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1. Introduction

| hawe bee invited by losif Romanyk to give an
openirg talk on the rathe genera topic of what we
hawe learnal abou magnete fields in stars during the
preseh century and what particula challenge and
problens we may want to work on in the coming one
In othe words my topic is "where hawe we been
and where are we going?" Becaue this is not really
a normd scientific paper | will take the liberty of
treating it rathe informally.

Let me start by sayirg that | am honourel to hawe
been invited to give this introductory lecture at the
lag meetirg devota to stella magnete fields of the
20th century It is also a greda pleasue to see her
a large numbe of friends and colleagus who shae
my interess in this subject And last — but not leag
— | shoul mention that | am extremey impressd
with the obvious high leve of scientific activity and
achievemenhere at the Specid Astrophysicé Obser
vatory, which is all the more remarkabé considerimg
the very difficult situation in Russa today. It is clea
that this meetirg will be scientificaly very produc
tive, and | am delightel to be here

I would like to stat my talk by reviewing in a
vely generd way sone of the main discoveries and de-
velopmens in the field of stella magnetisn (mostly
in fossl magnetism since that is the main focus of
the meeting that hawe occurral during this century
From this survey we can gain a sen® of just how
much our predecessarand we hawe actualy accom
plished — and it is a rathe impressiwe inventory. |
nex warnt to look briefly at some of the main area of
activity today — thes are the topics that will be the
main area of discussio at this meetig — and then
finally se¢ out some significart goak for us to achieve
ard problemns for us to solve in the next century

2. Important discoveries and develop
ments in this century

Jug to confue the issue | would like to start the
20th centuy off a little early, becaus two particu
lar discoveris of gred importane to this meetirg
missel being in our centuy by a few years Perhap
we can conside them to be "honorary 20th centuy
discoveries becaus they have been so centrd to our

e The first white dwarf was discovere by the
American telescoe make Alvan Clark in 1862 when
he observe Sirius to teg the quality of one of his
telescoe lenses and sav for the first time the very
faint light of Bessek "dark star", almog invisible in
the glare of the brilliant primary star

* One of the first grea spectr& classifiers An-
tonia Maury, reportel the discovey of spectral pecu-
liarity in the specta of a numbe of bright middle
main sequene stars in the Harvard Annals for 1897
Among the peculia stars she noticed are a numbe
that hawe since been intensey studied by many of us.
Her list included o” CVn, # CrB, # Aur, ¢ UMa,
v Ari, and ¢ Dra amorg the magnetc Ap's, as well
as the HgMn Ap stars « And and i Lep.

Thes two discoveries of the two main types of
stars which are the principd focus of this meeting se
the stage for the importarnt discoveris and advancs
of the presem century Severd more bastc discoveries
followed som after

* In 1906 Hans Ludendorff at Potsdam re-
ported that some of the spectrd lines in the peculia
star o> CVn vary in intensity.

« The very first stella magnetc field was dis-
coveral in 1908 Georg Ellery Hale, using the new
20-m sola tower at Mount Wilson, discovere that
spectra lines in sunspos are split and polarized by
the Zeeman effect which had been observe in the
laboratoy only a decae earlie by Piete Zeeman
Although this discovey is fundamenth to all of sola
activity, we are still far from having worked out mary
of its consequences

*« In 1913 Aristarkh Belopol'ski at Pulkowo
made an extremey importart discovery He showel
that the Eu Il line at 4129 A in «® CVn varies pe-
riodically in intensity, with a period of 55 days He
also suggestedas a possibe explanatio of this phe
nomenon the idea that the sta is surrounde by
some kind of cloud or ring with a condensatio in
one area — a clea forerunne of the oblique rota
tor model The following year, Paud Guthnik and
Richard Prage of Berlin reportel the smal light vari-
ations of the sane sta using the newly develope
photoelectre cell.
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During the following four decades, much was
learned about the nature of stars, both on the main
sequence and as white dwarfs. In solar physics, the
study of the Sun's magnetism opened whole new ar-
eas of research. Spectrum variability was observed in
a number of peculiar A stars (for example in CS Vir
and 73 Dra by W. W. Morgan during the 1930's).
But the next major steps in the study of magnetism
in other stars were only taken after the end of the

Second World War.

