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There exist good reviews on this topic
by Schrdter (1967) and Maltby (1964).,  The
purpose of the present one on this occasion
is to bring out fully the pioneering work
of John Evershed in all i{s aspects in this
field and also to update the earlier reviews,

John CEvershed
sing the

{1909a,b,c) while analy-
spectra obtained by him
at. Kodaikanal for pressure determination
in spots observed that the spectral Tlines
show displacements in the penumbral region

of sunspots. This was in fact a remarkable
observation since spectroscopic observations

sunspot

of sunspots were starled several years earlier,
but Tine displacements were not detected
previously in the spectra of the spot penumbrae.
The first plate showing this Tine dispTlacement
was exposed on January 5 and-7 in 1909 -
75 years ago - on a spot at latitude 9°N
and longitude 31°W of the central “meridian
covering a reglon 4650 A to 4790 A with a
dispersion of 1.08 mm ﬁ'l. He attributes
the wunusual amount of detail
in the  spectrum -as due to tLhe

and steadiness of the
‘the exposure".

visible
"clearness
air- abt the time of
_ A preliminary measurement

of ten of the best defined lines showed a

~mean displacement of 0.027 A (or 0.86 km
sec'l} at the outer edges of the penumbra

indicating a receding velocity on the limbward

.side of the spot. He: found an approaching

velocity of the same magnitude on that part

of “the bénumbrq' closer Lo the centre of the
‘disc.  Continuing his investigations ~with

INDIA

150 spectra
spots in the

representing seven different

northern hemisphere and four

in the southern he established the following

results:

1, A1l spots whether 1in the
northern hemisphere show the same amount

of line shifts when at the same distance

from the centre of the disc and the sense
of displacement 1is to the viclet on the .
side of the penumbra towards the centre
of the disc and to the red for the limbward
penumbra. :
2, These displacements are maximum for spots
between 30° and 60° Tlongitudes and dis- '
appear when they are within 10° of the
centre. '

Centrat meridian

Centre of Sun's
Disc -

Equator . E
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Evershed
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southern or .



12 Siyataman

3, He found maximum Tine displacements for
a radial s1it poesition and no displacement
for a ‘sh't normal to this position (tan-
gential slit, Figure 1},

These observations canvinced
Evershed that the displacement of Ilines was
solely due to ‘the Doppler shift caused by
the movement of directed
radially and horizontally outwards from the
centre of the spot.  This' radial outflow
of solar plasma from sunspots is now known
as the Evershed effect, The absence of the
‘tangential velocity ruled out any rotational
motion of the gases which conflicted with
the concept of motion of gas within the spot
by Hale (1908).  Evershed (1910} continuing
his studies using absorption lines of different
strengths found out that strong lines (Rowland
Intensity 6-6) show
{ -1.5'3kmfsec"l)' while faint lines (Rowland
-!ntensity - 0-1) show higher wvelocities (2-
3 km Sec"l).' He also established the monotanic
increase. of radial the umbral
boundary with a.maximum near the outer bpundary
of the penumbra, Although his earlier studies
(190%9a,b) showed that the motion abruptly
ceaSES_ near ~ the periphery of " the penumbra,
his subsequent observations (1916). gave evi-

the sunspot gases

lower velocities

velocity from

dence of the extension of the motion almost . -

8000 km beyond the penumbral boundary. From

“his observatians using the Call H & K lines,

s an inward flow of
matter spot with a velocity ‘of
~1.8 km secfl. Evershed also detected tangen-
tial component of the velocity of ~3.6 kn
sec™ in" five of the spots he studied and
the;direction of rotation was counter clockwise
for . some _spots whi]e c]ockwisa for others,

he - showed that there
An - the

- The: vo1um1nous work of St. John (1913)
”us1ng the 60- ft so1ar tower at the Mt. NI]son
‘Ubservatory of measurements of Lhe Evershed

Qve]ocyglgs quSQO se]ected lines representing.

