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SUMMA RY

In the present thesis . have presented a detailed obser-
vational study of the fvershed Effect and associated phenomena
in sunspots. The investigation was carried out at the Kodaikanal
Observatory with the Solar tower telescope, yielding an image
scale of 5".5 of arc per mm in conjunction with a 18-metre foecal

length Littrow spectrograph.

In chapter i, + have given a resume of the work done
earller on the Evershed £ffect and an outline of the present
investigation. I have emphasized that the influence of Zeeman
broadening due to the sunspot magnetic field may obliterate the
small soale velocity fields. To completely remove the effect of
sunspot magnetio fleld, I hag¢selscted three Zeeman insensitive
lines; 4912.027 A of Ni I, 5576,101 A of Fe . and 5691.508 A of
Fe + (Ni), for velocity field determinations in sunspots,

In chapter L., & have described the instrumental
arrangement and the observing technique for obtaining the spatial
velocity field configuration:. For a precise determination of
small scale Doppler displacements in lines, large spectrographic
dispersion and resolution are essential. For obtalning velocity
field configurations, I utilized the fourth and fifth orders of .
the 18~-metre spectrograph, with dispersions 0f 6 mm per A and
8 ma per A respectively.

On a high dispersion solar spectrum, of the kind used in
this study, it is very difficult to measure precisely the amall
Doppler displacements. For measuring smsll Doppler shifts, I
utilized a modified version of Evershed's positive-on-negative
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method, using the principle of photographic subtraction., This

modified positive-on-negative method, enables one to precisely
and conveniently determine small Doppler displacements of the
order of‘50 netre per sec. The essential advantage of this
method is that it is independent of the width of lines. Uhe
technique 4s deseribed in chapter II.

I have also givé?in this chapter, the spatial distri-
bution of the sight~line velocities obtained by using the
earlier mentioned three Zeeman insensitive lines. Variations
in the magnitude of velocity vectors in the three lines for
the same disk position of the spot are an indication of the
depth dependence of the velocity field in spot penumbraece

To investigate changes in the velocity field pattern with
the age of the spot, I carried out this investigation during two
successive passages across the disk of the same sunapot group.

1 obtained spot spectra of Kodaikanal spot No.12368 for velocity
field determinations before and after a rapid development of the
épot group, which occurred during Jaruary 14 and January 18, 1963.
I obtained 167 spectra using 3 lines for determining the spatial
distribution of velocity fields in spots during the two Passages.
Sight-line vslocities were determined at 3,340 points in the spots.

In chapter III, I have computed, using a recent sunspot
pemumbra model of Makita, the mean depths of formation of the two
Zeeman insensitive lines 4912.027 A and 5691.508A. The three
component velocities (radial, tangential and vertical) obtained
from the measured sightw-line velocities were computed, using an
IBM 1620 computer and are given in this chapter. The radial
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velooity pattern in sunspots, show a peak around half way across
the penumbra. The magnitude of the peak velocity is a function of
the line strength and of the disk position of the spot. At each
of the nine disk positions of the spot, I obtained the gradient of
the maximum radial velocity, Upzy with depth. A mean gradient of
Umax in the penumbrae was found £0 be 4.0 x 10~3 ka/sec per km in
depth. Small vertical velocities of tﬁe order of 0.3 km/sec and

less, directed downwards in the spot penumbrae were also found.

My observations show the presence of sizable tangential
velocitigs in the sunspot penumbraes On six disk positions of
spots, & slight systematic pattern in the variation of the tan-
gential component could be seen. Maximum tangential components of
the order of 0.6 km/sec were observed on six disk positions. When
the spots are close to the centre of the disk, the tangential
velocitics show large variation in amplitude with no systematic
pattern. The presence of this important tangential component is
not confirmed fully+ However, tangential wvelocities in spot
penunmbrae can be expected to exist, in the light of the recent
nmeasures of orientation and inclination of magnetic lines of

force by Adames

Also given in chapter IIX, is the spatial distribution of
magnetic fields in spots for which velogity flelds were determined.

In chapter IV, I have presented a photometric study of the
phenomenon of asymmetry in lines, in the penumbral region. The
credit for the discovery of this phenomenon alse goes to Evershed.

1 have proposed a parameter called the 'Flag fagtor! (FeF.), as a
measure of the asymmetry in lines. The variation of the 'Flag



iv

factor'y, in and around the spot region and also with the disk
position of the spots is given in this chapter. The asymmetry
varies with the line strength and the magnitude of the maximum
asymmetry decreases towards the disk centrc positions of the
spots I have suggested that this phenomenon of asymmetry in
lines may be due to the relative Doppler displacements occurring

in several strata of the line forming layer.

Besides the large asymmetry in lines in the penumbral
region, spectra obtained under almost superb atmospheric
conditions show a diffuse wing in lines in the photospheric
region. This phenomenon of diffuse wing in lines in the photos-
pheric régions is more conspicuous in dark spaces between the
bright solar granules. Lines acquire their normal shape in the
brighter parts of the spectrums This very interesting obser-

vation is reported in chapter IV.

Some of the finest spot spectrograms obtained under very
good 'seelng' conditions (better than 1" of arc), show coniimum
brightness fluctuations in the penumbral region. A considerable
variation in the width of the lines, along the length of the slit,
in the perumbral region is observed. A correlation study between
the continuum brightness, equivalent width and sight-line velocity
is prasented in chapter V. For this study three lines and three
ﬁlit positions over the spot were used. The correlation study
show that darker (cooler) regions of the penumbra show larger
equivalent width, whila the brighter (hotter) regions show smaller
widthe

I propose that these brighiness fluctuations are the
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manifestation of aggregates of small penumbral filaments, as seen

on a good white light photograph of sunspots. The agency responsidle
for the widening of lines in penumbral region 1s more efficient

in the darker interspaces compared to the brighter parts. It is
believed that, this spectroscopic observation of brightness
variations in the spot penumbral region is reported for the

first time.



CHAPIER 1

THE EVERSHED EFFECT IN SUNSPOTS

Evershed while analysing spot spectra taken at the Kodei-
kanal Observatory, for pressure determinations in sunspots,
noticed that the spectral llnes were displaced in the penumbral
region, This displacement of lines in sunspot penumbrae was of a
rermanent character and persisted throughout the life of =z spot.
The magnitude of the displacement of lines varied with the disk
position of the spot. dvershed (1909a) showed that the most
favourable spot positions that show up the line displacement
conspieuously were between 30° and 50°from the centre of the disk.
Another interesting feature he observed, was that the magnitude of
this displacement varied with orientation of the spectrograph slit.
He found the displacement of lines to be a meximum, when the slit
. bisecting the spot was parallel to a line Joining the spot and the
centre of disk, In the slit position perpendicular to this direc-
tion, no displacements were observed. Evershed termed these two
slit positions as radial and tangential respectively. Bvershed
also noticed that when the slit was parallel to the solar equator
and crossiﬁg the spot centrally, the limb-side of the spot penumbra
showed 2 digplacement towards the red, while the centre-side exhi-
bited = violet displacement. This was found to hold good for ell
disk positions of the spot.

A11 these observations convinced Evershed (1909a,b,¢), that
the displacement of lines was only due to the Doppler shift., This

displacement was caused by the movement of the sunspot gases,
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directed radially and horizontally ocutwards from the centre of
the spot. The direction of motion of the sunspot gases, as found
by Zvershed was contrary to the veloecity pattern expected on the
basis of Hale's explanation of the likely origin of sunspot mage
netic fields. Hale (1908) was led to believe from the appearance
of H-alpha spectroheliograms that, the motion of sunspot gases was
of a cyclonic nsture, .Hale argued that the solar corpuscles
emitted by the sun are drawn into a cyclonie motion or s vortex
and could give rise to a magnetic fleld in sunspots. Using the
Zeenan effect, Hale was able to verify this zonjecture by dis-
covering strong magnetic fields in spots of the order of 2,070

to 3,000 gauss.

Evershed's early observations on the radial motion in
sunspots were fully confirmed by the later observations of St.
John (1913). This discovery of radial horizontal flow of
material in sunspots, is now known in the literature as the
EVERSHED EFFECT, (The Evershed effect and Hale's discovery of
magnetic flelds in sunspots, ereated a bewlldering array of
difficulties for an appropriate theory of sunspots. Actusally,
we do not have to tﬁis day a good enough theory explaining all
the observed phenomena concerning sunspots. It seems that the
negative temperature gradignt, strong magnetic flelds and velo-
eity fields in spots, have a strong interrelationship. A
thorough investigation of all three of them mey lead one to a
possible coherent theory of the origin of sunspots. In this
theslis we have concentrated on the aspect of veloclty flelds in

sunspots. The spatial variations of magnetic flelds in some of
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the spots studled were also determined. Some of the requirements

for such a stuly were fulfilled by the availability of a new solar
tower telescope in conjunction with a2 high dispersion spectrograph
the detalls of which are described in the next chapter. In the

following we give a review of the work done on Evershed Effect.

Evershed (1910) extended the study of veloeity fields in
sunspots to investigate the varlation of radial velocity with the
strength of lines. He showed that the stronger lines indicate
smaller velocities compared to those obtained from the fainter
lines. ILines of Rowland intensity O to 1 give velocities of 2-3
km/sec., while lines of 5 to 6 Fowland intensity give l.4 km/sec.
Further, the radial velocity increases monotonically from the
umbral boundary to become a maximum near the outer penumbral
boundary. Evershed's measures of radial velocity refer to only
the maximum values in the penumbra. In his earlier works,
Evershed (1°09a,b) maintiéined that the motion abruptly ceases
near the periphery of the penumbra. But in his later studles
(Bvershed 1913) he has shown that the motion continues outside
the spot also. The displaced lines regain their normal wavélength
slowly at about 2,000 kms beyond the spot boundary. This has been
confirmed by later workers, as well as by us and will be deseribed

in chapter TII.

Beslides the radial outflow of sunspot gases in the lower
photospheric level Evershed (1°910) investigated also the behaviour
of the chromospheric gases over sunspots, using the central absorp-
tion lines of Ca’, These chromospheric lines showed that the
matter, instead of moving outwards was moving inwards towards the

centre of the spot, showing an indraught of caleium vapour in the
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higher chromosphere. The average radial velocity of these gases

was found to be about 1.8 km/sec.

St. John (1913) at Mount Wilson followed the work of
Evershed on the Evershed Effect, using instruments with larger
spatial resolution and also higher spectrographle dispersion. It
is indeed very surprising that, this very obviocus radial motion
of gases in spots escaped detection by the Mount Wilson Obser-
vers during their earlier studies of sunspot spectra. St. John
(1913) used some 5176 lines representing a laige number of elements
with a wide range in their line-intensities and exciltation
potentialg, for velocity field determinations in spots. He also
included some chromospheric lines and the very strong lines of
Fe, Mg and Al. The method of observation was to juxtapose the
spectra of the two sides of a spot side by side., Half the total
displacement then gave the line of sight component of velocity.

He obtained the mean radial velocity observed in eleven spots

for each of the 505 lines. These eleven spots were randomly
distributed over the disk and the mean umbral dlameter was about
8,000 kms. He showed that for iron lines of Rowland intensity 0,
the outward radial wvelocity was 2.04 km/sec. The velocity values
become zero for Rowland intensity 15 and higher. But for stronger
lines such as those of sodium Dy and Do, magnesium b and for

stronger chromospheric lines, the direction of gotion was opposite

that is, inwards towards the centre of spot. The magnitude of the
inward radial veloclty also increases with increasing intensity of
lines and becomes about 3.8 km/sec. for the lines of lonizid
calclum.

St. John (1913) assuming the hypothesis that fainter lines
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are formed deeper while stronger lines are formed higher in the

photosphere, gave a radial velocity field model with depth. According
to this model the magnitude of the outward radiel velocity in
sunspots decreases with height in the photosphere, becomes zero

near the reversing layer and then increases with sign changed with

Ineraosing height.,

The radial velocity field model of St. John, fascinating
as it is, requires serious consideration. Infact, it hzs
become clear from Evershed's work that the lower sunspot gases
are flowing outward, while the higher chromospheric gases
inward, towards the spot centre., This would imply that there is
a continmuous outflow of material, perhaps from the umbra of the
spot. The loss due to the outflow is perhaps replenished by
fresh material from the chromosphere. To test this hypothesis,
Evershed (1910) attempted to detect an ascending motion in the

umbra, using the photospheric lines. But contrary to this, he
found, if at all, a descending motion of the order of 0.4 Km/sec
in spot umbrae. This observation complicates the concept of
maintaining a balance between the outgoing and incoming material
in spots, Where does the material giving rise to a continuous
outflow in the lower layers originate from? Does the inward
flow observed in the lines of chromospheric origin terminate

in the umbrae and thus possibly replinish the loss experienced
in the outflow in the photospheric levels? These are questions
that have yet to find an answergd.

Evershed's detaslled study of about seventeen gpots, clearly

raevealed a2 hirozontal radial outflow of materlial in sunspot
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penumbre. To e stimate further the contribution due to the tungen-
tiel couaponent of v eloeity, bversiied (1910, 1918) studied & spots
with the £1it plsced tengential snd eroscsing the spot. He detected
e tengentiel (rotetionsl) component of the order of (.36 ku/sec.und
in some cises Ligher, neur the outer boundsry of the penunbre. The
direction of rotetlion wes counter-clockwise for some spots while
clockwise for others,  Compered to the tengential velocity, the
mesn redisl veloeity wes founid to be about 2 ku/seec, 'The wotions
when coupled give & splrsl wheel movement,

siuch later abetti (1932) observed 26 spots and reporsted
thet the rediel veloelty veries frow O to 5.0 km/sec, and the
tengentisl velocity also veried from O to % km/see, from spot to
spot, He showed that the radial velocity is & funoction of the spot
eres, - Michurd (1951) utilizing abettits deta showed vhut the
megnitude of redisl veloolty lncresses with both wegnetic field
end spot eree, snother conclusion whilch kiicherd drew wes thaeu Lhe
meximunm redial velocity 1s & function of the spot's position on
the disk, At lerger distences from the disk centre, thet is near
the 1limb, the rediel velocity wes found to be smell compured to
those found in spots loceted near the disk centre, This implles
thet neer the limb, where one sees dnly the superlfiolal layers of
the soler stmosgphere, the rediel veloocity in spots is smell, Lhis
conclusion is in sgreement with St., John's and Evershed's obser-
vetions, Micherd (1951) gives an empherical reletion between the
engle O (engle subtended st the disk, between the line joining
the observer and the direction normal to the soler surfece), end

the maxinmum radisl velocity ss followst

V' =V, (1 -0.88in 6 )
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It wes first realized by Evershed (1909d) that the uugni-
tude of reuiegl veloelty veried in the penumbrsl rezion. e noted
thut the lines become convex or concuve towerds the genersl bversheu
flow, when the slit is pluced crossing only the penumbrsl resions,
Eowever, no serious ettempt wes nede until Kinmesn (1952), whke
stusled L. cgpeet of spetlal distribution of veloeity field in
sunspote, The detells of imele scale end dispersion used by
Kinmen ere =iven in Teple (I.1l). Kinmun (1952, 19535) obisinea
seversl specure wicth the slit set ot dlfferent vositions over ihe
spot, To determine the s:utisl velocity field 1niépot, he uewsured
the sisht-linr velocity salong the length of the slit, in unu
eround the spot. In his first study Kinmen (195£) utilizea some
fifteen lines of Rowlsnd intensity verying from O to 6. He
obteined the meen sight-~line veloeity from the fifteen lines, ut
237 points in the spot resion. Wworking on the hypothesis thest the
flow of meateriel in spots haes & cyllndricel syuietry ebout the
spot centre, he obteined rudisl, tengentisl und vertical velocity
cotfporichivs 4r. snots,

The redlal veloclty petiern obtelned by Kiman shows a peek

sround the middle of the penumbrel rexion. The muximum radial
velocity, Upex, WeSs found to be & function of spots dismeter

(kinuen 1¢53). For & spot umbral diemeter of 12,000 kms, Kinasn
obteined Upay Of the order of «~ 1,79 +0.13 km/sec. Kinmen elso
discovered nmexinum tengentlal velocltles of the order of sbout

0.5 km/sec,, but he believes that these velocities were wuth
less than their r.m.s. errors, A systematlc vertiocsl upward velo=~
city of ebout -0,3 km/sec. was ulso found by him, but he assigned

this to some systemetic error in the messurements, From Kinmen's
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studles of Evershed Effect, it is well estublished thet from its
mexinum velue of about 2 km/sec, the raciul velocity decreases to
become =zero rer out in the photosphere. Thls is exuetly what
Everched (1916) observed end is fully confirmed by .ieny workers and
by us. Recently Brekke asnd Per Maltby (1963) huve repuuiated bhis
finding, They hsve shown from the observetlons of & single spot
that the redial velocities ebruptly cease at the outer boundary of

the penumbrs,

Kinmaen (1953) suguested thet the meesured sight-line velo=~
cities +my be effected by the following obliteruting lafluences;

1. the horizontal apparstus function of the spectrograph,

2, the Zeemen brosdening,

3. obliteration of the solar lmsge due to the telescope,
spectrogreph end atmospheric conditions, end

4. scattered light in the telescope and spectrojiraph eto.
Kinman {1953) has given &8 method for evelueting the telescope scub-

tered light., Usling this uwethod he finds thet the scutterea light
in the Oxford telescope end spectrograph, cen modify velocities by
as ruch as 10 per cent in extreme cases. Recently, Holmes (1965)
has shown that the influence of scattered light in veloclity meusures

1s more near the soler limb positions then near the disk oentre,

ﬁnothef very interesting phenomenon that sccompanies the
Evershed Effeft, is the development of asymmetrio wings in lines.
The credit for the discovery of this phenomenon also goes Lo
Evershed {(1916), He observed considermble verietion in the width
of lines near the outer boundary of penumbrae, while the lines

acguired their normsl width in the photosphere, Evershed repa ts



I-8

ebout this phenomenon &s, ",...they (lines) sre in some cuses twice
the normel widvh, with & tendemcy to diffuse in the clrection of
displecement, indiceting velocitler still higher then those newsured
for e portion of the absorbing jes". In Figure 2 of his peper
({Bvershed 1916), Evershed has cleerly shown thet lines develop u
diffuse widening neer the limits of penuubra, It is exwotly this
widening thet we sec eugily on high dispersion sunspot spectru
similer to those obteined by McMeth et.zl (19956).