* In 1945, Thomas Cowling, of the University of
Leeds, discovered that a stellar magnetic field, once
established in a star, would decay so slowly (due to
the high electrical conductivity and huge size of the
star) that any contemporary field could be the rem-
nant of one established in the star billions of years
earlier. He thus initiated the idea of "fossil" magnetic
fields, one of the central theoretical ideas about stellar
magnetism, before magnetism had even been discov-
ered in any other star than the Sun.

« The following year, Horace Babcock, using the
high dispersion spectrograph of the 2.5-m telescope
at Mount Wilson with a polarization analyzer, ob-
served Zeeman splitting in the spectral lines of the
Ap star 78 Vir. He quickly followed this discovery with
the detection of magnetic fields in a number of other
Ap stars, including ¥ Equ, o’ CVn, CSVir, [ACrB,
HD 10783, HD 153882, and HD 188041. By 1950 he
was able to report that the observed longitudinal
component of the field of CSVir varies periodically
with the same period already determined for the spec-
trum variability of this star by Armin Deutsch at
Mount Wilson.

« By
interpreted by theorists with models ranging from

1950, Babcock's observations were being

magnetic oscillations and waves to giant sunspots.
Among the proposals was the oblique dipole rota-
tor model, developed independently by British as-
tronomer D. W. N. Stibbs and by Babcock (although
it took some years before Babcock fully accepted this
model). This idea has become the fundamental phe-
nomenological model underlying almost all work on
the magnetic field structure of magnetic Ap stars and
magnetic white dwarfs.

* A major new field of stellar magnetism opened
in 1967 with the discovery of pulsars by Jocelyn Bell
and Anthony Hewish of Cambridge University. These
bizarre radio sources turned out to be neutron stars
with magnetic fields of order 1012 G; the Cambridge
radio astronomers' discoveries were the forerunner of
some hundreds of pulsars now known.

*+ In 1970, a magnetic field of strength interme_
diate between the 103 G of main sequence stars and
the 1012 G fields of neutron stars was detected in the
white dwarf Grw +70° 8247 by James Kemp, John
Swedlund, Roger Angel and me. This discovery has

now led to the detection of megagauss (or larger!)
fields in some 50 white dwarfs.

* Also in 1970 Georges Michaud proposed what
has turned out to be the principal sorting mechanism
that leads to the abundance peculiarities on magnetic
Ap stars. Michaud showed that the competition be-
tween gravitational settling and radiative levitation
of trace heavy elements in a reasonably stable stellar
envelope could lead to abundance anomalies qualita-
tively like those observed in many of the peculiar stars
of the middle main sequence.

« Another major breakthrough in our ability to
explore the magnetic Ap stars came in 1978 when Don
Kurtz, working at the Sutherland Observatory of the
University of Cape Town, discovered multi-periodic,
non-radial, high overtone pulsations in the magnetic
Ap star HD 101065 (Przybylski's star). This discov-
ery, followed by the detection of similar pulsations
in other cool Ap's, will eventually provide us with a
powerful means of probing the interior structure of
magnetic stars.

* An interesting extension of the known domain
of main sequence magnetism towards hotter, more
massive stars came with the discovery by Ermanno
Borra and me of magnetic fields in some early B He-
strong stars. We were able to show that the first such
star found to be magnetic (in 1977), @ Ori E, not
only has a strong field, but also supports some kind of
co-rotating, magnetically confined circumstellar enve-
lope which is dense enough to cause weak eclipses and
shell lines at certain rotational phases. (This struc-
ture is remarkably similar to the cloud or ring with
condensations proposed by Belopol'skii more than 60
years earlier!)

*« A couple of years later, in 1980, another im-
portant extension of the known domain of magnetic
stars occurred with the discovery by Richard Robin-
son, Pete Worden, and Jack Harvey of detectable
Zeeman broadening of spectral lines in two main se-
quence stars cooler than the Sun. It had of course long
been expected that some solar-type stars would have
substantial surface magnetic fields, but the complex
nature of these fields (based on the solar analogy)
meant that the usual method of detecting fields in
magnetic Ap stars could not be applied.

