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Abstract. From an investigation of spectra in a magnetically sensitive (26173, g -- 2.5) and insensitive 
line (25576, g = 0), we derived the following properties for a symmetrical sunspot: 

(a) The magnetic field strength varies with the distance Q(O ~< 1) from the sunspot center like 
H(O) = H(0) (1 § 02) -I. 

(b) The zenith angle of the magnetic field varies like 90~ From this and from H(0)we find a 
height gradient of 0.5 gs/km at 0 -- 0. 

(c) The equivalent width and the half width of 25576 show an increase in penumbral regions of 
maximum Evershed flow. Most likely this is due to a combination of inhomogeneities in the Evershed 
flow and 'microturbulence'. 

(d) We find the magnetic field strength to be larger in the dark interfilamentary regions of the 
penumbra. These regions move downwards with respect to the bright filaments and probably have 
a more horizontal magnetic field. 

(e) In a weak ligtlt bridge and in extensions of bright penumbral filaments into the umbra, we find 
a decrease of the magnetic field strength, and a more horizontal field direction with respect to the 
umbral surrounding. 

(f) In umbral dots and in the light bridge we find a relative upward motion. 

1. Introduction 

As par t  of  a detai led s tudy of  a sunspot  dur ing  its d isk  passage,  we observed f rom 

20 July 1966 to 1 Augus t  1966 the sunspot  numbered  4386 in the Rome  month ly  

bulletin.  Some results of  these observat ions  concerning the magnet ic  fields in the 

pho tosphere  sur rounding  the spot  and  the proper t ies  o f  umbra l  dots  have a l ready 

been publ ished (Beckers and  Schr6ter,  1968a, b, c, 1969). In  this publ ica t ion  we will 

describe the average magnet ic  and  velocity field in this one sunspot  as well as fluctua- 

t ions in these fields associated with penumbra l  and  umbra l  fine structures.  Some o f  

our  results are a repet i t ion of  previous  observat ions,  but  with a more  refined reduct ion  

method.  We also consider  it  to be impor t an t  to know most  physical  quanti t ies  asso- 

ciated with this par t icu la r  sunspot .  Results  concerning the center- to- l imb var ia t ion  

of  the intensity in different wavelengths and the Wi l son  effect in this specific sunspot  

will be publ ished independent ly  (Wi t tmann  and Schr6ter,  1969; Wi t tmann ,  1968; 

Wi lson  and Mcln tosh ,  1969). 
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2. Observations and Reductions 

Figure 1 in Beckers and Schr6ter (1968a) shows the setup used to obtain the sunspot 
spectra. In this paper one also finds detailed data about the sunspot under investiga- 
tion. These spectra were taken simultaneously in the Fe line, 5576.1 A line (g =0) 
and in the Fe line 6173.3 ,~ (g =2.5) in many positions across the sunspot. They were 
exposed for 10 sec at a rate of 15 sec. Simultaneously with the spectra we obtained 
slit-jaw images in integrated light and photoheliograms in blue and red continuous 
radiation. Often Ha filtergrams are also available. The diameter of the solar image for 
all observations equals 250 ram. Out of the many spectrograms ( ~  600) taken of the 
sunspot at different positions in the spot, we selected for each day 15-17 spectra of 
the best quality which covered all positions in and around the spot. These spectra 
were reduced by measuring the line profile of 2 6173 and 2 5576 at points 600 km apart 
with the Sacramento Peak automatically digitized microphotometer. At each point 
the 'Doppler line' (25576.1) was scanned in a wavelength range of 0.9 A centered 
on the line; the intensity readings were digitized every 7 mA. Intensity readings of 
each of the two 'Zeeman spectra' (26173.3) corresponding to opposite circular polari- 
zations were measured every 15.6 mA in an interval of 0.78 A centered on the line. 
The resulting measurements were reduced by computer to give quantities like Doppler 
shift, equivalent width, Zeeman splitting, etc. The reduction was done with three 
different programs called, respectively, Doppler program (for Doppler line), and 
Zeeman 1 and 2 programs (for Zeeman line). 

2.1. ZEEMAN 1 PROGRAM 

A flow chart of the data reduction in this program is shown in Figure 1. The solid 
arrows show the reduction of the original data. The dashed arrows show the same 
reduction, but for data derived from theoretical profiles computed with the Unno- 
Stepanov theory (Unno, 1956). The latter were computed using the following param- 
eters: No=line center-to-continuum absorption coefficient =1.12, Doppler width 
A2D=42.5 m•, damping constant =4  • 109 sec -1 and f lo/( l+ flo)~ 1, where flo is 
defined by B(z)=B0(1 + rio z) = source function variation with optical depth ,. These 
parameters were chosen such that they represent the line profile of the 6173 line as 
observed outside sunspots. 