HRecently, vwibe (1960) «t the Crimeen Observetory has
stuiied this phenomenon in zreet deteil, He used large spectro-
graphic dispersion and u lerge soler imuge, the detaslls o which
are given in Teble (I-1). He reported that in the Evershed kffect,
lines in the penumbre develop strong esymmetry, towards the general
Evershed flow, He termed this asymmetry in speotrel lines as 'Flag’?.
Under unusuel etmospheric conditions, he ¢lalms to beave resolved
this 'fles' into & sepureste 'sutellite linet', Servajesn (1861),
hes slso studied ihis phenomenon, It seems that Bumbe (1360),
Servejean (1961) and other workers in reporting the phenomenon of
gsymmetry in lines, seemed to have overlooked the pioneering
discovery nmade by Evershed in 1915, We have satteuptedto lnvesti-
gate photometrically, the verlstion of asymmetry with the disk

positions of the spot, snd also in and eround the spot, This study
1s presented in Chepter IV.

Another investigation on the lvershed Effect was recently
carried out by Servajean (1961), He used some 124 lines of Rowlend
intensity verying from O to 8, to dete#mine the maximunm radiel
velocity &n one sunspot end at one disk position of the spot, From
the theory of line formetiop for faint lipes end using Micherd's



TABLE I.1

Details of instrumentation used in the study of the Evershed Effect.

Dis- Doppler Image Exposure  YNo.of
Author Yegar per- shift on scale tige in spéts

sion plate "of are . tudied,
A/mm mm/km/sec. per mm see studled
"rhN?lAb
Evershed 1909 1.1 0.014 16.3 30 12
Evershed 1909 1.1 0.014 16,3 30 4
Evershed 1916 1.1 0.014 22.0 5+30 2
St .John 1913 0,55 1112 0,025 11,6 60-180 11
Calamei 1934 1.2 0,013 11.0 - 5
Kinman 1952 1.5 0.013 10.3 5«6 1
Kinman 1953 1.5 0.083 . 10.3 %5 4
Buwba 19580 Ne20 245 0,083 5.9 1.2 pep)
Servaheah 1951 0.5 20 0,02 9.0 112 1
Holmes 1961 0,17 5°2% 0,109 5.8 3060 1
Holmes 1953 0.20 % 0,002 10.3 40-60 1
Bhatnagar 1253 0.12 2 0,137 5.5 10-12 2
0.17 5¢¢ 0,109 5.5 3 2
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(1953) model for the sunspot umbra, he determined the gradient of
maximum radial velocity in the penumbral region. The maximum
radial velocity variation found by Servajean is not linear with
depths The gradient for small values of T = 0.01 (100 kms) is
about 0.006 km/secs per kilometre in depth; for T = 0.03 (175 kms)
the gradient is 0.003 km/sec, per kilometre, but for deeper layers
T = 0,07 (=~ 300 kms) the veloeity gradient is about 0,004
km/sec per kilometre. Besides this study, Servajean (1961) deter-
mined at six disk positions of a spot, the rudial, tangential
and vertical components of velocity. He made use of only one
Zeeman insensitive line at 5691.508 A of FelNi for this study. From
this investigation he concluded that the maximum radial velocity
in spots increases with increasing values of M (Cos 6 }, that is,
higher layers of photosphere show less radial velocity in spots
compared with the deeper ones. This conclusion of Servajean has
been questioned by Holmes (1963), According to her the variation
of the maximum radial velocity with disk positions, may not be
vholly due t0 the level difference in the solar atmosphere, as
intearpreted by Servajean and earlier by Michard (1551), Holmes
belisves that the decrease of radial velocity towards the limb
positions, may be due to the increasing scattered light contri-
bution, This objection may be valid when one line is used for
velocity measurements. Along with the large component of radial
velocity, Servajean detected tangential and vertical velocities
of small amplitude, He believes that the tangential éomponent is
erratic and hence can be neglected, but vertical velocities of
amplitude 043 km/sec¢ directed inwards, show real motion of descent
in penumbrae. Holps (1961) reported a study of Evershed Effect,
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in a single spot of about 12,000 kms umbral diameter. For simpli-
fying the calculations, she neglected the tangential velocity and
confirmed the earlier findings of Evershed and many other workers.
To avoid the obliterating influence due to Zeeman broadening in
spots, she used a Zeeman insensitive line of Fel at 5576+101A. Our
results of these component velocitles in spot penumbrae are given
in Chapter III.

Recently, Schroter (1963) measured for the first time in
integrated light, the movement of bright ‘knots’ in sunspot
penumbra., He made use of the solar photographs taken by stratos-
cope I. These photographs show umusually fine details of the
order of 1/3" of arc. Schroter observed that the bright ‘knotas!
in the penumbral region show systematic outward motion of thé
order of 1 to 2 km/sec. This movemsnt he interprets as the mani-
festation of the Evershed Effect in white light. Some of my
plates taken with the 18-metre spectrograph undsr 'seeing'
conditions where the tremor disk is loss than 1" of arc, show
continuum brightness fluctuations in the penumbral region. These
brightness fluctuations, I believe are due to aggregales of 3 to
4 bright penumbral filaments. The brighter regions show syste-
matically smaller sight-line velocities than the neighbouring
dark‘spaces. Fluctuations in line width are also observed. A
detailed study pertaining to the continuum brightness fluctuations
in penumbral region is given in Chapter V,

From the asbove review of the earlier work dome for the study
of Evershed Effect, we see that this effect along with other asso-
ciated phenomena requires high spectrographic dispersion, high
spatial resolution of the solar image,and good atmospheric conditions.
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In Table (I.1), we glve briefly the details of dispersion,
velocity factor, scale of solar image, number of spots studied,
exposure time etc, used by earlier workers and by me, in the pre-
sent investigation. The dispersion and image scale used in the
present study are the highest utilized thus far. The sceing
coniitions, which is an equully important consideration, were very
£00d during ocur observing spells. Spectra obtained under less than
average seeing were discarded and not included in this study. The
spot spectra taken in February 1963 and used In this study, show
very fine details. These were obfained after a heavy spell of
rains. It has been the experience at Kodaikanal that seeing and
sky transparency becomes superb after a rainy spell. We noticed
under very good seeing conditions (less than 1" to 1.5" of arc)
that the visibility of solar details on the spectrograms, was not
affected even vhen the exposure times were of 10 to 12 seconds
duration. The high quality of the spectrograms can be judged by
the appearance of 'streaks' in the continuum due %o the solar

granulation and also 'streaks' in the penumbral regions.



CHAPTER IX
The observations

2.1. Experimental technicue.

For a detailed and precise knowledge of the spatial velo-
city field distribution and other associated phenomena, it is
essential %0 have high spatial resolution of the solar image and
also, large spectrographic dispersion, Both these requirements
were fulfilled by the availability of a solar tower telescope in
conjunction with a high dispersion spectrographs A 60.0 cms
aperture coelostat and a 60,0 cms secondary mirror are mounted
on top of a towsr 9.2 metres in height. The light from the
secondary is directed towards a third fused quartz flat of 60 cms
aperture at the botiom of the tower from where it is directed
horizontally to the telescope in an underground tunnel, Thié
tunnel housecs the 37.5 cms aperture solar telescope and thé
18-m§tre spectrographs The 37.5 cms lens is a two element
achromat of focal length 36.6 metres and yields an image of the
sun 34,8 oms in dismeter. The image scale of the solar telescope
is thersfors 5.5 seconds of arc/mm. A schematic drawing of the
optical train is given in Figure II.1. The spsctrograph is of
a Littrow type, using a two element achromat of 20.0 cms aperture
and 18 metres focal length. A very fine grating ruled by Dr.
Babcock is used as the dispersing unit. The grating of 600
grooves/mm is blazed in the fifth order green, and has a ruled
surface of 200 x 1%5 mm. The theoratical resolving power of the
Babaook grating is 600,000 in the fif#A order. Tests performed
with Yodine tube, have shown $that close Iodine doublets at 5330 A
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Figure II.1l.- Schematic disgrem of the optical systen,

M1: 60-cm Coelostat,
Mp: 60-cm secondary,
M3z: 60-cm lower mirror,
T 37.5 cms aperture, 36-metre focal length objective

: 81it of the 18-metre spectrograph,
C: camera end,
L: 20-cm Littrow lens,

: 200 x 135 mm Babcoock greting.
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region, having approximately 0.009 A separation can easily be
resolved, in the fifth order. The grating thus yields theore-
tical performance in the fitth order. Dispersion obtained in
different orders anmd wavelength regions, are given in Table II.ft.
The 18 metre Littrow spectrograph has a sliﬁ, 55 mms long. The
spectrograph lens is mounted on a moving carriage amd can be
remotely moved by an electric motor. We determined the colour

curve of this lens, using the iron arc as source.

The camera end can accommodate plates of 3" x 12" size.
To obtain several spectra on the same 3" x 12" plate, we placed
a diaphragm having a square aperture two inches on the side.
The plate holder can be slid to bring different portions of the
plate before the aperture, thusnenahling one t0 obtain 6-spectra
of the same spectral region in quick succession. ZThis facility
has been a great advantage for the spatial study of velocity and

magnetic fields in sunspots.

To estimate the scattered light in the spectrograph, we
performed a fow tests. A couple of gpectra were taken with the
slit height varying from 0,5 cms to 2,5 cms. We gave long enough
exposures to greatly over expose the spectra: No blackening
beyond the spectrum edges on these exposures is perceptibla,
Photoelectric determinations of the diffuse scattered light in
the spectrograph, have also shown that 4t is less than half a
per cent., We therefore neglect the scattiered light contribution

to the measured velocities of spectrographic origin.

2+24 Observational technique.

To establish a complete wvelocity field around sunspots,



TABLE IX.1

Dispersion on the plate in various orders

Order
Region I ~ 1II 111 Iv v Vi VIl
B mm/A mm/A mm/A mm/A mm/A mm/A mm/A
3950 1.0 2e 1 3.4 4.9 648 0.4 13.8
4900 1.1 2.2 307 5¢4 8.1
5900 1.3 2.2 3.8 6e1  11a7
6563 1.8 2e4 4,0 6.8
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we obtained several spectra with the slit crossing various
portions of the spot. During our observing period the slit was
approximately in the north-south direction. Generally, five

to six slit positlons were found enough to cover thé whole
region of the spot. In the spot penumbrae, both magnetic and
velocity fields are observede A precise determination of the
velocity field is greatly facilitated if one can eliminate the
interfering influence caused by the Zeeman effect. A symmetri-
cally broadened line by the nermal Zeeman effect may not affect
the velocity measures. But due to any instrumental polarization
a partial suppression of one of the S - components can occur.
The instrumental polarization exists definitely, since one uses
a number of aluminized mirrors at diffarenf angles. To avoid
dompletely the influence of the magnetic field, we select for
velocity measures, three lines that are insensitive to the
Zeeman effect. 'Details of these lines are given in Table II.2.
The basis of selection was to include lines free of blending

and which are representative of a range in intensity as well as

excitation potential.

It is also important to know precisely the coordinates
of the points where the displacements were measured on the spectro-
gramss ToO achieve this, the orientation of the slit and the disk
position of the spot was precisely determined by the following
methods Two thin wires of about 0.2 mm thickness, were stretched
by springs QVQf the slit Jjaws and separated by about 1.5 cms,
These wires cast shadowson the specbrum\and served as fiducial
marks on the platé. The spot spectra were teken after bringing
the dewired portion of the spot between these two wirés. A



TABLE II.2

Details of Zeeman insensitive lines used for velocity
field measures

Rowland E.? ReMoT
Wavelength Element Intensity -————-—=ce—~ Mult i-

Disk opot Lower High  >lct Multiplat
0o "
KOs
4912.027 HI o 1 1 3.75 6.26 111 FTF° - o°F
55764 101 Fe I 4 4 3.42 5.65 686 %9F° - oD
5691,509°  Fel 2 2 4.28 6.5 1087 §F° - @D

#*This 1line is identified as blend of Fe (i) in
Rowland's Table.
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recording of the positions of the wires, the slit position and
the spot is made, immediately on termination of the exposures
These sunspot maps @ith the wires and slit position marked, were
later used during the measurement of the spectras. The coordinates
of the points at which the velocity measures were mde, were deter—
mined by using these sunspot naps and the wvhite light photohelio-
grams taken daily at Kodaikanal around the time of the spot
spectra exposuress Lhe orientation of the slit with respect to
the east-west line was deternined by trailing the solar image
across the slit. Coineciding the east-west line drawn on the

34.8 cps image with the enlarged copy of the photoheliogram of
the same day, w8 determined the orientation o the wires, with
respect to the true north of the sun. The position angle ¢» and
the radiel distance 7 of these two wire locations vere deter—
mined. Using the well known formulae, we calculated the helilo-
graphic latitude B and longitude L for the two wire positions,
These were plotted on a graph paper with X = (L=Lo} Cos B and

Y = B, where L, is the heliographic longltude of the sum's
centre. A line joining these two points directly gives the slit
position over the solar disk. From these plots one can easily
detemine the heliographic coordinates of any point over the slit.
The advantage 0f this method 1is that, from a knowledge of the
coordinates of two points over the disk, coordinates of all other
points in the spot can be directly obtdined. The oaly assumption
we make is that the surface arocund the sunspot (x 3 degrees)

region is plane.

To avail all possible opportunities of sunspot availability
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close t0 the minimum, and of weather, we obtained spot spectra
of as many spots as possible. For the final analysis we left
out spot spectra of 3 spots, as being less satisfastory for a
pracise velocity measurement. Our criteria for the selection of

spot spectra wae as follows:

1+ the spectrum should be of good guality
2« the spot should be stable and symmetrical

and 3. the seeing during the exposures should be good.

In Kodaikanal, the best oObserving season falls during
the December, January and Februdary monthse The seeing and trans-
parency conditions usually show a marked improvement afier spells
or'haavy rains. The Observations incorporated in this atudy were
made on 3 days in Decamber 1962, 15 days in January and 135 days
in February 1963. A3 many spectrograms a; possible of the sane
spot, on difrerent disk positions were obtained during its
passage. For the velocity field studles we used only some of
the spot specira taken during Janmuary and February 1963. In
Table 1X.3, wve give the details of the spot spectrs obtained with
the 18-metre snectrograph and which are used in this thasis for
a atudy of sunspot velocity ficlds. The spectra taken during the
month of February 1963 were all calibratdd for photouetry. The
calibration was effected on the same plate using an out of focus
image of centre of the solar disk and a Hilger 6 step wedge. Some
of the calibrated spectra were also used for a detailed photo-
metric study of the 1lines. These measures are reported in
Chapters IV and V.

