeling
of their Stokes profiles (at leag initially) mug con
centrat on the profiles of individual spectré lines

6.3. Comparison with published models

One application of the new data
predictiors of magnete field modek which have been
published previously and which are based on
phisticatel data sets

Wade et al. (19999 make such comparisos with
modek of the Ap stars 3 CrB, 53 Cam, 49 Cam and
HD 71866 In Fig. 10 we reprodue their resuls for
53 Cam, a comparism of the observe profiles of Fe Il
492.38 nm and those prediction assumig the mag
netic field/abundane distribution modd for this star
reported by Landstreé (1988) We first point out the
acceptabe fit to Stokes | using Landstree8 modd
without magneto-opticheffecs (fine curves) and the
clearly improved fit when magneto-opticheffects are
included (heaw curves) This indicates that anoma
lous dispersim has an importan impad on the mor-
phology of Fell 492.38 nm. Secondly we note that
while the shape of the Stokes V signature are ap
proximately reproduce by the model the amplitude
of Stokes V is consistenty overestimated Finally we
addres the mog striking aspet of this compari
son the modd substantialy overestimate the am
plitude of Stokes Q and U at every phase, and at
some phase this overestimatio is at leag 500% A
similar disagreemenbetwee the observel and calcu
lated Stokes Q and U profiles has also been encoun
tered by Bagnub &; Wade (in progres$ using a non
axisymmetrtc multipolar modd (Bagnub et al., 1999
determinel using various magnetc moments as well
as broadbad linear polarisatioyt measurementsThis
may well provide evidene that the magnetc field of
53 Cam is substantiay more complex than has pre-

is to confront the

less so-
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Figure 10: Comparison of observed Fent 492.3 nm Stokes I, , U and V profiles of 53 Cam with the predictions
of the model by Landstreet (1988).
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viously been supposed.

6.4. Recovery ofthe magnetic field configura-
tion

The most exciting potential of the new spectropolari-
metric data is their ability to constrain new models
of the magnetic field configurations, as well as the
surface chemical inhomogeneities, of Ap stars. This
exploration of this potential is in its early stages.

To date, a few numerical experiments have been
conducted to explore the potential ofthe new data for
constraining magnetic and abundance models. For ex-
ample, the author (Wade, in progress) has examined
the ability of the Zeeman signatures to constrain low-
order axisymmetric multipolar models of the mag-
netic field, ignoring and including the effects of abun-
dance nonuniformities. The results of these tests are
very encouraging, suggesting that a representative ax-
isymmetric field configuration can be recovered even
in the presence of substantial nonaxisymmetric field
contributions and/or chemical abundance nonunifor-
mities as large as several dex. In addition, recovery of
the axisymmetric configuration can be achieved us-
ing high signal-to-noise ratio observations obtained
at fewer than 5 rotational phases.

(these proceedings) and Kochukov
(these proceedings) describe the Magnetic Doppler

Piskunov

Imaging technique, essentially the application of the
Doppler Imaging procedure to four Stokes parameter
observations. This technique is aimed at reconstruct-
ing simultaneously both the vector magnetic field dis-
tributions and the chemical abundance distribution,
without making any a priori assumptions about the
structure or distribution of either. This technique in-
volves a very large number of free parameters, and
therefore requires a substantially larger number of
observations in order to obtain a reliable model. On
the other hand, the range of possible model config-
urations is much greater than for a technique such
as that described above, and so will no doubt allow
for much better reproduction of the observations (al-
though whether or not the resultant models are con-
gruent with reality is always another question!).

In addition to these numerical exercises, a few at-
tempts have been made to actually fit the new data
using various models. The author (Wade, in progress)
is in the process of employing the axisymmetric mod-
eling procedure described above to reproduce the
Stokes profile variations of # Coronae Borealis. In
Fig. 11
tions of Ca I 616.2 in the spectrum of # CrB, com-
pared with the best-fit axisymmetric magnetic dipole
+ linear quadrupole + octupole model obtained via
least-squares. While the fit to Stokes V, Q and U is
clearly only approximate, the model does recover val-
ues of the inclination r, the obliquity 4, and the mean

we show the observed Stokes profile varia-
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field intensity that are comparable to those reported
by other authors (e.g. Leroy et al., 1996; Landstreet &
Mathys, 2000; Bagnulo et al., 2000). While a nonuni-
form distribution of C a was also considered in this
modeling, no evidence for line profile variability due
to such nonuniformities was found (the resultant uni-
-5.3). This is not
surprising: the geometry ofﬁ CrB results in essen-

form Ca abundance was €gq =

tially the same hemisphere of the star being visible
throughout an entire rotation. This geometry is illus-
trated in Fig. 12. Therefore even if surface abundance
nonuniformities do exist they will produce little or no
line profile variability. Another possibility is that a
nonuniform Ca distribution might sample the mag-
netic equator (say), resulting in Stokes profiles with a
different general morphology than would be obtained
for a uniform distribution. Again, no evidence for such
a scenario was observed.

B CrB is well known to have a non-axisymmetric
magnetic field, and so an axisymmetric model such as
that described above will only very approximately de-
scribe the surface configuration. Bagnulo & Wade (in
progress) are studying how the fit to the Stokes pro-
files can be improved employing a non-axisymmetric
multipolar model consisting of a magnetic dipole +
general quadrupole. Preliminary fits by least-squares
to a few (~ 10) lines simultaneously are encouraging
— the agreement between the observed and calcu-
lated Stokes profiles is substantially better than that
achieved using an axisymmetric model.

7. Outlook

There currently exists a reasonably large collection
of four Stokes parameter data suitable for modeling.
Based on Table 2 and the figures presented by Wade
et al. (1999a), there are 4 stars (53 Cam, 8 crB,
78 Vir, a? CVn) for which complete Stokes data sets
exist for which the observations are of sufficiently
quality that modeling of individual spectral lines is
possible. There are furthermore three additional ob-
jects (49 Cam, HD 32633, HD 71866) for which the
observations are probably of insufficient quality for
modeling of individual spectral lines, but for which
LSD profiles exist. The existence of these observations
appears to be motivating a number of investigations
aimed at their interpretation, and the full exploita-
tion of these data will likely take a number of years
to complete.
Meanwhile, the development of new high-
resolution spectropolarimeters (for example the ES-
PaDOnS spectropolarimeter for the Canada-France-
as the

Hawaii Telescope) continues.

brightest, strongest field, sharpest-lined northern Ap

This is key,

stars have already been observed using the MuSiCoS
spectropolarimeter, leaving only the more challeng-
ing objects, many of which fall outside the capabil-
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Figure 12: Surface magnetic field intensity distribution of 3 CrB corresponding to the agisymmetric model
described in the tert and in Fig. 11. Individual frames show the field distribution at successive rotational
phases, incressing from left to right and top to bottom. The latitude-longitude grid at lower right illustrates the
unfavourable geometry of 3 CrB, viewed nearly at the rotational pole.

ities of this instrument. New, more sensitive instru-
ments are required to carry on. In addition, while
MuSiCoS has the advantage of wide spectral cover-
age, it can achieve only intermediate (R= 3.5 x 104)
spectral resolution. Such a resolution corresponds to
about 8.5 kms_l, allowing less than 3 resolution ele-
ments across the rotationally-broadened line profile of
49 Cam (the most rapidly rotating Ap star for which 4
Stokes parameter results have been obtained to date).
Spectropolarimeters with substantially higher resolu-
tion (1 - 2 x 105) would allow the study of Stokes
profiles and the imaging of stellar surfaces with much
greater detail.
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