For a Milne-Eddington model with a linear source function and fi0 >> 1, one obtains 
for zero Zeeman splitting for the line depth d: d=q/(1 +q), where q is the ratio of 
the line and continuum absorption coefficient. We made the Zeeman 1 reduction with 

both d and with ~ = d / ( 1 - d ) .  The latter turned out to have some advantages so that 
this is the reduction which is shown in Figure 1. After the conversion of the measured 
line depth into r/we determined first the Doppler shift A2v. This was done by inverting 
the wavelength scale of one of the two circularly polarized spectra. Then the cross- 
correlation function was determined between the two spectra. The position of maxi- 
mum cross correlation corresponds to 2A2v. Next we determined the V-Stokes param- 
eter of the line by subtracting the two spectra (after restoration of the wavelength 
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inversion). This V-Stokes parameter (also called the difference profile) was then 

represented by an expression of the form A I f  (x - A) - f  (x + A)], whe re f  (x) represents 
the line-absorption coefficient determined from the photospheric line profile, and 

where A and A are parameters which were determined by a least square fit of this 
equation with the data. Of primary interest here is A which can be expressed in a 

magnetic field H. This /~  is close to the true magnetic field H. The differences between 
/ )  and H are shown in Figure 2 for both the reduction with d and q. These curves were 
determined by applying the above procedure to the theoretical line profiles computed 

from the Unno-Stepanov theory. For the t/ approach this difference is very small 
(~< 1%) in contrast to the d approach. 

Using the A obtained from the V-Stokes parameter we next determined the amplitude 
of the two o- and rc components. This was done by fitting the average profile to the 

expression Al f ( x -A)+A2f (x )+A3f (x+A ). From A1, A 2 and A 3 we derived an 
angle 9 such that these coefficients behave like: A 1 :A 2 : A 3 = (1 + cos 9) 2 : 2 sin 2 9: 

(1 - c o s  9) 2 (corresponding to the Seares formula). Again the calibration of 9 in terms 
of 7 (true angle of  the magnetic field to the line of sight), is derived from theoretical 
profiles computed with the Unno-Stepanov theory. Also for 7 the r /approach is better 
than the d approach. Figure 3 shows the quantities ( H -  ~ )  and ( 7 -  9) as a function 
of H and 9. These are the corrections which have to be applied to H and 9 in order to 

get H and 7. 
The reduction with the Zeeman 1 program works properly only for magnetic fields 

> 700 gs. For smaller fields one cannot measure H and 7 separately; there one can 
only determine Nil = H cos 7. The above-described reduction is based on the assump- 
tion that f(x), or the absorption coefficient profile, does not change when going 
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from the photosphere into the spot and that flo remains still large as compared to 1. 
The quantity %, and therefore the line strength, may vary without affecting n or 
very much. 

2.2. ZEEMAN 2 PROGRAM 

The Zeeman 1 program can only be applied when instrumental polarization and 
retardation is absent or small. This is the case for the Sacramento Peak coronagraph 
but not for the coelostat telescope which also has been used for our observations. 
We therefore made a different reduction of the data for those days where the coelostat 
had been used. A block diagram of this reduction is shown in Figure 4. First we 
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averaged the two profiles thereby eliminating the 2/4 plate action and the instrumental 
retardation. The resulting profile is identical to the one which would have been observed 
if no polarization optics had been present. The local change in the center of gravity 
of this profile is taken as the local Doppler shift. The entire line profile was expressed 
by least squares in a relation of the form y=Af(x)+B{f(x-A)+f(x+A)}. The 
quantity A represents again the magnetic field/~ and the ratio A/B gives p. A determi- 
nation of t/ from d/(1-d) is now invalid. From general considerations one obtains 
tl=d/(1-kd), where l~<k~<2. Rather arbitrarily we made the reduction with 

t /=d / (1-1 .5d) .  Figure 5 shows the differences ( H - H )  and ( 7 - P )  as obtained from 
the theoretical line profiles after applying to them the Zeeman 2 program. These 
corrections are much larger than those for the Zeeman 1 program. Program 2 already 
breaks down for fields ~< 1250 gs since its application is much more sensitive to noise 
in the data than Program 1. Also, in this respect, the Zeeman 1 program is preferred. 