A1l the plates were developed at 20°C in D~11 developer



TABLE II.3

Details of the spectrograms obtained for the study of Hvershed
Effects in sunspots

Exposure D Sky trange

- uration of Region Order h

Flate 0. t%“% in xposure in of Seeing parefgy
h.‘m. a. 5ec. A grating in 10770

Jan. 13, 1963 in spot No.KKL 12368 a ft= 077

A153 =& 06 03 55 7 5576 1v D=3
» 06 06 00 2=3
¢ 06 09 55 2w3
d 06 24 25 2=3
£ 06 28 01 23
Jan. 19, 1963 in spot MNo. RKL 12368 at = 0,75

A172 a 02 05 10 7 4912 1V s 48-52
b 02 08 10 5=l
¢ 02 1045 il
a4 0216 20 F=4
e 02 19 20 3wd

A1T3 a 02 26 05 7 4912 1V bl
b 0228 10 Sl
¢ 02 30 30 B
a 0273525 Gl
e 0237 45 Fd
Jan. 20, 1963 in sv»ot No. KKL 12368 gg%é; .53

A1B0 a 0204 45 5 5691 1v 2 85-92
P 0207 20 2
¢ 02 09 30 2
a 02 1150 2
e 02 ¥ 25 2
f 02 16 30 2

A181 a 02 26 55 5 5576 v 2
» 02 28 40 2-3
e 02 3%0 35 2=3
d 92 32 35 2e%
e 02 3% 00 >
£ 02 %7 40 3



TABLE II.%3 =~ continued.

EXposure .. tion of R Sky trans-
, o egion Order
Flate No. gfgf in  oxposure in of  Seeing PTYeRCY

He Do Se Secs A grating in 10~6t)

dan. 20. 1963 in spot No. KKIL 12%68 at = 0.53% -~ continued.

A186 a 04 16 10 15 4912 v 2
b 04 18 25 2
¢ 04 20 35 2
a D4 22 25 2
e 04 24 35 2
f 04 27 05 2
Janse21. 1?63 ;._E.' gpot liCe K'IS‘L 1g368 at g,_g:O.i‘é-
A 189 a 03 49 25 12 4912 v 12 200
b 03 53 15 2
¢ 0% 56 00 2
a 04 02 00 1-2
e 04 0% 55 =2
£ 04 07 55 1
4190 a 04 19 20 7 5576 v 1=2
b 04 22 25 1=2
¢ 04 26 20 =2
d 04 %3100 1=2
e D4 33 50 =2
A191 a 04 47 25 7 5691 IV w2
b 04 50 30 1=2
c 04 52 30 2
a 05 10 15 =2
e 05 21 %0 2
Faba 6% in NO. 237 = Qa7
A262 b 02 54 25 12 49142 v 4
e 0256 15 4
a 0258 00 2
a 02 59 50 4
£ 03 0115 4
A26% a 03 06 15 12 4912 ') 4
b 05 08 15 Fed
e 0% 11 18 4
da 03 1345 B4
e 03 15 05 3
f 03 17 10 3



TABLE 11.% - continued.

XpOSUre pnration of Reglonm Order Sky trans-
Flate No. gige in exposure in of  Seeing, Porency
h..m: s, Sece A grating in 10—%}
Feb. 2, 196% in spoi No.KEKL 12375 at L= UeT4 = continueds
A264 b 03 25 20 5 5576 IV 3
¢ 03 27 20 3
@ 03 29 03 3
¢ 03 30 30 3
f 03 33 03 5=4
A265 a 03 39 20 4 569 1 v 5-4
b 03 41 00 3=4
¢ 03 42 50 B
da 0% 43 45 B4
e 03 45 10 Bed}
f 03 48 35 B4
feb. 10, 1963 in spot No.KKI 12375 at Av= 0,86
A27T1 b 02 41 55 10 4912 \'4 2
¢ 02 44 00 2
a 02 47 20 2
e 02 49 50 2
£ 0252 15 3
A272 B 03 02 25 3 5576 Iv 23
¢ 03 04 25 3
d 03 06 Q0 3
e 03 07 1% 2=3
f 0% 09 40 3
A273 a 03 17 30 4 5631 TV 2=7
b 03 19 20 3
e 03 21 00 3
da 03 23 00 2
e 0% 25 00 2=3
£ 03 26 30 3
Feb. 11, 1963 in spot No KAL 12375 at (= 0.9
A27T9 b 02 29 50 12 4912 v ? 35-40
c 02 32 10 3
da 02 34 00 F=2
e 02 35 45 2
f 02 38 05 2
A280 b 02 48 00 2 5576 Iv 23
¢ 0250 20 2=3
a4 02 52 45 =3
e 025 2=3
£ 02 56 05 2
A281 a 030500 3 5691 IV 2-3



AB. I1.% « continued.

Exposure Duration of Reglon Order Sky trans-
Plate No. té?$‘in exposure in of Seeing. P2TeNCY
he m 8. 5% A~ grating in 10°°0

Feb, 11, 1963 in spot No.KKL 12375 at f»a 094 ~ continued.

A281 b 03 04 45 3 5691 IV 2

e 0% 06 20 2

¢ 030820 2

e 03 10 00 2

£ 03 11 38 2

Feb, 12, 1963 in soot No. EKKL 12 at (= 0.9

A285 b 02 29 25 12 4912 v 2=3

e 023115 2=3

a 023305 3

e 02 34 32 2=3

f 02 36 00 3
A286 a 02 43 15 3 5576 Iv 2

b 02 44 45 2

e 02 46 10 2

d 02 47 40 1=-2

a 02 49 00 1=2

£f 025115 2
A287 b 02 55 25 % 5691 v 3

e 02 56 45 3

a 02 %8 20 3

e 02 59 35 23

f 030100 3

Eﬂb'14l !963 ot No. . = (.86
A29% b 02 30 30 12 4912 v 4=5 42-50

c 02 32 28 4

d 02 34 05 4

e 02 3% 43 43

£f 02 37 20 4
A294 a 02 48 00 » 5576 b1 4

b 02 49 5% 4

¢ 0251 20 4

a4 02 52 40 4

e 0254 15 4

f 0256 40 4=5
4295 b 03 02 54 % 5691 IV 3

¢ 03 05 45 b ]

d 0307 10 3

e 03 08 50 %

£ 0% 10 00 3



IABLE II.3 - continued,

Exposure Sky trans-

UeTe exposure in of Seeing parency
he I« 8 Sec. A grating in 10-60

t“ﬁ
D
o
0

124 1963 in spot NoLEKL 12375 at Qs

02 32 45 12 4912 v 3=4 35-38
02 33 48
02 35 30
02 37 15
02 39 30

02 45 25 3 5576 iv
02 48 18
02 49 55
02 51 30
02 52 55
02 54 40

03 01 00 3 5691 IV
03 02 25
03 04 10
03 05 40
03 07 40

«16, 196% in spot lio KKL 12375 a = 0.56

02 49 26 12 4912 v
02 51 56
02 53 34
02 55 16
02 57 51

03 07 54 3 5576 Iv
03 09 32
03 11 07
12 47
03 15 02
03 16 32

03 25 07 3 5691 Iv 2=3
0% 26 46 2=3
03 28 17 2-3
03 29 47 2=3
03 31 32 2~3
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for 7 minutes. Ths plates were thoroughly rocked during
developing to avoid the Evershed Effect. Spectra taken for the
study of velocity fields were in the regions of 4912 A in the
f4fth order and 5576 A and 5691 A in fourth order, of the grating,

The details of the emulsion-filter combinations used are glven
in Table II.4.

2+3. The Sight-line velocity determinations.,

The Fraunhofer lines become very broad and diffuse under
high dispersion, such as the one used in this study. For line
displacement studies it is very advantagenous to use high disper-
si8n, provided we can devise some precise method of measuring
these displacements in wide diffuse spectral lines. It becomes
wvery difficult, if not impossible, t0 use the conventional
method of measuring line pomitions, by bisecting the line with

a micrometer cross-wi;e.

We btried measuring the Evershed Effect plates with the
Abbe Comparator. The dispersion on these plates is about 6 to
8 mm/A, in the regidn of the spectrum studied. A 50 micron
error in setting on the centre of a line can easily eccur, especi~
ally when the contfur of the line is not well defineds A 50-micron
inaccuracy on the plate will introduce about 0.3 to 0.4 km/sec
error in the velocities. The inaccuracles in setting on the line
centre become nmore in the pemumbral regions. The second method
that we tried for measuring small Evershed shifts, was the
isophotal approach. Sgveral microphotometer scans over the spot
at intervals of 0,2 mm (approximately 1" of arc) parallel to the
disperajon were Obiained. Equal intensity polnts of the profile



TABLE II.4

Details of grating order, filter and

emulsion used.

Emulsion
used

Grating Filter

Region order used
4912 v Ilford 623
5576 v Corning 0G1
5691 - IV Corning 0G1

Agfa Isochrom
Agfa Isopan F
Agfe Isopan F
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were joined to yield an isophotal map of the line. From this
isophotal map, we determined the shift of line in the sunspot
region. Although this method is accurate, it is cxtremely
laborious and time consuming. This method was given up in

favour of another quick, convenient and precise methods

The method that 18 used here for measuring the sight-line
velocities, utilizes essentially the principle of photographic
subtraction. The principle was first used for wavelength measure-
ments by Zvershed (1913). The present method is, however, an
extension of the original Evershed's positive-on-negative method,
and ;s capable of greater pgaaislon and convenience of measure-
ments The essential advanitage is that the accuracy of the setiing
is independent of the width of lines. This consideration is very
jmportant and full use of it is made in the prosent method. A
more or less similar tochnicue for measuring small shifts was

aleo used by Servajean (1961).

To determine the position of a spectral line on a spectro-
gram, with a micrometer one sets the cross-wire at the centre of
the line, In the positive-on-negative method use is made of a
direct positive copy of the line, instead of a cross-vwi;e. When
the positive and negative of a line are smperposed perfectly, a
*flat?! or ‘grey'! pattern is obtained« At this position the
positive proifile precisely matches the negative. In any position
ch@ than ‘grey' the two profiles will be displaced. We enlarged
the spectrum to about 21 times, $0 yield a dispersion of about
130 to 170 mm/A. A% this high dispersion each millimeter corres-
ponds 0 about 0.56 km/sec+ in velocity.
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A distortion free enlargement is essential to obtain
reliable results by this method. This condition was fulfilled
by the gvailability of a Zeiss spectrum projector. This pré;)aetar
giver a very high quality image and has & flat field, The maximum
magnification that can be obtained is about 22 times. The spectrum
projector is provided with a plate carriage capable of moving in
two perpendioular directions: one along the length of the plate,
the X-direction, and other perpendicular to it, the Y ~direction.
A precision dial gauge 1s abtached in the | -direction to know the
position precisely of the measured paint‘ on the plate. Each
Aivision of the dial gange corresponds t0 some 38 kms on the digk.
ﬂowwer, our velocity measures were made at interval of approxi-
mately 1100 kms ‘and on gsome plates #’t 'intarvals of 1900 kms. In
the foeal plane of thias spectrum projector is placed a precision
Hilger micrometer measuring npg!m. The plate %o be measured is
fopussed on to a movable atagaﬂattachad to the mit of the measuring
engine, On this movable stage is mounted a dirsct enlarged posi~
tive of the line t0 be measured. The enlarged positive copies
wers zade in the following manners Vith ihe same slid vidth ss
that used for the apot specira, we obtained a speotrum of the out
of dous image Oof the sum's centre, in the three apectral regions
used, Several diPest enlarged pcsitm prints of varying fdensi-
ties of the 3 lines, (4912 &, 5576 A & 5691 A), using the same
spectrum projector and the same magnificatlon vere obtained, 1
L8 importaat for obtaining a oorzrest match that the densiiies ef
the positive mnd negative should be proper. From the several
@nlarged positives of different densities, it was easy to choose
. sultable print of the line.
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A 642 mm vide direct positive print was mounted on the
measuring stage, on vhioch the enlarged nagative of the line vas
foousseds The widgh of the positive, limits the height on the
plate over which the velocity maaauramehta are mde. Using the
shadow of the wires, it was very easy to align the measuring
gerev parallel to the dispersions However, any non~parallelism
was sccounted for in the process of reduction, and will be
described laters Due to the difference 1# magnifications and
dispersions in the three spectral regions the velooity factor
in these regions are slightly different, Table 1I.5 gives the
dispersion and velocity factors in these regjons.

This modified method of positive~on—negative, usems to
be free from persomml bias. Matching becomes difficult when
the lipe aoquires an asymmetric profile, especially near the
penumbral boundary. However, with a little practice one can use
the symmetrical alde of the line profile for the purposs of
obtaining the grey match.

To determine the Evershed shifis in the spoi reglon with
respoct t0 the velooity in a remote photospheric region, the
following procedure was adopted; we obtained the poaition of the
line on the two sides of tha wires, using the "grey' match tech-
niques The scals readings on the iwo sides of the spot, were
fitted into a least square solution, to0 obtain the eguation of
the line of the form3 = a + by Any deviation from this line,
neasured in the X~direction, in the spot region gives dirveotly
the Doppler displacement in sunspots. Non-parallelisnm e twesn
the measuring asrev and the dispersion cas be ascounied Ly



TABLE 1I1.5

Details of dispersion and velooity factor
used in positive~on-negative methods

Wsowa- Démrgzﬁa Velocity factora
length Gg:géﬁg on plate after mag- ificstion, &
reglon Ao nir}aation secs/mm
A/mm
4912 v 0.1237 0.0060 0,360
5576 Iv 0.1690 0,0080 0.426

5691 v 0.1670  0.0078 0.415
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mltiplying the deviation (Xg - Xg) by the sine of the {nsli-
nation of the line to the X-axis. In practioce parallellism was
found 40 be very geode In thiz method we have assured that the
slit curvature over a height of 14 mm of slit is negligibly small
and alaso that the solar differential rotation on the &wo sides of
the spot is zero. Using Walker's (1909) or Minkowski's (1942)
formala for the curvature of lines in grating spectrograph, we
find a deviation in wavelength over this slit height t0 be less
thar 0.7 mA. A simple calculation shows that at B = 10°, the
solar differential rotation for an interval of about 2° in
latitude is less than sbout 10 metres per sec. Both these
corrections to the velooity measures, have therefore been

neglected, considering their small magnitude.

We measured the sight~line velocities in the spot region
using this method. The sight-line velocity vectors are plotied
in Figures 11.2 through 11.5, for each of the three lines.

The beginning of the arrow indicates the location on the apot
where the velocity was measured and the length represents the
magnituds of velooity. The approximate direction €fiphe disk
centre is also indicated on each diagram. The houndaries of the
umbra and penumbra are also given in these figures.
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CHAPTER III

3.1. The component velocities,

In chapter II, we have indicated the observational tech~-
nijue utilized for determining the spatial distridbution of the
sight-line velocity field in and around sunspots., The velocities
that we measure on & spot spectrumg using the Doppler principle,
are velocities of the line forming layers, along the line of
sight, For an understanding of the physioal m«»‘sa 6: ot ion
in sunspots, we must have a knowledge of the mode of material
flow in sunspotz, independent of the line of sighk.

In the earlier chapter, we described the procadure adopted
for detirmining the heliographic latitude and lengitiide of any
point in a sunspot. From the sunspot disgrams éhwn “in Figures
I1.2 through 11.5, giving the sight-line velocity veetors and
the heliographic coordinates, we read coordinates for any desired
point. To reduce the measured sight-line velocities, to velocities
in tke spot, we utilized the following metheds

In a polar coordinate system {rych )} with the centre of the
usbra (B, D) as origim, the disztanmce from the centre r, and the
position angle qb’ (messured from west through morthk) of any point

are given by,

&
r=R, (Anees 3)% + (& B)? (3-1)
and tan@lu = —Aﬁ%—ﬁ (3~2)

where Rg im lm/degree on the solar surface, and A B and AN are
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the differential helidgraphic coordimates of a point, mensured
from the centre of the umbra. Kinman (1952) has shwon that the
flow of material in spots has e coylindrical nynugtry about the
edge of the umbra. In the case of symmetrical round spots it is
Justifiable to assume that the motion will have a ¢ylindricsl
dsymmetry about the centre of the umbra also. Working on this
hypothesis, we have grouped the measured points arocund the
sunspota info annular zones of width 1000 ims on plates taken on
January 20 and 21, 1963 and into zZones 750 kms wide on plates
exposed during Pebrusry. The number of anmulay zones used
depended on the total number o©f points measured in the sunspot
region. By choosing ammular zones of width 1000 kms or 750 lms,
we gould arrange to have at lsast 5 to 6 poinis in each zuueQ The
naubsy of mgasured points in each zone is important, since, use of
a large humber of points reduces the r.m.s. error of determinations.
In most of the spots, wa measured wvelocities upto about 15,000 io
18,000 kms f{rom the umbral ocentre.

