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The Evershed Effect and Line Asymmetry in Sunspot Penumbrae
A. Bhainagar

Abstraotl

During tho two successive posages of a sunspol ncrosy the solar disk, velocity flald conligura-
tlons have been obtained using three Zeeman insensdtive lines (g=0), 4912,027, NiL ; 5876.101, Fol
and 5691.508 el (Ni). Targe image resolution and high spoctrographlc dispersion have bean used
for the delernination of alght-line velocitioa in the spot.  The ohserved sight-line velocltes have been
resolved {nio three mutually porpendlcular directions—the radial, tangontial and the verileal compononts.
The magnitude of the maximum radin{ valoe/ty componont, Umazx, deponds on the disc position of the
spot and on the sirenglh of the line.  1ar lines of Rowland intonsity 1, the magnitudo of Umax, In the
n};:)l. penwbrae near the dise centro is nhout 2.0 w 2.5 kmfice, clirected radially outwards towards tho

losphere.  Well develdped spots show large radial volocilics compared 1o spots in the initial phases.
rom the knowlodyge of tho wean depth of formutlon of lines in sunspol penumbrae Suln Makita's sun-
spol penumbral madel), a mean gradiont of Umax with depth, of the, order of 4 X 109 Ern,[lec. per km.
in depth, has heen obtained,

Small vortical velogitles of the ordor of 0.8 km/sec,, and less, dirocied downwards in the penum-
bral rogion, have been ohserved. *

Siaeble tangential volacltics of the order of 0.6 to 1.0 kmfsce. in the apot penumbrao have
beon detected. No definitn direetion of rotational motion In spots has besn obsarved, The motlon is
hoth in clockwise and counter-clockwlse directlons, in the same gpot. Tho present cbservations do not
fully confirm tho cxistonce or otherwise of the tangental volocilles in muaspot penumbrae. However,
i tho lght of the recent moasmres of iho aximuthal component of magnetc Nold in sunspots by Adam,
the presence of the (nngential velocities could be expectet!.

A photomelric analysis of the ngymmetry in lines in the ponumbral region has heen prescnted.
‘The direction of asymmetry minu in always directed towards the goneral Everghed flow and seoma to
end near the outer penumbral boundary, while the Evershed (low contlnues in the photospheric reglon,
The magnitude of Lhe asymmstry in lincs is  funetion of the line atrength and the location in the spot
reglon. Tho stronger lines show small asymmetry compared to the lincs, Near the disc centre
poaltions of the ug:u, the asymmelry in general decreases. It in suggested that tho phenomenon of line
nsymmetry may be due to the relative Doppler displacoments ocourring ln several strata of the line form-
ing layer, superimpoacd on small scale motion within the lnyoer,

In tho phatospherlc reglon of the spocirum, lincs show slight "flaring”. This is conspicuous in
the darker portions of the epectram, In the bright regions, due to the solar granules, lines appoar very
rmmaotrlcnl and no “flaring” in linos is seon.

Introduction:—J. Evershed (1909a), while analysing sunspol specira obtained
1 the Kodaikenal Obscrvatory, noticed miotion of sunspot gases in the penumbral
egion. The spectra clearly revoaled a horizontal and radial outflow of gases in the
enumbra. Further studies of Evershed (1909a, b, ¢, 1910, 1916) showed that the
magnitude of the radial motion depends on the dise position of the apot and the strength
of lines. Evershed’s early observations of the radial motion in sunspots were later
confirmed by the observations of Si. John (1913). This discovery of radial horizontal
flow of material in sunspot penumbrae, is now known as the Evershed Effect.
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Much later Abetti (1932) observed 26 spots and reported thai radial and tangentiel
velocities vary from spot to spot. Abetti also showed that the radial velocity is a
function of the spot area, Call;.mai 8934) suggested that the motion of gases in sun-
sfots is of a logarithmic spiral type. During recent years, 'Kinman (1952, 1953), Bumba
(1960), Holmes (1961), Servajean (1961) and Brekke and Per Maliby (1963) have extend-
ed the study of the Evershed Effect in sunspots. A detsiled and precise knowledge of
the velocity and magnetic fields in sunspols is essential for an understanding ol the
sunspot phenomenon.

For a precise understanding of the velocity ficlds in spots, it is necessary to
have a large spectrographic dispersion, large image resolution and good secing condi-
Eons. As suggested by Kinman (1953) the gight-line velocities in sunspots arc affected

y:
(1) the horizontal apparatus function of the spectrograph,

(2) The Zeeman broadening,

(3) obliteration of solar imago due to the telescope, specirograph and
atmospheric conditions, and

(4) scattered light in the telescope and specirograph.

To obtain an accurate velocity fleld configuration, it is necessary Lo minimise the above-
mentioned obliterating effecls. In the present study of the Evershed Effect, an image
scale of 5.5" per mm and a spectrographic dispersion of approximately 6 to 8 mm per
Angstrom were utilized, Table I, conlains the details o{P dispersion, velocity factors,
image scale, number of spots studied and exposure times used in ihe Bvershed Effect
studies. To completely avoid the influence of the magnetic fleld from the velocitg
field determinations, three Zeeman-insensitive lines were selected. These lines; 4912.02
Nil, 5576.101 Fel and 5691.509 FeI (Ni), co®er a limited range in excitation polontial
and in Rowland intensity. The details of the lines are given in Table II.

TapLE |
Detalls of instriunentation used in the study of the Evershed Effect

Im No, of' [in Whavalangih
Author Year 4udon Dﬁ"" nc:ﬂse Bpoty 'ﬁmc Roglon .
Nmm mmfkm/  Sec. of wecands
- M0 lrc]mm- l{
Bvershed . . . . . . 1909 1.1 0,014 16,3 12 30 4030
1908 |[,1 0.0t4 16.3 4 80 4850
. 1916 1.1 0.014 22.0 2 3—30 4030
8t. John . . . . . . 1913 0,5 0.025 11,0 11 60-~180
Abcit . . . . . . 1992 1.2 0.018 11,0 26 e 4000
Calumal . . . « . 194 [.5 0.0i3 11,0 5 ‘e
Kinman . . . . . 1852 1.5 0.013 10.8 | 56 5900
1933 1.5 0.013 10.4 4 2--8 3000
Bumba . . . . . . 1960 0,29 0.088 5.9 22 12 2000
Sevalean s . . . 1961 0.3 0.02 0.0 1 1—I12 5000
Holmsy . . . . . . 1961 0 17 0.109 4.8 I  30-—60 5376
1963 9.2 0.002 10.3 1 40—60 4578
Prokkennd Per Malthy . ., 1988 0,20 0,069 6.8 .. 0,598 a4
Bhatagar, . . . . . 1984 0,12 0.18 5.5 2 10—I2 2
RN B S B+
0.1 0,113 3.5 3 5491
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TABLE 2

Detalls of Zeeman-insensitive lines used for the velocity field determination

Rowland Intensity E.P. in valts

Wavelangth A Blament @ ~—mA— — ———— Transtion
Dl Hpot Low High

4912.027 . . . . Nit 1 l .75 6.28 F—c°F
8576.101 . . . . . Fel 4 + 8.42 5.09 *F—e"D
5691, 509* . . . . Pel 2 2 1.28 G.43 YF—g'D

The observed sight-line velocity ficlds reveal only the sight-line velocity variation
in the spots, These measures are insufficient Lo present a complete velocity field
distribution in spots, unless {he true direction of thc mass motion in spols is known.
Furthet, the knowledge of depth dependence of the muss motion is essential for a veloclty
field model of sunspots. Mcthods arc available for resolving the observed sight-line
velocities inio three component velocities; radial, tangential and vertical. With
a suitable model of the sunspol penumbra and using the theory of line formation, it
is now possible (o determine the depth dependence of velocity ficlds in sunspol penum-
rae.

