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l Abstract

Line formation of a normal Zeeman triplet is investigated. The equations of
transfer for the Stokes Parameters are solved with special regard to the polarization
of the Zeeman components. The magnetic field is assumed to be homogeneous, but
the orientation of the line of force is not specified. The magnetic intensification and
the polarization of the lines are calculated. The magnetic intensification is maximum
when the magnetic lines of force make an angle about 55° with the line of sight in
the case of well separated triplet.

The method of determining the orientation of the magnetic lines of force are
described. The errors introduced by the atmospheric scintillation can advantageously
be corrected in this method. An application of the method to the magnetic field of
a sun-gpot is discussed.

1. Introduction.

The sun-spot and several magnetic stars are known to have strong magnetic field of a
few thousand gauss near the surface. Absorption lines which have large Landé factors split
into Zeeman components. The separation of these components is of the order of magnitude
of the Doppler width both in the spectra of sun-spots and magnetic stars. Therefore, the
appreciable magnefic intensification and polarization of absorption lines will result.

Theoretical calculation of the intensity and the polarization of the absorption line can
easily be made when the separations of the Zeeman components are so large that they can
be treated as independent lines or when the magnetic lines of force are parallel or perpen-
dicular to the line of sight. The former case was treated by H. W. Babcock® both for normal
and anomalous Zeeman effect. While, the latter cases called the longitudinal and the frans-
verse Zeeman effects, respectively, were treated by H. Hubenet® when the magnetic fields
were possibly inhomogeneous. The intensities and the polarizations along the line confour of
blended Zeeman components are calculated in this paper when the homogeneous magnetic ﬁe“l(.]
has an arbitrary orientfation.

The magnetic field is of primary importance in the physics of the sun-spots. But the
three dimensional structure of the sun-spot magnetic field is rather obscure. J. Houtgast and
A. van Sluiters® determined the variation of the magnetic field strength with the depth,
statistically, from the center-limb variation of field intensities. G.E. Hale and S.B. Nichol-
son® observed the transverse Zeeman effect in the sun-spots at the limb of the sun and

determined the projected direction of the lines of the magnetic field by measuring the angle
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of the Nicol prism with which the ¢ and 7 components of the Zeeman triplet show their
maximum contrast. These methods, when applied fo the penumbra or to the outer part of the
umbra of sun-spots, cannot escape from the errors infroduced by the atmospheric .scintilla-
tions. A new method in which the errors can be corrected will be discussed later.

The curve of growth of a sun-spot is different whether the absorption lines are subject
to the magnetic intensification or not. P. ten Bruggencate and H. von Kliiber® assumed the
maximum magnetic intensification in their interpretation of the curve of growth. Buf, in
the longitudinal normal Zeeman effect, we have no magnetic intensifications as Hubenet stated.
Therefore, R. Michard® neglected it altogether. J. Warwick” studied it empirically and found
no indication of magnetic intensifibation even in the anomalous Zeeman lines. As the angle
between the magnetic lines of force and the line of sight increases, the magnetic intensification
increases and reaches its maximmum when the angle is near 55° and then decreases slightly.

Some of the discussions about the sun-spot may also be applicable to the magnetic stars.

2. The Representation of Polarized Light and the Equation of Radiative Transfer.

When the angle between the magnetic line of force and the line of sight is arbitrary,
the sirength and the polarization of the absorption coefficient of each Zeeman component are
the functions of the angle, and moreover the polarizations of components are neither identical
nor independent to each other. Therefore, if the components are blended, the radiative
transfer cannot be treated by the usual polariza-
tion optics. A general procedure such as S. 2
Chandrasekhar® applied to the Rayleigh scattering
atmosphere must be used. That is the radiative H .~
transfer of the Stokes parameters.

In order to obtain the transfer equations for /
the Stokes parameters, we shall work with a repre- / Y
sentative polarized light. A Cartesian coordinate /

system is used as is shown in Fig.1. z-axisisin ! > > 8

the direction of propagation of the light, and z-

axis is in the plane which is determined by the

VY

z-axis and the magnetic line of force OH. And
y-axis is ftaken to be perpendicular to both z and
T-axis. x

A representative polarized light is defined dy Fig. 1. . CoPrdinate s,yStem for repre.senti‘ng
the polarization. z-axis shows the direction
of propagation or the direction of the line of

£,=&, cos (wi—¢,), 1, a) sight. The magnetic line of force OH is in
and the z—x plane and ¢ is the angle zOH.