»iAll. the three gomponent velogities in a rectangular
averdimte aystem can be determinmed wsing the wsihsd ¢f Flaskets
(1952)s This method has been used by Kimsan (4952, 1953), by
Servajesn (1961) and by Holmes (1961), for the siudy of Evershed
Eftest. From 9ne obsarved velocity parameter -~ the aight-line
velocity ~ all thse three yelooily components rwfuxrtd 0 a fized
csordimte system can be derived, by this methods In the present
thesis also, we have made use of this method to obtain the three

agomponent velocities.

Let us assume a rectangular coordinate system, with the
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Origin of the system at the centre Of the susspet. In Figire X71r.1.
let O be the centre of the spots Let the X~axis be parsllel ¢ o the
direetian of the solar rotation, and the Y -axis perpendiculax to i&
and in the plane of the sunspot surface, The Z-axiz is direct @d
Quiwards normal t0 the solar surface. We are interested in
determining the component velocities u, v end w, where 'u' is +he
welooity directed radially awgy from the spot centrey, v the tangen-
tial velocity at the point of inbterest, and w the velocity directed
Perpendicular to the golar surface. It is convenient to use the
oylindrical coordinate system, t0 oonsider the motion in spots .
The three oylindrical veloocity components u, v and w are denotead
Ly u= ¥, v = rand v = £, whers r, & and z are the eylindrical
coordinates. The corrected sight-line velocity i{s given by

¥ = u(oes qS,cﬁs ry + sin 4@1 cos ¥o)

+ r(uasqbl @os ¥ ~ sin <}>’ cos ¥q)

+ w coaYy 3 (3=32
where cog Y{, cos Y2, and cos ¥3 are the direction Cosines of the
Xine of zight directed from the observer to the memsured point on
the solar surface. The direciion cosines are givem by the fel lewing
expressions, 1f we neglect the small sngle Oy or the mngle subtended
at the obasrver, by the apot and the sub~terrestrial point.

cosY) = sin (I~Lo) cos B

ooz, = sin B ¢os By gos (L-Lg) = ov8 B sin Bo

cos; = —ces O (3-4)

Por the spots observed the value of 6, does not exceed 0.3-
{1~ko) and the halinéraphia latitude B, for any measured point oOn

the sunspot vere obtained from the sunspot maps« By and by are
tabilated for each day in the Nautical Almanac.
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The observed velecities nesd t0 be cOrrected for the
observer's motion and for solar rotation. The eorrected sight~
line velocity is given by

VaV*® ~Uscos ¥9+4Cy4+ A (35)
where V* is the observed sight-line velocity, Us the Pelocity
due to solar rotation, at the measured point on the disk, and
1s given by (Hart 1959),

Us = 2 008 B (1 = 0,229 sin’B) (3~6)
C1 18 the correstion dus to the observer'as moetion and compensates
both the earth's motion about its axis as well as the rotation of
the earth.moon system about the centre of mass of the solar system,
A is the sorrection due to the limb effect. Neglecting the
limb effect correction A\, since it is a very small guantity for
disk positions of the spot observed, the gorrected ‘smt-»iim
velocity i given by,
V= V"~ Ug cos¥) - 0.4571 cos S0 8in B
- 1752.‘54[_ X 0085, cos %'+ ¥ cos Spsiaves Z ainSa] (3=7)
The third term gives the contribution of the narth'aﬁﬂutim
about b8 axis 4n km/ses. for Hodaikansl. The fourth term repre-
sents the valoelity sorrection due to the retatios of sarth-moon
syatem about the centre of mass of the solar system (Soblesinger
1899) ¢
Equation (3+3) involves three unknown quantities u, v and we
To determine these we should have at least thrnumwﬂua of the
type {3+3). Ve have assumed at $he onset that the metien of
material has a oylindricel symmetyry about the spot centre. This
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jmplies that all the points equidistant frem $he centre sf the
gpot, satisfy the squation of gondition (3«3). Foe sach of the

measured points in an annular zone, we have the following equa-
tions of condition,

o= W vy, + g (3-9)
Vn =

UWhn + U =+ 0%,
o heve X

I

( Cos qslcosb/] e S{M¢"CBS-{L) ,
T = (Cos75’CosTa_ - S.A;él’gs{i)
y = (&5{3) = -lbsfh

Equationa (3-8) oan be solved by the method of least Squares %o
yisld u, v & wv.

In constructing a rectangular coordinate system, with 0 ax
origin, Figure 1XX,1, wve agsumed the sunspot surface $0 be a p
plane. This assumption is vaiid, as the spots observed are not
greater than 3 degrees in diameter. We notice in equation (3-2)
that the ovefficlent of wy cos ¥ 3 (=  ~gos ©) is independent of <
and censiant over the plane spot surfaves Fellewing Servajean
{1961)y we have made soa ‘(g sonatant and mml to unitky. ¥e then

obtain the following solution by She method ef least squares for

gy v and w
W = A 2Vx b;ZV% + C(Z\/

A
v = Clle\a, 4+ bV + e, TV
) x
w - 93 SV + baiVx Cai_\l\a_
A
Lohsre d, = (Z\J\L ~ %Z}‘J—
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a2 s (Tx)?wnyn?
a3 = (Zzy)? = Tx? 5 42
by =02 =n)xy «~.x2¥
b2 =e3 =T 22Ty ~ZxySx
by = g1 = ZyEZx - TXy Ly
and
a=Tx (T9)2+7y% (In?+ niZxp)? - 0T T5%~ 2Ty T2 Ty
A programme in FORIRAN language for the IBM 1620" vas written to
calculate the direction cosines, position angle gt{ and other quan=
tities, used for solving equations (3-8), In this ptugrw
instruotions were ocoded to punch cut data required for caloulating
the root mean square errors. The punched out cards were re-run
t0 obtain the root mean square error for sach of the three compo=
nent velocities. Use of the IEM 1620 reduced gonsiderably the
labour required for computing the component velocities and their
r+Re8s errors, in about 270 annular zones.

The results of the component velocities are given and
discuesed in section (3-4) of thiz chapter.

An mbserpsion line in the selar speotium La formed over a
considerable thickness of the solar atmosphers, Individual strata
gonsribute $0 the formation of & line, depending on the physical
parsmoters of each layer. For detersining the depth of formetionm
of a XN@. we must have a knowledge of the model of the atmoaphere,
{s8, 'the dependence of Semperature, presmre and the conffisiend
of conbtimiocus absorption on the depths Together with this

#*I3M 9620 facilities of the Physioal Research Labhoratory,
Absodabad vere utilized.



information, the parameters of the atomis tnimmition giving Fhee
to the spectral line under study, enable $he evaluntion of the
depth of contrilusing layers. Ninnaers (1948) and Peoker {3951)
have dsveloped theories for gsloulating the mean depths of
formation of faint lines in the solar atmospherss The mean optical
depth, T wean is defined as

'»’t o0

oj MMI 41 > = ’rm/ei *

From the mean optical depth T mean one can casily dsrive the mean
geomatrical depth h, of the line forming layers The mean optiesl
depth, can be determined from a knovledge of ths contribusion
ourves for the line in question. The diseotor of the area under
the oohtribution curve, gives directly the 1‘omr1tbm ¢ $he mean
optical depth. Ve lave ukilized this procedure for detersining |
of the spod lines used for velocity measurement,

As mentionsd earlier, a model of the atmosphers, giving
the variation of eleotron pressure end temperaturs with optical
despth, is & neceassary prerequisite for the oalculation of the
sean depibs of formation of the individual lines. Nakita (196))
has rmm worked out s madsl for mmt parsmbra, with the
sid of phatoslectrio and photographic spok apwotras Ve have used
the Makita model for gomputing the contrilution function and
thereafter the mean geowstric depthh, of forsmtten of 4942 A
and 5691 A Maes. Several vorkers Michard (1953), Minnaert
(1953), Mattig (958) have computed models that yield physical
paraneters of sunspots, However, these modsla refer entirely so
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the physical conditions in sunspot umbrae onlys Makita's medel on
the other hand relates £o the physical oonditions in the pemumbrs
and hence is well suited for our purposes e give in Table 5.1
detalls of Makita's pemambra model.

The intensity at a point on the line profile is

o0 h p
IAMO,H):D/Q)"U") [%P ’/(R>~o+ bﬁ") P R%](ﬁ)ﬁ ht.n) Rf. %—L—‘ ({J

oY

Lop=fon(m)][ -/ U*“’ JEI ) 2 @

wvhere

D)o » the Plafk funstion

P = the number of hydrogen atoms per gram of solar material

jr = aos Oy O 1s the angle between the solar radius at the
point of ohaervation on the disk, and the line of sighis

kn = gontinuous absorption cosfficient per atom of hydrogen

Ra) = selactive mbsorption cosfficient per atom of hydrogen

f = density of solar material

= geometrical depth,
we than obtain

Tagoy Tt =2t GO)-ot = O D3
ol g O

Bquasion (3) represents the difference betwsen the contimwam inte~
sivy Ly (o, K and the intensity of a point on the line profile.

The residusl intenzity

" = I)o(o,,u) - IA)\(O,,LL)

IN( O l‘*)

(4)



TABLE III.1

Makita's sunspot penumbra model, used in this study.

log T T log p, logp, l0gf n(im)

““3'0 -9010 3810 "‘0069 3#51 “7-61 0.0

-2,8 «0016 3880 *0t61 3.61 =T + 60 1-03 x 10
~2+6 «0025 3960 048 30Tt =Tu52 2+41

-2.4 0040 4050 ~{ 234 3681 ~7.43 %5.99
-2,2 L0063 4150  -0,19 3,91 -7.3%  5.41

~2+0 »3100 4240 0,085 4,01 ~T.%% Te25
-1.8 «0159 4325 0#04 4,09 ~7 429 9149' 2
~1.6 0251 4400 0:145 4420 =~T7.18 .29 x 10
~1\4 00593 4480 0&235 4»275 “?n‘g ‘Q49
-led +0631 4540 0.32 4.35 T ¢ 10 183

~1.0 »1000 4620 0.415 4442 =T,00 2.23
0,8 « 1585 4890 0.545 4.43 ~T.,00 2,78
046 «251%2 5480 O.T4 4.5% ~6.90 %e48
-0sd  »%98% 5470 0.96 4,66 ~B.75 4,20
0,2 6310 5740 1419 4480 ~6.59 4.8%
0.0 1.0000 6020 1418 4.84 «0.53 5»39
0.2 1.5050 6360 1.70 4493 -6441 6,01
0.4 2.5120 6760 2.07 507 ~6425 6451
0.6 3.9810 7310 2450 520 ~6408 6.8%
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can be written in the form indicated by Pecker (1951),

"= /W ) & ®

where ¢ is the weighting function given by

fofr)[axp (& )]0” Ib(T)[exP—(lJ))

5 = ©
O/Ib(f) [+ - (Z)] ng
andy/is the aatarah%an function
¥ = %P;/(%fo)%% (")
The source function may be written as
PM= a + bt + CE,(T) (8)

where E}_ (r> is the exponential intagrai. Integrating by parts
the numerator of squation (6) and substituting (8) in (6],ve ave

G = BEep-{)* o, A2 B = Bl enpl 7] (a)
/a@xp (/}u d,u —{-/B’C&x,}f )dr +/ze (T)%P(—P)clf

i)t

b+ e[ Fpb(en) W

\

1

A

+

substituting ﬁ-%@rm equation {8) in (10)

- - T//"
Jogae_, filos

G _ |
a 4 b c[;,, /«L%(H/&_):}

(1)
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G = bpexp-T)- /“- (Derp(-7.).d7

o+ b+ c[;;ﬁ/u l+l/ﬂ)]

buuexp (- Th) - C/@fp ). /@4/5 1) do
A+ bu +C[H</L{H\l+//{)]

From the property of sxponential 1ntegrais and chaing the order

of integration and integrating we obiain

| P s~ Tt
o = Preplh) - 5 e”‘fiu,”’; Ax.

At bpe e CfUE pk ()

¢ - Mexp (-fr/P)[B—cE,(T):) +.C,LLF-:(T+‘:I) (1)
o+ k)ﬁi + C [ | X f&[“ (“f %”)J

To determine G, we have made use of the solar limb darkening
obsarvations of Plerce and Waddell (1961)s From s knowledge of the
1imd' darkening constants a, b, ard ¢, wa oompute G for the wavelsnghh
5000 A at five disk positions. These whighting funetions wers
utilized in the computation of mean depths of formtion of linea
4912 A, 5691 A. The values of the constant uy b and ¢ given by
Pierce snd Waddell are as follows:

b2l Oerers
e = ~0.54651

1deally, we should bave taken limb darkening observations over the
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Bungpot penumbras However, the photoelestirie results of Makita
and Morimoto (1960) indicate that the pemumbral iimb darkening
curve is parallel to the solar limb darkening curvas Wy believe

that no sensible error would have occurred on this score.

Ten Bruggencate et. sl (1955) have shown that for nuserical
integration of equation (5), it is more convenient to integrate

over a log T scale, instead of over ‘T

L(’/‘— X Loae , d{)( = O_t_’_'_l?
T
AT = T ct(}Cfﬁ;f)
AT = T alegd) 13
or = 4l ‘ (13)
Equation (5) can be written in this form
hA) \p | (“4)
. Cd (g T
/ ﬁk = (9.7

and D%T
oxp - / ’2% ﬁ M;WL A (log, ™) (19

The aelective absorption coefficient kggpor hydrogen atos is
given by

2~

ke = AT€ 0 A S %’___ __..L.Q/;c/)— (-‘9‘- (1)

. C"‘ ANp Adp
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We assume thai our measures of the line displacemsnts refer &9

6
only the core of the line, where AN = 0. Rxpression (';9) is
now given by

ko —R. AL Na (17)
TADN \/ NC\, A)\D
where Rl — J . €L }3.;
mex

A is the number of at@ps of the element per hydrogen atom, f is
the osatllator strengih, Nia is the number of at@gs of the element
in the energy level corresponding to the tranasition responsible
for the lins .Nais the total number of atoms of that slement, and
ANy is the Doppler width given by

— A J2XRT
A= = TR

where the = ie the atomic weight of the element, C/ the frequency
of the line, and T the effective temperature, agsumed to vef = 1.02
in our case and R the gas constant. We have neglected microturbu~

lanoe affects beocause of their unknown contribution.

If we write /
<= R A (18)
1y Mod
equation (¥5) mm be written as

_ K /c N | Al T) (1)

')\D NA, A)\b

The guantity -N:)n squation (19) is directly obtained from the
gonbined Saha and Boltzmann equations. Ve Mlculatad( “‘)for each
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of the temperature and electron presaure values in the sunspod

penumbra model (Makita 1963) and for each of the three lines, by
the equation

(Eikl) _ Pe‘gﬁa_ exp - DLAQT <?—Q>

Na (B + T2 B(T) e p - Tfer)

wherse FE_is the electron pressure,

%lathe statistical weight of the energy level

Bo(T)and B, (T)the partition function of the neutrsl and
ionized atoms respectively :

S KSh
and Q = CM : b
23
. The partition functions for Pel and Wil were obtained from Clags
(1950)s The Rowland tables identify 5691 line to be a blend of

Fel and NiI., In this study we assume 5691 A to be the result of
the (Y°F- 9°D ) transition of Fel.

Wa neglected the contribution to the continuous absorption,
due t0 the neutral hydrogen atom. The contribution by neutral
hydrdgen atom in this wavelength reglon is small. DBesides,the
penumbral model used ignores the effects of neutral H absorption.
The contribution due $0 the negative hydrogesn ion was taken from
Chandrasekhar and Bewn's tables (1946). The H absorptien for
our sleciron pressure Rg values vers graphically interpolated.