*« And finally, to complete this list of interesting
discoveries and developments, I mention the detec_
tion of radio emission from hot Ap stars, first found
by Stephen Drake, David Abbott, and a number of
collaborators in 1985. The detected radio emission,
found in @ Ori E and in HD 215441 (Babcock's star)
among others, apparently comes from relativistic elec-
trons trapped in a stellar magnetosphere.



3. Major ongoing lines of researt

The numerows discoveries and developmend | men
tion above and others equally important that | hawe
omitted hawe led in turn to many ongoirg lines of re-
seart as we try to find more example of interestirg
types of stars to discove further new phenomena
and to explore the consequenceof theoreticd ideas
Thes continuing researb projects though perhap
not as exciting as the initial discoveris and theoret
ical breakthroughsare evewy bit as importart as we
try to understad fully the physics behind the phe
nomera we observe

Sonme of thes lines of researb hawe becone so
large that one could almog spe& of major multi-
nationd industries developing Many of us are in-
volved in one or more of thew industries and they
will certainl continwe into the next century to be
carried on by the younge generation Severa of the
major researh fields at presen are the following ones

¢ Hales discovey of sunspa fields led eventu
ally to an internation& effort to obsere all aspecs
of sola activity that are governal and/a energizel
by the magnetc fields. The s& of phenomean ob-
servel and modelled has now grown to include the
chromosphere corona sola wind, sunspots plages
filaments prominences and flares All of thes phe
nomera are essentiafy affected by the complex so
lar magnetc field. Their elucidation has turned out
to constitue an enormousy tough se of interlockel
problems This field of researb has commandéd the
attention of numerows major observatoriesincluding
(a presen) the Crimean Astrophysicé Observatory
the US Nationd Sola Observatoris at Kitt Pe& and
Sacramerd Peak Big Bea Sola Observatory the
Thems telescop at the Observatoy of the Canaries
etc
Inrecen years this field has branchel out into the ob-
servatimn and analyss of magnetc fields in solar-type
stars Fields of strengtls of 2 or 3 kG are now known
in well over adozen stars in various stars they appea
to cova anywhee from 2% to 70% of the stellar sur
face Jean-Francai Donati, Nicola Piskunoy Jom
Rice and Klaus Strassmeieramorg others have been
active in developirg mappirg method for such solar
type stars

« Similarly, Babcocks discovey of magnetisn in
Ap stars has led to alarge internation observirg ef-
fort, both to measue the magnete fields of thes stars
ard to study their marny othe peculiarities (such as
ther very bizarre surfae chemicd abundane pat
terns their spottiness the pulsatiors exhibited by
some and even their radio emission) Groups that
hawe contributel to this work include George Prestm
at Mount Wilson and Las Campana Observatory
ard Sidney Wolff at the University of Hawaii, both us
ing Babcocks coude spectroscom method Ermanro
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Borraand me with the UWO Balmer-line Zeema an
alyzer, the Magnetc Mafia of the Specid Astrophys
ical Observatory who startel a major observirg pro-
gramne unde the leadershp of Yurij Glagolevskj in
the late 19705 using the spectrograpk and Balmer
line Zeema analyze of the 6 m telescope Gautie
Mathys, using the Cassegrai spectrograh and coude
echelk of the Europea Southen Observatoy 3.6 m;
and Jean-Francai Donati, Gregg Wade and me with
the Musicos spectropolarimeteat Pic-du-Midi.
Measuremerd of stella magnetisn hawe steadiy ad
vancd in numbe and in quality. We now know fairly
accuratey the longitudind field variation for abou
80 stars and the variation of the mean field modulus
(or surfae field) for abou 25. The precisim of the
beg longitudind and surfae field measuremerst has
reachel 20 or 30 G, and even smalle errors shoul
som be available Mathys has showel that other field
moments suc as the crossove field and the mean
quadratt field, can be detectel in appropriaé spec
tra, and has publisha a numbe of variation curves
of thee moments The variatiors in broad-baul lin-
ea polarization producel by the transvers Zeema
effed in spectrd lines has been detectel and mea
sured in a numbe of stars by Jean-Lous Leroy at
Pic-du-Midi, and linear spectropolarimeyr data are
now availabk from the Musiceos instrument