- varied. from 0.2 to 6 km seg]

‘in the range 0-5 km.sec"l.-

different elements and a large range of excit-
ation potentials confirmed Evershad's earlier -
findings on faint metallic Mnes.  For the ;
faint lines he observed an outflow of materials
from the spot into the undisturbed photosphere,
whereas the strong lines (A1 and Fe lines)
showed no Evershed vetocity. For still strong-
er lines (Nal Dy, DZ’ and Mg bl) and for
chromospheric  Fines there was a reversal
in the direction of motion indicating a radial

flow of material into the spoi (Figure 2},
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This would imply that the material depletion
in the umbra due to outflow at the lower
levels, is replenished by inflow of material
at the chromospheric level, Evershed's-(1910)
attempts to detect motion in the umbra using”
the photgspheric lines showed surprisingly
a descending motion of ~0.4 km sec™L, Abetti's.
{1932) observations during the sunspot max1mum
of 1926-1934 showed that ‘the radial velocity:
and in addition:
tangential components:
He also detected

there were: irregular



Obuérvntlonﬁ‘n! the Everohad Eflect « Paat and Prasant 13

that the maximum velocity occurred at the
umbra-penumbra boundary and not at the outer
edge of the penumbra, which contradicted
Evershed's - findings..  But Abetti's samples
belonged to complex spot groups, whereas
the measurements of Evershed and St. John
pertained to single and ratherinactive sunspots.
© This shows that there may be a clear distinct-
fon in the pattern of the flow between the
two varieties of spots.,

Michard (1951) was the first to relate
the outflow velocity with the size of the
spot and 1its magnetic field. He also establ-
ished an empirical relation for the centre-
to-limb variation of the velocity - (V
in terms ‘of the maximum radial
(V. o) end the angle (@) between the 1ihe
joining the observer and the direction normal
to the solar surface by the relation,

ry o)

v =V

Vv r,d {1-0.8 Sin 6)

Later Schrdter (1965a) obtained a similar
relation ‘

y = ¥

. o (1:0,3 sin @)
] ¥

This observed centre-to-limb variation confirms
the height dependence of the velocity suggested
by St.John  (Figure  2).

the spatial distribution of velocities " aver
a sunspot from the spectra obtained at the
Oxford solar te?escope.-' Assuming cylindrical
symmetry about the spot centreJ-he:‘derived

the radial, tangential and vertical Ve]ocity '
components from the mean sight-1ine velocities.

at many locations within the spot. His inves-
‘tigation covering .one large and three small

~ spots showed that the maximum rad1a] ve]oc1ty'
attained increased linearly with umbral size.

velocity:

Kinman (1962, 1953)
in his classical work on this topic derived

but the time to reach this maximum velocity
was independent of the size of the umbra,
The interesting point 1s that the radial

velocity component v, showed an increase
from ~ lkm sec™” at the edge of the umbra
and reached a maximum value of ~2 km sec71
at the middle of the penumbra and finally
reached zero in the photosphere well outside
the spot. But according to Brekke and MaTtby
(1963) the radial velocities end abruptly
at the outer boundary of the penumbra.
Schriter's spectra confirm Maltby's findings,
but all these as we shall see soon depend
to a very large extent on the spatial resolu-
tion employed for the observations, The
spot velocity fields derived by Holmes (1961)
for two spots - one large and another small
- using the non Zeeman line Fe 1 5576.1 &
showed a maximum radial velocity at the edge

of “the penumbra with an extended flow reaching

zero- well beyond, in the photosphere. . But
the ‘maximum velocity for ‘the large spot was
only ~0.6 km sec”! as against the wvelocity
of 3.5 km sec  expected from Kinman's Finear
relqtion connecting maximum velocity  and
spotsize. Also for the large spot, the velo-
city ‘reaches out far into the ~phatosphere
before it becomes indistinguishable.  From
the wmeasurements of the radial, tangential
and vartical velocity components for a spot
ét six disc positions, Servajean (1961} shiowed
that the - maximum ~radial velocity in spots
increased with ‘increments in u (= Cos @)
values, His'interpretation is that the higher
layers have Jlesser radial velocity in spots
as comparedﬂ {p the desper 1ayer5. ' Honés