A% it was not possible t0 obtain laboratory detersmined f values
for our lines, we obiained these values from Wright's {1944) sola
ourve of growth. The equivalent width of these lines were taken
from the Utrecht photometrie catalogus (196)s The saturation
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functians,'\ﬂ’. were Objalned by numerical integration of equa=
tion (16). The contribution function is given by

t_ K 7. / R ATCO N7
EYOV Q\F Ay Ped(#) (558 Nq]\”’ &

\ !
(2&3)18 the ratiorn of the number of hydrogen atoms in excited to the

ground level. Figure 3.2 shows the contribution curves for the
central depth, for each of the two lines, at /u,, 0.35, 0.55,

0475, 0.85 and 0,95. ZThe bisection of the area under each contri-
bution curve gave lmmediately themean opticasl depth of formation
of the line, at & particular disk position in the pemumbra of spot.
The effective depth of formation of 5576.101 A line of Fel (Rowland
intensity 4), in the sunspot penumbra seems to lie much higher than
the other two Zeeman insensitive lines, used in this study. The
Maltita model at our diapoaal‘daas not permit the ytelding of 8
complete contribution curve for this line. Hence,for Upgy gradi-~
ent determinations we have considered only the two faint Zeeman
insensitive lines 4912,027 A and 5691.,508 A, TFrom Table IIL.1

we directly obtain the mean geometrical depths for the lires.

In Table III.2, we give the mean optical and geometrical depth of

formation, 0f these lines, at five (L valuews.

In this section we briefly describe the details of the
sunspots in wvhich we have determined the velocity and magnetic
Tislds. As mentioned in an earlier chapter, we obtained spectra

during swo successive passages of a spot group. Our observations
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TABLE III.2

Mean optical and geometrical depths of formation of lines,
using Makita's penumbral model.

4912.027 A 5691.508 A
M log T km log T km
0.95 ~0.96 235 -1.18 188
0.85 ~0.98 230 ~1424 175
0.75 -1.04 215 ~1+29 166
0455 121 180 -1:42 145

0.35 =156 155 -1.62 17




J15+15

of velocity and magretic fields made during the second and ¥hird
pass of the same spot group across the disk makes the problem very
interesting. This investigation enables us to study changes in
the velocity and magnetic field configuration, with the evolution

of a spot. Howéver, during the seacond and third pass, this apot
had become stable.

Kodaikanal photoheliogram records show that Kodaikanal
spot No.12358 f4rst appeared arcund December 18,1962 at about
Limliy = 14° east and receded beyond the vestern limb on December
25. This spot group was in MoMath plagd reglon 6649. In this
plage region only one subflare (importance 1" ) was observed on
December 20 as seen from the CRPL list of solar flares. The
same spot group eppeared on January 9, 196% on the sastern limd
and was desigméed in our records as Kodatkangl spot Ne.12368
(KKE 12368). Central meridian passage of this spoi was on
Jeruary 16, Until Jamiary 13 no apparent change in the shape
and size could be noticed in the spot group. From January 9 o
14 only two axall subflares are reported in CHPL data. From
January 14 onvards rapid changes in the shaps aml size, as well as
additional spots, started appearing around this spot group. On
Jamiary 15 two large spots developed in this region and on Janu-
ary 16 another spot joined 0 make the whole apot region very
comphkexs During this developing phase of spet group KKL 12%68,
more than seven subflares have been reported in the CRPL reporis.
From Jamary 18 onwards the spot group started decreasing in area
and slzc some of the newly formed spots vanished, leaving behlnd
on Jamary 19 only the aipgle spot that appsarsd on the eastern
1imd and a mmall spot south of it. Subseguent to Jamuary 19
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until 1t went beyond the western limb, no flare activity was
reported, It appears that from Jimiary 19 onwards she spot group
KKL 12368, acquired the stable and mature phase of its life.
During this second passage of the spot across the disk, we deter~
mined the velocity fields on January 13, 19, 20 and 21, The
obgerved sight-line velocity vectors are given in chapter II.
Difference in velocity flelds, between the pre~development and
post development phases coul & be noticed. The disk positions of
the apot on Jamary 13 and 19 have almost the same distances from
the disk centre and were on either side of the merfdian, We bave
determined the component velocities in the spots observed on
Jamary 20 and 21.

The same spot group sgain appeared on the sestern limb on
February % and is designated in aur'records aa'KKL 12375 and was
on its third passage. This time it appeared as a sinéle round
aymmetrical apot, We observed this apot on February 9, 10, 11, 12,
14, 15 and 16 and obtained both the spatial velocity and magnetic
field configurationss The spatial velocity fleld nsasurements were
made using the three Zeeman ingensitive lines. Sight~line velooity
veoctors are given in chapter II. TFor apatial magnetic field
measurements, either of the two lines 6303 A and 6173 A were
uuod.\ Spatial magnetic fisld maps are given In seotion 3.7.

Due to0 poor weather conditions wé did not observe this spot,
until February 9 (L~Lp = 40°E). After the rainy spell seeing
oconditions and sky transparency were subperb on February 9. Ihe
umbra of this apot (KKL 12375) appeared split in two, surrounded

by s common penumbra. ZThis appearance of the apot remained $ill



Irt-47
February 11, and around February 12 (I=Lo = 0%) the twe umdras
coalesgsd to form a single umbra. No change in shape or sixze other
than this could be noticed during the rest of itz passage across
the disks To decide as to whether the two umbrae were part(of the
same umbra or were two separate umbrae, we examined the magnetic
field plates. As mentioned earlier, we also cobtained spatial
magnetic field plates on almost all days when we cbtained velocity
field plates. Zeaman spectra taken on 9, 10 and 11 February, with
the slit uraaaiﬁg the juction of the two unbr#a’shcvad a larger
magnetic fisld than on slit positions crossing the individual
umbrse« The polarity of the two umbraue were the same. These
observations of magnetic fisld amd the shape of the spot convinced
us that the exlstence of two umbrae was illusory, It was in fact
a single umbra that appeared split, because of some penumbral
material covering the umbra. On February 12 and later the two
umbree appeared as kinsla. We therefore assuma th# centre of
the whole umbra as representative of the apot's centre. ﬁKL
12575 disappeared beyond the vestern limd around February 19 and
rcappcnrid on March 3 on the eastern limb, with more or less the
same shape and size that it had on the previous passage. The only
flare report®d after January 18 in the CRPL lists, associated wikth
thiz goot was on March 5, Since March 5 £ill the spot van;shnd
on the disk around March 14-15, 10 subflares of importance 1 to 1~
were reported, From the flare data obtained and the configuration
of spot group, it is definite that from 19 Jamuary to March 3,
this spot was in the stable and mature phase of its life. This is
fn agreement with our eariier findings (Bhatnagar and Punetha 1963)
thet less intense flares of importance 1 £0 1~ occur during the
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development and declining phases of the apoet®s life.

&rom the above discussion it 1s well established that the
two spots observed during January and February 1963, were the msame.
The variation in the velocity configuration at the same disk
poaition, but during the two passages, may serve as an indidation

of the changes in velocity field pattern, with the age of spot.

Using the method described in section 341 of this ghapter.
we calculated with the aid of the IBM 1620 ths component veloci-
ties, u, v and w, and also their r«m.s. errors, These velocitles
and the r.m.s. errors are plotted in Figures III.3 through III.O.
In the following, we discuss the run of these individual component
velocities in sunspots. ZFrom the knowledge of the mean depths of
formation of the lines 4912 A and 5691 A, we obtain the gradient
of the maximum radial velociity (Umsx) variation with depth. This
is given in the next section along with the radial velocity

pattern in spots.

The radial velocity u, is the component of the sight~line
veloolty parallel to a radius vector of the sunspot, and in the
plane of the solar surface. Tt 4s this component velocity that is
most important in our investigation of ths Evershed Effect. By the
method given in section 3.1, we uniquely determine the magnitude
of $his oomponent u. As, has been stated earlier the measured
points in ahd around the spot were grouped in annular zones, at
arbitrary distances from the spot centre, For each of the anmlar

zones, we then obtain all the three component velocities u,v and v.
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The run of u and w eomponents with distance from the
8pot centre can be seen in Figures II1,3 through III.5. At
the top of each figure, the approximate extents of the umbra
and penumbra are represented by the dark and hatched regions
respectively, These figures give the runm of u and w components
for each of the three Zeemaninsensitive lines 4912.027 4,
5576, 101 A and 5691.508 A at nine disk positions of the spot,
( M= 0435, 0.54, 0,56, 0475, 0,86, 0,95, 0.94, 0.86, 0.74)
observed on January 20, 21, February 9, 10,11,12,14,15 and 16
respectively. A quick glance of the run of radial velocity u,
in Figures III.3 through III.5 shows that the radial velocity u,
steeply increases, from near the umbral border, to attain its
maximum value near the middle of the penumbral region. From its
peak value the radial velocity graduaslly declines to become zero
or nearly so far out in the photoasphere« The rise 'to the peak
value is always very steep compared to the decline of the radial
velocity. The logation of the peak radial veloecity im $he penumbra
is not always at or near the middle of the penumbra. A slight
shift in the location of the peak velocity aeross the penumbra
could be understood as due t0 errors in locating the boundaries
of the umbra and psnumbra; Other important influencing factors,
responsible for shifting the peak are scattered light and the
definition of solar image.

If we compare the radial velocity curves at different disk
positions of the spot, we notice immediatedy considerable
differences. The magnitudesof the maximum radial velocity (Umax):
in all the three lines, shov a decrease t@wards the limb, a
conclusion that has also been obtained by Michard (1951) and
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recently by Servajean (1961)s Both these authors have interpreted
this observation of decremse of the radial velocity towards the
1limb, as a manifestation of the phenomenon, that radial velocity
(Umax) decreases with increasing height in the photosphere,
However, the above conclusion that a decrease of Umax towards the
limb, is an indication of the velocity variation with height, is
subject to serious objection (Holmes 1963). Holmes has shown
that the observed velocities in spots are affected by scattered
light, in a way as t0 decrease the observed velocity. TFurther,
she has shown that the influence of the scattered light increases
rapidly when the observations are made close £0 the limbe The
decrease in Umgx towards the limb that we ?nduther anthors have
observed, perhaps may not therefore be wholly due o the level
difference in the photospheres However, we hmve plotted the
maximum radial velocity, Umgyx for each of the % lines, versus
the disk position of the spot and ¥ given in Figure III.10.

It will be noticed from thesé curves that the slope of Upax: P¢
for 5691.508 and 4912.027 A lines is almost the same, while Moy
the stronger line 5576.101, the slope is differents The 5576.101
line of Fel (Rdwlahd intensity 4) is formed at a higher level
than either of the other two lines. The difference in the slopes
between this line ani the other two (Figure I11.14) is probably
due to the level differences in the formation of theme two sets

of lines in the solar atmosphere.

Comparing the pattern of radial wvelocity curves at different
gpot positions on the disk, we notice that the velocity pattern
flattens out, for the positions near the limb. For spots located
near the disk centre, radial velocity curves show a steep rise



X x

" ] 1 ] o !
I0 09 08 O7 06 05 04 O3

.
1}

Figure I1I.10. - Upgy: dick position of spot ( )
using % lines. X - Zast of CeMay, ® = West of C.M.

Abscissas (cos )} of spot
Ordinate: Up,, in km/sec.



I1I-21

and relatively slow decline. The radial velogity run fox all the
three lines at one disk position appears to be very similar.

Considering the behaviour of the radial velocity pattern
for each disk position, the slopes of the two halves of the velo-
city curves on February 9 ( J& = 0.74) appear nearly similar for
all the three lines. On February 10 ()uv: 0.86), a very distinct
hump, in addition to the peak velocity, developed rear the outer
edge of the penumbra. This hump in the velocity curve is visible
in all the three lines. The position and the shape of the hump
in 4912 A and 5691 A lines ave very similar. In the case of
5576 A, the hump appears slightly detached from the main peak.

It is difficult to assign any probable reason for an addit ional
peak. A similar double peak in the radisl wvelocity curve was
also observed by Kinman (1953), in the case of Mount Wilson
gpot No.10955.

On February 11 ( = 0.94), the radial velocity curve
became again singbe peaked, with a steep rise and fairly gradual
falls On February 12 (U= 0.95), the shape of the curve remained
more Or lcss the same. The peak velocity that had showm an
increase on February 11, over the earlier days values decreased
slightly. A decrease in Upgx LS noted systematically in all the
3 lines. Spectra taken on Fabruary 14 ([«Lm 0.85) show fine
detalls, because the seelng conditions during the exposures wers
exceedingly good., Fine penumbral detaila oould be meen on all the
plates. The radial velogity curves shown in Figure IIX.4,
indicate large r.mes. errors, and for a few points the radial
velocities are large. However, the trand of velocity variation
for all the three lines is similar with the sarlier daya resulis.
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On February 15 ( M= 0.75), the slope and the position of Uy,

for 4912 A and 5691 A lines is almost the same. But in the case
of 5576 A line the decline of the Upgyx with distance is very

steep, and also the velocity peak occurs very near t0 the inner

penumbral border.

Spectra taken on February 16 (fxf= 0.56) and those taken
on January 20 (fk= 0.54) were obtained nearly at the same spot
positions on the disk. As mentioned earlier, the two series of
spot spectra (KKL 12368 and 12375) refer to the same spot, and
hence the velocity fields obtained on January 20 and February 16,
can be compared for possible effects due t0 the age difference.
For all the three lines, the Upgx is systematically higher on
February 16 compared t0 that on Jamary 20. From hﬁess observa-
tions we infer that spots show larger velocities during their well
developed phase, compared to the early phasess Servajean (1961)
from the centre-limb variation of maximum radial velocity data,

believes that Up,y decreases with the age of the spot,

The veriation of the maximum radial velocity with depth in
spots was first suggested by Evershed (1910) and later a detailed
investigation was made by St. John (1913). He observed from an
analysis of the spot lines, that in the photospherlc layers, the
maximum radial velocity incresses with increasing depth. With
the mid of the theory of line formation and suitable model of the
penumbra, it has become possible t0 determine the gradient of Upax
with depth. In section 3.2 of this chaptery we héva calculated
the effective depths of formation of the two lines, 4912 A and
5691 A at five ﬁ*values 9Mu 0.35, 0455, 0.75, 0485 and 0.95).
Sunspot obmervations were made very close to these disk positions.
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In Table II1.3, we give the gradient of the maximum radial velo-
city with depth, at nine,pbvalues- The mean gradient of Umgx
with height is about 4.0 x 10”> km/sec. per kilometre in height,
in the region 120~230 kms of photospheric depth. This value of
the mean gradient of Upgy is in agreemént with that found by
Servajean (1961) although Servajean had used the theory of line
formation for faint lines and applied it to lines of Rowland
intensity as high as 10.

Unfortunately, we cannot see deeper than approximately
300 km in the sunspot atmosphere« Actually, our measures of
velocity field refer to only a thin layer of about 100 to 340 kms.
Using some chromospheric lines such as the H-alpha and H and K
lines of ionized calcium, it could have been posasible to sxtend
our measures t0 higher layers, over the spots These measures are
extremely difficult to make since the ionized caleium emission
lines experience major changes in intensity amd line widih in the

plage features over a sunspot.

3.5 Vertical velocity wi

The vertical velocity v, is one of the three components
obtained by using the method given in section 3,1, and is directed
outwards normal to the solar surface. It will be recalled that
while describing the method of solution of the equations of
condition ve assumed a constant coefficient of w, benanée it is
independent of gg(the position angle) and also since the sunspot
surface is assumed to be plane. Our measures of vertical velo-

city are referred to the surrounding photosphere. Therefore, to



Table III.%

Gradient of Upgy with depth at 9 disk positions.

oy

Date Meanfi— g§ag;:;t
position in

km/sec,/lm
Jan. 20 0.55 9.1 x 1072
Jgan. 21 0.35 4.5 x 10‘-3
Febe 9 0.75 1.6 x 107
Feb. 10 0,85 0.3 x 102
Febe 11 0.9% 1.3 x 1072
Feb. 12 0.95 6.2 x 107
Feb. 14 0,85 Te2 x 107
Feb. 15 0.75 348 x 1070
Feb, 16 0455 2,3 x 1072

Maan Sumax = 4,0 x 10~ kms/secs/ku.
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obtain the component w, in the sunspot region, we have systemati-
cally tied the values of w, with a far removed point in the photos~
phere« The guantity (w - wg) and their r.m«s. srrors are plotted

in the lower halves of Figures III1.3 to III.5.