&= €, cos (wt_ €), 1, b)
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where §, and §, denote the vibrations of the electric vector of the light along the z and the
7-axes, respectively, and are defined by the amplitudes & and & and the the phase angles
€, and €,. The Stokes parameters of the light are sufficient to describe the full nature of

polarization and are given by

1=(1,Q,U, V), (2, 2)
where
I=L+1,, Q=I—1,, (2,b)
IL=§, 1,=£, (2, ¢)
U=2¢,E, cos (¢, —€3) , (2,d)
V=2¢&,sin(e,—¢,) . ' (2, e)

According to the classical theory of Lorentz, the absorbing and the emitting electrons
are assumed to be linear oscillators. In the presence of magnetic field, all the linear oscilla-
tors undergo the precession around the magnetic line of force and they are equivalent to
linear oscillators with the original frequency along the line of force plus the left-handed and
right-handed circular oscillators with the corresponding shifts in frequency in the plane per-
pendicular to the line of force, and these oscillators produce the wr-component and the g-com-
ponents, respectively. They are denoted here by p-, I- and r-electrons, respectively. We shall
first formulate the selective absorption due to these electrons.

Let «,, «, and «, be the absorption coefficients per unit volurae per unit solid angle for
the radiations with their resonance polarizations, respectively. For instance, if the radiation
with the left-handed circular polarization propagates along the magnetic line of force, the in-

tensity I undergoes the absorption x,Idz affer passing the distance dz. We have
k,(V)=w(vFdvg)=r v dvy)=x,, (3, a)

np=rK,lk, m=Kfc and 5,=x/c, (3, b)
for the normal Zeeman triplet, where Ay, represents the frequency shift due to the Zeeman
effect, «, is the usual absorption coefficient when the magnetic field is absent, and « is the
confinuous absorption coefficient.

The radiations of the resonance polarizations for the polarized oscillators have to be picked
up from the system which is represented by the equations (1) and (2).
The p-electrons absorb the electric vibration parallel to the magnetic field. The effective

absorption coeflicient is «, sin® Y. After passing a distance 4z, the change in intensity will be

AIIZ_KP Si.nz '\#Il.dz. (4:)
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From the equations (2) and (4), we have

A8= —k, sin® ¥&4z,

or

48— — ; k, sin® W&, dz . (5)

So, the changes in the system (2) are given by

411: '—ICPAZ SiIl2 "«I"]l ’ (6’ a)

AU =— ';J’-Az sin® ¢U , (p-absorption) (6, c)
and

AV= —_.';”_Az sin® ¥ V. (6, d)

The calculation of the absorption due to the [-electrons or the 1-electrons requires some
considerations. The [-electrons absorb the elliptically polarized radiation, the l-radiation which
is represented by

£€,,=a cos ¥ cos (wt—8,), (7, a)
and

&,=acos (wt—8,—m/2), (7, b)
but they cannot affect the oppositely polarized radiation represented by

&5 =0 cos (wt—8&,), (8, a)

&% =0 cos V¥ cos (wt—8;+m/2) . (8,b)

The system represented by the equations (7) and (8) together must be equivalent to the system
represented by the equations (1). So, we have

£, =£,+68, | (9, 2)
and

¢,=6,+&, (9, b)
From the equations (2) and (9),

2 1

v (1+ cos® ¥)? [1; cos® ¥+ 1;— V cos 1l!"] ’ (10, 2)

2 1

:<1+ cosz‘!’)s[jd_I“’ cos” P+ Veos ¥], (10, b)
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1,=a* cos® Y+ b2+ 2ab cos ¥ cos (§,—8,) , (11, a)

I,=a*+1? cos® ¥ — 2ab cos Y cos (8;—8,) , (11,b)

