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Abstract. A shott biograpty of Pieta Zeema is presented The main formulae
for the normal anomalous quadratc Zeema effed and Paschen-Balc effed are
given. Instrumentatio for Zeema effed measuremerstin stella specta is de
scribed the mog importan scientific achievemerdgin magnetc sta investigatiors
with the world's largeg telescops for 50 years are demonstrated The devices for
magnett measuremerst made at SAO and the main resuls of stella magnett
observatios obtainal with the 6 m telescop are describe in detail

1 Introduction

Sinee the discovey of the Zeema effed by Piete Zeema in 1896 it has proven to be an extremey
powerfu tool for the study of atoms radiation and their interaction The Zeema effed has pro-
vided the mog importart technique for deriving new information abou the physic of stars A few
decads ago the famouws astrophysicis H.W. Babco& (who had discovere stella magnetc fieldsin
1946 wrote: "Becau® of fundamenth nature of the Zeema effed and becaus it permits not only
quantitative measurememn of field strengh but aloo determinatimm of the direction of the field and
its obliquity to the line of sight it offers an analyticd tool of tremendos importancé (Babcock
1967)

Thanks to aremarkabé contingency in 19% we celebraé the occasim of the 100t anniversay
of the Zeema effed discovery the 50th anniversay of first Babcocks measuremerstand finally,
20 yeas ago we starta magnetc observatios with the 6 m telescop of our observatory

We hawe assembld here to recal histoly and discus important problens of Zeema effed
measuremerstin stella specta and to celebraé the occasiom of all the® jubilees

2 Pieter Zeeman and his discovery

(Following the addres of professo A.D. Fokke at the Zeema Centennid Conference Septembe
6, 1965

Piete Zeema was bom on the 25th of May, 1865 in avillage namel Zonnemaie five miles from
the provincid town of Zierikzee Holland His fathe was a clergyman He taugh him French so
that he could be admitted to the seconday schod in the town.

At the age of eighteen Zeema happend to see a magnificet aurom borealis He describe it
and macde a drawing which he sert to the editar of the British weekly "Nature”. The editor was well
please to take it and serd aletter to Zeema addressig it to "Professo Zeeman in the observatoy
of Zonnemaire'
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After finishing the seconday schod he had still to pas a supplementar examination in Greek
and Latin for admissiam to the University in the city of Delft. In that period by afortunae chance
Zeema met Kamerlingh Onnes ayoung professo of experimenth physic in Leiden He was very
much struk by the open inteligen® of young Zeeman who had alread read Maxwell's Heat and
been so eage to becone an experimenter

To-day everybog is familiar with the idea that the constituens of atons of matte are nucld
and electrons At the time of the discovey of the Zeema effed nothing was known abou electrons
It shout be kept in mind that in atons they hawe been detect@ for the first time by mears of the
Zeeman effect

The effed of spectra line splitting in the externd magnetc field was discovere by Zeema
in the Laboratoy of Kamerlinch Onnes in Leiden in the summe of 1896 The thing he sav was
a broadenilg of the yellow spectra lines radiatel by sodiun atoms At once professo Lorent
interpretel the effed as a modification of the motions of radiating particles unde the influence of
magnetc force

Within a half-yea after his discovey Zeema was appointel a lecture in the Universily of
Amsterdam In January 1897 he startel to work there Unfortunatey the rooms renderd at his
disposé& in the laboratoy were on top of the building. The floors were ordinary timber, not at all
an adequa¢ suppot for the very sensitie apparats and mounting required for making reliable
observatios and measurements..

Zeeman was greatl pleasel when in 1908 at the Mount Wilson Observatoy Hale usel with
gred succes the Zeema effed to investigae magnetc fields in the Sun spots Zeema and Lorentz
were awarde Nobd prize of 1901 Piete Zeema died on the 9th of October 1943

3 Generad information on the Zeeman effed theory

3.1 Basic definitions

Stella magnetc field study is basa& on the Zeema effect which consiss in splitting and polarizatia
of spectré lines in the externa magnetc fields.

A singke line in a magnetc field is splitted into 3 componend in the simples case One of thee
componend (7 componen} is in the unshifted position and the othe two (o components are shifted
symmetricaly to the sanme distan@ on both sides of the # component The shift is proportiona to
magnett field strengh H, all line componens are polarized Polarizatiomm properties depem on the
anglke betwea the magnetc field direction and the line of sight

Full explanation of the Zeema effed was given in the quantun theoly of atom

In the ca® of weak magnetc field (when L-S coupling is assumed two kinds of Zeeman effed are
present normd (simple) effead with the triplet splitting of a spectr line and anomalos (compley
effect when a spectré line is split into a large numbe of # and ¢ components while the Paschen
Back effed and the quadratc Zeema effed are observe in very strorg magnetc fields (when L-S
coupling is broken)