From these figures, it will be seen that the direction of
these small vertical velocities is systematically negative in the
pemumbra, the amplitude however is very small and is of the order
of ~0.3 km/sec and less. These velocities indicate decending
motion in the penumbral region. The maximum values obtained by
Servajean (1961) for the vertical velocities (w -~ wp) are of the
order of -0.34 km/sec. He believes that this magnitude of the
vertical velocities, direeted inwards, is significant and in the
penumbral region, the existence of the vertical velocities is
very definite. Kinman (1952) also obtained small negative
vertical velocities (-0.25 km/sec.) but he believes that those
small velocities may be due t0 a aystematic error in measurements.
Our vertical velocity wurves show (w =~ wg) velocities of small
amplitude but are not systematic as those obtained by Servajean.
The velocity variation in these cufves, with disk position, is
very evident. A decrease towards the 1imb in the magnitude of
(w = wp)y is obsePved for all the three lines.

The magnitude of vertical velocity compared with the r.m.s,
errors is small. However, the inclination (Adam 1963) of the magnetic
lines of force to the vertical in the penumbral regilon suggests
that a small vertical velocity component can be expected
to ocour, if the magnetic field has an influence on the motion of

the sunspot materials This coupling between the magnetic field
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and the velocity field is a logical possibility and hence we are

justified in the conclusion that smal) scale vertical velocities
exist in the pemumbra.

3+6. Tangential velocity, v

The existance or otherwise of the tangential component of
velocity in sunspots, is yet t0 be confirmed. Therd are relisble
and convinclng observations in the literature that indicate the
prescnce as well as absence of tnngential velositios in sunsupots.
Evershed (1910, 1916) detected tangential components of the order
of 0.25 to 0.35 km/sec. and even higher. Abetti (1932) analysed
some 26 spots and found irregular tangential velocities of the
order O to 5 km/sec., and suggested that ths tangential motion
varies from spot te spots. Calamai (1934) prapo&ed a method for
measuring systematic tangential components in spots. Using this
method, he measured tangential components in 5 spots, and found
that the trajectory of the material was of a logarithmic spiral
typee The direction of the spiral, with respect to the vertical
was sometimes clockwise or anticlockvise. 1In one spot he detected
motion in bokh the directions., Kinman (1952) found from least
square solutions of uy v and w in one spot, that the tangential
component v was random in nature and was well within the errors
of measurement. Although, at some locations in the spot, tangen-
tial velocities as high =0.5 + 042 km/sec., were observed, Kinman
beliaved that the magnitude of the tangential components was
within the mean accidental error of the observations and hence,

wholly spuriouss In 8 later study of four spots Kinman (1953)
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neglected completely the contribution due to tangentisl velociiy.
Servajean (1961) has also shown that the magnitude of v, on most
of the spot positions on the disk was very small, By comparing v
with & v, the departure from the assumption of the cylindrical
symmetry of motion, he concluded that the magnitude of the
tangential velocity was insignificant in the spot studied« From
his Table III (Servajean 1961), sizable values of v (~0,33 fo

+ 0.55 km/sec) occur on 27 and 30 april for spot positions at
/J'a 0.88 and /ﬂLa 0495 From Servajean's results, the direction
of the tangential velocitles seems to change from one disk posi~

tion to another.

le give our results of the tangential velocities and their
TeMs8e orrors in Figures III.6 to 11T1.9+ Tangential velocities
in each of the several annular zones in sunspots are plotted for
all the three lines useds The mthod for obtaining the tangential
velocity v, 1s already descoribed in section 3.1, 1In figure 1I1.7,
wve notice almost no systematic variation of the tangential compow
nent ve« <further, the r.m.s. errors are large compared to the
amplitude of the velocity. If we conasider only the tangential
velocity curves for February 9 (M= 0.75), February 10 (U= 0.85),
February 15 (M = 0.75), February 16 (an 0s56) and for
January 20 and 21 (M = 0454 and 0.35 respectively), we notice
slight systematic pattern of the velocity variation Bver and
above the large r.me.s. errors. ZThe maximnm yslue of v is however,
small and lies between 0«4 and 0.25 km/sec. The February 9
(fpbu 0.75), tangentiai velocity curves show = near simsoidal
variation, about zero velocity, this behaviSur is seen in all the
three lines. On February 10 (}xmso.ss) alao a variation dnv
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can be secns On February 11 ( b= 0.94), February 12 ( = 0.95)
and Februsry 14 ( fﬁ*z 0.86) the tangential velocities show no
systematic run and appear irregular. #t a few points in the spot,
the component velocity v, was found to be as high as 1.5 + 046
km/sec. On these three disk positions of the spot, it is not
possible t0 obtain any trend in the velocity rune On February 15
(4= 0.75) and February 16 ( W= 0.56) the amplitudes of maximum
tangential velccity show a decrease and a slight systematic trend
in the velocity run. We do not find a one %0 one correspondence
between the tangential velocity run for all the tlree lines. It
will be too premature to assign this variation of v, as a depth
effect, such as one found for the radial velocity component. On
Jamary 20 (ﬁk = 0.,54) and Jamuary 21 (M = 0,35) the tangential
velocity runs show a variation in amplitude along with the decrease

in the waximum ampliitude of v.

In all the tangential velocity variation ourves, we notice
large r.m.5. errors. These large r.m.s. errors gould be due to

the following reasons;

1« The number of points in each annular zone may ha
small.

2. Our basic assumption that the motion has a c¢ylin-
drical symmetry about the centre of umbra, may not
be wholly valid.

3. The nuuber of unknowns (three u,v,v) are large,
compared to the number of equations used in least

square golutiona.

Comparing our results with Kinman (1953) and Holmes (1961}, we
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notice that our velocities show larger r.m.s. errors. This in
our opinion is due to the fact that we have taken three unknowns
(uy vy w) in the equation of condition, while both Kinman and

Holmes have neglected v, leaving the equations with only two

unknowns.

From our observations of the tangential ﬁelacity and also
on the basis of work briefly reviewed earlier, it will be realizéd
that further observational corroboration is nececssary before we
can definitely recognize the contribution of the tangential coumpo-
nent t0 the velocity field. Adam's (1963) recent measures of the
orientation and inclination of magnetic field in spots, indicate
the possibility of the presence of a tangential velocity. The
high conductivity of solar material in sunspots, requires the
motion to be along the magnetic lines of force. An interrelated
study of the orientation of magnetic lines of force and the velo-
city field in the plane of the spot, could definitely enable us
to verify the exitence of the tangential component. Adam’'s (1963)
measures of the orientation and inclination of magnetic lines of
force show that the azimuths of the magnetic vectors in spois, are
not in agreement with the conventional supposition of a radial
arrangement of the lines of forces Adam further notes that, while
the field strength pattein renains stable, the direction of
magnetic field varies from day to day. |

As shown earlier, the largest contribution to the mass
motion in spot penumbra comes from the radial component onlys
Nevertheless, the existernce of tﬁe tangential motion has not been

repudiated and on the other hand its presence may be in agreement
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with the recent observationsg of Adam (1963). If we meglect the
random character of the tangential veloeity in our measures and
only confine ourselves to the magnitude of the velooity, we have

an argument in favour of 4its existence.

Adan's observations, show that the magnetic lines of force
are not dirscted radially, but make certain angle with the radius
vector of the spot. Considering the high conductivity of the solar
meterial, the flov of material has to be along the magnetic lines
of forces It would be impossible for the conducting materisl o
'alipwoross' perpendicularly the lines of farce in a spot's magnetic
field. with the existence of the azimuthal components of magnetic
field, it implies that the motion should heve a tangsntial compo-
nent also. If on the other hand, we assume that the tangsmbilal
velocity in apot penumbrae 1s mero or spuriocus and the motion ia
wholly radial; ve ars left with the only choige that the miarial
partaking in the Evershed flow does not have sufficlensly high
conductivity for the 'fraezing in' of the magnedic lines of force
to ocours Therefore the materisl is pot influenced by the mag-
netioc fislde The assumption that the sunspot meserial comprises
wholly of low conduetive material is highly improbables If our
obaervations show 'real' existence of the tangeniisl velocitles,
with pertain restrictions, then the preblea of ths flow of bhigh
sonductive material in sunspots, conforms 0 a comprehensible pletuvre.
However, this consclusion is very tentative and should be consi-
dered with esution,



We have determined the spatial distribution of the mag~
netic field in and around sunspots, for which we have measuyred
apat ial velocity fields. The aim was o investigate whether any
inhomogenity in the magnetic field greater than 100 gauss caused
any effect in the velocity fiedd distribution. Along with this,

the spatial magnetic field will also aid in studying the stability
of apots.

We used the method first given by Hale for determining the
nagnetic field in spots. The two eirculsrly polarized ¢ -~ compo-
nents, produced by the longiiudinal magnetic field, are ochanged
into linear polarization by a quarter wave plate. The guarier
vave plate used comprises of saveral 2 un.wiﬂpwmi¢a strips, Joined
edge to edge. The optic axes 0f the adjacent :ﬁﬁgpm are perpendi-
cular to each other. Behind this compound qﬁ;rtnr wave plate, is
placed & linear polarizer which suppresses one or the other of
the twe Zeeman components. In this way ve obtain over the sunspot
a "Meander' pattern, produced by the compound quarter wave plate.
Knowing the iaanun separation AN, from the undisturbed line,
one gets immedistely the magnetic field in the spot, by using the

formilas

AN 14-77«1052»-7‘1' H
vhere )\, wvavelength of line in cms
ge the Lande's splitting factor
H in gauss

The isezan splitting for 6171 A line is 22,000 guuss por A and
for 6%0% A lines ia 21,200 gauss per A+
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We have made use of these two strongly Zeeman sewsitive lines for
the measurements of spatial magnetic flelds in spotse The teles~
cope and the spectrograph were the same as desoribed earlier. For
these measurements, the fourth order of the grating was used,
where the dispersion of the spectrograph is about 6.0 mm per A

To cut off other orders we used a 0GY filter and Agfs Ismopan 100,
plates were used all through. Exposure times rangsd from 35 to 45
seconds d&pnnding on the disk position of ths spot. To determine
the spatial magnetic field over the spots, we oObtained five to

six "Zeeman spectra™, with the slit crosaing the spot at a number
of places. To know the orientation of the slit positions over the
spot, we adopted the same technique of recording the spot and slit
locations, as used for velocity measurements. We tied the polarity
of the spots, with the visual measurement of Mount Wilsom Obser-

vat ory#*.

Along sach of the slit positions, we memsured the Zseman
separation at intervals of O.5 mm ( v 2",7 of arc) over %the spot
region, To facilitate memsures, we used the spectrum projector
and a measuring engine. This is the same projector as used for
veloocity measurements. In the case of magnetic field measurss,
wve project the enlarged image {about 19 times) of the line %0 Dbe
measured on a siage attached to the measuring engines On this
stage, we have marked a fine line of about 1.0 cona long, this
a0ts as a oross-vire for centering on the lins, and also limiting
Oe5 mm height of the spectrus 10 be measured.

"

* I am thankful &0 Dr. R. ovmrd for umxy
munepot maps giving the magnettie field strengih
polarity of some spots for comparinsen wu&nﬁuaug
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With this arrangement, we determine the Zeeman separation
in nillimeters and then multiplying by a 'maguetio fiéld fadtor’,
we directly get the magnetic field in gauss. The accuracy of this
method is about 100 gauss. These values of magnetic field are
shown in Figures III.11 and ITI.12. The spots observed and inclu-
ded in this study show a positive polarity that the megnetic lines
of force are directed outwards from the solar surface. The number
against each point on these sunspot maps, represents the magnetic
field strength in units of 100 gauss.

The variation of magnetic field over a spot is well known
from earlier measures. The maximum magnetio field exists near or
at the centre of the umbre and decreszes staeply‘on either side
of it in the penumbral region. Around the middle of the pemumbral
region, the strength of the magnetic fileld decraasea to a value
half or leas than half of the maximum valus. For raaular wanmé
spots the slope of the magnetic field is generally very steeps
in the came of the spots, we have observed, the magnetic field
begomes very smsll, probably less than 100 gﬁuaa or aoy outzside
the outer permmbral boundary. Our method of measurement does not
permit us to detect magnetic fields less than this order of magni-
tude. However, it la very unlikely that magnetic fields may
abruptly cease near the penumbral boundarys Looking, at the
"Isogauss' maps, obtained by Crimean Observatory observers, it ims
clear that sizable magnetic fields exist, even beyond the vigible
boundaries of the apot.

Comparing the radial velooity fteld curves and magnatic
field wmmp, it is evident that the radial velooity inoreases in



JAN.19,A178 49,

FEB.9, A269. FEB.10, A270. FEB.I!, A283,

FEB.I12, A284, FEB.14,A286. FEB.I5,A298,

Wfigures [lie711 and INI.12,~ Spat i
‘ of 140 gpuss.
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the penumbra with {ncreasing distance frowm the umbral border., The
veloclity attains its maximum value about half way betwean the
umbra-penumbra boundary and the penumbra~photosphere boundary, and
then gradually decreases to acquire zero or nearly zero velocity
wvell outside the penumbral limit. The magnetic f£ield however,
decreases monotonically with increasing distance from the spot
centra, t0 attaln less than or equal to half its peak valus near
the middle of the penumbra.

It 43 wall known that the comvection in a conducting atmos~
phere, heated from below, is inhibited by the presence of magnetic
field. In sunapot psnumbrae also.'tha turbulent convection should
be inhibited by the magnetioc fielde What we see in sunspots as
the Evarshed Effact, is the radial outward f&#w of material, 8ines
the conductivity of solar material is very high, it 18 required
that the lines of force will be 'frozen' in the materiml. This
suggest that the magnetic field in the penumbra mmst be horizontal,
Adam (1967) has shown that the incldnation 40 the vertical of the
lines of force becomes nemrly 70° to 90° around half way M. pesumbra.
Bumbs, {1960) has alao shown that magnetic linea of force heceme
nearly parallel to0 the horizontal near the owter pemimMbral boundary.

Recently, Danielson (1961) has shown from the pictures tsken
from stratosphers that long perumbral filamsuts are in fact elon-
gated conveotion osils, oslled 'convection rolls's. The slongsbed
appearance ocours due %0 Yhe inclinaion 9f sagnebic &tups af
forge, $0 the gravity. He suggests shat She long Almnsien of ﬁh#'
sonvestion oells is parallel to the bovimental uauﬁﬁﬁmﬁ# n{‘ﬁﬁﬁ
magnatic fields Similar t0 the grasales, Davieledn Galisves these
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bright filaments to be hot "tubes of foraes" rising upwards and

the dark interspaces between the filaments are the eool “tubes
of force" sinking down. Further he suggests that the 'convection

rolls! due to the magnetic fleld are reinforced by the Evershed
Effect.

In chapter V, we give & detailled analysis of some gpectro-
grams showing fluctuations in the contimaum intensity in the

pemubral reglon, very similar to a fine grapulation spectrum.

In this study of Evershed Effect and megnetic fleld, it
was not possible to find, a point to point correspondence between
the veloocity and magnetic field pattern. However, megnetic field
data are presented here in the hope that at a later date s pessible
correlation with the velocity fisld zould be obiained,



CHAPTER 1V

A etry of lines in the penu region

4+1. The line asymmetry.

The important phenomenon of asymmetry of spectral lines
in the sunspot penumbral region, was first discovered by Evershed
(1916) . He showed thai near the outer boundary of a spot penumbra,
the spectral lines develop a strong diffuse wings The diffuse
wing is always directed in the direction of Evershed displacement.
A diffuse asymmetric wing in linea is emsily seen on spot specira
taken by McMath et. al (1956). This asymmetrio wing can easily
be photographed with preaantvday gsolar spectrographic technigues.
In recent times, a detalled investigation of this phenomenen was
made by Bumba (1960). Using a large solar image scale {5."9 of
axc per mm) and a high dispersion, Bumba showed that a asymmetrie
wing develops near the outer boundary of the perumbra, and attains
its maximum near the middle of the penumbral region. Further, he
showed that under good seeing conditions and in favourable spot
positions, the diffuse wing ('flag' in Bumba's terminology) can
be resolved into a separate faint satellises This line irndicates
Dopplar shifts of the order of 5 km/mec or more. In s rec‘ant
communication, Bumba (1963) has shown, that for favourable spot
locations, the faint satellite line cmn be seen protruding inte
the umbya, vhere it attains its maximis seperation from the
parent line. Servajean (19561) has studied ghanges in the asymsetrie
nature of linesz in spot regions and aiso ad difrerent. ont locations
on ths solar disk. Holmes (1961) has slso reported sdwe messures
of she ssymmetrio wings in apot specira. MNoMaih W:h; al (1934),



Figure IV,.l.~- Evershed's spot spectrs taken on npril 8, 1915,
showmng diffuse wing nesr the penumbral border.