In both Zeeman programs the equivalent width of the line and the continuum 
intensity were also determined so that for each spectral scan through the sunspot 
the following quantities were available: continuum intensity Ic, the Doppler shift 
A2v, the magnetic field H, the relative strengths of the o- and ~ components (Ior, I~v,/,~), 
7 and the equivalent width W. 
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2.3. DOPPLER LINE PROGRAM 

From the photometry of the line profile of the Fe line 2 5576 the following parameters 

were obtained by the Doppler line program: 
(1) The maximum line depth d 1. 
(2) The line widths at the depths d.s=0.8 dl, d.5=0.5 d 1 and d.2=0.2 d 1. These 

widths we called w.s, w.5 and w.2, respectively. 
(3) The Doppler shifts s.8, <5, s.2 at these depths as well as the Doppler shift of 

the line center (dl): s 1. 
(4) The line asymmetry A defined by sx = Awx + B. The quantity A was determined 

from the x= .2 ,  .5, .8 data by least squares. 
(5) The equivalent width W. 

3. The Variation of the Magnetic Field across the Sunspot 

In this section we will discuss the variation of H, the zenith angle ~ of the field and 
its vortex angle ~ with the distance ~o from the sunspot center. Any fine structures of 
the field within the umbra and penumbra have been ignored. Section 5 gives a discus- 
sion of these fine structures. 

The variation of H with Q can best be derived from the line splitting as determined 
with Zeeman programs 1 and 2. For the determination of the angles ~ and @ we used 
two different methods. Apart from the determination directly from the Zeeman 
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programs (relative strengths of the a and 7r components), we gave special attention 

to the positions in the sunspot where HI1 = H cos 7 = 0 (see Hale and Nicholson, 1938). 

These positions form a line often misleadingly called the 'neutral line'; we will refer 

to it as the 'Hi[ = 0 line'. The determination of the angle 7 from the relative strengths 

of the rc and a components is subject to some uncertainties. For example, the ratio 

I~/I~ is affected by scattered light, by the neglected variation in line strength, by 

instrumental polarization, etc. These effects will all influence 7 except when 7 =90~ 

or Hii = O. We therefore tend to give more weight to the result as obtained from the 
Hll = 0 line investigation. 

3.1. THE ORIENTATION OF THE FIELD FROM THE/-/ll = 0 LINE 

In Figure 6 we show the HII = 0  line for different disk positions of the sunspot. The 

drawings of the spot have been corrected for foreshortening. The spot showed appre- 

Fig. 6. 
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ciable changes from day to day and was often far from symmetric. The following 
reduction is based on the assumption that the field is symmetric and constant during 
the disk passage of the spot. The results therefore contain some uncertainty. 

If  one calls the position angle of the HII = 0 line intersections with ~ = constant 
(Q =distance from center of spot expressed in sunspot radius) with respect to the 
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direction to the solar limb q51 and %2, one can show that 

(q51 + ~bZ) = tan-1 ~ (1) Hh/H Q = tan 0 cos 2 

Ho/H~= t a n (  q~l - ~b2) . ( 2 )  

In Equations (1) and (2) qb i and q52 are always between 0 ~ and 180 ~ and HQ, Hh, Hq, 
are the radial, vertical and tangential components of the magnetic field, respectively. 
Equations (1) and (2) give for all 0 for which an intersection with the HII =0 line occurs 
a value for G/G and H~,/H~. In Table I, columns 2 and 3 list the quantity ~ and Ho/I-I ~ 

for various 0. The presence of a tangential component H~ is very doubtful. The values 
in Table I appear to give a small positive value for Ho/H ~ of about + 0.1. This is in 
the direction which one would expect if Coriolis forces would cause the vorticity in 
the field. In Subsection 3.3 we will discuss the ~ behavior. 

TABLE I 

Variation of the magnetic field across the sunspot 

Ca ~b H dHn/dh e dHh/dh a 
(~ H~/Ho (~ (gs) (gs/km) (gs/km) 

0.0 0 2550 --0.48 --2.0 
0.1 24 • 5 0.0 +0.3 34 • 4 2530 --0,47 --0.95 
0.2 3 4 •  0.0•  39:55 2450 --0.42 --0.49 
0.3 38 • 5 0.0 • 45 • 5 2350 --0.37 --0.31 
0.4 41 • 5 +0.1 •  52-t- 5 2210 --0,31 --0.20 
0.5 4 2 •  +0.1 ~0.2 5 8 •  2050 --0.27 --0.15 
0.6 48-t-4 +0.5 =L0.2 67-4-2 1900 --0.22 --0.12 
0.7 5 8 •  + 0 , 1 i 0 , 2  7 4 •  1700 --0.16 --0.11 
0.8 67-t_4 + 0 . 1 ~ 0 . 2  8 0 •  1550 --0.11 --0.09 
0.9 7 9 •  +0.1 -t-0.2 8 4 •  1400 --0.07 --0.08 
1.0 90 •  +0.1 ::t:0.2 88_~ 1 1250 --0.00 --0.06 

From neutral line. 
b From a to n intensity. 
c With ( = 90 ~ 0- 
a With ~ from neutral line (column 2). 