- {1963) atlso ‘detected‘ a similar variation

in the'Umax as the_spbt ahprbached_the 1imb,
but interpreted: this as the effect of scattered
Hght in theité1escope which pecomesfimpdrtant
as. the ‘spot ”is- foreshortened at the Timb.
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High Resolution Observations

Among these mention must be made of
observations by Holmes (1961, 1963), Bhatnagar
(1964) and Schroter {1965a,b) who used disper-
sions 1in the range 5.0 to 8.0 m/A for the
study of the Evershed phenomena. '

Bhatnagar . (1964) wmeasured the
fine velocities on a spot during its successive
passage across the disc for various positions
on the disc (ranging from y = 0.35 - 0.95)
using non-Zeeman lines (Nil 4912 &, fel 5676 A
and Fe 15691 R). He used the Kodatkanal 120
foot focal Tength solar tower telescope which
has an image scale of 5.5 arc sec mm™" and
the associated 60 foot spectrograph at disper-
sions of ~8 mm AL, The radial velocities
derived by him from the line-of-sight veloci-
ties assuming cylindrica) symmetry, —steeply
rose from the umbral border reaching a maximum
value of 1.5 - 2.0 km '3e<:"1 nedr. mid penumbra
and then 'declined gradually to a]mbst Zero
far out in the photosphere. - Ni 1 4912 A and

Fe 1 5691 A showed similar velocities whereas

sight-

Fel 5576 A had systematically lawer velocities

by about 30-35%, ~ The velocities in all the
three line progressively decreased. from the
centre to the limb, a fact that was noticed
by Michard (1951} and Servajean (1961) ear lier,
This-.is_ more pronounced for observations
made close to the 1imb (Holmes, 1963). The
straight line fit to the plot of the velocities
for dlfferent ppositions show that the s lopes
for . the two weak lines 4912 A and 5691 A are
near1y the same, while the slope is flatter
~ for the strong ‘line 5576 A..

:_fee1 ‘that  the ve10c1ty ‘dependence, w1th height
=in the atmOSphere may be. real,
,scattered

o, of

a]though “the
Tight. would c0ntam1nate?the est1ma-
ve?oc1t1es to '

: and.
This makes one

'1n the penumbra]

the successive passages of the same spot
and the fact emerges that the radial velocities
are higher in the fully developed phase than
in the early phase of growth of the
The existence and the numerical value
tangential velocities are debatable
points, There are as many observations in
the literature showing the presence of  the
tangential velocities as there
to their absence. Evershed

detected tangential

of the

are pointing

{1909¢c, 1910)
of 0.25 to

0.35 km sec"l. However in his later measure-
mants (1916) he found no evidence for a regular
although irregular
at  times, . -Xinman
(1952} believed that the tangential component

components

tangential companent,
velocities were present

was random in nature and in general was within’

the errors of measurement although at some
iocations within the spot the value was as

much as -0.5 * 0.2 km sec™ !, But his
neglect of the tangential component in the
interpretation of his Jater measurements
(1953) appears prejudicial. Abetti's (1932)

measurements on 26 spots show irregular tangen-
tial component with varying. from
G to 5 Kkm sec'l._ Measurements of Servajean
(1861) and Bhatnagar (1964) are indecisive
and the errors fn the Tlatter's measurements

values

“are rather large,making a realistic conclusion

on the - tangential
Systematic and
high -spatial and

not possible
with
are

components
precise measurements

spectral resclution

- catled for to settle this question.

The use of high spatial resolution
spectral resolution not only made the
velocity measurements more precise and error
free, but also brought out the microscopic
structure of the Evershed flow as
f1laments as wel)
asymmetry of spectral

phenomenon
' enumbra1 reg10ns.