0-0
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Pigure IV.2.- The line asymmetry.
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Servajean (1961) and Holmes (1961) have not reported $he finding
of a separate 'satellite' line as seen by Bumba {1961, 196%),

It is extremely remarkable for Evershed {1916) $e have
observed the diffuse wing in lines near the penumbral region,
even though he had at his disposal a small solar image (40 zm) and
relatively low spectrographic dispersion (about 0.9 A per mm).
The very good seeing conditions prevalent on the occasions when
Evermhed obteined spectra at Kodaikanal, made responsibld the
discovery of the asymmetric wings. ?rém some 0f the Lvershed's
spot spectra, in the Kodaikanal plate collection, we present
in Figure 4.1 a positive showing clearly the diffuse wing, near
the outer penumbral boundary. In this chapter, we present a
detalled photometric study of this phenomenon. -For a bsther
understanding of this phenomenon, we must havelhish quality
obssrvations, made at vaiioua spot pomitions and in all types
- of spots.

ve attempt to study quantitatively the variation of the
asymmetry in lines, which we shall call hnnueforth‘aa ‘flag"
(after Buambe).

{. over the spot region,

2, with the location of spot on the diak

%, at two poréions of the line profile, and

4, with the strength of the line.
Ve shall use the term, "flag factor (FuF)«”, a5 & measure of the
asymmetry in & lins. Ve have defined the ”P;gg fuatﬂt*"ﬁrw3$‘ai
any intensity valus on & line profile . (?1§M§t v}

YT = (7\1 ~ o)



I¥-3
where No ig the vavelength of the ocentral intemsity petint, snd Y
1s the wavelength of the centre of the line joining the squal
intensity points on the profile.

We have measured F.F. at half 1n£enatty and st one tenoth
intensity points on the line profile. The purpose of measuring
'flag faotor', at two places of the line profile is to ses, how
the asymmetry varies with depth in the line forming layers, since
the wings of lines are formed effaetivelﬁ at a greabter depth
than the core.

To carryout these measuras, we selegied some of our finest
spot spectra taken on three disk positiona, namely on February 9
at L ~ Lg = 39°¢0E, on February 12 at 1 ~ Ly = 0°§Q;&nd»an
February 15, L = Iy = 39°.0W. All the thres serics of spet
spectra were taken in thres spectral reglons (4912 Ay 5576 A and
5691 A), with the slit crosasing various positions on the spet.
Details pertaining $o0 these spectra are given in Tgble II«1. The
slit pomitions over the spot are given in the velocity vector
diagrams, presented in chapter II. All the specirograns were
calibrated with the aid of a Hilger six step wedge filter. The
three seleoted seriea of mpeoirograms show fine phokpspheric
details of thik order of 1" of arec.

For the photometric analysis, we selested only three slit
positions on each of ths mpot specira, faken on Pehruary 9, 12
and 15, and used $hree Zeeman insensitive limse (4392027 A,
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5576,101A, 569145084), except for spectra obtaized on Februssy 9.
The approximate locations of the three siik positione over the

Spots are indicated in the Figures IV,5 through IV.5. We belisve
that these three slit positioas for thres disk positions of the spet,
yield a picture that is very represantative of the spatial aspect

of the asymmetric wing in lines in spots. We obtained density
traces, at several portions over the slit and parallel to the
dispersions The positions at whigh these scens were mde are as

follows:

1+ 2% a polnt far removed from the spot,

2+ very near 0 the pemumbral horder on sither side
of the =pot, |

3+ near the outher boundary of the pennmbra!

4» near the 1nno£ boundary of the penumbras

In the case of slit positions crosging only the pannnﬁra. four to
five scans were Obtained, in the region of the pemumbra, For
obtaining density traces, thu.niarophoﬁouetar used was a nghridga
microphotometer modified to yleld tracings on a recerding potsen—
tiometer: The chart speed ia adjusted to give a magn@fimmtion of
25 times, the dispersion on the traces is Shwp 200 W per A. A
dial gauge oapable of resding upto 10 microns vas meunted in a
direction perpendicular ¥o the iraverse of ﬁhﬂ ulﬁw%phniamatﬁr
sorewes This enabdbled us to determine the yﬁait&@n nn,thﬁ plate

in a direstion perpendioular to the dispersions Rer phe precise
knovledge of the maanned region en the uw Adoky. mm S Mire
shadovs on the plabe as the fiduoial markbe. Tha whae shaden e
made 0 coineids very scourately parails) te the m ct m
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microphotometer sorew. Dial gauge readings give direeily the
disfance moved in the Y-direction from the wire shadow. Ve made
use of the mcords of the spot and wire positions, Hade whilav
photographing the spectrum, to exaetly pinpoint the scanned posi-
tion on the disk. In all these microphotometer scans, we used a

scanning slit of about O".8 of arc in height and about 0".3 of
arc in width on the smolar disk.

On 6 spectrograms, nemely A262-3, 265, 285, 287, 299 and
301 and for one alit position, we have constructed intensity pro-
files of 4912,027 A and 5691.508 A 1ines. These intensity profiles
are shown in Figure IV.6 as representative of zome typical asymme~
tric line profiles. Along with this we have determined the *‘flag
fagtor' at one half and one tenth intensity pointe on the line
profile, in the following manner;

Iines parallel to the dispersion at one half and at one
tenth intensity points were drawn on the trace, Distances AN
and AN (Pigure IV.2) in the wvavelength soale were read at
one half and one t¥nth intensity valness { Adp ~ AN ) thus
gives the measure of asymmetry at Ip/2 snd I,/10, intensity
values. In Pignre IV.% t0 IV.5, we give *flag faoter® along the
length of slit, in all the thrae lines, and in three slit posi-
tiong over %he spot. The position of spot and nitt is slso .
drawn 0 indicate the approximate logation of the 'slit orientation.
Sight—-line velocities measur@d along the lengih of the alit are
also given, The positive values indieake fAagging Selerds. She
long wavelength side while negative towards the sharh wavelengihe
The axruu 1nd$waton ghe direction ef the centre of bhe welar 4iek.
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Several inaccuracies are inherent 4n a photometric
analysis of line profiles. They are ohiefly due to;
1+ the instrumental profile of the spectrograph,
2» the scanning slit may not be exactly perpendi-
cular to the dispersion,
J+ ¥ime constant of the recorder and amplirier. and

4, choice of the continuum.

The instrumental profile of ocur 18-meire Littrow Spectrograph,
having a 20C x 135 mm size Baboock grating was determined using
Iodine absorption lines with twice the 'nmormal' slit: The instru-
mental profile of this apectrograph is very narrow (less than

12 mA) and is very nearly symmetrical., In the fifth order, thé
theoretical resolving power of 600,000 is achieved. Iodine
doublets mear 5330 A, having an average separation of 9 =i, are
clearly resolved in the fifth order. We have not corrected the
intenaity profiles for the small aaymmetry due to the spectrograph,
principally because, our msasures of flagging are referred to the
photospheric profile and the instrumental profile will not vary
over-small slit heights. Algo, the small instrumental asyametry
can be neglected compared $o0 the much larger asymwetyry dua %o

Tlagging.

Ws took great care in alighing the plate on the microphoto-
meter ocarriage, and hence the error on this moh is negligible.
The combined time oonstant of the recarding system is less than
one second for a full seale deflection of the Brown regorder,

From the '"flag factor' plots in Figures IV.% %o IVs5 and
the line profiles (Pigures IV.6) we notice that the profilas in
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Figure IV.%,- Variation of flsg fuctor over spot region.
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Pirure V.5e- Variation of flay factor over 5pofb region.
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 the photosphere are symmetrical on all the $hwee.diek pesfiteing
Near the region very olose to the pemmbra, M"m&ﬁ the apot,
the 'flag factor' for all the lines remain almost the same, as

in the photosphere. 1In the region of thé penumbra, they inorease
to attain maximum values around the middle of the penumbral regions.
In the slit positions, other than the one croasing ’tha umbra
centrally, we find that the magnitude of the 'flag factor®
fluctuates considerably, A line drawn joining the mid point of
the line pro:tle, Figure IV.6 shows clearly a steady imorease in
the asymmetry, towards the continuums Also, the asymmetry follows
the direction of the Evershed flows This is true for all the
three lines observed. In some apot regions, maximum asymmetry

at O«1p of about 60 mA is noteds Ihe maximum *flag factor' is

& function of tha disk position of the spot. In the spot posi~
tions near the disk ocentre the value of maximum 'flag factor' is
smaller oompared %0 spois near the limb. Spot spectira ebta&md
on February 9 and 15 at about 397 east and west of the ¢entral
meridian, show larger asymsetry compared Lo those taken on
February 124 pear the central meridiane

A wvariation of the ‘flag factor'’ iz noted uitl; iine
strengthe A4 vimual sxamiushion of some othax syed specira takea
by Bre NeKeVe Bappu st Kith Peak Fational Obmervatoryy Arisenay
using & large sodar image (33 ipehen 4n dlswilal)
lm;tmhia dispersion of 12 mm per A, shovw a decrease in
1n aeywmeisys The dirsebfen of flagging fn WM WUBNE aRd faist
lines is same. An intervesting femture fn wobls GNpekE and folnd
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lines is that the flagging does not extend fu sy Swsws. beyent .éhe
perumbral limits. A visual examination of spet NpesdPk $aken fn the
3934 A line of Ca', for a study of spatial distribusion of the
Evershed Effect in the chromosphere over the spoty show no such
consplouous flagging mear the pemumbral boundary. Moreeover, the
calcium floeculi near this region makes the app arance of line
asymmetry ambiguouss Bumba (1963) has shown that in Di,2 lines

of sodium, the flagging appears opposite to the Evershed shift.

The direction of flag near the core of Di,2 lines is opposite to
that in the vings.

We bave examined very carefully the spot specirs saken at
Eodaikanal and at Kitt Peak Observatoxry by Drs MyEsV. Bappus for
finding the 'satellits line', as reported by Buaba (1963, 196%).
Both the series of spot spectra were obtalned under goed &o very
g004 seeing conditions. The image scale used al Kitt Peak vas
sbous 232 of arc and the spestrographic dispersion wes 12 mm per A,
Yet these plates do not show any indication of a satellite
line in the umbral region. The flagging 19 very conspicuous in
all sli¢ positions over the spot region o;ﬁ”‘ima platén. Also,
we have not found on any of these platesy; the reported faint
satellite line, The diffuse wing always appars 40 be Joined
with the parent linme. |

It is well known that the Evershed velocities become merc
or very null, {n the tangential slit poaiﬂanm Howaver, Bumba
has observed mmpimm flagging in thie altd p@aﬂiﬁﬂ dm;
1f shis observation is verified in the futupe we REELE ! "
interpret $he phentmencn of fimgging 4o be AlSbiwd B i1
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Evershed Effects Further, it s wvell estalliedsd By Myr obsere
vations and those made by Kinman, by Servajean sl Wy i¥lies, that
the Evershed flow contimues far ‘inta the pﬁmenphw;n In no case,
flagging has been observed to0 extend beyond the penumbral boundary.

Some of our spectrograms taken in very god #aaing conditions,
show Ilagging to ocour more conspicuously in the darker regions of
the penumbras, In the brighter regions the lines apmar 0 be more
or less symsetrical. TFigure V.1 shows this appe arance of the line
under very good seeing conditions, in the penumbral region. Thd
difference in the aspect of flagging under very gocd and average
seeing conditions is apparent on plate 5299 of February 15,
Exposure b was made under average seeing conditions, while exposure
f was obtained during moments of very good seeings Figure IV.7
shows these two spectrograms, From Figure IV.7 it is apparent
that in the darker (cooler) penumbral regions, the lines show
considerable asymmetry, comparsd to khe neighbouring brighter
(hotter) region.

A very similar phenomenon of dimu Wﬁa wings

in lines, is mti ved in the photMerie mg&m slgss On our

best mpectrs tmt show 'wigglaa‘ due to gramlation (less than

1" of arc details), one can ase slight daiffaiten or *flagging'

in one oi‘ the wings of Frawnhofer limese In the brighter photes
phsric regions, the lines appsar very symmeiricsl gw.m

slightly narrow, ¥4 is noticed that the diffuse nﬁ.‘a& émnm
invariably 4n the same direstion as ¥be Deppler’ Alepiisoment

dus to gramlar motion. We &9 not bave ab present may awaibitative
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Firure IV,7.- Difference in penuwabral detsils observed under
very zood (A299f) seeing conditions and under averszge (A299b)
conditions.
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Fizure V.1l.- Drawing of the shepe of spectral ling over the
spot, showing vflagging” in the dark interspaces in penumbral

region.
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estimate of the asymmetry of lines, in the photospheric durk
regions. However, we are convinced that this phenomenen of
'diffuse wing' or 'flaring' of lines is real. A quantitative
analysis of this phenomenon is required. Servajean (1961) has
also reported the probable presence of a similar feature in granu-
lation spectrm.

4, Dis o

The phenomenon of flagging in spsctral lines in spots has
been widely gtud&ed and 1ts existence iz fully aonfirmad. From
the appearance of the lime profiles and their variation in the
apot and with apot's location on t he disk, ve find it necessary
%o postulste sn sssociation with velocity fields, sither on the
surface or desp in tha'aunupat atmospherss 1um'plausih1¢ expla«
nations have been put forward, one by Servajean and fhi 9;h¢r by
Bumba, Servajean (1964) has suggastnd that ssymeefry osgurs due
to the difference in velooities of different strats fu = 1ine
forming layer. Bumba (1963) suggests, an uFQtruaulng of material
at the umbralepesumbral boundaryy which bemds Lo bosane horizental
in the penumbral region, and near the ouler mmhm border the
materinl turns downward againe The 'm.un.m’ lime $hat he clainms
to heve observed, iw dus %0 the line of si@t intoramttnz shis
layer of mterial mqu in the penumbral lann

Qur ebeervations made waler very good sseing conditions
suggest, Shat the agensy responsible for the ssymnedry oF fiagging
is mere efficient in ide m: {cwl.-r) ponusbral regionse The
'mmm* Mn reforred by m vas nos tmﬁ o8 Sar platasy
as well aup 2 Eitt Peak SPOSEFOGTanty W, b Appearsane.
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of the faint satellite line depends on some other fastors, such

as, the contrast of emulsion and the right amcunt of expusure etc.
However, until it is verified adequately we shall consider the
satellite line to be non-existent.

As mentioned earlier, the asymmetry in lines is due to the
effects of differential velocities in the line forming layers.
This phenomenon is probably asimilar to the asymmeiry in lines
cbserved in shell stars. In the case of line-asymmetry in the
penumbral regiony the abcva‘prcaesa may probably be effective.

- The dimentions of the absorbing gas messes in the two cases are
of pourse very different. NevaePtheleas, large line asymmebiries
gould bé obhaerved, 1f the velooity between various 'strata' of
the line forming regions is large. As noted earlier, the
"flagging”" is always directed towards the general Evaruhid flow,
It therefore, seemas that the motion responsible for the asym-
mstric sspeot of lines is an additionsl relative mokion super—
imposed on the Evershed flow. This relative movement in various
layers responsible for the asymmetry in limes, attainz iis peak
value near the middle of the pennmbrallrwsian and ceases abrﬁpily,
at the outer boundary of the penumbra, while the Everahed flow
continues well out $nko $he photospheric regiome Purther, from
the analysis of soma of the ve:iy good quality spectira, we novke
$hat the processes responsible for the asysmeiry are more efficient
in the darker (sooler) interspaces, compared to the brighter
regions in the psnumbras

Te sxplain the inorease of equivalent vidihs 9£-iiunﬁ |
in the dark gramlar {wberepaces, Bdmonds (1962} and Teske {1963)
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asasumed an increase of microturbulence in these regiona. The
increase in asymmetry in the dark interspaces in penumbral

region may probably be due ¢ the added influence of micro=-
turbulence 1in these regions.



CHAPTER Ve

sight-line velacm_;___nsmu:&mu

5¢1. Continuum brightsess variation.