U= —2ab(1+ cos® {) sin (8;—8,), (11, ¢)
and

V=2[—a’ cos Y+ cos ¥ —ab cos (§;—35,) sin®* Y] . (11,d)

a?, b, 2abcos(8;—3;) and 2absin(8;—3,;) can be regarded as the generalized Stokes parameters.
In the system (10) and (11), only the intensity of the [-radiation, a?, is changed by the ab-

gorption due to the l-electrons, so that,

2
da*= —«, L+ CZOS ¥ a*dz, (12, a)
or
da= —JZ -Az(1+ cos®* Y)adz, (12,b)

where «,(1+ cos® ¢)/2 is the effective absorption coefficient for the [l-radiation. The change
in the system represented by (11) is given by

A, =— : 4221, cos®* Yr— Veos ¥) , (13, a)
A== "t 42l Y cos ), (13,b)
(l-absorption)
AU =— ’Z 42U+ cos® ¥), (13, ¢)
and
AV=— Z"Az[ — 21 cos ¥ —271, cos ¥ +(1+ cos> ¥)V ] . (13, d)

Quite similarly, we have for the r-radiation

Al = —"Z—-Az[z_fl cos* ¥ +Veos V], (14, a)
Al = — —'—Z~Az[2Ig+V cos V], (14, b)
(r-absorption)
AU = — »!Z---AZU(]_'}— cos® ¥) (14, ¢)
and
4V = —l;‘t.dz[ﬂl cos ¥ +27; cos ¥+ (1 + cos® ¥)p7] . (14, d)
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The equations (6), (13) and (14) give the expressions of the selective absorption.

Where «,, x, and «, are all equal to x, we have

Al = —«xdzl,, (15, a)
A1, = —xdz1, (15,b)
(continuous absorption)
AU=—kd2U , (15, c)
and
AdV=—xd2V. (15,4d)

‘The expressions (15) represent the unpolarized absorption which is the continuous absorption
when « r1neans the continuous absorption coefficient.

According to the equations (6), (18), (14) and (15), the total absorption is given by

4l = —;cdz_<1—|—77p sin? -+ 771_,’2—7’" cos? H”)L-l— —m;-m cos \#V] , (16, a)

A]i,z——/c.ﬁfz_(l—l— m+7h>[g+ _—7]L+77r. cos ‘P‘VJ , (16,b)
L 2 4

40 = —/c_/tz—l—l— 772” sin® Yo+ 7711_77” 1+ coszllf)]U, (16, ¢)

and

AV:——;«Az[ “”l;’” cos V(I +1,)+ {1+ Zp sin? ¥+ ’74‘4’:’77 (1+ cos? «{r)} V],

(16,d)

where 7,, 7, and 7, denote «,/«, /cl//c- and «,/x, respectively.

Next we consider the emission. For simplicity, the pure absorption model is assumed.
This approximatioh may be a good one, because the Zeeman triplets which are usually
observed are of moderate strength and moreover the atoms are complex and have many
energy levels.

Taking account of the proper polarizations of the p-, I- and r-radiations and the continu-

ous random emission, we have
41, =k 4z sin®* ¥ 12} , 4I,=0, 4U=0 and 4V=0, an)

for the p-emission,

(18)
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for the l-emission,

2
A4l =« dz cos” ¥ B R Alngc,Az}-~ B ,
2 2 2 2
(19)
4U=0, and 4V=k,4z COZ‘—P B,
for the r-emission and
. B . B _ _
AIl—xJz»z , dIl,=«dz 9 AU=0, and 4V=0, (20)
for the continuous emission. Therefore the total emission is given by
AL:/cdz[l F, sin® P+ ’?!;ﬂr cos? ""}]23 , (21, a)
4122x42[1+ mtkr ] B (21, b)
2 2
4U=0, (21, ¢)
and
AV =k dz ".”l;”f cos VB . (21, )

It is noted here that the Stokes parameter U has no interaction with other parameters

and that AU vanishes in the emission processes. Therefore U is identically zero,
U=o0. (22)

We need only to freat the equations of transfer for three parameters, which are written from
equation (16) and (21) as

ar

cos@ 1=
dr

<1+77p sin® ¥+ m;% cos” ‘PXL— 712-3—-)-1-"-’7‘;’7-’ cos ¥V,

cos 0 UL =(1+ 21— 5 )4 T sy,

2

T 2 2
and
cos 8 PV = TN oo “#(L-l—IE—B)-i—{l—I— T sintyp4 T 1+ cos? \P)} v,
dr 2 2 4
where

dr=—xdzsect . (23)