In this sludy the obsorved sighl-line velocilics in sunspol penumbrac, wers
resolved lnlo three component velocities radiul, tangential and verlical. The sunspot
numbra model of Makita (1963) was utilized for dclermining the mean depth of
ormaton of lines. The spaiial distribution of thc longitudinal component of the
spot magnetic field, was also determined for a study of a possible correlation between
¢ velocity and the magnetic ficld configuration,

The obscrvatlons,— The Kodaikanal solar tower {clescope was utilized in
this study. Light from a 60 cm aperture coelosiel of fuscd quartz, was fed (o a 38
cm aperture achromal of [ocal length 36.6 mectres. A solar image of diameter 34.8
cms was formed on the spectrograph slil.

The 18 metre Liltrow spectrograph in conjunction with the solar telescope,

uses a grating ruled bK Babcok ay the dispersing unit. This graling of 600 grooves
r mm Is blazed in the fifth order green and has a ruled surface of 200 % 135 mm.
ests performed with an Todine absorption tubo have shown that close lodine doublets

alL 5303 A, having approximaltcly 0.009 A separation aro cas(l)lg resolved in the fifth
order. This shows that the thcoretical resolving power ol 600,000 of the grating is
achieved.

To cstimats the scattered light in the trograph, spectra were (aken with
dilfercnt slit heights varying from 0.5 cm 1o 2.5 cms. Long cxposures were glven o
greatly ovor exposo the ira, No blackening beyond the  spectrum cdges on these
exposures werc pcrcepl.il:fi[:c Pholocleetric determinations have also shown no pli-
ble contribulion due Lo diffuse scatlered light in tho speclro%\raph. We have, therefore,
assumed that the effeot of the scalterd light in the spectrograph on the obser¥ed velocities
is negligible, '

To determine the spatial variation of velocily and magnetic fields in sunspols
five Lo six spectra worc obtaincd with the slit of the specirograph crossing various
portions of the spot. To determine precisely the coordinates ol the points where
the Doppler displacements were measured on the spectrograms, iwo wires 300 microns
thick were stretched over the slit jaws. These wires cast shadows on the spoctrum

* This line ls identlfiad as bicnd of Fe (Ni) In the Rewland table.
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which serve as Aducial marks on the plate. The spot spectra were laken afler bringing
the desired portion of the spot belween these iwo wires. A recording of the position
of the wires, the slit position and the spot, was made immediately allor each exposure.
The heliographic coordinates of the points, at which the velocity measurements were
made, were determined by using these sunspol maps and the white light photohelio-
grams taken daily at Kodaikanal, around the time of four obscrvations.

Measurement of Doppler shifts.—The Franunhofer lines become very broad
and diffuse under high dispersion, such as the onc used in this study. However, il is
essential to have high dispersion for a precisc determination of small Doppler displace-
ments. In the case of wide diffuse lines it becomes very diflicull, il not impossible,
to use the conventional method of measuring line positions bisecling Lhe spectral line
with a micrometer crosswirc. The method used in (his study. for measuring the sight-
line velocities, utilizes essentially the principle of photographic subtraction. The
principle was first used for wavelenglh delerminalions by Fvegshed (1913). The
present method, is, however, an extcnsion of the original Evershed's positive-on-negalive
method, and is capable of yielding greater precision and convenience of measurement.
The essential advaniage of this method is that, the accuracy of the setiing is independont
of the width of lines. A more or less similar technique lor measuring small Doppler
shifl was also used by Servajean (1961).

Tho spectrum to bo measured was mounicd on the plate carrizge of a Zeiss
%pech'um projector, and was magrified 21 times, The projector yiclds a (jislorlion-
ree enlargement. On the magnified images of the spectry, the scale and velocily
factors in the three spectral regions ol interest werc as follows:

Beale Afmni.

“\"olmlty favtur
Wevelmgth A Lm/sec/mm,
4012 . . . . . . . . . 0,00t . 0,900
5576 . . .. . . . . . . ' 0, 0080 0,420
5681 . . . . . . - . . . 0,007 uals |

The enlarged image of the line of interest'in the spectrum was focussed on a slage
altached to a micrometer screw. On this siage was mounied a suitablo densily positlve
enlarged copy of the line to be measured. Carc was laken to sec that the magnification
of the posgilive copi( and ihe enlarged image of the specltum was exactly the same.
For seiling on the line centre, the siage on which Lhe positive enlargement of (he line
was mounted, was moved to obiein & ‘grey’ maich. Al this position of the micro-
meter screw the positive profile precisely maiches the negative. With a little practice
it wag possible to obtein a maich within 50 to 60 microns of the micromeler scale,
thus giving an accuracy of velocity measures of aboul 30 meters per sccond. A velocity
m?asué'e isl;)btamed on the plate, is the mean velocity over 1.6 seconds of arc over the
solar .

The plate carriage ol the speclrum projector is caénablo of moving in {wo per-
pendicular directions : one along the dispersion, the X-dircction, and the other per-
pendicular {o it, the Y-direction. A precision dial gauge was ailached in the Y-direction
to read the position of the measured ]i)oint from the wirc shadow on (he plale. The
velocity measures were made at intervals of approximatey 1,100 km and on some plates
at intervals of 1,900 km.

To determine 'thq'ailghl-line velocities in the sunspol, with respect to the velogity
of a remote photospheric region, the following procedure was adopted.  Lino po%glon
settings on {he two sides of spot werc obtained using the ‘grey’ matc% technique. 650
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line positions werc fitted into a straight line cquation. Any deviation in the region
of the spot, thus directly gives the sight-line displacement, due to the velocity field in
the spot. This method enables one to smooth out small scale Dopper displacements
due to the granular motion in the photospheric region.

This modificd method of positive-on-negative, seems to be free from personal
bias. However, malching becomes difficult when the line acquires an  asymmetric
profile, especially near the penumbral boundary.

From the [ormuleo given by Walker (1909) or Minkowskl (1942) for the curvature
of lines in grating spectrograph, the maximum deviation in wavelength over a slight
height of 14 mm, for a 60-fool spectrograph and in the wavelentglh region of inierest is,
less than 0.7 mA. Tho solar diflerential rotation on two sides of thc spol observed was
per sec. Considering their small magnitude, both these corrections to the velocity

.measures have been neglected.

Detalls of the sunspots studics and sight-line velocity field.— The observations
reporied in this study were obtained during two successive passages of the same sunspot
group. This investigation was aimed Lo study the changes in velocily field with the
age of the spot. The Kodaikanal photoheliogram records show that Kodaikanal
spot No. 12358 (KKL 12358), first appearcd around December 18, 1962, at about
14° cast of the central meridian, and receded beyond the western limb on December
25. The same spol group appeared around January 8, 1963 on the eastern limb and
was dcsi?nalcd as KKL 12368. Until January 13, no apparent change in the shapo and
size could be noticed in the spot group. Between January 9 and [4 only two small
flares were rcporled. From January [4 onwards rapid changes in shape and sizo
were observed unlil January 18. During this interval, more than 7 sub-flares were
reported in tho CRPL data. It appears thatl from January |9 onwards, the spot group
KKL 12368 ailained the stable phaso of ils life. Dauring ils second fassn across the
disc, sight-line velocitios were determined on January (3, 19, 20 and 21. The observed
sight-line velocity fields arc given in Figure 1 which shows variations in velocity fields
between the pre-development and post-developmeont phases of the sunspol.