It is well known that the variation in contimmm bright-
ness, over the length of a good solar spectrum, is due %0 the
solar granulation. It is further established that the ‘wiggles’
in the Fraunhofer lines are due tc Doppler displacements in the
éranulation spectrum. The esarly investigations of Richardson
and Schwarzschild (1950) and of Plaskett (1954), have shown that
material in the bright (hotter) solar granules is moving upwards,
vhile the material in dark (cooler) intergranular spaces iz mevying
inwards. Recenily, luvestigations by Servajean (196%) and by
Edmonds (1962) have shown that besides the variation in contimwum
brightness and in veloocity, conspioucus variations in equivalent
vidths of ¥he lines also ocour over the lengbh of the slite
Correlation studies by Servajean (1961) have revealed that dark
elements show larger squivalent width, whils bright regions
experience a decresse in equivalent width. Eﬁmmnaa {1962) ham
gonfirmed the findings of Servajean (1961).

During our ixvestigmsion of apatial disiribution of velocity
fields ¢ver the spots, we noticed fluotustfions in brighiness and
in widkth ef lines, ¢ver the penumbral region of the spet spectrum.
This is s phenomsnon very aimilar to that seon on a granulation
apestrum, though the causas fer the bLrightress xmmﬂxwmﬂiana in e
Swo gases may ba differsnts In this chapter,; we yrcutnt a stady
of a fov s5pot pemmabrsl speetyn talken under very fime foeing
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conditions, that show variations in continuum brightness as well
as equivalent width of the lines.

Spot spectra obtained on February 9, 14 and 15 under very
g004 seeing and transparency conditions. for the study of spatial
Evershed velocities in Kodaikenal spot No. 12375, show clearly
brightness fluctuatiox;a in the penumbral region. To0 the best of
our knowledge such structure in ‘q}:m penumbra has not been deteoted
spectroscopically earlier and heﬁée these Obgewationa are the
firat spectroscoplic ones that show up the brightnéaa Yeriation
in the penumbral regions. For the study presented in this
chaptery we bave ghosen the best among tha three series of plates,
that wvas taken on February 14, in the 4912 A apeskvsl m@i@m
Ve obtained five spestra on the same plate A293, with the ulit
not at different positions on the spot. The positions of the
slit over the spot are indicated in Figure 2»3 an& w designated
as bycydye and f. Exposures b and £, cresaing 9nly the penumbra
and exposure d crossing the umbra asﬂmnw’m used in this
studys In Figure V.1, we give an approximate drawing of the
appearance of the speotral line and the mmmim of bﬂghtnem
fluctuation over the spot ragion. Raproductiam of the three
speetra (A293 b,d and f) are also given in Figure V.2, From
these figures one .can sasily see a 0loss correspondence between
the dark regions in $he penumbra and the widths of the lines.
Superposed on these, are the usual velocity displacements due to
Evershed t‘lw.‘ In Figure V1, the hawfma portions indicate She
logmtioncof the bright streaks, seen on the speetra and the blank
ragions - the derk interspaces.

As mentionad earlier) a sarked similarity ewfats hbetveqn
the nu@muam caused by gramalation £m the soukinsem beighbopas |
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in the normal photosphere and the brightness fluctustions such

as those obssrved by us, in the penumbral region. With this in
view, we conaidered it of interest to investigate the correlation
between the, 1. continuum brightness I and the equivalent width W,
R(1~W)s 2+ equivalent width W and the sight-line velocity V, R(w-v),
3.« sight-line velocity V and contimmumbrightness I, R(v-I)s in the

penumbral region.

The brightness fluctuations in the continuum were determined
in & region of the spectrum free from the absorption lines. The
spectral region between 4913.6A and 4916.0A lwas only two very
faint lines. Avoiding these faint lines, we made microphotometers
scans, in the continuum, in a direction perpendicular to the
dispersion. Microphotometer scans wers Obtained for all the
thrae exposures (b, 4 and £}, in the contiruum regions. The scaning
811t used was about 0%.3 of arc wide and O".6 of arc in height.

The shadows 0f the two wires stretched over the slit, served us
fiducisl marks. We measured distance from one of these wire
shadovs to locate precisely the same place on the solar disk as on
the spectrum. The density traces were then reduced to intensity
vaiues, using the characteristic curve obtalined frem the step
wvedge calibration spectrum. In Figures V.3 to V.4, we give the
run of the continuum brightness variation for each of the three
slit positions, over the spot. The ordimate iz in arbitrary
intensity units, small values ¢f brighiness corresponds to X#%?

inteusity.

From thsse brightness fluciuation curves i$ will be aeen
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that a conspicuocus variation in the conbtinuum brightness occurs in
the penumbral region. In the slit positions b and f, where the
slit i3 placed crossing only the penmumbral region, three distinct
humps could be seen. Just outside tha,pannﬁbral boundary, an
increase in brightness compared to the photospheric brightness

is very conspiouous. About 4 to 5 per cent increase in brightness
occurs near the penumbral border. This increase in brightness

is due to the bright ring around the penusbra« The 'bright ring'
around sunspot penumbrae was Obssrved spsciroscopically by Das
and Ramanathan (1953) and has been confirmed by maxy other
vorkers, In most of our spesctrograms, taken under good seeing
conditions, a conaspioucus brightening around apets could be

sesns It appears that the brightening around spots is almost a
permanent feature associated with every spov. The appearance of
1% perbaps deperds on the definition of the soclar image. In

this study we are concerned with the continuum brightness fluc-

tuations in the penumbral region only.

The Prauchofer lines shov considerable variation in their
width, ever the region of the spet. To invesiigate the correMtion
between the width of limes and the continuum brightness variation,
vé measured squivalent widths at mumber of places over the spod
rnat@n* rurthor. $0 see how the correlation between width and
brighiness veries with the line strengih, we ssleoted three limesm.
Table ?;g gives the details of these lines: The 4912.027 A Mine
of B 3 is the Jesman insensitive line, used for the velacity



TABLE V.1

Details of the chosen lines for this

study.
B.P Rowland intensity
Wavelength Element volis ~ sk T
4912.027 A NI %.70 1 1
49'”&7844\ Po X 3091 1 0
4911-531 A Fe I 4»25 0 0
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fields measurements. These three lines represent a small range

in excitation potential and probably also a range in the effective
depths of line formation. For the measurement of equivalent widtihs
of lines, we Obtained microphotometer scans parallel to the
dispersion, at the same locations, where velocities were measured.
The density iraces were converted into intensity profiless The
ares under the intanéity profiles of lines were planimetered %o
give the equivalsnt widths of these three lines, at eaoch of the
scanned positions im the apot. The equivalent widths {n milli
Angstroms are plotted in Figure V.3 through V.4. A considerable
variation in aquivalent width of the line occurs in 4hc penumbral
region. The equivalent widths show an inorease in the spot region
conpared %2 the photosphere.

For the three linas used in this atudy (4912.027 A, 4911.784 A,
4911.541 A), sight-lind velocitiss in ths sunspot were deter—
mined, uaing the method givan chapter IXI. The rum of the observed
sight-line velocity is aleo givwen in Plgures V.¥ through V.4.
Thess ocurves show marked fluctuations in the velocily fields The
trend of the wvelocity variatfion follows the usual psttern of the
velooisy variation across the apot, Further, i% will be noticed
from thess ourfes that the variations in the magnitude of welocity
show a &uxrunpondanac with the continuum drightness fluetuations.
Isophotfes of the three lines 4n mll the three slis positions are
alse glven in Figures V.3 bhrough Ve4s From Pigures V.3 £0 Ved
giving tﬁu wonbined sight-line velocity, equivalens w&dth snd the
osndinuum brightsess variation fur eagh of thu shaaw linau. ene
caa~a&tiqﬁ & strrespondence in the individual ﬁ!ﬁﬁﬁﬂ of varimtion.
quyﬁna ﬁh&@ tn mind, we determined the norrnlatiﬂn aeufxiaiantu



TABLE V.2

Correlation coefficients between Brighiness, Equivalent width
and Veloc 1?13‘0

Wavelength A293(b) A293(d) . . £293(f)

R (1-§): Correlation between contimuum
brightness and equivalent width.

492,027 -0a23 ~0,64 w0y 67
4911.784 ~0.28 0435 ~De67
4911.541 -0 17 -0+41 ~0e72

R (W-y): Corralation between equivalent
widih and sighieline velocity.

49%2,027 +0.87 +0.,06 | +0.44
4911.784 | +0e55 ~0s 11 - H0.TT
491,544 +04 30 -0.0% +0.83

R {v-1)t Correlation between sighi~line
velocity and contimqum brightnsss.

4942,027 «Q 13 +0424 ~0 447
4911.784 w0 20 +0.22 ~0s49
49315414 ) o 26 ‘ +Q » 48 -'!0&43
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R(I-W), R{(W~V) and R(V-W), for all the 3 lines and for all the
three slit pomitions, given in Table V.2.

The I-W correlatio

The I~W correlation coefficlents for each of the three lines
from the sample obtained at the slit position b, show a systematic
negative correlation. Four the sample obtained from slit position f,
the correlation is alsc negative, but the correlation is greater
compared %0 that found in the sample from the alis position be This
latter altt position was nearer to the outer border of the penumbra,
vhile the position £ waa very nnarly in the middle of the penumbra.
The difrarenac in the magnitudes ar the two correlation cosfficients,
can probably be acoounted as being due t0 the mlit poaitian in the
apot. Hmwuvur, the nlgativ- nature of the eorrelation iz very
certain and significant, rhil negntive aurrelatien implies that
the darker (cooler) ragions show large aguivalent widihs, while the
brighter (hot) regions are characterized by smaller equivalent
widtha. ,ihia is a result similar to what one gets in the onse of
the photospheric gramlation. HEdmonds (1962) has examined the
guestion of negative I-W groas correlation in the cagse of gramu~
lakion, Re belleves that the processes rnpanxiﬁma for inoreasing
the equivalent widths, by viriue of Lthe changes in the population
of the inisial mtate of transition giving rise to a line, are not
efficlent anough to give a significant negative I-¥ sorrelation. He
qﬁdunmﬁﬁ ﬁn the aass of the solar gramulations, that the sigmificest
mmtiw T4 oromswsorrelation should some froa the inorease of

ons L5 the dark regioens of solar Gdthn
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From the above observational data presented, it is now
clear that considerabls variations in continuum brightness and
equivalent widths of lines ocour in the penumbral region of
sunspots. The I~W correlation analysis further shows that in the
darker (cooler) penumbral regions, the equivalent widths show an
increase compared to the neighbourfing brighter regions. Before
any plausible explanation for such variations in line widths and
contimun brightness, can be given , we need at the outset a
precise knowledge of the physical parameters, such as the temperaturs,
prassure, conduotivity and magnetic fleld, in the dark and bright
regions of the penumbra. Similar to the ease of “solar granulation,
two mechanisms proposed by Edmonds (1962) as responsible for the
incresass of squivalent widths may also be valid in the case of the
psnumbra. Thasze are

1+ an incrfase of miordturitmlence and

2+ incremse in the population of certain energy level in
the darker raglons. |

To determine as %0 which of the two above proaaéaes are active in
the pemmbral region, ve must have 2 better knowledge of the physi-
oal parameters than what we have today. The influence of sagnetis
fields vhish i ?ory tmportant in the permmbral region, ocompared to
the general photoaphers has %o be taken into ssoount, before the

gontribution due $0 misreturbulence can be definitely assessed.
Magnetio field inhomogeneities in the pesmizbral region could akso
be, t0 & oartain extent, responsible for the variation of equivadent
widihs in thn‘lﬂnapOG penunbra.

The sighteline velsctities
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that we have used here ars the ohserved velogitiss over the spot.
These values comprise both, the Evershed flow of material and

the small scale fluctuations in welocity. For purposes of
correlation coefficient determinations we have considered only the
magnitudes of thease velocities; the direction of motion is not
considereds A fairly significant positive W~V correlation ia
ocbtained for the slit positions b and f. At the slit position 4,
when the 2l1i% orosses the umbra centrally, the correlation drops

to amall negative values. In this slit pogition the W~V correlation
in insignifioant. The V-] correlstion shows negative values for
th¥ slit positions b and £, but for the slit posikton d, the V-I
corrslation is systematically positive. From these correlaiion
confficlents involving V, it is difficult o arrive at any definite
oonolusion, as to vhether the increamse in veloeiiy V, corresponds
0 an ingreass or a deoreass in brightoness I.

From the above diuéunaion we Observe that the relstionship
betwesn the brighiness and eguivalent width fluetuations in tha
penunbral regiors is similar %0 the relationahip, between brightness
and uqn!viibnt-width iz the normal photosphare.



REFERENCES

Abetti, G. 19%2, Mem. Soc. Astr. Ital., 6, 353.
Adam, M.G. 19ﬁ5’ MeNay 1&6..' 1354
Brekke, Kvy and Maltby, P. 1963’ Ann. Astr. ggp 38%.

Bhatnagar, A+, and Punetha, L.M. 1963, Bull. Kodalkanal Obs.,
KNo, 152; 317¢

Bruggencate, P. ten, Lust-Kulka, R., and Veight, H. 1955,
Veroffentlichungen der Universitats-Sternwarte zu Gottingen, No.*10.

Bumba, V. 1960, Izvestiya Erym. Astro. Oba., 23, 253.
Bumba, V. 1963, B.A.C., 14, 1937.

Calai, G. 1934, Oss. Hem. Arcetri, 52, 39.
Chandrasekhar, 5., and Breen, F. 1946, Ap.Jd., 104, 430.
Claasy W.Je 1951, Reche. Astr. Oba. Utrecht, 12, 1.
Dantelson, R.Es 1961, Ap.Je, 154, 289.

Das, A+Ke, and Ramanathan, A.S. 1953, Zs. f. Ap., 32, 91.
Evershed, J. 1909, M.N.:, 63, 454.

Evershed, J. 1909b, Bull. RKodmikanal Obs.y 2, Ho.15, 63,
fvershed, J. 1909¢, Mem. Kodaikanal Obs«, 1.

Evershed, J. 19094, The Observatory, 32, 2§‘h

Bvershed, J. 1910, M.N., 70, 217,

Evershed, J. 1913, Bull. Kodatimnal Obs.«, 3, N0.32, 1T,
Evershad, J. 1916, Bull, Eodalkanal Obse, 3, No.51, 167,
Bamonds, N« 1962, Apede, 136, 507.

Eale, GeBey 1908, Apedsy 2B, 314

Holmem, ¥o 1961, M.N., 122, 30t.

Holmeny 7o 1963, The Observatory, 86, 163.

Holnsay Jo 1963, Ma¥e, 12, 155



Kinman, I,D. 1952, M.N., 112, 425.

Kinman, TeDs 195%, M.Ne, 113, 613,

Makita, Ms, and Morimoto, M. 1960, Pub. Astr. Soc. Japan, 12, 63.
Mekita, M. 1963, Pub. Astr. Soc. Japan, 15, 145.

Mattig, We. 1958, Zs. f. Aps, 44, 280.

McMath, R+R., Mohler, 0.C.y Pierce, A.K,, and Goldberg, L+ 1956,
ADed oy m, ¥e

Michard, R. 1951, Ann. Astre, 14, 101,

Michard, R. 1953, Anne. Astr., 16, 217.

Minkowski, R. 1942, Ap.Je, 36, 306.

Minnaers, Ms 1948, Bu.A.N., 10, Ho.339, 389.

Minnaert, M. 1953, The Sun, ed. Kuiper, 723,

Peckery J+C» 1951, Ann. Astr., 4, 115.

Plerce, A.E., and Waddell, J.H. 1961, Meme RiAuS., 68, 89.
Plaskett,; HoH. 1952, MeHe, 112, 414,

Plaskett, HeH. 1954, MsN., 114, 25%.

Prelimi ‘Photomptriv Catalogue of Fraunhofer lines, Res. Agt,
L' Obs. d'Utrecht, 1960.

Riochardson, B.8,, and Schwarzachild, M. 1950, Apedey 1115 35
Sohlesingers ¥« 1899, ApsJey 3o 159

Schrover, BeHe 1963, Zs. T. Aps, 56, 18%.

Servajean, R, 1961, Ann, Astr., 24, 1.

St. John, GeBe 1913, Ap.ds, 3T 322.

Tenke, Refis 1963, Apedey 138, 27Vs

Valber, Go¥s 1909, Bull, Kodaikanal Obss Z, No.16 71
Vrighty KaOs 1944, ADsds, 23, 249



	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	Binder2.pdf