3.11 Normal Zeeman effed

The triplet splitting is realized for single lines only. Singla levelk of atom (spin S = 0) are split
in a magnete field into 2J+1 sublevels where J is the full angula momentum Evely single line
with the frequeng vy is split into 3 components® componeh with the sane frequeny 1 and two
¢ componens with frequencis v:

v=1,+14-10°- H [Gerg] (1)
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(H isthe magnetc field strength Gauss) All line componeng are elliptically polarized Two extrenme
cass are of specid interest observatios along and acros the magnetc field direction When we
obsere along the magnete field direction (longitudind Zeema effect) the centrd = componeh
is absen while the two ¢ components of the same intensiy are circularly polarized in opposie
directions In the observatios acros the field direction (transverse Zeema effect) the componend
are linearly polarized howeve the m componeh is polarized in the direction paralld with that of
the magnetc field, while the ¢ componend — in the direction perpendicula to the magnetc field.

The line splitting in the Zeema effed is very smalt arourd 0.01 A in a magnett field of 1000
Gaus in the generaly observel spectra range nea A 5000 A.

3.12 Anomalous Zeeman effea

Most stella spectrd lines (more than 80%) shav the anomalos Zeema effed (for example see
Romanyuk 1984)

Here we will not conside the line splitting in the anomalos effed in detail we recommed
papes of Mathys and Stenfb (1987a,b)

We will restrid ourselves to sone generd remarks

In the cae of smal field when the Russel-Saunder(L-S) coupling is assumd (Beckers 1969)
the spin S# 0 and ead atomic levd is split into 2J+1 subleves with energies E,:

Ey=F,£927-1002 . H .¢- M [erg], 2

where

E, is the levd enery in a zemw field (erg),
H — magnete field strengh (Gauss)

g — Lande factar of the leve],

M — J projection on the direction of H.

Lande factar for ead levd is determing as

JI+ 1)+ S(S+1) - L{L+1)

=1+ (T +1) ’ (3)

where L, S and J are the orbital, spin and total momenta respectively

A spectra line in the anomalos effed can be split into afew tens of 7 and ¢ components The
splitting picture is fully determinel by electran configuratiors in the atom and is fully explaina
in the quantun theorly in the vecta modd of the atom The theol of Bohr is verified by the
experimenth investigation of the Zeema effed which can be found in the text-books of physics

3.13 Paschen-Ba& effed

In very strorg (more than 10 kG) fields, when the magnetc splitting becoms stronge than the
multiplet splitting, the complex Zeema splitting gradualy gets more simple This phenomenon
known as the Paschen-Bdc effect is the resut of L-S coupling broken in a very strorng field.

In this case the energy of levd splitting E, is:

Ey=FEo+£927 1072 - (Mp +2Mg)-H [erg], (4)

where M, and M, are the orbita and spin magnetc momenta respectively

The Paschen-Bdc effed for various lines appeas in the fields of differert strengths dependig
on the multiplet structure The partid Paschen-Badc effed need to be taken into accoun in all
the cass when fields are stronge than 10 kG (Mathys 1990a Mathys and Stenflg 1987a,b) We
will conside the influence of the partid Paschen-Bdc effed a little later.
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3.1.4 Quadratic Zeeman effect

. . 6
Real measurement of the quadratic Zeeman effect may be expected in superstrong, 10 - 109 G,
magnetic fields of white dwarfs and neutron stars as a shift A of lines shortward of the wavelength

scale. For hydrogen lines this shift is as follows:
AX= -4.98- 107 A1+ MHHE [A], (5)

where:

n is the main quantum number,
M — magnetic quantum number,
H — magnetic field strengths.

Unfortunately, the spectra of white dwarfs and neutron stars are very deficient in spectral
lines, and magnetic measurements present a problem. The circular polarization ofthermal radiation
(Kemp, 1970) was used for strong magnetic field detection in white dwarfs (Angel and Landstreet,
1971).

The study of quadratic Zeeman effect in stellar spectra has been initiated by Preston (1970a),
Hamada (1971), Trimble (1971). Hydrogen line profiles in DA-type white dwarfs have been calcu-
lated by Borra (1973a).

3.2 Calculation and determination of Lande factors

For most stars we cannot observe the Zeeman splitting directly and that is why correct calculation of
the Lande factor z is important, z is the weighted mean parameter for groups of # and @ components
(in the anomalous effect), which characterizes the magnetic sensitivity of a line.

Extensive calculations of the Lande factors have been performed, however Beckers' (1969) Tables
have been the most popular. The Lande factors for the upper level g# and the lower level ¢i in the

case of L-S coupling for multiplets of astrophysical interest have been calculated:

AJ-Aq2J+1) _ quta@ ;_ Jutd

4 v § = 2 y J= 9 '

Note that in VALD (Vienna Atomic Line Data Base) (Piskunov et al., 1995) the Lande factors
have been calculated according to Beckers (1969).

z=g+

Ag=qu—q, AS=J, - /. (6)

The Lande factors for different types of coupling are discussed. For example, in the paper by
Mathys (1990a) the Lande factor z is calculated for the case of J-1 coupling

KEE+D+JJ+1)~-1l+1) (27 +1)

=20/ - 1) CITDRE+ D) (2K 1 1)’

(M)

where J, L and § are replaced by the J, L and § quantum numbers of the parent level. K is the
quantum number of corresponding to the coupling of the total angular momentum / of the electron.