The same spot group again appeared on the castern limb on February 3, and is
designated in Kodaikanal records as KKL 12375 on ils third passage. The observations
of ihe spatial velocity and magnetic ficlds were made on February 9, 10, !1, 12, 14, 15
and 16, Sight-linc velocity ficlds arc given in Figure . On February 9, the umbra
of this spot (KKL 12375) appeared split inlo two, surrounded by a common penumbra.
This aEpcarancc of the spot remained 1ill February (1, and around February
12 (L-L_,=0) the two umbrac coalesced 1o form a single umbra. From the magnetic
ficld plates and the shapo of the spot, it was evident that the centre of the whole umbra
was representative ol the spot’s centre,

2—10 DAOK 68
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The sunspot KKL 12375 disap(gcared beyond the western limb around February
19, and reappeared on March 3, on the eastern limb, with more or less the same sha
that it had on the previous f]';asss.lgt;a. Since March 5, until the spot vanished on the d
around March 14, 10 sub-flares of importance 1 to 1~ were reported. From thc flare
data and the configuration of the sunspot group, it is definite that from January 19
through March 3, this spot was in a steble and well developed phase of its life.

Tho variation of the velocity fleld configuration during the two Lgassagos and at
the same disc position is an indicalion of the change in the velocity with the age of the
spot.

Spatial magnetic field in ts: The spatial distribution of magnetic field
was determined (or those spots for which velocity fields were obtained. e aim was
to detect any inhomogeneity in the magnetic field greater than 100 gauss, that would
affect the velocity field distribution. :

The observalions were made using a compound quarter wave plate and a pola-
roid mounted in front of the slii of the spectrograph, The Zeeman sensitive line, 6303 A
was used for thesc measurements. The polar O(tiy of the observed spot was ted in with
the visual measures of the same spotl obtainod at the ML. Wilson Observatory.*

The sgot’s magnelic field, measurod on seven days (January [9, February 9,
10, 11, 12, 14 and 15), shows a positive polarity incdicating that the magnelic lines of
force are directed outwards (rom the solar surface. Tho spatial magnetic field distribu-
tion for each day is given in Figure 2. The number against cach point on these sunspot
maps represents the magnetic field strength in units of hundred gauss,

— e ———

*1 amz thankfl to Dr. R, Howard br kndl the runspot mape giving the magnotic feld sirength and
polarity of some sunspots for comparion puepoes, "';““’w’ a ?
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Determination of Component Veloctiles in sanspot pentmbrae: The sighi-line

velocity that we mcasure on a spot spectrum, is Lhe velocity of the line-forming layers
along the line of sight. For an understanding of the physical processes ol motion in
sunspots, it is essential to have a knowledge of the mode of flow of matcrial in sunspots,
indepencfent of the line of sight.

In order to reduce the measured sight-line velocities 1o the component velocities
(radial, tangential and vertical) in the spot, il is convenicnt Lo assume a polar coordinate
system (r, @) with the cenirc ol the umbra (B, L) as origin. The distance from the spot
centre, r, and tho position angle , @(measurcd from west through north) of any point
(neglecting the curvature of the solar surface around the spot) are given by :

r -=-R,[ (AhcosB)* + (ABY ]i and

AB
En ¢ = AN cosB

where R, is the radius of the Sun, and A B and &) are the differential heliographic
coordinates of the point measured from the centre of the sunspot.

The three components of the sight-line velocity, which would completely define
the velocitly flelds ina spot are the radial valocily #, componont dirccled radially away
from the spot centre, Lhe tangential velocily v, directed normal o the radius vector of the
. spot and the vertical velocily w, direccted perpendicular to the solar surface. It is
convenient to use the cylindrical coordinale sysiem (o obtain the threc component
velocitios in spots, ‘The radial, tangential and vertical volocily components are given
by '

U=r, verp and wmz
The corrected sight-line velocily is given by, (Plaskeit 1952)
Veau (coa ¢ coayy -+ sin ¢ cosyg) + V (cos § cosyy—sin Pcoayy) - weosys oo ()

where cos vi, cos 1a8nd cos vs are the diveclion cosines of Lhe line of sight that depend
on the position of the measured point and which are given by

cos v, ==gin (L-L_) cos B, sin(04-0,) cosecl
cod vy = [sinDcos B, cos (L-L,;) — coalsin B} sin (04-0) cosocO

For the spots observed, the value of 0, docs not exceed 0.1° and is ncglected: The helio-
centric distance (L-Lg), and the heliographic latitude B for any measurod point on the

golar disc werc obtained from thc sinspol maps. B, and L, are given for each day in
the Nautical Almanac.

Equation (1) invelves three unknown quantities u, v, and w. To determine those
unknowns, three equations of the type (1) are required. Following Kinman (1952,
1953), il was assumed that the molion has e cylindrical symmetry about the spot’s contre
and that all points equidistant from the centre of the spot, satisfy the equation of condi-
tion (1). The measured points around the spot were divided inlo annular zones of
width 750 ki to 1000 km, and for each annular zone we have the [ollowing equetions,

Vi = uX; + vY; 4 wZ,
Vy = uX; + VY, 4 wZ,

'v"‘ - ;;'xn +"';IYn .l.-"wzn """"""""""""""""""""""""" (2]



where

X = (cosgpcos v, + 2in § cos vy)
Y = (cos @ cosy, — sin 0 cov v,)
Z'=ICO875=—OD!0

In the polar coordinatc system (r, ) with the spot cenire as the origin, it is
assumed thati the spot surface is plane. 1n cquation (1) the coefficient of w, coS v
{=cos 0) isindependent of @ and is assumed constant over the spot surface. Follow-
Ing Servajean (1961i), we have madc cos y, constant and the vertical velocity component
w in the spot, is referred with respect to a distant point in the photosphere.

An IBM 1620 computer was used to obtain the component velocities u, v and

w from the solution ol equations (2) [ér cach annular zone. In the same programme

instructions were coded 1o yield data required [or the root square errors o[ u, v and w

velocilics. The component velocitics u, v and w, were oblained for cach of tho three

lliilesl ;.s ﬂea?grcd don1 6thc specira oblained on January 20 and 21 and February 9, 10,
L 3 ’ an .

Determination of mean dopths of formation of lines: An absorption line in
the solar spectrum is formed over a considerable thickness of the solar atmosphere.
Individual strala contribulc to thc formation of a line, depending on the physical
parameicrs of cach layer. A knowledge of the model of the altmosphere, that is,
ihe dependence of temperuture, pressurc and the conlinuous absorpiion coefficient
on depth is cssentinl for detcrmining the mecan depth of formalion of a line. With
Lhe availability of a sunspot penumbre model given by Makila (1963), it was possiblo
to determine the mean depth of [ormation of lincs in the penumbral region.

The residual intonsity ol a point on tho line profile is defined by

!') —_ 'ho (Oa F’)""‘ I (0, P)
B0, H) i i s i s s s s (3)

Writing in the form indicaled by Pecker (1951) end making usc of the weighting function,
vix i8 given by the cquation

© (ke
r*='u,|.9"’ h—l)j'fr‘r e e sttt (6)

where tho welghting (unction G, is given by

o]

Jwl@)]F - w0 [)]
[l

and ¥, ihe saturation function

R ROk S
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where B (r)=Planck function,

K =coa 0, B being the angle between the solar radius at the point of observation on
the disc and the line of sight, .

k., =continuous absorption coeficient per hydrogen atom,
kar=selective absorption coefficient per hydrogen atom.

In equation (5) the source function is made equal to the Planck function al an optical
dopt% = The source function is given by the expression,

Bi) = a+ bt + 0By (8) 1errnrrirernrnnninain e e e )
where E, (7) is the exponential integral, and a, b, and c are the limb darkening constants.

Integratin% (7) and using the property of exponential integrals and substituting
in (5), it can easily be shown that

. Pw[—-— u {b+im(§,~+--)l-—.&,m] }]
a+w+=[f—-#h(1 +F)]

To determine the weighting functlon G, at five disc positions, usc of the solar limb
darkening observations at A, of Pierce and Waddell (1961) was made.