3.2. MAGNETIC FIELD FROM ZEEMAN 1 AND 2 PROGRAMS 

For a number of spectra passing through the center of the umbra, we determined the 
variation of H and 7 with 0- From ? we derived the angle ~ by assuming that Ho/H ~ = O. 
The determination of 7 is, however, very dependent on the correction for stray light 
which is present in the umbra. We determined this amount of stray light by measuring 
the intensity of the umbra in the continuum and by comparing this with the umbral 
intensity of the same spot as measured in the whiteqight images. The latter have been 
corrected for scattered light (Wittmann and Schr6ter, 1969). Typically we find for 
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the spectra a total of 8% stray light, of which 6% originates in front of the spectro- 
graph (and which is therefore dispersed) and 2% originates inside the spectrograph 
(not dispersed). 

In Figure 7 the variation of H with 0 is shown as determined for a number of 
spectra taken while the spot was near the center of the solar disk. The spectra represent 
different cross sections through the sunspot. 
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Fig .  7. The variation of the magnetic field H across the sunspot as observed from four spectra with 
different sunspot cross sections. The scatter of  the points therefore represent partly real variations. 
The thin line represents the average of the H measurements. After correction, according to Figure 3, 

the heavy line gives the best analytic representation of H(o)/H(O). 

The H(O) curve shows two interesting properties: 
(a) The field decreases to 1300 gs at the photosphere-penumbra boundary, then 

it falls very rapidly to a very small field. Within the spot its variation is very well 
represented by 

H(O)--H(O)/(I+02). (0~<0~<1) (3) 

The weak magnetic fields observed outside the sunspot are caused by blurring of 
penumbral light into the photosphere and by magnetic knots. 

(b) The field does not show any discontinuous change at the penumbral-umbral 
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boundary. One might have expected such a change from the Wilson effect. Later in 

this section, we will find a height gradient of H at this boundary of 0.4 gs/km. The 
Wilson effect for this spot equals 670 km (Wittmann and Schr6ter, 1969). This results 
in a field decrease of 270 gs at the umbral-penumbral boundary. The actual discon- 
tinuity is, however, less than 100 gs corresponding to less than 250 km height differ- 
ence. One should remember, however, that the Wilson effect is measured in the con- 
tinuum. The 6173 line is formed at a smaller optical depth where the Wilson effect 
consequently must be less. This agrees qualitatively with the results of Wittmann and 
Schr6ter who also find a decrease of the Wilson effect for decreasing z. 

In Figure 8 and in column 4 of Table I we show the ~ (~) values. These lie systematic- 
ally above those determined by means of the neutral line method. In the center of the 
umbra the ~(0) is definitely unequal to zero which means that the 7r component does 

not disappear (see Subsection 3.3). 

Fig. 8. 
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Zenith angle ~ of the magnetic field as a function of 0. The width of the bands corresponds 
to one standard deviation. 

From ~(~) and H(~) it is possible to determine the height gradient of the vertical 
component Hh of the magnetic field. From div H = 0  and H o=O it follows that 
dHh/dh = - d//o/d~ - HJO. In Table I, columns 6 and 7, the values of dHh/dh are listed 
for the H(~) values in column 5 and for ~(~)=90~ and ~(~) as listed in column 2, 
respectively. We consider the first ~(~) distribution (=  90 ~ Q) to be the most realistic 
when other observations are also considered (Subsection 3.3). In the center of the 
umbra the gradient equals 0.5 gs/km in the first and 2 gs/km in the second case. These 
values are comparable to the results of other determinations (see, e.g., Bray and 
Loughhead, 1964). 
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3.3. DISCUSSION OF THE AVERAGE FIELD IN A SUNSPOT 

In Figures 9 and I0 we compare our estimates of ~ and H(~)/H(O) with those of others. 
For both quantities the results obtained by the different observers vary greatly. For 
our curve falls within the range covered by others, our H(o~)/H(O) curve lies systematic- 
ally higher. However, it resembles closely the curve published by Rayrole (1967). 

Fig. 9. 
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Most of the H(Q) values represented in Figure 10 are derived from a measurement 
of the distance of the Zeeman-split components of the lines as seen through a com- 
pound 2/4 plate. For fields less than 1500 gs this splitting is too small to cause a 
separation of the a and rc components. Even for larger fields these components are 
only partly separated so that there still is a strong influence on the HCo) determination. 
For the fields less than 1500 gauss, one will therefore generally measure too small 
a field. For very small fields, the splitting as seen through the compound 2/4 plate will 
equal H cos y instead of H. Our reduction with the Zeeman 1 and 2 programs is not 
influenced by these effects. We therefore believe our values of H(Q)/H(O) to be realistic. 
This means that the field strength at the outer border of the penumbra still equals 
about 1300 gs. If the H cos 7 values computed from our H(~) and ~(Q) curves are 
compared with the other H(Q) determination we actually find a very close agreement 
especially with the curve by Mattig (1952) again indicating that the normally published 
values refer more to the longitudinal than to the true fields. 