The Lande factor values can be determined in laboratory experiments, most of which can be
found in extensive compilations of atomic data. The accuracy of these experimental values is gen-
erally rather good and quite sufficient for astrophysical applications (Mathys, 1990a). However,
the Lande factors of many levels of astrophysically interesting ions have never been determined in
laboratory.

In the magnetic tape of atomic data for lines of iron-period elements Kurucz (1969) has included
the values of the Lande factors. These values are experimental ones, whenever available, or have
been derived from detailed computation of the atomic eigenvectors.

Mathys {1990a) compared the Lande factors computed by Kurucz and those computed by simple
formulae as in (3), (6) and (7). It is however likely that some of Kurucz's values are still rather
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inaccurate and in particular much less accuraé than mog experimenth values Neverthelessin
view of incompletenes of the laboratoy data Kurucz's new magnetc tape of atomic data for the
lines of iron-periad elemens is a major contribution to improved studies of stella magnetc fields,
and its use in this contex can be recommended

More than 95% of well measurd spectré lines in magnetc stais have the Lande factors z within
a05 — 20 range

Of course lines with z > 2 are preferabé for magnetc measurementsbut usualy they are
weak We presen lines with z > 3 (Romanyuk 1984) practicaly useles for old photographe
measurementsbut can be useful for moden CCD measuremerst (Table 1).

Table 1: Lines with the Lande factor z > 3

A Element,multiplet | =z | lg gf
31193 [ GAd IT { 10) 3.00 .

313906 [ Fe1 (161) 3.00 | -4.63
31582 | Fel (160) 3.25 | -3.65
31623 | Fe I (159) 3.17 -

31759 | Fe 1l (333) 3.00 | -1.87
3221.9 | Fel (156) 3.00 | -0.69
32289 | Fel (157) 3.00 [ -3.39
3270.5 | GAII {92) 3.67 -

33908 | Gd II {73) 3.67 | -0.42
3417.3 | Gd I ( 91) 3.33 | -0.10
3462.9 | Mn II { 12) 3.00( -1.25
3598.9 | Fe I  (322) 3001 -1.83
38155 VI (28) 333 -146
3867.2 | GAII ( 50) 3.00] -1.20
3908.9 | Fe I (153) 3.00 | -4.58
3966.4 | Fe Il ( 3) 3.00 | -6.87
4070.2 [ MnI (5) 333| -1.09
4080.8 | Fe I (557) 3.00 -

41166 | VI (27) 333 | -0.82
42103 | Fe I (152) 3.00 | -1.05
43271 | GAII () 3.00 { +0.04
4558.0 | GA IT ( 44) 3.20 | -1.54
4664.7 | Cr1  (186) 3.00 | -0.81
4878.2 | Fe T (318) 3.00 | -1.07
5175.8 | Gd II (114) 4.00 -

52502t Fel (1) 3.00 | -4.84
5986.5 | Fe 11 ( 24) 3.00 % -6.23
62585 (VI {19 3.33 -

3.3 Partial Paschen-Bak effect

The above-sa refers to the ca®e of we&k magnetc field where the quadratc Zeema effed is
negligible and the magnetc splitting of the level is smal comparel to the fine structue splitting
of the term where they belong Thes conditiors are generaly fulfiled for the field strengh of a
few ters of kG, but does not always hold true. In a magnetec field of 10 kG, the energ shift of
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the atomic levels mug be studied using the theory of partid Paschen-Bdc effed (Mathys 1990a
Mathys and Stenflg 1987)

The shape of the Stokes line profiles formed in the presene of magnetc field depend not only on
the magnete field structue and effective Lande factor, but also on the type of anomalos Zeema
splitting pattern which is determine by the atomic structure

Mathys conclusiom has to be taken into account

» while aline formed in the pure Zeema effed has the sane centrd wavelengh as in the absene
of magnetc field, lines formed in the partid Paschen-Bac regime are globally shifted

« lines formed in the partid Paschen-Badc effed are not symmetrtc abou their centre contray
to lines formed in the pure Zeema effect

* in the partid Paschen-Badc effed the total strengh of a line differs from its strengh in the
absene of magnetc field.