Following ten Bruggencate ef al, (1955), integration of equation (4) was carried
over the log ¢ scale and cquation (4) takes the form

.............. N 1)

[+9]
Lo O (ke ¥
*=-f,. o T ed T e (9)
—0

where

A ¢ I
¥ o= #[-—f CT_) T aod 9 (8 ﬂ] ........................................ (10)
—o0

The sclective absorption coefficient *ax por hydrégcn atom is given by

By, MmN S LN
a3 = el S Na A).D'#[_ Axp )] ................................. (i

Assumption js made that the velocity measures refer only to the core of the line, where
Ax=0, A ja the number of atoms of the element per hydrogen atom, fis the oscillator
strength, N s the number of atoms of the element in the energy level corresponding
to the trangition responsible for the line, N is the total number of atoms of that element,
and A% s the Doppler widih, given by

Mp = ,\/ﬁ-ﬂ-m LT (12)

IRT ,
M gives the thermal velocity and Ef,, the turbulent velocily,. was neglected
because of its unknown contribution in the calculation of tho Doppler width of Hnes.

The quantityg_i; In equation (11) was directly obtained rom the combined Saha

and Boltzmann equations, for each of the temperature and electron pressure values
in tho penumbra model,
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The continuous absorption coefficient b is given by

& Nou (k ' k- )
= —— - r
T R T (19)

Contribution 1o the continuous absorption due Lo neutral hydrogen was neglected and
only the contribution due Lo the negative hydrogen ion was considered,

The saturation function ¥, was obtained by numerical inlegration of equation
(10). The contribution curve is given by

K T Nia !
= — — C — o
¥=¢6 [ B Ao Na i, ]
where

vt} (14)
b o A

The abundance A, was obtaincd [rom Goldberg ef a/. (196]) and- tho oscillator
strength £, of the lines from Wright's (1944) curve of growdLh.

Figure 3 shows the coniribution curves for the line centte, for éach of the two
lines (4912 and 5691) at five disc positions. The biseclor of the arae under each
contribution curve gave tho mean optical dopth of formation of ihe line and thus
determined the mean geometrical depths of formalion of each of tho iwo lines. The

mean depth ol formation of 5576.101 A Fe I, of Rowland intonsity 4, in Lhe sunspot
R;numbra seems Lo lic much higher than the other iwo lines, used in this study. The

akita penumbra model at our disposal docs nol permit us 1o obiain a complete contri-
bution curve for this line.

A 3691

IN ARBITRARY UNITS
T

1 L
=30 =-12 --4 =06 0-2
bog T —»

Mpue 3 —Comirlbution cugves for 4812 and 5961 in sunspot poaumbra.
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In Table 3 is given the mean depth of formation of lines 4912.027 Ni 1 Rowland
intensity 1 and 5691,508 Fe I Rowland intensity 2 in the pcnumbral region,
TABLE 3

Mean optical and geometrical depth of formation of 4912 and 5691 and the gradient of
Umax with depth at nine disc positions of the spot

Depih of lowroation of
.

Date g © dolaNII %01 ¥l ofU
—" —A—— —— In

. log! % km logi Jhm km/jacefkm,
20Jm . . . .« 058 —1.21 180 42 148 9,1 £10-
2Jan. . .« .« . . 035 ~1,9 135 —1,2 7 4,5 x10-"
9Fe . . . . . 078 104 218 -1 106 1 6x10-"
0Fb. « .+ .« . . 088 ~—098 230 —1M 17 0.9 ¥10-"
MFPb . . . .« . 008 -0.06 281 —L,18 188 1 xw'
12Feb. . o . . . 085 --0.06 293 —1.18 188 0.,2% 107
14Fob + « « .+ . 005 -0.98  2W S AT 7,24 107
18Fch. . .« . .« . 075  —LOt 215 --1.20 166 9.8x 107"
I8Fh . . . . . 085  --121 180 -4z M8 2.3% 107

Discussion of the component velocities: (8) The radial velocity field ; The
radial velocity component u, has the largest contribution Lo the mass molion in sunspol,
The component velocity u, was delermined using the three Zeeman insensitive lines, al
iwo disc positions during tho first passage and at seven disc posilions during its second
passage across Lhe disc. Figure 4 gives the tun ol the component velocitics u, and w
and their r.m.s. errors obtained from cach of the 3 lines and al 3 disc positions of the
spol. Al the top of each figure, the exient ol tho umbra and penumbra aro represenled
by the dark and haiched regiona rcs(recWely. Tablo 4 gives the magnitudes of radlal,
tangential and vertical velocilies and their r.m.s. crrors.
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TaBLr 4

Component velocities In kmfsec. in Sunspot No. KKL 12375 on February 9,
1963 at p =074

THsianen from the contre of tho ypot In 108 km,

HYpectral line ———
ward 429 4.7% 582 575 623 679 71.2% 775 825 8.75 6.0

- -

LAy 0.57 +0.02 +04t +1.14 +1.06 +1.13 +1.48 +1.46 41,92 41.24 41.05
ran.a, +o.21 +o_oz 013 020 028 031 020 ‘0,18 018 +o.17 +o.:u
v 40.88 +0.07 —0.41 —0.06 +0.91 4038 ~—0.07 —0,31 —0,13 —0.60 —0.97
r.m.a, 24 0 015 o028 021 031 029 0,16 02+ 0.0 0.17

0 .08
W—w, —0.15 —0.07 —0,07 —0.068 —0.17 40,0l ~0,38 —0,31 —0,26 --0.40 —0.%2
ran.a. 0.8 00 002 0.2 0.2 013 01 D008 0,10 0.08 0.08

Divtance from the Centre of tha wipot In 10Y km,

Spectral e 9.70 10.2 0.7 1Lz 1.7 12.2 127 13.9 143 15.5 168

1

912 (A261) 187 FL47 401,80 4076 +0.18 +0.61 40.80 -+0,08 4-0.5( 40.20 40,64
— 028  0.47 021 020 082 025 083 043 022 030 040
v w096 —0:88 —0:3 4000 +0:05 —0.12 4018 —~0-11 —0-00 - 0-24 —0-1|
ran.s. 0-26 0:95 09 030 020 017 030 028 016 027 0.3
Wetv. —0:12 —0:25 —0:15 —0:20 ~0:34 —0:10 —0-02 —0:14 ~—0:11 —0:22 —0-00
... 019 018 006 013 013 008 008 04 008 011 00
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TABLD 4—(Conrd.)

Component velocities in km/sec, in Sunspot No. KKL 12375 on February 9, 1963

at p »=0.74

Spectral linp used

Dhstanen fromn the eentro of the spot In 104 kg,

v 13 387 G-@ 7:37 8:13 8-87

437

+-0:27
0:22

+0- 12
018

+0-08
0:23

w—w,
r.oLi,

1-97
+ 0:35

002

+1:57 4124
0-01

+0-70
013

u
LI

5691 (A265)

o
™

40
g8

[— =)

m

W—W.
r.m,,

Distunce from tha centra of the spot kn {0* km.

Apectral lns used

-1 12:0 13-0 140 15:5

10:3

862

+0-18
014

+0:24

n876 (A264)

5691 (A263)

0-11

—0:03

11
0:10

W—W

rLma,
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TABLE 4—(Contd.)
Component velocities in km{sec. in Sunspot No. KKL 12375 on February 10, 1963 at

u =0.86

knt,

Distance from tho eentre of the spot wn 10

Bpeetral line wved

513 3-87 L[]} 737 813 a.87

4-17

+ 104 k147 41-20 1:87
0-10 0-04 0-17 0:17

+1:73
0-10

4912 (A271)

W —\Y,

rmd,

+0-73
0-14

+0:63
0-13

8376 (A272)

1014
0-10

[0 12
014

0-0H

+0-2

W1V,

rms.