The ~ (~) curves in Figure 9 show very large differences. This may be partly due to 
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the fact that different spots were used, and partly due to the different methods of 

measuring 7 and thereby [. I f  the sunspot magnetic field were homogeneous in strength 

and direction, one would expect the same results for all methods. The large deviations 
in Figure 9 may therefore be explained by inhomogeneities in the magnetic field. In 
particular we believe this to be the case for the differences between the two [ (~) curves 

as described in Subsections 3.1 and 3.2. In the center of the spot at the center of  the 
disk we find, after correction for scattered light, the rc component  to be present 
resulting in the non-zero value for ~(0). F rom ~(0)=35 ~ one finds for the ratio of  

to o- intensity 14~. In Beckers and Schr6ter (1968b, 1969) we suggested an inhomo- 
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geneous model for the umbral magnetic field consisting of a field of _+ 3000 gs covering 

most of the umbra and of a field of T- 300 gs associated with the umbral  dots. The latter 
contributes only a little to the line profile but would cause an apparent ~ component 
in the center disk umbra. This model agrees with the present observations of the 
presence of arc component  provided that the ratio of the umbral 26173 line coming 
from the 3000 gs and 300 gs regions equals 7 to 1. 

It  is not clear yet how all of the differences in Figure 9 could be explained in terms 
of fine structure of the field. A detailed observational program to study the field in 
one spot in all possible different ways would be of the greatest interest. It  would 
probably result in an estimate of  the magnetic field inhomogeneities. 
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4. Results from the Doppler Program 

4.1. GENERAL 

The initial aim of the Doppler-line observations was to investigate the Evershed 
material-flow inhomogeneities from spatial highly resolved spectra (see the conflicting 
suggestions concerning the inhomogeneous Evershed effect made by Schr6ter, 1965, 

and Beckers, 1966). On July 25, 26, and 27, when the spot was close to the center of 
the solar disk, we indeed succeeded in obtaining spectra showing strong local fluctua- 
tions of the Doppler shifts which are correlated with intensity fine structures (see 

Subsection 5.1). However, because these Doppler shifts represent upward and down- 

D O P P L E R  

RADIAL SLIT 

PH PU U PU PH 

IO ~tet 2,d,2N., / ~ 1.5 

4 I I :...,I w'-w~ 
.3 ,.-., / ". w ~ . I  l , , - / A  ' 

-,05 tCenter ~ J- " -  - 'Xj - Limb 

I 

L I N E  •5576 (g :O)  

e = 7o~5 TANGENTIAL SLIT 

PH [PU U PU[ PH I 

.2. w.5 I 

I 7 
' o" 5 lO 

1 I - -  I 

I " ! , s x  
dlw• 

I I I w'-w~ 

! i . / ~ ,  . , ' - ~  d]%dT .05 
0 

-.05 

Fig. 11. Variation of the half width (w.5), the Doppler shift at half depth (s.5), the line asymmetry 
(ds/dw), the equivalent width (W) and the line depth dl across the sunspot. * refers to the spot, o 

to the surrounding photosphere. The dotted lines are for 16173, the full-drawn lines for ).5576. 

ward motions rather than a radial outflow, they do not refer to what one generally 
calls Evershed effect. On the other days, when the spot approaches the limb and the 
radial Evershed motion becomes dominant,  the spatial resolution of our spectra is 
not better than that of  previous observers (see Schr6ter, 1967). In Figure 11 we show 
the Evershed effect of this particular sunspot as obtained from the Doppler shift 
of ~.5576 at d.5 and from the shift of the entire profile of ).6173. The two curves in 
Figure 11 represent the average of observations made on July 21 (0e,~t=70.3 ~ and 
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August 1 (0w,st = 70.7 ~ and agree well with those derived by previous observers from 
spectra of medium or small spatial resolution. The maxima give 0.9 and 1.1 km/sec 
for the radial component of the Evershed effect for the Doppler and Zeeman lines, 
respectively. In this respect, this particular sunspot shows a radial material outflow 
slightly smaller than that observed by previous authors for spots of similar size 
(Schr6ter, 1967). In agreement with most other observers but in contradiction to 
Abetti (1932), we do not find any vorticity of the material flow (see the Doppler shift 
curve for the tangential slit). Figure 11 also gives the line asymmetry A of 25576, 
which shows the same behavior as the Doppler shift curves. Hence, we confirm the 
results of Bumba (1960), Servajean (1961), Holmes (1963), and Schr6ter (1965), who 
found the Evershed effect to consist of a line asymmetry instead of a real shift of the 

entire line profile. 
Because of the day-to-day variation of the spatial resolution, it was difficult to 

study the center-to-limb variation of the Evershed effect as has been done by Schr6ter 
(1965). Therefore we decided to abandon this point of the investigation. Instead we 
concentrated on the following aspects: 