4 Zeeman effed observations in stellar spectra

4.1 Instrumentation for magnetic measuremens
4.11 Some generd remarks

Observatios shov that the gred majority of main sequene magnetc stars haw fields less than
10 kG. Only 3-4 stars are in exception As a result the Zeema splitting is no large than 02 A
in the visud spectrd range And that is why dired observatios of splitting in stella specta are
practicaly impossibe becaus the line widths are usually large than 0.1 A, mainly due to rotation
of the star. There are only afew stars with the splitting measurald directly (Mathys 1990b)

But the Zeeman effed consiss not only in splitting but also in polarizatian of spectrd lines Using
thee properties astronomes haw develope different method of magnetc field measurements
magnetc shift measurementsnarrow-bam circula and linear polarization measuremerst acros
the spectré line profiles magnetc broadenig measuremestand others

Beginning in 1946 magnetc observatios hawe been carried out on the larged telescope of the
world. Baseal on the observationswe know that magnetisn is awide-spred phenomeno in stars
differert kinds of explosions flares and othe non-stationay processe are the resut of magnete
field action Magneti fields hawe been discoveré in different types of stars but the mog reliable
measuremersthavwe been macde for the main sequene CP stars

In connectim with the 20th anniversay of magnetc measuremestwith the 6 m telescope we
conside it worthwhile to give sufficiert attentian to description of stella magnetc field observa
tions in Russa and especialy with the 6 m telescope Note that usually large couce spectrograps
are usal for magnetc measurementsSta light reachs a spectrographhaving been reflected from
severd inclined mirrors, which causs strorg and variablke instrumenta linear and circular polariza
tion, dependig on the angk of inclination of the mirrors. The altazimuth& mounting of the 6 m
telescop (loannisianj 1977 permits large spectrograps at its Nasmyh foci to be installed Sta
light is reflected from a single inclined (at a constam angle=45) mirror, which permits the effed
of instrumenté polarization to be taken into accoun in a simpliee manner This makes the 6 m
telescop especialy attractive for magnet¢ observations

Magnett field investigatio is one of the mog importart problens in moden astrophysics That
is why differernt kinds of apparats for magnetc field measuremesthavwe been developel and made
in our observatoy for the 6 m telescope (Bychkov et al., 1988) Now we will conside differert kinds
of magnetc observations
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4.12 Magnetic shift measuremens

Sine the discovey of magnetc fields of sola spos by Hale (1908 all the attemps to find stella
magnet¢ fields havwe endeal in failure.

The problem was first resolval successfull by Babcod in 1946 who constructd a specia
differentid analyze of circular polarization and found a dipole magnete field in peculia A stars
Double-polarized spectra obtainel by Babcock permitted measurilg the shift of lines in stella
spectrain the presene of large-scaé magnetc field.

The value AM of the shift is defined by the formula (Babcock 1958

AX=4467-1071. 2. H . X% [A], (8)

where

H is the longitudind magnetc field strength

z — the Lande factor of aline.

A more detailad explanatiamm you can find in (Babcock 1958)

Note that Babco&k made observatios of a few hundra stars Up to now magnetc observes
hawe usal the same slightly modernizel Babcock$ analyze with the largeg¢ telescope of the world:
5 m Paloma and 25 m Mt.Wilson (Babcock 1947 1958) 3 m Lick (Prestm and Pyper 1965)
22 m Hawai (Wolff and Bonsack 1972) 2.7 m Mc Donald (Vogt et al., 1980) 3.6 m ESO (Mathys
and Stenflg 1986) 2 m Tautenbug (Schok and Gerth 1981 and others

A specift achromat¢ circular polarizaticn analyze for the 6 m telescoe was made by Najde
nov and Chuntonw (1976) Becaug we cannd obsere a clea Zeema splitting in stella spectra
observatios of magnetc displacemers of oppositey circularly polarizedl specta or measuremerst
of circular polarization inside spectrd lines are usal (both for longitudind field determination)
Transvershk field observatios neal linea polarimetrc measuremest and the differene in sharp
nes of lines in two opposie linear polarizatiors to be found The accurag of transvershfield
determinatio is over one tenth as high as for longitudind field.

It shoud be borre in mind that relatively low accurag photographi measuremesthad bee
usal up to the late 80s Modem observatios with precisiom CCD equipmen hawe a shott history.
The accurag of shift measurememstdepend strongly on the line width. In particular, it is impossibe
to measue magnetc field on photographé plates if the line width is large than 1 A. The use of
CCD moval this limit to 2-3 A. For suc lines an accurag of 500 G is possibk to achieve

The magnete measuremerst of the first 10 years were collected in the well-known Babcodk
cataloge (1958) containirg 89 magnetc stars During the 50 years of measuremerstastronomes
hawe obtainel abou 2000 Zeema spectra About 100 stars hawe been measurd and 150 of them
haw been found to hawe magnetc fields. The accuray of measuremestis generaly 100 - 200 G,
dependig on the type of stars

Most of the measuremest have been made in USA by G. Preston S. Wolff, W. Bonsack
K. Stepien D. Pyper A greda activity is demonstraté by G. Mathys (ESO) and J. Landstreé
(Canada)