5601 (A273)

0-24

D15

KO- 13

=]

+0:06 —0:03

+0-20

W-—Wg

0-07

e

e 0:10 0:00

0-12

FILL

12-00 12.00 1350 13:00  10-80

e v e R e

110

Distance from the ronira of tha spat in 100 km,

10-30

Spectral Hne ui

u

41912 (A271)

1024
0:37

40-09 -0:10 -+ 0-0t 0-00
0«10 0-13 0:07 011

0-12

-=0- 15

W—1¥,
rma,

n

5876 (A172)

1.maA,

A,

W—1.
rmAi

u

3601 (A279)

w—1¥.
EJILE,

r.m.s,
.M.
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6.a2

Distance from the ventia of the apot ju 100 km.
5,87

5.13

at p =0.94

TaBLE 4—(Contd.)

" Component velocities in knifsec in Szml.spot No. KKL 12375 on February 11, 1963

4,37

Hipectral Uno uwsed

|/ T2 =2 Tt = B RS e Tt A - T :
- o5 so NS -5 oo i
4+ * T T ] e
%% % S8 | 29 S5 38 | S8 58 HE g | ¥ oz orrporrou
“.nw N.nm 4.0 NU MO J...u sid ﬂqn. 40 -
82 sx %8 | 3% 8 35 | In 3% S iig| 58 5% =8| =2 8%
23 5% 22| 353 83 33 | 4 35 g s!3| S5 35 S5 | ge <o
=+ n«_._. BN - -+ J— L — .Im. =t -_ 1
¥R =23 25 | 28 S8 =8 | ¥=2 5% 83 | ilg | =5 3 BN
..|_.“0. 4.0 4.0. m..“O. m-HO. 4..0 Ns &0 40 ...m_m.
]
~ m ~ = - .
=n gq =g | 35 $8 £3 | 85 5% 38 dlg |38 38 25| o=
RN R A A R FIF R
|
- ~ ] B =
=% -3 S8 | 82 5= &8 £ s.w. .nu.o m_m Mw mm ww mM 3
—_— o oo Sa oo o —_—= = _ .
+0 Ho - s + 4 -+ ﬂ -.m._l. + e -+ L
5% % 28 | 2% g% 23 | 32 2 2§ 'L | 38 88 85| 32 &%
IP“O. 4..0. n_."m W.D HF-.O ﬂnﬂ M..U S 40 _n.. I H n_. 3
K c ) - wﬂ .
* = - 4 Mm o 1 5 o
L L lm m M - M ' i m m
um vm Wm um sl ZC um 20 W.mn um vm. Wm ok >N
_ _ _ . _
o
: g 3 (3 m
~ — ™
m m - 4 —
2 2 2 3 | 8

0.11

~0.01

0.12

0.4

W-—W,
o
W—We
Y. mi,

T.m.d.

5601 {A281)
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TABLE 4—(Contd.)

Conponent velocities in km/sec In Sunspot No. KKL 12375 on February 12, 1963

af p =0,95

g
ik
i
2lg
:
B
£
£
: 1z
k|
_n-.l
__u.
E
£
i

I-1.07
0.21 0,3

4 1.13

0.06

+ 0.89

s .

1912 (A283)

—0.01
0.21

r.mi .

W—1¥n

1.Md .

RS7G (A286)

FTub .

=]

- 0,12

~0.11

--0.08

W—Ws

TITLE .

)

0,15

0,02

4 .09
0.27

+1.10
0.27

5601 {A287)

4 1.77
0.2

== 1,06
6,18

—0.2

Ol .

.21

o

0,43

W—W,
ramd. .

3
12
Ela
z
£l
s
:
g8
£~
4|
§.2

-
mm.

8,85

Bpeciral Lo weed

4812 (A28%)

Tulkeba

-~1,87 ~—1,89
0.24 0.76

~0.89
0.80

0,17

~0.87

W—Wo
rma.

5578 (A266)

0.1l

+0.11

0.07

0,12

4

40

W—W,
1M A "

T

3691 (A287)

W—1W,
.5
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TABLE 4—(Contd.)

Component veloclties in km/sec in Sunspot No. KKL 12375 on February 14, 1963

at u» =0.,86

_————— e —

h.07

Digtance from the centre of the spot 1 10 km.

Bpectral line weed

7.7 B.13 8.87

6.62

a2

4,37

+0.77
0.h2

11,32
D, 0l

+ 117
027

+0.99

0.36

+0.81

u
Pl

4912 (A299)

0,36

r.ma.
w—W,
rm.i

23

oo

oo

ma.

3976 (A290

oLl

0.13

-038 —OMW
0.09

- 0,34
0.0+

£Z

Sy

L
o

P

W—W,
M,

561 (A208)

r.m.4
r.nLA.

0.13

-0,1+

! 0.07
09

W—Wa
r.uoLk

Natance from the centre of te 1pot In 100 km.

[

8paatral linag wsed

15.%0 13.00 17.00

12,50

4012 (8290)

T.m.s-

8%

oo

rma

F0.10
0.10

W w°
r.nl.

10,24
0,39

2%

(=]

F0.19
0.5

I 1.27
0.M

+0.18

8&

(=1 =]

Nl

8576 (A204)

0.190

—0.41

0.28

W= W,

r.m.d.

T.m.&

5601 (A283)

Fyyoif

0,00

0.07

W—Ws
ik
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TABLL 4—(Contd.)
Component velocities in km/sec In Simspot No. KKL .2315 on February 15, 1963
at p =Q.75
Dimance fron. the erntre of tho spot in 10° km.
8pecirn) line wed — e maae
4,97 5,12 5.87 6.62 7.7 .13 8,07
4512 (A209) ., . .. . 4080 100 061 4142 FL.27 1.4 0.8
[AAZD) e 0.20 0.28 0 82 0.19 0.30 0,20 0 33
v . . . 040 =017 —0.22 0. —0.11 021 —0.%
s . . 0.02 0.19 0.2 0.22 022 0.03 0.2
w—W, - -0.2% —0.16 -0l -0.39 -030 -0.08 —00
rmA . . . 0.00 0.10 0.16 0,10 0.11 0.01 0.1
S76(ASD) ., . u Ve FO.80 4105  40.77 407 40,65 +0.33  40.77
5976 (13001 roa . o4 Tolls ez ome oz 080 01 018
v 10.23 4093 --0.3l 10,17 j0.H - 0L 4019
rana 0.07 0.07 0.30 .13 0.42 0.10 0.07
W—1¥o - . .  —0.08 0,00 0.0 - 0,00 0.0l FO.02  40.10
T . . 0.0% 0n.01 0.12 0 i 016 o 0.04
69l (AS01) . . u ... 41,08 1B LIS 11LZA O H0.90 1082 411
L . . 0.33 0.63 0.88 0.17 .42 0.14 0.02
v C —0.2+ 40,81 0.0 005 -0 1021 —0.04
LW . 0.21 0.42 0.5 0,25 0.38 0,14 0.24
W—We . . =010 4002 —0.09 0.2 0. 10 —0.09
LA, 0.11 0.24 0.28 0.0 010 0.07 0.}
Distance fiom the tatiro of e apol In 107 km,
Sprctral line used - - - S ———
8,62 10,8 11,10 11.80 19.20  15.00
912 (A209) . ., . . . . . 41a2s p1.%8 102 (0.02 1103 40.00
(A209) rma . . . L "o 040 o 000 038 028
v C e (0,00 -F000 0.3 - 0.0 - 0.17 -0.11
rms . . 0.91 0.25 0.17 0.04 o.1a , 0.9
wW—W, . . . . —-0.07 10,06 --0.08 =002 --0.00 0.00
rma 0.18 0.19 0.09 0,02 0,11 0.04
5576 (AB00) . . . u .. - -F0.83  0.62 . oo 0.8
¢ ) (X TR . . . ‘e 0.30 0.27 . . 0.28
v v e . —0.01 —0.13 . W —0m
L . . . . v 0.14 0.11 . " 0.12
W—W. . . -0.06 -+0,08 . . 0.00
Ime . . 0.08 0,33 . . 0,06
MBI(AN) . . . m o« +LM O FLI® FO.B2 o +0.80 4065
rms . 0.42 0.21 o.18 ' 0,22 0.4
v . . —~008 -+0.04 -—0.19 o =072 0.00
rama, . 0.27 0,12 0.12 - 0.08 008
W—Wo . . . --0.03 0,02 0.0 . +0.H1 0.00
rms . . , 0,19 0.08 0,00 0,54 0.4
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G.62 7.97

3,87

5.12

Distnner from the cenire of the spot In 107 Im,

+,37

at p =0,56

TABLE 4—(Contd.)