(1) The relation between the Nil = 0 and sx=0 line, 
(2) the variation of W, w.5 and d 1 across the spot penumbra. 

4.2. THE R E L A T I O N  BETWEEN THE HII =0  A N D  Sx=O LINE 

From Figure 11, and from similar drawings obtained for other disk positions of the 
spot, it is seen that the s s =0  line passes through the center of the umbra even when 
the HII = 0 line (see Figure 6) lies well inside the penumbra. This is even the case if a 
correction is made for the blue shift of 2 5576 in the photosphere caused by the granular 
convection (~  0.3 km/sec). Most pronounced is this discrepancy for 60/> 0/> 40 ~ where 
we find Hll = 0 near the maximum of the Evershed effect. We therefore fully confirm 
the observations of Semel (1967) and Rayrole (1967) who also found the magnetic 
'neutral line' not to coincide with the velocity 'neutral line'. If the matter has to flow 
along the magnetic lines of force, one has to infer inhomogeneities in the magnetic 
and velocity fields which are responsible for the observed discrepancy. In the case of 
strong inhomogeneities in the magnetic and velocity fields, the Hit = 0 and G = 0 lines 
lose their meaning. 

4.3. THE VARIATION OF THE EQUIVALENT W I D T H ,  THE H A L F  W I D T H  

A N D  THE C E N T R A L  D E P T H  OF / [ 5 5 7 6  ACROSS THE P E N U M B R A  

Figure 11 gives, as a typical example, the behavior of W, w.5 and d~ for a radial and 
tangential cross section of the spot. The most striking effect is the increase of W and 
w.s within the spot penumbra. The following effects may lead to an increase of W and 
W . 5 :  

(1) The temperature effect (change of the number of absorbing atoms). 
(2) The change of model (change in the temperature stratification dB(z)/dr). 
(3) The pressure effect (which changes the ionization of Fe and which mainly 

influences the wings of a saturated line). 
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(4) The effect of large-scale (Evershed) velocity inhomogeneities, or 'macroturbu- 
lence' (which results in a broadening and flattening of the line without a change of W). 

(5) The effect of 'microturbulence' which results in an increase of W and w.5 and 
a decrease of dl. 

(6) The effect of a W change by the magnetic field (saturation effect acting on the 

triplet components). 
(7) The effect of temperature inhomogeneities (which result in a complicated change 

in W and w.5). 
The effect (6) explains most likely a part of the difference in the W increase between 

26173 and )~5576. Computations give for )~6173 a maximum increase of ~ 10% in W. 
The excitation potential of 2~5576 (3.43 eV) is responsible for its insensitivity to 
temperature changes. We did not observe any change of W (5576) from center to 
limb nor a change of W between photosphere and spot umbra. Therefore, we can 
exclude the interpretation of the observed W increase in terms of effects (1) and (7). 
The same is valid for effect (2). All previous observations of the center-to-limb varia- 
tion of the contrast penumbra photosphere (see, e.g., Wittmann and Schr6ter, 1969) 
show this contrast to be constant so that [dB(z)/d~-lpu~ [dB(~)/d~]~n. The Doppler 
line is not saturated enough in order to explain the W increase by the increase of the 
line wings (effect 3). The effect (4) may partly be responsible for the increase of w.5 

but certainly not for the W increase. Moreover, we observe W to increase even when 
the macroscopic motions are small or zero (tangential slit). Hence, this discussion 
provides a strong indication of an increased 'microturbulence' in the penumbra. These 
small-scale (<  50 kin) nonthermal motions appear to be isotropic since the change in 
W is the same for all cross sections within the spot penumbra and at all 0 positions 
of the spot. Since the maximum of W and w.s coincides with the maximum in the 
Evershed flow, we tend to think in terms of a microturbulence generated by the 

Evershed motions. 

5. Fine Structure of the Magnetic and Velocity Field 

From some of the spectrograms with the highest resolution (1-2 arc sec), we studied 
the fluctuations of various line-profile parameters on a small scale. These included 
the variation across penumbral filaments, across umbral dots, across a small umbral 
light bridge and across elongations of penumbral filaments which penetrate into the 

umbra. 