Measuremerd with the 6 m telescope were startal 20 years agqg in 197 (Glagolevskj et al.,
1977) More than 2000 Zeema specta hawe been obtained The greates activity in magnetec obser
vations with the 6 m telescop is exercisé by the astrophysicistin SAO (Yu.V. Glagolevskij V.D.
Bychkov, V.G. Elkin, I.I. Romanyuk and occasionalf I.M. Kopylov, V.G. Klochkova S.N. Fabrika
and others) institutes in Russa (Moscow group V.L. Khokhlova T.A. Ryabchikova N.E. Piskunoy
St.Petersbuy group Yu.N. Gnedin T.N. Natsvlishvili); Ukraine (Crimea observatory A.B. Sev
erny, V.M. Kuvshinoy, S.l. Plachinda N.S. Polosukhina V.P. Malanushenkg) Germalty (E. Gerth
G. Scholz S. Hubrig, E. Zelwanova W. Schoneib and others) Czeth and Slova&k Republis (Z. Miku-
lashek J. Ziznovsky, Yu. Zverko, J. Budaj), Bulgaria (1. lliev), Switzerlard (P. North); Canad (W.
Wehlay J. Matthews G. Wade)
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The first attemp of linearly polarized spectrun observatios hawe been made by Kodaira and
Unno (1969 and they showel no evidene of transvere field in the known bright sta HD 112413

SAO and Moscov groups made attemps to take linear Zeeman specta for the sane sta with
measurald Q and U Stokes parametes (Glagolevskj et al., 1984)

4.1.3 Circular polarization measuremenst

Circular polarimety inside spectrd lines was proposeé independentt by A.B. Severry (1970 and
J. Landstre¢ (1970) New devices photoelectrc magnetometex with electrooptich modulators
were creata for this purpose Devices of this kind measue circula polarization with a very high
accuray (bette than 0.01%) It is possibe to discove and measue very we&k (tens of Gaus$
magnetc fields in different type bright stars provided that the distribution of the V Stokes paramete
acros the line profile is known with that accuracy

Crimean astrophysicist startel their observatios with a modernizel sola magnetomete
mountel at the couck focus of the 2.6 m telescop (Kuvshinos et al., 1974) later on at the Cassegrai
focus (Bukad et al., 1977) Kuvshinos (1974 has dore much work for instrumenté polarizatio
investigation's It has been shown in practice that high resolutimm V Stokes paramete measuremerst
with aone-channkphotoelectr¢ magnetometecan be made for the brightes staris only and require
too much observirg time. The resut is the smal numbe of measurememstobtaina at CrAO.

J.D. Landstre¢ and his colleagus macde a few differet magnetometershigh resolution mag
netomete (Borra and Landstreet 1973) Balmer-line magnetomete (Borra and Landstreet 1980
and others There is no nea to use high spectré resolution in the Balmer-line magnetomete and
then narrow-bam (~ 5 A) filters are usal for selectiomn of a required spectrd range The Balmer
line magnetometeof Landstreé is known to magnetc peopk as avery goad and long-lived device
Most photoelectrc magnetc measuremerst were made by Landstreé and his collaborators The
total numbe of suth measuremerstcannd be overestimatedit amouns to afew thousam (Land
stred et al., 1975 Borra and Landstreet 1977 Borra and Landstreet 1980 Landstreet 198 and
others) Observatios with this magnetometewere carried out at various telescopesfrom the 5 m
Paloma giant telescop to the 12 m telescop of the University of Westen Ontaria

The magnetc field H from the measurd V Stokes paramete is determinel by the formula
below (Borra and Landstreet 1977) V, and V, polarizatiors are measurd in the right and the left
wing of the line. Average polarizatim < V >= (V. - V)/2. < V > depend on the field strengh
H in the following manner

<V >=4.67-10"2zH(dI/d)\)/ ], (9)

where
| is the observe profile,

z — the Lande factor, approximatey equd to 10 for hydrogen lines

For mog A stars in the ca® of H; observatio
H(Gauss) = 13000 < V > %. (10)

The shap (df/dX) of hydrogen line profiles is more or less constan for various stars thus for
the magnete fields measurd from hydrogen lines the following correlatian is true: 1% of < V >
correspond to a 10-20 kG magnetc field. The shag of narrov metallic lines is essentialy highe
and in this case 1% of < V' > equabk to a 500 G magnete field.

High accurag (bette than 0.01%9 measuremerst of < V > are very difficult to achiewe as a
resut of variablke instrumentéa polarization Bright stas with wed& fields are more preferabé for
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high resolution measuremeistof metallic lines, while extendel measuremerstof 6-8 magnituc stais
(especialy fag rotating with the Balmer-line magnetomete are more effective
Both types of magnetometey for the 6m telescop were made

1. The high-resolutim (~0.08 A) magnetometewith a Fabry-Pero interferomete permits ob-
servatiors without loosing light on the slit of the spectrograp (which is typical) (Glagolevskj
et al., 1979 1988) The use of the Fabry-Pero interferomete increass the efficienyy of the
magnhetometerbut even so it can be effectively usa only for magnetc measuremerstof bright
stars

2. The hydrogen-lire magnetomete of the 6 m telescoe is base on the spectrograph For
spectrd band selectiom specid movabke mask-slis are usal (in contras to the narrov bard
filters in Landstrees magnetometgr(Shtol, 1984 Shtol et al,, 1985). Masks of various sizes
were made and spectrd bard from 3 A t0300 4 is possibe to select This makes it possibé
to measue the circular polarization both inside the spectrd lines and in the continuum in
a wide spectr&d range 4000 — 6000 A. A few hundrad measuremerst of magnetc field and
broad-bam circular polarizatim were made with this magnetometer-spectropolarimeter

A detailed description of both magnetometey can be found in the pape of Bychkov et al. (1988).