These equations reduce to
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008 6.2 —(L4n)I+70Q 4+, V=L +n)B, (24)
03 699 = I-H(1+7)Q—n B, (25)
-
.and
Cos B?zV:"]VI"l‘(l +9)V—n,B, (26)
- ,
where
I:I1+[2; Q—_‘Il—IS’
7= ,ZP_ sin® ¥+ 77?—:771 1+ cos®* ), (27, a)
— Mo _ N e
no=( 7 =74 Ysint v, (27, b)
.and
Ny = _77’;_771- cos VP . (27, c)

As the functional forms of 7,, 7, and 7, have not been specified in the deduction of the
-equations (24), (25) and (26), these simultaneous equations can be used also for the lines with
the anomalous Zeeman effect. In that case, the equations (3) have to be disregarded and,
instead, the special partition of the absorplion coefficients for these lines has to be adopted.

But the anomalous Zeeman effect will not be considered in detail in this paper.

3. The Solution of the Equations of Transfer.

Assuming the homogeneous magnetic field and neglecting the variations of %,, 7, and

n, with the optical depth, we can solve the equations (24), (25) and (26) easily. Putting

B= Bo(l +:807') ’ (28)

we obtain the emergent intensities,

— 1+771
1(0,0)=B [1—{—8 cos 6 A }, (29, a)
’ ’ A+ —ne—nv

0, 0)=— B,B, cos 6 Te 29, b
Q( ’ ) B0 cos (1+7}1)2“‘77?2—7);' ’ ( )

:and

V(0,0)=—BoBycos® T (29, 0)
O O==BoBu o8t | it ’
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Fig. 2. Depressions of the Stokes parameters in
the equations (31) for vyz=1 and for ¢=0°, 30°, 60°

and 90°. Full lines and dashed lines represent for

the cases of y,=1 and 7,=3 respectively, in the

equations (33).

(@) 71, (b) ¢ and (c) 7.
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Fig. 3. Depressions of the Stokes parameters
in the equations (381) for vz=2 and for ¢=0°,
30°,60° and 90°. Full lines and dashed lines

represent for the cases of »,=1 and 7,=3, res-

pectively, in the equations (33). (a) 7, (b) vg

and (c¢) 7.

Fig. 3-c

In Figs. 2 and 3, only the right halves of the contours are shown because of the symmetry. The
curves for 7,=8 are drawn by changing the sign of r;, r¢ and ry. 7; and 7, are symmetric with
respect to the axis v=0, and 7y is symmetric with respect to the origin.
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For the continuous back ground, we put

n,=n,=n,=0 or nr=ne=nr=0,

and we have

10, 0)=B,(1+8, cos ) , (30, a)

Q,(0, 8)=0, (30, b)
and

Vy(0,0)=0. (30, ¢)

The intensities and the polarization of the absorption line are measured in units of the con-

tinuous back ground, so that

_ I(O7 0)'—1(0; 9) _ Bycosd 149,

(0)= 1080, 0)=L0,0) _ _Focosf fq_ RS 1,

r<(0) 1,0, 6) 1+B,cos 8 [ A+ —ne—n5 :l (31, 2)
__Q(0,0)—Q(0,0) _ B, cos 6 7q

(@)= Y\, D=, 0) . BocoSU Me_

WO=T0 0 T Becos 8 (Lbn b (81,5)

and

. — I/O(Oaa)— V(07 0)_ BO cos 6 v

vV 9 -_ T T T T s T T T p ;.’" "T 3]—’ ”

() 10, 6) 1+8,c080 (A+7,)—ne—ny 81, 0

If we ignore the effect of polarization altogether, we have

Q=V=0,
or equivalently

7e=ny=0,
and the equation (31, a) is reduced to

148, cos 0 1+,

As the contour of the absorption coefficient is widened by the Zeeman effect, we have a large
magnetic intensification. But in the actual cases, the polarizations of the p-, I- and 7-oscillators
are not identical and so the correction —(75+7}) appears in the denominator of the equation
(31,a). As the result, the magnetic intensification is somewhat less than that calculated from
the equation (32).