* Closely relataed to the improving field mea
suremens has been work aimed at modelling and
more recently mappirg the distributiors of magnetc
flux and of chemicd abundance over the surface of
the magnettc Ap stars The pionee in this field was
Armin Deutsch who in the 19505 tried to use avail
able longitudind magnete field, radid velocity, and
equivalen width measuremerst of CS Vir to define
Laplace expansios describig abundane and field
distributions over the surfae of the star, by relat
ing the Laplae expansio coefficiens to Fourie fits
to the observationh data This pioneerirg work has
been followed up starting in the 19705 by anumbe of
people including Vera Khokhlova Tanya Ryabchike
va, and Nicolai Piskunos of the Institute of Astron
omy in Moscowv (eventualy togethe with sever# col-
leagues in mathematie at Moscov Stak University),
Bill Wehlau and Jom Rice from Canada Claude
Megessie in Paris and me. Gregg Wade as well as
Martin Stift and Stefaro Bagnub in Vienna are in-
creasingy active in this field as well.
Mapping of surfae abundane distributiors (for low-
field stars where the dired influence of the magnete
field can be neglected is becomirg increasingy se
cure and detailed The magnetc field has typically
been modellad rathe than mapped using for ex-
ample a low order multipole expansion but this is
beginnirg to change Techniqus are being developel
for carrying out simultaneos mappirg of abundance
and field geometry This is an area of grea curren
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interest.

« The search for and study of magnetic white
dwarfs has been a major ongoing area of research.
The group at the University of Arizona, started by
Roger Angel and now led by Gary Schmidt with Jim
Liebert, continues to be very active. Other important
groups working in this field include the team at the
Special Astrophysical Observatory under Sergei Fab-
rika; a group in Britain; a group at the Australian Na-
tional Observatory; and several German astronomers.
We now know about 50 isolated magnetic white
dwarfs. The detected fields range from a few tens of
kG to about 108 G. For the brightest white dwarfs,
field measurements accurate to a few kG are possible.
About half of the magnetic white dwarfs are known
to vary due to rotation; a considerable number ap-
parently either do not rotate with periods ofless than
decades, or have aligned rotation and magnetic axes.
The spectra of these stars are becoming well under-
stood as atomic physics groups work out the expected
magnetic splitting of atoms of H, He, etc. in the enor-
mous fields observed, and the results are applied to
observed stars. Modelling of the field structure so far
has assumed simple field structures such as multipole
expansions.

4. Major questions for the next century

You will agree that the information we have obtained
about stellar magnetism during the past century, and
the progress we have made in interpreting it, are re-
ally impressive. Nevertheless, there are a number of
basic questions which still remain to be answered;
in fact, it seems that some of the most fundamen-
tal questions are the very ones on which we have so
far made the least progress. This is discouraging, in
one way, after so much work; but it also means that
young astronomers coming into our fields still have
really important problems to address. Here are some
of the problems that still need to be solved.

« A group of fundamental questions that have
not really received a satisfactory answer concern the
origin of stellar magnetic fields. We find evidence for
fields in many regions of the Galaxy, and in dense
clouds in particular; fields are now being detected in
T Tau stars, the immediate progenitors of lower main
sequence stars, and in Herbig Ae stars, the forerun-
ners of A and B stars. We suspect that the fields of
main sequence A and B stars are fossil remnants of
the galactic field, though we do not know clearly how
this field is conserved during the deeply convective
pre-main sequence phases. We do not have any clear
idea of how magnetism evolves from the galactic field
to the fields of solar-type stars. It is not yet clear what
role fossil magnetism plays in the formation of lower
main sequence stars, nor what, if any, kind of dynamo

activity occurs during evolution to the middle main
sequence. We do not yet understand at all clearly why
most middle main sequence stars do not seem to have
magnetic fields. This subject needs much further ob-
servational work, searching for weaker fields to try
to see more clearly where the fields occur and where
they are really absent. There is also a great need for
theoretical work to follow, at least roughly, the evolu-
tion of flux through the stages of cloud collapse and
star formation.

¢ Similarly, we do not yet understand satisfac-

torily the further evolution of stellar magnetism after
the main sequence. We have no evidence at present
that strongly suggests any successors to magnetism
in solar-type stars. For the middle main sequence, the
existence of apparently fossil fields in a small fraction
of all white dwarfs suggests that the magnetic Ap's
evolve to become the magnetic white dwarfs. Whether
this is correct, and if so how the field evolves during
the deeply convective giant phase are still quite un-
clear. A further conundrum is that apparently most
or all neutron stars are formed with huge fields. We
do not yet know why this is so.
Again, both theoretical and observational progress is
required. Detection of a weak field in a few giants
could help to clarify the evolution through this phase.
Modelling of field evolution during the giant stage is
also very important.