Component velocities in kmfsec in Sunspot No. KKL 12375 on February 16, 1963

F.in.b.

Spoctral lina yued

41912 (A305)

0.20

--0.08

+0,21

oy =

oo

0.33

+0 G2
-~0.28 —0,05

--0.07
o.12

0.08

F0.25

=

-

=)

T.Mm.1

0.10
0.1
i4.00
-1 0,10
0.19
+0.47
0.10
+0.24
0.51

—0.,08

0.07

—~0.24

0.10
1.22
0.47
+0.17
0.18
Q.10

+0.40

0. ln

--0.25

0.16
P14
0.45

10,50

10,97
0.28

9.62
10,24
g}

0.13

1-0.27

Distanco from (be canlra of the spot In 10 km,

0,12
8.87

0,30

W=y -
w-"‘\ﬂ: .
..

W—Wo .
I.mLe .

wW—wW, -
r.m.s,
T.Mm.A.
rm,w
iL.a,
W—Wu
r.ma.
nm.k
.k
W= Wa
M.k
I,

R n
nLmd.

Bpaotral line weed

83A1 (ASO7)

3576 (A300)
0691 (ASUT)
4912 (A305)

5576 (ASOG)
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TABLE 4—(Contd.)
Component velocities In kmfsec in Sunspot No. KKL 12368 on January 20, 1963
al p =0.54
Iifanco Nom the centre of the spot n 100 len,
Speciral i ued 5.50 6.75 8.25 9.73 1120
. . , +0.06 -+-0.90 FIL1.04 410.89
1012 (AlBG) .. vme 0.10 0.07 0.13 0,07
v . . . . . +0.8%0 L0.55 FO.3L -}, 4
TN . . . . ‘e 0,12 0.08 0,08 0.H
W—1Wo . . . - -0.20 —0.18 —0,24 —0.2
.5, . 0.07 0.01 0.08 0.0
H . . . v +0.20 +0.33 +0.22 10.87 }-0,40
3978 (A8 :.m.l. . . ' . 0.05 0,08 Q.11 0,14 .19
v . . N 40,18 —0.16 —0.12 —0.02 +0.13
rma. . . . 0,08 0.0 0.10 0.20 0.19
W—Wo + R +0.03 -+0.01 -—0.08 —0.02 —0.07
rms . . . . o.@ 0,04 0,06 0.10 0.1
G gy . ' . . . . . -+0.28 +0.47 +4-0.06 | 0.62 |-0.64
5081 (Al80) rma . . L 0.04 0’28 0,14 0.27 0.2i
v . . . ~ 0,06 k0.2 F0.17 0,29 - 0,06
rOLe . . R 0.4 0.22 0.19 0.29 0.2
W—Ws . . . —0.21 0.00 0.00 —0.03 +0.,16
rma . , . . 0.0l 0.09 0,10 0.16 0.14
! Distanco from the cemire of tha spot k. 108 ke,
Spaciral lino 1and
12.70 14,20 19.70 17,20 18.7%
4912 (AlR . . . u . . . . +1.,03 +40.78 +0.79 +0.56 -1-0.34
12 (A186) roms . P 0.21 0.12 0.41 0,31 ll'l}.ﬁl
¥ . . . . +0.381 -0, 14 -+0.51 +0,13 —0.08
Lok . . . . 0.20 0.18 0,39 0,80 0.48
WeWe +  + .« . —D.1 —0.12 —0.12 0.00 0.00
Lk . . . 0.08 0.07 0.20 0,11 0,22
5576 {(A181) . ' .o . . . . +0.53 -+ 1.00 40,52 40,47 0.43
( ) ok, . . . 0.18 0.24 0,18 0.14 +D.2[
v +0.17 +0,48 0,18 +0,18 0.07
rond. . 0.20 0.17 0.23 0.28 +0.!0
W——We ' —0.08 '_'ch +0,09 0.00 0.00
[k . 0,10 0.07 Q.10 0.08 0.07
5601 (AIBO) . . . u Ce . FO. 74 +0,80 +0.77 +0.45 +0.7
( ) nma . . . . 0.28 0.08 0.%8 0.21 0.2
v .o —0,06 —0,68 0,00 —0.04 +0,28
rang . . 0.2 0.03 0.28 0.57 D.20
We—We = « . 40,18 —0.28  40.18 —0.31 0,00
rms |, . . . 0,14 0.08 0.12 0.12 0.0
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TABLE 4—(Contd.)
Component velocities Inn kin/sec Sunspot No. KKL 12368 on January 21, 1963
al p=0,35
Dlsmnee from the cantre of the spat In 10® km.
Spectrul line used —_
5.5 6.75 8.2 2,73 11,20
4912 (A189) u -+0.69 +0.40 I0.66 +0.88 +0.31
Mk 0,16 0.16 0,13 0.21 0.22
v FO. 13 ---0.08 +0.02 —0,12 —0.18
[ 85N 0.19 0.14 0.08 0.22 0.80
W—W. - —0.17 -0.21 —0.02 —0.08 -{0.07
rms. - 0.07 0,08 0.0% 0,00 0.00
5976 {A190) u 0,5 FO.45 +0.44 40,51 +0.62
.ma 0.19 0,14 0.1 0.14 0.20
v 10.25 F0.24 40,92 +0.11 F0.31
s 014 0.13 0.21 0.13 0,17
W—1a 10,13 0,08 ~0.04 0.00 0.00
fMLL 0.09 0.07 0,08 0. 0.08
501 (A1) n F0.81 |-0.80 +0.82 40,88 +0.81
r.m.u. 0.0 0.12 0.19 0.4l 0.19
v -0.52 1-0.35 +0.38 0,39 0,33
EX KR 0.00 0.11 0.22 0.20 0.18
W—W, - . ; --0.09 0.00 +0.01 0,00 ~0.08
7LD, ' 0.05 0.08 0.18 0,12 0.08
Distapce from the centre of the spot In 10 bm.
Spociral line used
12.70 14.20 18,70 17.20 18,00
4912 (A188) u 1-0.58 ' +0.08 . .
r.mi. . 0.13 e 010 . "
v . -10.24 ' —0,19 . .
rugs. 0.12 . 0.08 ' .
W—W, -+0.08 0,00 . .
rm.s. . 0.01 0.02 . .
A576 (A190) u +0,22 . 40.52 +0.23 +0.18
r.md. 0,24 . 0.18 0.23 0,18
v . -<0.18 o 0,00 +0,08 -+0.05
roma, . 0.10 . 0.14 0.18 0.13
W—1Wo . +0.09 . +0.06 40,02 0.00
oy, 0,06 o n.08 0.08 0.08
3691 (A191) w +0,38 -+0.49 . 40,31 +0.08
r.m.m. 0.27 0.2 . 0, 0,11
v : . 0,00 0.18 v +0,14 —0,01
rans. +0.30 +0.17 . 0.18 0.08
W—W. - . +0.02 +0.03 . —0.,01 G.00
nma 0.13 0.08 o 0,08 0.08
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The run of the radial veloclty u, shows that the radial velocily siceply increases
near the umbral border, to attain its maximum valuc ncar the mlgldlc of the penumbral
region. From the peak value, the radial velocily gradually declines to become nearly
zero, far out in the photosphere, Recently Brekke and Per Maltby (1963) have shown,
from observations of a single spot that the radial velocitics abrugtt]y ccase al the outer
boundary of the pecnumbra. owever, obscrvalions of Lvershe 1916), Kinman
(1952, 1953), Holmes (1961), Scrvajean 81961) and this study, show thatl the material
flow continues far oul into the photosphere.