Numerical calculations have been made for the representative cases and are shown in

Figs. 2 and 3. Assuming the Doppler contour, we have

m=me",  m=ne O and  g,=pe R, (33)
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where v and vy measure the wave-length and the wave-length shift due to the Zeeman effect
in units of the Doppler half width, respectively. #,=1 and 7,=3, and vz;=1 and vz=2 are
adopted in the calculations. #;, 7o and 7}, are shown in Figs. (2a) and (3a), (2b) and (3b)
and (2¢) and (3c), respectively, for 0°, 30°, 60° and 90°. For V¥ >90°, the results for
180° —Y can be obtained only by exchanging the roles of the [- and the v-oscillators. So,

we shall restrict the later discussions for 0° < ¢ < 90° without loss of generality.

4. Discussions about Some Special Cases.

In the cases of the longitudinal and the transverse normal Zeeman effects, the angle ¥ is
0° and 90°, respectively. _
From the equations (27, a, b, ¢) and (31,a,b,c) we have for ¥=0°,

B A _’89‘00_86 . ]‘[a ”l""_l_ B »7]:5»“] 34: a
" 14B,c080 2L1+75, 1494’ (34, a)
7e=0, (34,b)
and
_— BO CcOS 0 ]_ ': 77[ ,)77 ]
14 T 34
i 1+B,cos0 2 149, T 1+49,1° (34, ¢)

and for ¥=90°,

B, cosd 1 My (”h +77r)/2
py= Booosd ] + Gntnd2 1 35,
T 1+B,c080 2[1+77p 1+, +7,)/2 - (85,2)

. Becosd 1 =, (m+mu,)/2
o= o008l — A2 35, b
¢ 148,080 2|:1+77,, 1+(m+m)/2} (85,0)

and
ry=20. (35, ¢)

The equations (34) and (85) are consistent with the formulae given by Hubenet. From equ-
ations (3), (34, a) and (35, a), we have no magnetic intensification in the case of the longitudinal
normal Zeeman effect, but we have an appreciable magnetic intensification in the case of the
transverse normal Zeeman effect, because 7, and 7, have their maxima at the different wave-
lengths and the saturation effect of the equivalent width becomes less marked. When the
Zeeman components are well separated, the formula (31, a) can be divided into three terms
eg.,

r= foo20 L[ 7 sin® (At eost¥)2 (Lt cos”¥)/2 SEED
13 Byeosb 2L 14, sin Y 1490+ cost¥)/2 | L+m,(1+ costP)2d’

The equivalent width W is given by
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w _/’*”_ :
= 5 r.dv, (37)

where v denotes the wave-]_ength shift in units of Doppler width 44 p- The equations (36) and
(87) show that W is maximum when

sin® ¥ =(1+ cos® ¥)/2,
or )

cos? =1/3. (38)
Therefore we expect the maximum magnetic intensification when the angle ¢ is near 55°
(or 125°). Numerical calculations or Figs. 2 and 3 show that the equivalent width W in-
creases rapidly with increasing ¥ until ¥ becomes about 55° however after that it remains
to be practically constant, although the contours of 77, Te and 1, show marked variations
with V.

Next, when the magnetic field is so weak that the higher order in v, can be neglected,

we have
B=00),  m=no—o) =) —u, 7
dv
and
— _ dn _
2 =n(v+vg) =n(v)+vg dv (39)
From the equations (27, a, b, c),
(o _ o dn
nr=n(v), 7q=0 and Ny =7y cOS Y dv (40)

As we ghall see later, the usual observation by means of a quater-wave plate and a polarizer
measures 7;2%7,, which is given from (40) in the case of infinitesimal splitting by

— Bocos®  plvxvyeosy) (41)
14+B,c086 1+n(vvycos )

7y

This formula is the same as in the case of the longitudinal Zeeman effect where the
magnetic field strength is multiplied by a factor cos¥. The formula (41) was first derived
by F.H. Seares” although his treatment was not exact, for he assumed that each Zeeman
component forms the absorption line of the same symmetrical shape apart from the magnitude
of the depression. Anyhow Seares’ formula is useful for the measurement of the weak general
magnetic field.