4.14 Linear polarimetric measuremens

The linear polarization of spectrd lines in the Zeema effed is very small 0.1% - 0.01%. The theowy
is wel developé (for example the bodk of Dolginov et al., 1979, and the new edition of Dolginov
et al, 1995, and reference therein)

J-L. Leroy (1962 develope a theowl of broad-bau linea polarizatimm measurementsThe
resuls of 55 magnetc sta measuremerstwere publishal in the series of papes (Landolfi et al,,
1993 Leroy et al., 1993 1995 Bagnub et al., 1995 Leroy, 1995), and in the presem issue Leroy
(1993 publishal a cataloge of linear polarization measuremerstof 1000 neareg stars

The transvere Zeeman effed in the CP sta 53 Cam was investigatel by Borra (1973 and Kemp
ard Wolstencrof (1974). Borra and Vaughan (1976) carried out a high resolutin linear polarimety
o 3 CrB acros the Fe | 4520 line. They found the Stokes U and @ parametes to rotate with the
rotationd periad of the sta and thus confirmed the oblique rotatar modd for the magnetc field of
8 CrB.

The smal numbe of high resolution linea polarimetrc measuremestis explaina as follows:
the signd of Q and U Stokes parametes in the transvere Zeema effed is over 10 times smalleg
than the V Stokes paramete signd in the sane intensity longitudind effed (in a field of a few
thousam Gauss)

4.15 Four Stokes parameters

Full information on the Zeema effed can be derived from measurig the 4 Stokes parametes with
a high spectré resolution But this is a very involved observig problen becaues too much light
from a star is needé@ and it can be resolval well only for the Sun

We measurd the 4 Stokes parametes in abroad bard centerel on the 5200 A depressia known
in mary CP stars using the Balmer-line magnetomete (Shtol et al,, 1988). No red polarizatim
was measurd with the 6 m telescop for some stars The main problens in our measuremerstare
1) too much observirg time is neede to measue eadh Stokes paramete separately 2) calibratin
and standardizatin of measurements
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4.16 Magnetic broadening measuremens

Magnetk fields exig not only in CP stars Fields can be of comple structure of very large or very
smal intensity and cannd be found by Zeema effed measurementsVarious method of magnetc
field investigation are given in the review of Gnedh and Natsvlishvii (1996 this issue)

We presen in this section a variety of method of magnett field measurementsbasa on inves
tigations of spectra line magnetc broadenig (i.e. Zeema effed investigations)

It is not possibé to obsere a clea picture of Zeema splitting in the ca® of complex stella
magnetc field structue even in very strong fields. Fine polarization profile analyss permits us to
investigae the magnett field structue of differert stars

Of course it is possibe to measue the magnetc broadenig of aline in a dipole magnett field
(for example Glagolevskj et al., 1988) but the sensitiviy of this metha is low in comparisa
to the magnetc shit measuremeinmethod Practie shows that magnetc shit measuremerst are
essentialj easie and more sensitive in measurig the longitudind componeh of the magnet¢ field.
But the magnetc broadenig is possibe to be measurd using ordinaly (not Zeeman spectra The
numbe of non-Zeema specta is mary times over the numbe of Zeema specta sine there is no
nea to use additiond specializel polarimetrc equipmen in observations and it is possibé to use
library specte for analysis Modeling of measuremestneed full information of line profiles to be
used

It shoutl be borre in mind that for magnetc broadenily measuremerst very high-resolutio
(0.1 A) and high SN ratio (>200) specta are required Using sucd specta for shap line stars it is
possibk to dete¢ a 1 kG magnetc field or large even using very high SIN spectra that is abou
one order large uncertaintis than the accurag of Zeema specta measurements

Starting from the pape of Boyarchikk et al. (1960 a series of papes describirg the magnetc
intensification investigatiors hawe been publishal (for example Ryabchikowa and Piskunoy 1984
Ryabchikowa et al., 1988) Mathys (1994 1995 develope momens method which was successfuit
usa for analyse of a lot of magnet¢ stars

4.2 Some results of magnetic measuremens

A numbe of excellent reviews of magnetc stais hawe been publishal in last few decads (Babcock
1958 Ledow and Renson 1966 Preston 1971a Landstreet 1980 Khokhlova 1983 and others)
The purpo® of the presem review is to clea up sone importart points in the history of stella
magnetc investigations