The rise of the radial velocity (o the peak value is generally very sicop compared
to the decline. A slight shifl in the locetion of the peak velocily across tho penumbra
could be due 1o the crrors in localing the boundaries of the umbra and the penumbyra.
The magniiude of the maximum radial velocity Uma in all the Lhree lines, showsa
decrease towards the disk positions of the spot near the limb, Michard (1951} and
recently Servajean (1961) have reported such a decrease of Umnx nenr the fimb position
and have interpreted this dccrease as duc to Lhe decrense of Unmie With increasing helght
in the photosphere. Holines 519633) has shown thal the obscrved velocitics in spots
are affected more towards the limb by the scattored light and the observed decrease of
Umax  may not wholly be due, to the level difforence in the pholosphere. A plot bet-
ween Unn. and the disc positions, for cach of tho three lines, is %ivcn in Figure 5.
The slope of Umax : i for 5691 and 4912 lines is almost the same, while for the stronger
line 5576 (Rowland inlensity 4) the slope is different. The 5576 linc iy formed at a
higher level than either of tho two lines.
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Comparing the pattern of radial velocity curves for different disc positions of the
spot, it is noticed that the velocity patterns flatten out for, the spot-positions near the
limb. For spots located near disc centre, the radial velocity curves show a steep rise
and relatively slow decline. The velocity run for all the three lines at one disc position
appears to be similar. On some disc posilions of the spot, & small hump appeared
near the ouler edge of the penumbra. This hump in velocity curve was visible in all
the three lincs. similar double peak in the ra(fial velocily curve was also observed
bﬂ Kinman' (1953) in the case of MounlL Wilson spot No. 10955. Sunspol spectra
obtained on Janua? 20 (#=-0.54) and February 16 (#--0.54) refer to (he same spot
group, but on {wo differcnt passages and almost at the same central meridian disiance.
Hence the velocity fields obtained on January 20 and February 16 can be compared for
possible effects of age diflerence. These observations reveel that the spots show large
radial velocitics during their well developed phase, compared 1o the carly phases.

Comé”aring the radial velocity ficld and the magnetic Neld maps, it is cvident
that the radial velocity increases in the pcnumbra wi increasin% distence [rom the
umbral border. The velocily atlaing its maximum value about hall way n tho penum-
bral rcgion, and then gradually decreases 1o zcro well outside the penumbral limit.
The magnetic ficld however, decrecases monolonically with increasing distance:from
Lhe spol centre Lo atlain less Lhan or cqual Lo hall its peak value ncar the middie of the
penumbra, In this study of the Evorshed ellect and tho spetial magnetic fleld, il was
nol possible Lo obtain a point-to-point correlation between the velocily and magoetic
field pattern. Ii is planned to investigalc the inleraction of magnetic and velocity

ficlds in the sunspol atmosphere from the observalions of high resolution spatial
magnetic and velocily ficlds,

Tho varialion of thc maximum radial velocily Um.y with depth in spols was
first suggested by Evershed (1910) and later a dotailed investigalion was made by St.
John (1913). From the calculalions of the mean deplh of formation of lincs, gradien(s

of Un.x, with depth were oblained at ninc disc positions of the spot and are given
in Table J.

(b) Verticul velocity, w ; The veriical velocily w, is the component directed
outwerds and normal to the solar surface. The measurcs of the vertical velocity
are referred to the vertical velocily w,, of a far removed point In the photosphero.
The quantity (w—w,) and their r.m.s. errorg are ploticd in the lower halves of Figure 4.
The direction of thesc small vertical velocitics is sysiemalically negative in the penumbra
and the maxmuni amplitude is of the order of—0.3 km/sec. This indicales a descend-
ing motion of maller, in the penumbral region.

The variation of the verilcal veloclty with disc position is evident from Table 3.
A decreasc ol maximum vortical velocity towards the limb positlons of the spot, is
observed for all tho three lines.

(¢} Tangential veloclty, v ; The cxislence or othorwise of Lhe langeniial compo-
nent of velocity or a rotational molion, in sunspots is yet {0 bo confirmed. There arc
rellable and convincing observations in Lhe literature (hat indicate the presenceas well
as absenco of the tangential vclocitics in sunspotls, Evershed (1910, {916) delected
iangential velocities ol the order of 0.25 o 0.35 km/sec and cven higher. Abetii
(1932) found irtcgular tangential velocilies of the order of 0 to 5 kmsgsec and suggested
that the {angentlal motion varied [rom spot to spol. Kinman (1952) found that the
{he langential component v was random in pnature and was well within
the: errors of measurcments. Scrvajean (1961) has also shown that the magnitude
of v, on most of the spot positions on the disc was very small, [n his Table I (Scrvajean
1961) sizable tangential velocities (- 0.33 to +0.55 km/sec) occur on April 27 and 30,
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Our .resulls of the tangentiinl velocilies and their r.m.s. errors, aro given in
Table 3. Figurc 6 shows thc run of tangential velocily component and thelr r.m.s.
errors, on February 9 and 10, measurced in all three lines. The iangential velocity
measured from Lhe spectra of January 20, 21 and Tcbruary 9 & 10, show a slight syste-
malic patlern of velocity variation over and above the large r.m.s. errors. Al posit-
jons ncar the disc centre, the tangential velocity patierns show no systemalic trend,
At a few poinls in the spot, the compenent velocitiy v was found to be as high as 1.5
10,6 kmfsec. An exacl correspondence between Lhe tangenfial velocity run n all the
three lines is nol found,
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From our obsecrvations of Lhe langential velocity and also on the basis ol Lhe
work briefly reviewed carlfg, it will be realized that further observational corrobora-
tion is necessary before wo can denfiitcly recognize ithe contribution of the tangential
component to the velocity fields in sunspots. Adamn’s (1963) recent measures of the
magnetic field in spois and the deiection of the azimuthal componenl of magnetic
field indicalc the possibilily of the presence of tangential and verlical velocities. Adam
(1963) has shown that while the field strenglly remains stable, the dircclion of magnetic
fleld varies from day to day.

As shown carlier, the largest coniribution to thc mass motion in spot penumbra
comes {rom the radial component only. Neverlheless, Lthe existence of the {angential
molion has not been rcpudiated and on tho olther hand its presence may be in ngrec-
ment with the receni observations of Adam (1963). Considoring the higﬁ conductivily
of the solar matcrial, the flow of material has to be alung the magnetic lines of force.
Tt would be impossible for the conducting matorial 10 ‘slip-cross’ perpendicularly the
magnetic lines of forcc. With the exisicnce of the azimuthal component of magnetic
fiel inl sunspot penumbrac, it implies that the motion should have e langential compo-
nent also.

~In some of the radial and iangential velocity measures, large r m.s, crrors arc
noliced. Thesc large r.m.s. errors could be due to the following reasons ;

(1 l:.’l;c m;i:['Lbcr of the measured velocity points in each annular zone may
small,

(2) our basic assumption that the motion has a cylindrical symmetry
_about the cenire of the spot, may not be wholly valid.