Next, a discussion about the curve of growth of a sun-spot will be made. As we see
from Figs. 2a and 3a, the magnetic intensification is at most of the order of 10 per cent or
more if 5, is fairly large. In the case of the normal Zeeman friplef, the magnetic intensifi-
cation is expected when the magnetic line of force makes an appreciable angle with the lirre
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of sight or when the effect of the atmospheric scintillation is so large that the scattered light
from the penumbra modifies the spectrum of the umbra appreciably. If the observations of
ten Bruggencaté and von Kliiber® were made about the sun-spot near the center of the sun
in good seeing, the magnitude of the magnetic intensification might be below 5 per cent. So,
ten Bruggencate and von Kliiber’s value of about 80 per cent seems to be too large.
Warwick™ made the curve of growth by, using only the lines with the normal Zeeman triplet
and found that no systematic deviation from the curve exists for the lines with the anomalous
Zeeman effect. He inlerpreted fhe result by means of the turbulent velocity of 2 km/sec
which overcomes the magnetic broadening. Butf many anomalous Zeeman patterns show group-
ing, although there are some exceptions. So, these lines show no marked differences with
the normal Zeeman lines in the spectrum of the sun-spof, and their magnetic intensification
may be small. Michard® showed that the anomalies of the sun-spot curve of growth disap-

b

pears in the ‘‘ Fein Analyse ”. Therefore, the turbulent motion of 2 km/sec, which is doubtful
in the presence of the strong magnetic field, may be not real. Anyhow the detailed study of

the line contour will solve the problem of the curve of growth.

5. The Observational Scheme.

The observations of the Zeeman patterns are made by using the quartz or the mica plate
and the analyzer combined with the spectrograph.
Fig. 4 shows the relation of the coordinate
systems. The 2- and %y-axes give the coordinates
which have hitherfo been used. The principal
axes of the fast and the slow electric vibrations
are indicated by f and s, respectively, and the
angle which the f-axis makes with the z-axis is
denoted by ¢. The X- and Y-axes mean the

directions of the ordinary and the extraordinary

vibration of the analyzing double image prism,
and the X-axis should make an angle 45° with
the f-axis.

The light which is represented by the system

(1) or (2) is affected by the crystal plate and the Fig. 4. Directions of the axes of the quartz.
and the analyzer.

analyzer in such a way that
§,=¢, cos (wt—€,) cos p+&, cos (wt—€;) sin ¢, (42, a)

£, =£, cos (wt—¢€,—8) sin ¢p+&, cos (wt—€,—8) cos ¢, (42, b)
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1
EX = ]/2_(Ef+ Es) ’ (4:37 a‘)
and

1
t,= - (—&,+8E), (43,b
¥ 1/2( 7€) 43,b)

where 8 means the phase refardation produced by the crystal.

After passing the analyzing double image prism, the intensities of the otdinary and the

extraordinary rays become

va,dz-;[I—Qsin 2¢ cos 8+ Ucos 8 cos 29+ Vsin 8], (44, a)
and

Iy,6=%EI+Qsm 24 cos 5—U cos 2 cos 5— Vsin 8] , (44, b)

from the equations (2), (42) and (43). In our case,
U=0. (22)

And if the half-wave plate and the quater-wave are used,

S=nm and d=nmr+ ; T, respectively,

and the equations (44) reduce to

Ine = ; [I—Qsin 24], (45, a)

Iy, = ; [(I4+Qsin 2], (45, b)

Iyome= ; [I+V7, (45, ¢)
and ’

Iy n/s= ; [I-V]. (45, d)

If the scattered light can be neglected, we have in terms of depressions,"

TX,O :T.Z_TQ sin 2¢ 9 ;7:‘{“7\ .

Ty,o0 :'7'1+')'Q sin 21’ 3
Tx,m/e=Tr 17y,

and
Ty, m/e="7— Ty,
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or
1 1
= é‘("'x.o +ry.0)= 9 (Px,m/atTe,m2) 5 (46, a)
. 1
7o Sin 2p= '2 ("""X,o +7r.0) 5 (46, b)
and
1
Tr= 2 ('rx,n/s—')'y,a:/z) . (46? c)