15-20 astronomes who demonstrag the highes activity in magnete¢ field mesuremers can be
namel (reference to their papes are presen in my review). But the mog importarnt contribution
to Zeema effed investigatios has been made by H.Babcock G. Prestem and J.Landstreet

« H.Babco& designe and built the first Zeema analyzer discovere stella magnetc fields.
For 10 years he was one who observel magnetc fields using the 5 m and 25 m telescopes
The resuls of thee observatios were publishal in his well-known list (Babcock 1958) 89
magnetc stais were discoverd in this catalogue Babcod continue his observatios in the 60s
and discovered in particular the larges magnetc field in the AO sta HD 215441 (Babcock
1960) As aresult after Babcocks$ investigatiors it becane clea that stella magnetc fields
are present that thee are measurald and that Ap stars hawe strong (few kG) fields of dipole
structure

* G.Prestm and his colleagus hawe found that the longitudind componen of the magnetc
field of Ap staris (B) varies periodically The correlatiors betwee periodicd magnetc field
variatiors and periodicd variatiors of light and equivalen widths of spectré lines convincal
astronomes of validity of the oblique rotatar modd for Ap stars G.Prestm has detecte 8
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stars with resolvel Zeema componend and as aresult has found the surfa@ magnetc field
in those stars (Preston 1971) The correlation betwee the surfa@ and longitudind magnetc
field variatiors also confirmed the oblique rotata modé of Ap star (Preston 1967 19 a,b
197 a,bb 1971 a,bb Prestm and Pyper, 1965 Prestm and Stepien 196 a,b,¢ Prestm et al,,
1969 and others)

 H.Babco& and G.Presto ceasd their activity in magnete field measurementsAnd J. Land
street the lag of the three "magnettc Mohikans', continues magnetc investigations J. Land
stre¢ and his colleagus hawe designel and built a very effectie Balmer-line photoelectré
magnetometerThey measurd rapidly rotating peculia A staris and sone of them were found
to be magnetic Practicaly all measurememstfor a new clas of magnetc stars (He-rich and
He-we& peculia starg were made by Landstreé and collaborators Sone unusué stas with a
complex magnete field structue were discovere amorg those stars (Landstreet 1990 Borra
and Landstreet 1979 Thompsa and Landstreet 1985 Bohlende and Landstreet 1990)
Landstreé¢ and his co-authos found magnetc white dwarfs (Angd and Landstreet 1971)
with a megagaus field and made measuremestfor afew dozen objecs of this kind. His con
tribution to the problem of correlatim of magnetc field and abundane distribution geomety
is known too. Magnett field and abundane modeling was dore first for 2 stars 53 Cam and
HD 215441 and showea an importart role of the multipolar componend of their magnete
fields (Landstreet 1988 Landstreé et al., 1989) The list of the mog importart supplemen
tary papes of J.Landstreeand his collaboratos are Angd and Landstreet 1971, 1972 1974
Kemp et al, 197Q Borra et al., 1973 1983 Borra and Landstreé 1973 1977 1978 1979
1980 Landstreet 1978 Bohlende et al., 1987 and mary others

A large numbe of observatios hawe been made for Ap stars But other stais hawe been studiad
too. A goad review pape on magnetc white dwalf investigatiors was presentd by Angd (1978)

Long seriss measuremerst of circular polarization in the continuun of 100 white dwarfs and
Zeema effed measuremestof 12 white dwarfs were presentd by Angd et al. (1981)

Cod stars with locd magnetc fields of comple< structue are being investigatel at the presem
time. It is not possibk to obsere a clea Zeema effed in this ca® as in a dipole field. Accurae
modelirg is needé& for such field determination Various method for sud field investigation hawe
bea develope (Donat et al., 1989 Seme] 1989 Chugajnoy 1991 Gnedn and Natsvlishvili, 1996
ard others)

43 Main results of stellar magnetic investigations in Russia

Stella magneté measuremenis one of the mod importan observationh prograns on the 6 m
telescope Today is the 20th anniversay of the first measuremen and a shot summay of the
principd resuls of magnett investigatiors in the former USSR (and Russia) and of observatios
with the 6 m telescope in particular has to be given

A large contribution to the theoly of polarizatiom and line formation in a magnetc field was
mace by Leningrad (St.Petersbuynow) astrophysicist Yu.N. Gnedin A.Z. Dolginov, N.A. Silant'es
(Dolginov et al., 1979 1995 Silant'ey 1988 Gnedn et al., 1972 Pavlov et al,, 1975 Gnedn and
Silant'ey 1976 1984 Gnedh and Pogodin 1985 and others The theoriss of St.Petersbuy schod
proposel mary observatim tess for checkirg the theoly and explainal mary fine polarizatin effecs
inside spectré lines and in the continuum For example Gnedn and Red'kimna (1984 propose a
theoly of magnett field of Herbig Ae/Be stais and possibe way of its estimation by polarimetric
measurements