The phenomenon of line profile asymmetry in sunspot peanmbrae.; The important
Ehenomcnon ol asymmetry of sreclral lines in thc sunspol penumbral regions, was
rst discovered by Evershed (1916). He showed that near the outer boundary ol &8
spol penumbra, the spectral lines develop a strong diffuse wing, which is alweys dirccted
towards the Evershed displacement. A difTuse asgmmetric wing in linos is casily scon
on the spot specira taken by McMath et al. (1956). Recently, Bumba (1960) at the
Crimean Observatory has studied this phonomenon. He used high spectrographic
dispersion and a large solar image. He termed this diffuse asymmelry in spectral
lincs as ‘Flag’ and has resolved this ‘Flag’ inlo a scparale ‘Salellitc’ line.
This salelllic line indicates Dopplor shifls of the order of 5 km/sec or more,
Servajean (1961) has studied changes in the metric nature of lines in the spot
region and also at different spol Jocations on the solar disk. It seems thal Bumba
(1960), Servajean (1961) and other workers in reporiing the phenomenon of asymmelry
in sunspot ealines ‘secm 1o have overlooked its first discovery by Evershed in 1915, Ttis
remarkable for Evershed (1916) {0 havo observed the diffuso winf in lines near the peaum-
bral rc?ion. even though he had at his disposal a small solar image (44 nun diameter)
and relatively low spectrographic dispersion,

Observations and the photometric analysis of the linc nsymmccuc'ly.' Some of
the best spectra were selected from a collection of spot specira for a detail {Jhotqmetric
study of the variation of the line asymmetry; (1) over the spot rc‘giion, (2) with tho
location of spot on the disc, (3) at two places on the line profile and (4) wiih the strength
of the line. A term “flag factor (F.F.)" is defined ag a measure of the asymmelry
in a line, and is given by °

F.F.xa(3—25)
where % is the wavelength of the central intensity point and 3, is thc wavelengih
of the centre of the line joining cqual intensity points on the line profile, The flag
factor' F.F., is measured at half intensity and at one-teath intensity poinis on the line
profile.
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The spectra obiained undet (good seeing conditions on February 9at L-Lo --39",0
E., on February 12at L--Lo=0: and on February 15at .—Lo==3%,0.W, in the
threespectral regions 4912, 5576 and 5691 were used {or this study. For the spatIal varia-
tion of F.F, over the spot rcglon, three slit positions, crossing the umbra centrally
and on cither sides of tho umbra crossing only the penumbra were used. Thesc three
slit positions for the three disc posi ions of the spot, yicld a picture that is very represent-
ative of the spatial aspect of the linc asymmetry in spots. All the spectrograms used
were callbrated with tho aid of a Hilgor step wedge filicr. Micropholometer scans
of the three Zeoman nsensitive lincs (4912 ;027, 5571-101 and 5691.508) were oblained
at several places In the spot reglonand al a point far removed from Lhe spot in the pho-
tosphere, The chart specd was adjusted o give magnification ol 25 times, thus yiclding

o dispersion ol aboutl 200 mm per Aon the Lraces. The positions ol the scanned regions
on the spot spectrum were delcrmined using the wire shadows, repistered while obtaining
the spot spectra. The micropholomeler scanning slit uscd was about 0.8 of arc in
height and 0”.3 of arc in width on the solar disk.

On six specu'o%mms and for one slit position, finc profiles were oblained for
4912:027 and 5691.508 lincs. These arc given in Figure 7, as represcntative of some
typical asymmetric linc profiles. The ‘lag factors’ were determined al onc-hall and
one-tenth intensily poinis on the line profilo, Figurc 8 gives the variation of fag
factor in milliangstrom, over the gpot region, in all the three lines (except for speclra
obiained on February 9), and in three slit positions, In these ligures the positions of
spot and the slit arc given to Indicate the approximate location ol the slit orienlation
and also the sighl-line velocities measured along tho length of the slit. The positive
values of F.F5,, Indicale ﬂugginﬁ towards the long wavelength slde, while the negative
values indicate Magging lowards the short wavelenglh side. The line profiles glven
are nol corrected [or the errors introduced by the instrumental prolile of the }8-metre
Littrow spectrograph.  Using an lodine absorplion lube, it was found that the instru-
mglual profile of this spectrograph is very narrow (less than 12 mA) and fairly symme-
irial.
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Discusston of the line etry ; From the ‘flag factor’ plots and the variation
of the line profilcs, il is noticed that the line profiles in the photosphere are s etrical,
In the region of the penumbra, the asymmetry increases to atiain its m um value
eround the middle of penumbral region. The magnitude of the ‘flag factor’ fluctuates
considerably in the penumbral region. In some spot regions maximum asymmetry

of about 60 mA at one-tenth central dip is noted. The maximum ‘fag-factor’ is a func-
tion of the disc position of the spot. 1n spotl positions near the disc centre, the value of
maximum ‘flag-factor’ is smaller compared io the spots near the limb. A veriation
of ihe ‘flag faclor' is noted with line strength. The 5576 line shows systematically
a smaller ‘flag factor’ compared to the weaker lines, » 4912 and » 5691. A visual exa-
mination of some spot spectra taken by Dr. M. K.V, Bappu, at the Kitt Peak National
Observatory, Arizona, using a large solar image (33 inches in diamter) and a spectro-

graphic dispersion of 12 mm/A, indicates a decrease in flagging with increasing line

strength. The 4903 and 4919 lines of Rowland intensity 5 and 6, show marked decrease

in asymmetry, compared 1o the weaker lines, The direction of flagging in the siro

ﬁtnn_tlii weak lines 1s the same and in no case the flagging extends beyond the penumb?ﬁgi
t.

The spol specira obtained ai Kodeikanal and those obtained at Kiit Peak,
under good 1o very good sceing condilions, do not show any indication of saiellite line,
as reported by Bumba (1961, 1963). The diffuse wing always appears to be joined
with the parent line. Perhaps the appearance of the [aint satellite line depends on some
other rigorous factors of observalion.

Some of tho spectra obiained under extremely finc seeing conditions show bright-
ness variation in the penumbral region. The ‘ﬂa%in * in lines ocour more conspicuously
in the darker regions of the penumbra. In the rig%ter roglons the lines appear, more
or Jess symmetrical. It scems that the agency responsible for the asymmelry or flagging
in lines 18 more efficient in the darker (cooler) penumbral regions, compared to the bri-
ghter (hotter) penumbral regions.

From the asymmetric appearance of itho lino profiles and their vatiation in the

gEot region il seems that this phenomenon is associated with velocity fields, cither on
e sturface or decp in ihe sunspot alrnosihcrc. Two plousible explanations have been
put forward, one by Servajcan and the other by Bumba. Scrwclllean (1961) has suggested
thal asymmetry occurs due lo the dilference in velocities of different strata In the line
formjn%rl:f-ers while Bumba (1963) suggests, an upstreaming of material at the umbral-
penum boundary, which bends 10 become horizontal in the pecnumbral region end
turns downwards again near the outer penumbral border. It eppears thal the line
asymmeiries inthe penumbra may be due Lo the velocity flelds of some kind., It was
noted earlier that the flagging is always direcied towards the general Evershed flow.
Therefore it sceems that the motion responsible for the agyminetry 1n lines is an additional
motlon superim on the Bvershed flow. This additional motion in varlous layers,
responsible for tho asymmetry in lines, perhaps ceases abruptly at the ouicr boun of
the penumbra, while the Evershed flow continues well out into the photospheoric region.

Diffuse wing in lines in the Photospheric reglons, A similar phenomenon of
diffuse asymmetric wings in lines as that observed in the penumbral region, is noticed
in the photospheric region also, On our best spectra that show, “wiggles’ due to the
solar granulation, one can see slight diffusion or ‘flaring’ in one of the wings of Fraun-
hofer lines, A diffuse wing develops invariably in the same direclion, as the Dogpler
displacement due to the granular motion and in the darker (cooler) regions of the
spectrum, In the brighter (hotter) pholospherlc reglons, the lines appear symmetrical
and also slightly narrow. A detailed quantitative anelysis of this phenomenon is
required. Servajean (1961) has also reported the presence of & similar phenomenon in
granulation speotra.
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