The quantities appeared in the right-hand sides of the equations (46) are the observable
ones, and 7;, 7, and 7, on the left hand sides are given by the expressions (31) and (27).
Adopting the Doppler contour of the absorption coefficient such as represented by the
equations (33), the unknown quantities in the equations (46) are B, 7, vy, ¥ and ¢. The
value of 3, is given by the Michard’s® study, and then the value of 7, is determined mainly
by the observed value of r; which is sensitive to the variation of 7, as seen from Figs. 2 and
3. The value of v; is then determined by the wave length at which 7, shows ifs maximum.
With the values of By, 7, and 7, thus obfained, the angles Y and ¢ can be determined by
the values of ry/r; and 7¢ sin 2¢/r;. The values of ¥ and ¢ are obtained from the obser-
vations at one wave-length in the contour, and the consistency of them from the observations
at different wave-length checks the adopted values of By, 7, and vgz. These angles indicate
the orientation of the magnefic field at any point of a sun-spot along the slit of the spectro-
graph.

Actually, the observations of sun-spots always suffer from the scattered light mainly due
to the atmospheric scintillation. The scattering function may be assumed after A.J.M.

Wanders'® to be

Uls, g)= e, (4"

The observational quantities are here written symbolically as

Loy, =1 —8)I+sI, (48, a)

Qoss=(1 _S)Q +5Q;, (48: b)
and

VObs:<1_s)V+SVs7 (48) C)

where J,,,, Qoss and 17y, 1eans the quantifies which reach the observational instruments.
I, @ and 17 should mean the quantities in the area where the magnetic field and other
physical quantities are regarded as uniform, and [, Q, and V, mean the effective quantities
scattered from the surrounding area. The magnitude of scattering, s and I,, @, and V, can

be written by means of the scattering function (47), if the size of the uniform area is adopted.
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Defining the following quantities

1—s
= R R 49, a
P s nn) (9, 2)

= § , 49, b
s 1.1 (45, 1)

‘where /, and I,, are the corresponding quantities for the continuous back ground, we have

pri+qris 2%3“(72?,4:/2"}‘ y,ms2) s (50, a)

(pro-+gres) sin 2p= ; (—r%0+7r0) 5 (50, b)
:and

Prytgry,= é‘("’x,«/z —Tp.ms2) . (50, ¢)

The distributions of the intensity and the polarization along the line contour are different
if the strength and the orientation of magnetic field are different. Therefore, we can dis-
tinguish the component of scattered light. For instance, the scattered light from the normal
photosphere has random polarization and the absorption line is confined only near the line
.centre and is not widened by the Zeeman effect, and so the intensity and the polarization are
-gearecely affected at the wave-length somewhat apart from the line center. We can deftermine
the magnitude of s in this case empirically by observing the infensity and the polarization
near the line center.

In the actual procedure, the successive approximation may be most convenient, first
taking the umbra and the penumbra of the sun-spot as the uniform areas and obfaining the
parameters and then subdividing the areas smaller and smaller and finally a precise distrubu-
tion of the magnetic field across the sun-spot will be obfained.

If the scattering parametfer s is applied to the continuous spectrum the intensity distribu-
tion across the sun-spot will be obtained.

It is important to note here that the observation must be made by a single exposure,
for the scintillation varies with time. For this purpose, a quartz plate which can serve as a
-quarter-wave plate for one line and as a half-wave plate for the other line simultaneously is
favorable. The iron lines 46303 and 46173 are adequate for the observation, for these lines
have large Landé factors and the effective depths where the lines are formed are nearly the
same. A vanadium line 2 6259 which is situated between the iron lines is a weaker line and
the effective depth is deeper. And so, if the line contour is also measured, some information
about the variation of the magnetic field with depth can be obtained. The relation, curl H=0,
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together with the observafion of these lines may well determine the fhree dimensional structure
of the sun-spot magnetic field. Such an observation is now undertaken at the Tokyo Astro-
nomical Observatory.

In the case of magnetic stars we need not take care of the atmospheric scintillation, but
instead, 7,(0), 19(6) and 7,(6) must be integrated over the stellar disc. As the strength and
the orientation of magnetic field are the functions of position on the disc, the interpretation
of the observed contour may require a somewhat complicated calculation. However, it may
be interesting to test by the detailed study whether the magnetic field of the star is the
general dipole field or it it is due to large magnetic spots.

The auther expresses his hearty thanks to Dr. Z. Suemoto and Mr. S. Hokugo for their

kind encouragement and discussions.
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