Astrophysiciss from the Crimea (Ukraine now) were the first to measue magnetc fields of
bright stais using a modernizel sola magnetograp (Kuvshinov et al., 1974 Bukac et al., 1977)
Now CCD measuremermstwith the 26 m telescog are continued
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The Moscav group (V.L. Khokhlova T.A. Ryabchikova N.E. Piskuno and otherg hawe bee
the leade in the investigation of non-unifom distribution of elemens on the stella surfaces They
have develope a mappirg technique As a resut of their work it is shown that the non-unifom
chemicd compositian is an ordinaly phenomenn in the atmosphere of peculia stars It is shown
that the mog peculia rare elemens are concentratd in smal strorg spos arourd the magnetc
poles of a star. This is eviden@ of the corellatin betwea the distribution of elemens on the surfae
and the field configuration (Khokhlova 1983 Goncharski et al., 1983 Piskuno and Khokhlova
1983 1984 Piskunwo et al, 1990 1994 Wehlau et al,, 1991 Piskuno and Rice, 1993 and others)

Now abou the main observig prograns with the 6 m telescope Extensiwe observatios of
magnetc stas in open clustes of different age were conductel in 1980-1987 It was shown that
peculiaritiess and magnetc fields appea at a very early stag of stella evolution before the main
sequene (Glagolevski et al., 1987) Magnett fields were found in very young stars (see for example
Straizys et al., 1991)

Many tens of starls with predictel Genew fields (Crame and Maeder 1980 were measurd
for discovey of new magnetc stars We hawe found more than 10 new magnetc stars the larges
magnetc field has been detectel in HD 147010 a membe of the Sco-Cen associatio (Glagolevskj
et al., 1981 1986)

Detailed magnetec measurememstwith rotationd period havwe been made for afew CP stars The
mog interestirg resuls hawe bee obtaina for 3 of them 1) CQ UMa shows sinusoidd magnetc
field variations while spectrd variatiors are complex (Mikulashek et al.,, 1984 Glagolevskj et al.,
1985) 2) the information on the magnetc field presene in 21 Pe is inconsistent We hawe found
a very we& (100 G) field and thus verified the hypothess that all peculia stars are magnete
stars (Glagolevskj et al., 1995 Elkin et al., 1987) 3) for HD 19268 we hawe found a magnetc
field (Glagolevski et al., 1981 and performal a cooperatie complex investigation and propose a
magnett modd for this sta (Wade et al., 1996)

We hawe searchd for magnetc fields in Hg-Mn stars and showel that 10-15 G fields are possibe
in their atmosphere (Glagolevskj et al., 1985) There are no measurald magnetc fields in some
A Boo stars (lliev et al., 1988 and in F-Sr A 4077 stars (North et al., 1992) We haw investigate
the Zeema effed in supergiand (Schok et al.,, 1984) Ap stars with wea peculiarities (Ziznovsky
and Romanyuk 1990) We hawe found dired evidene of a very strorg and complex magnetc field
of the He+ sta HD 377%® (Kopylova and Romanyuk 1992 Romanyk et al., 1996 and this issue)

Taking advantag of the goad violet transpareng of the telescop and the spectrograp optics
we hawe taken a series of Zeema spectr in the 3300-400 A bard for 3 CP stas (HD 112413
HD 1379® and HD 152107) Thus the Balme jump is locatal in the middle of the plate Specta
were usa for seart for radid gradien of magnetc field. It is shown that for HD 11241 the
magnetc field increase with depth for HD 1379® we hawe found a pha® shift of 0.15 P betwee
the longitudind magnetc field curves observel on both sides of the Balme jump (Romanyuk 1984
1986 1991)

New CCD detectos enabk investigation of polarizatiom and magnetc field properties of Herbig
Ae/Be stars (Glagolevskij 1990 1996) Principd difficulties in the investigation of thes object are
the smal numbe of lines and their complex structure

At last, magnetc observatios of white dwarfs with the 6 m telescoe hawe been conductel for
the lag 10 years (Bychkov et al, 1991 and a series of papes in the presemn book). The magnetc
field of sub dwarfs has been studied by Elkin (1996)

5 Conclusions

The fate of Zeeman effed measuremerstin astrophysis differs strongly from that of Dopple effed
measurementsAlthough a 1 kG field cause approximatey the sane magneté shift (0.02 fi) as
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the Doppler shift of moving objects at a speed of 1 km/s (in the generally used spectral range
around SOOlA), the number of radial velocity measurements are by 3-4 orders larger than magnetic
measurements.

The main reasons for this situation are the technical difficulties of Zeeman effect measurements,
instrumental effects, which can have influence on measurement results, difficulties in getting observ-
ing time at the largest telescopes, and finally, there is no polarimetric equipment at large telescopes.

Nevertheless the introduction of new detectors, a better accuracy of observations and modeling
inspires one with optimism for the future and we believe that magnetic investigations of stars are
at the initial stage.
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