5.1. PENUMBRAL FINE STRUCTURE 

To study the variation of the various parameters we made cross correlations of the 
quantities of interest. This was done after the running mean over 5 arc sec was sub- 
tracted including only data which lie within the penumbra. Tables IIA, B and C list 
the correlation coefficients for the Doppler and Zeeman data, obtained from spectra 
exposed when the sunspot was close to the center of the solar disk. In the present 
notation a blue shift corresponds to a positive line-of-sight velocity. 
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TABLE IIA 

Cross correlation in penumbra of Doppler spectra 
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w.2 w.5 w.s s.2 s.5 s.8 s~ A W d~ 

le -- .22 -- .35 -- .27 + .29  + .39  + ,25  + .12  + .13  --,16 + .28  
:~.07 •  •  •  •  4-.10 •  ~ .08  •  •  

W -- .02 
. . . . . . .  i .07 - 

TABLE IIB 

Cross correlation in penumbra of Zeeman 1 spectra 

A2v IV . . . .  I I~,- I~ lay H 7 W 

+ .22  -- .20 -- .24 + .01  + .08  -- .24 + .09  
Ic 4- .1 • .1 4- .l • .1 -4- .I :J: .1 • .1 

- -  . 1 0  

A2v . . . . .  4-.I - 

- -  . 0 5  + .08 
W ~ .2 . . . .  • .1 - 

- -  .12 
-4-.1 

- -  .05 
=_.2 

TABLE IIC 

Cross correlation in penumbra of Zeeman 2 spectra 

A~v I Wl ~r~ I~ H 7 W 

+.31 .16 +.11 - . 0 3  - . 3 7  - . 2 0  - . 0 5  
L •  •  •  •  •  t . 0 6  i . 1 2  

- . 0 3  - .28 
A2v . . . .  i .08 - •  

- -  . 2 8  - -  .22 
W •  - - - s  - - 

5.1.1. Cross Correlations f o r  the Doppler  L ine  

F r o m  the  c o r r e l a t i o n  l i s t ed  in  T a b l e  I I A  t h e  f o l l o w i n g  c o n c l u s i o n s  c a n  b e  d r a w n :  

(a) B r i g h t  e l e m e n t s  h a v e  a b l u e  sh i f t  as  c o m p a r e d  to  t h e  d a r k  e l emen t s .  S ince  t he  

s p o t  is n e a r  t h e  c e n t e r  o f  t he  so l a r  d i sk  (0 ~ 16 ~ a n d  s ince  t h e  d a t a  w h i c h  we re  u s e d  

c o v e r  al l  p a r t s  o f  t h e  p e n u m b r a ,  t he  l i ne -o f - s igh t  ve loc i ty  re fers  to  u p w a r d ,  n o t  ou t -  
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ward, motions. The positive correlation agrees with that found by Beckers (1969) and 
confirms, in this respect, the concept of penumbral filaments as convective rolls. 

(b) It appears that the equivalent width W is smaller in the bright regions. This 
may be due to a thermal effect, a curve-of-growth effect (decrease of microturbulence) 
or the presence of blends which strengthen in the dark regions o f  the penumbra. 

(c) In our notation, positive A means that the line wings have a larger blue shift 
than the line center. On the average, the asymmetry A is negative for the spectra which 
were used. The indicated positive correlation I c • A therefore means that the line is 
more symmetric in the bright regions. 

5.1.2. Cross Correlations for the Zeeman Line 

In Tables IIB and C the quantity V stands for the amplitude of the V-Stokes param- 
eter of the 26173 line. An increase in [VI can be due to an increase of H or to a 
decrease of the angle 7. From Tables IIB and C we draw the following conclusions: 

(a) The blue shift ofthe bright regions confirms the result obtained from the Doppler 
line. 

(b) The magnetic field strength H increases in the dark regions. This appears to 
contradict the result published by Mattig and Mehltretter (1968). The measurements 
of these two authors refer, however, to H cos y rather than to H and are obtained from 
spectra in the center side penumbra of a spot near the solar limb (0~45~ Both the 
present measurements and those of Mattig and Mehltretter could be explained by an 
increase of 7 and thereby an increase of ~ in the dark elements. The significant negative 
correlation between y and I c as found from the Zeeman 2 data confirms this increase 
in ~ in the dark regions. We therefore find a more horizontal and stronger field in the 
dark interfilamentary regions. 

(c) The decrease of ] V[ in bright regions is probably due to the H increase which 
overcompensates any increase in cos y. 