* The internal physical state of magnetic Ap
stars is still not clearly established. The basic run
of variables such as p and T is clear, but uncer-
tainty exists concerning the form and importance of
rotation-induced (Eddington-Sweet) meridional cir-
culation, the precise extent of convective layers, the
extent of mixing due to "turbulence", and the degree
to which the field enforces rigid-body rotation. The
importance of diffusion is clear, but its effects are still
not well understood, as they depend on the results of
competition with all the mixing processes mentioned
above, and require massive amounts of rather accu-
rate atomic data for good calculation of radiative ac-
celerations.

The upper boundary of the star is also an important
parameter in diffusion calculations: is the atmosphere
closed, is there selective radiative loss of atoms from
the atmosphere, or is there a (more or less) well-mixed
weak wind that includes H and He? Or is there (some-
times) accretion? How important is the magnetic field
in modulating any mass loss (or gains), and what
other effects does it have on the transport of spe-
cific elements into and out of the visible atmosphere?
This is a subject which should greatly benefit from
mapping of chemical and magnetic distributions on
the stellar surface, and from any new techniques dis-
covered that allow us to observe the postulated winds
directly. It is also another area in great need of more
theoretical studies; Babel's pioneering work on wind



structue need to be continued

As a consequene of the large area of uncertainy
mentionel above there is still no single star for which
we are able to predid either the gener& abundane
table or the distributiors of specifc elemens$ over the
stella surfa@ correctly. There is still alot of work for
goad theoriss in this field!

* The interpretatiommn of the roAp pulsatiors is
anothe area in which much importart work remairs
to be done We hawe not yet securey identified the
pulsatim mechanisn in thee stars nor the mode
selectim mechanism which excite only a few of the
mary possibek vibrations In fact, even the identifica
tion of specifc pulsation modes in the observel oscit
lations is generaly quite difficult and uncertain Fur-
thermore the study of the effects of thes oscillatiors
on spectra lines, which shoul yield further valuabk
insight, has only begun The amourt of information
that will be availabk abou the internd structue of
anumbe of magnete Ap stars when thes problens
are solved is so gred that this field certaink deserve
intensified observationh and theoreticd studies

e Anothe topic that | fed is of continuing inter-
ed is the observationhstudy of populatiors distribu-
tions of various types of magnetc stars their mem
bershp and frequeng in clusters their frequeny and
distribution amorg the locd field stars and their oc-
currene throughou the galaxy. Sud studies hawe
red potentid for helping to understad the evolw
tion of the fields and associatd characteristis sudch
as slow rotation and chemica peculiarity, increase
telescop aperturs and improved spectrograp effi-
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ciencies mean that we can expard previows sample
by a considerahd factor and perhap resole the in-
consistencie and conflicting conclusiors that have re-
sulted from previows population studies

¢ The nature of the dynano that produce the
solar field is still far from clear, and afortiori so is the
nature of the dynano operatirg in other solar-type
stars This is very difficult theoretich problem but
it underlies much that we would like to understad
abou the Sun and similar stars In the same context
the action of the sola field in heatirg the magneti
cally active regiors of the chromosphes and corona
and the mechanism involved in the formation of such
large and obvious structures as prominencesstill re-
quire considerake theoretich (and probaby observa
tional) work.

* Finally, the specta of magnetc white dwarfs
appea to be understod reasonab} well for fields of
less than a few times 10" G in H-rich atmospheres
and even in He-rich ones but the observe specta
abow 10° G continwe to defy detailed modelling
There is room for further theoretich work here on
both on the relevan atomic physics and on the for-
mation of spectain thes huge fields, as well as fur-
ther observationawork of both intensity and (partic-
ularly) polarization spectra

I think it is abundanty clea that we still hawe
many importart and very interestirg problens on
which to work, and which we can propo® to studens
and young researchers|l am quite confidert that our
fields will remahn exciting and challengirg well into
the next century