(d) There is no clear correlation between the intensity Ic and the equivalent width W. 
(e) The strength of the o-, component (I~), which is the strongest of the G compo- 

nents, seems to increase in the dark regions of the penumbra. This is hard to explain 
in terms of the suggested ~ variation. This increase in the ~r component strength is, 
however, not present in the Zeeman 2 results so that it may not be real. 

5 . 2 .  U M B R A L  FINE STRUCTURES 

Our best spectra of the umbra often show small scale intensity fluctuations (<  2 arc sec) 
in the continuum. Inspection of the high resolution white-light images (see Beckers 
and Schr6ter, 1968a, b) lead to three different types of structures with which these 

fluctuations are associated. They are: 
(a) A weak light bridge which was present in the sunspot. 
(b) Bright streaks which represent extensions of penumbral filaments into the 

umbra. A good example of this is given in Wittmann and Schr6ter (1969). 
(c) Umbral dots themselves. 
Because the spectra have a lower resolution than the white-light images, these fine 
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structures are of lower contrast. However, they are still visible. We examined the 
results of the Doppler and Zeeman programs for these features. Since the spectra 

were underexposed in the umbra (especially 25576), these results are very much 
noisier than the results for the photosphere and penumbra. 

5.2.1. The Weak Light Bridge 

On high resolution white-light frames, this weak light bridge appears to consist of 
small, bright structures very similar in size and intensity to the umbraI dots (see 
Figure 1 in Beckers and Schr6ter, 1968b). In our best-resolved Zeeman line spectra 
crossing the light bridge, the magnetic field H is always smaller (by 200-300 gs) as 
compared to the surrounding umbra. After correction for scattered light, the spectra 
also show a significant increase of 7 in the light bridge (Av~> 5~ From an analysis 
of the Doppler line spectra, the following behavior of the line parameters was found: 
W(LB)> W(U) (U stands for the surrounding umbra, LB for the light bridge), 
dI(LB)<~dl(U), w.5(LB)>w.5(U), s.5(LB)>s.5(U) (blue shift in the light bridge) 
and A(LB)~A(U). Hence, we end up in the light bridge with a weaker, more hori- 
zontal magnetic field, with upward material motions and with a stronger, broader 
and flatter Doppler line 25576. Most likely, the local change in W, w.5 and d 1 is due 
to the action of an increased 'microturbulence' in the light bridge since the Doppler 
line is rather insensitive to temperature changes (see Subsection 4.3). 

5.2.2. Extensions of Penumbral Filaments into the Umbra 

Several good spectra exposed at the transition region umbra-penumbra show bright 
streaks originating from extensions of penumbral filaments into the umbra. From 
37 observed penumbral extensions, 22 show the magnetic field to be weaker as com- 
pared to the surrounding; only 2 of  them show the opposite effect, and for 13 objects, 
any changes were buried in the noise.* For the inclination angle V we found in the 
penumbral extensions 7 {16, 16, 5}. Hence, the local increase of y, and thereby ~, 
in the penumbral extensions is less pronounced than the decrease in H. The equivalent 
widths of 26173 behave like: W{8, 10, 19}. For the local Doppler shiIt of 26173, 
we found A2v{10, 12, 15}. The extensions therefore may have a small downward 
motion with respect to their surroundings. The analysis of the Doppler line 25576 
in the extensions leads, similar to the light bridge, to a stronger, flatter and broader 
line profile as compared to the surrounding umbra. A very faint, if any, correlation 
with the line asymmetry and Doppler shift has been found (s.5 {11, 13, 13}) in the 
sense of a red shift. 

For the extensions of bright penumbral filaments into the umbra, we therefore end 
up with a weaker and probably more horizontal magnetic field. The change of the 
line profile of 2 5576 can again be explained in terms of an increased 'microturbulence'. 
A downward material motion is indicated, but this result is rather uncertain. 

* Hereafter we will express such a result by H{2, 13, 22} where the first value gives the number of 
observations for which there was an increase. The second value gives the numbers of observations 
for which there was no effect and the Iast the number for which a decrease of H has been found. 
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5.2.3. Umbral Dots 

Several high-quality spectra exposed on July 25, 26 and 27 show very faint and sharp 

streaks through the umbra.  F rom the inspection of  the best white-light frames, we 

found that these features have to be identified with umbral  dots or with conglomerates 

of  them. However,  any possible variation of  H, 7, W, I~, I~, and of  the line profile of  

25576 in these streaks are buried in the large amount  of  noise resulting f rom the 

underexposure of  the spectra in the umbra.  The Doppler  shift, however, shows a 

significant variation in the umbral  dots in the sense of  upward motions as compared 

to their surroundings. This agrees well with the observations of  Beckers (1969). 
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