Tines

spot.

motions 
as the-

Bumba (1960)_usﬁngf
ispersjon spectrograph of the Crimean:
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Qbservatory detected the strong asynmatry
in the 1line profiles within the panumbra
which accompanies the Evershad flow. Servajean
(1961} studied the changes in the 1ine asymne-
tries for different spot positions on the
solar disc. Bumba termed this phenomenon
the 'line flag' whereas Holmes {1963) who
also studied the asymmetry calied it the
"line flare', It is finteresting to note
that Evershed (1916) detected in his Jlow
dispersion spectra that the spectral Tlines
develop a ‘'diffuse wing' in the direction
of the Evershed displacement near the outer
boundary of the penumbra, Similar diffuse
asymmetric widening was also detected in
the spot spectra at the McMath-Huibert Observa-
tory (1956). But its real significance was
brought out only by the work of Bumba and
Servajean. Under very favourable seeing
conditions, Bumba was even able to resolve
the broadening into a satellite 1ine but
Servajean, Holmes or Bhatnagar' do. not find
any indications of such a satellite 1line
in their spectra.  Bhatnagar (1964) 1in his
photemetric study has investigated the depen-
dence of the asymmetry on the strength of
the line, on the locations of the slit on
the spot and on the spot's position on the
disc. The'asymmetry grows 1in magnitude from
the edge of the penumbra and reaches maximum
values around the middle of the penumbra,
The asymmetry has the same sense as the Ever-
shed flow for the three 1lines he

used (4912 A, 5576 K and 5691 A) and probably

therefore s independent of the strength
of the line, Also, the maximum asymmetry
s a function of the spot's position on the

disc, such that the spot near the disc centre
has an asymmetry maximum smaller than for
Again - stronger lines

spots near the limb.
show Tess of asynmetry than the weaker lines.

Bumba finds that the flagging in vy and D,
lines of Na 1 {s opposite to the diraction
of the Evershed displacement and the direction
of flag near the core of these lines 1s oppo-
site to that in the wings, ~ Servajean {1961)
has suggested that the asymmetry is .a manifes-
tation of the different velocities correspond-
ing to the different strata in the line forming
layers, whereas according to Bumba {1963)
the upstreaming of material at the umbral-
penumbral boundary which bends - and ‘bECdmes
horizontal in the penumbra cause the aSyﬁmetry.
The asymatry can also result when the outward
myving material in the bright fibrils of
the penumbra cause a bhlue wavelength shift
which is not balanced by the inflowing matter
in the dark fibrils of the penumbra (Schriter
1965b),  Such -an asymmeiry would give a C-
shape to the bisector of the line profile.
The C-shape and 1its change for different
u positions have been investigated in great
details by Schrdter (1965a) using the Freiburg
spot spectra- employing the equidensitometry
technique, The potentialities of this techni-
que 1in bringing out the finest details in

‘the spectra are well illustrated in his paper.

His (SchrBter '1965a) figure 6 shows that
the displacement is small in the line core,

~and the asymmetry -reaches a ‘maximum' value

at a distance of 0.8 times the radius of
the spot from the spot cenira. The centre
to )limb variations of the Evershed valocities
at a fixed location from the centre of the
spot shows that the velocities increase towards
the lmb reaching a maximum at u = 0.4, He
also studied the variation of the asymmetry
using the line Fe 1 5123 A within the penumbra.
The core of the line shows sma}l displacements
which increases away from the core .and again
falls less steeply at the wings. - According
to him, the sunspot 'spectra obtained at high
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spatial resolution’ show notan 1y ‘Tine asymmetry
- but 4resq1ve into strong sate111tes (as seen
by ‘Bumba), which appears diffise at the photo-
sphere - penumbra 1b§undary and rather sharp
on the other side of the line centre: - '
The Evershed'f}dﬁ in the photosphere
interface region was investi-
gated by Bones and Maltby (1978) fram  the
veloc1t1es in the core and in the wings of
the Mb b1 ling using high resn]ut1on spectra
The measuréd ve10c1t1es { ~1.8 km/sec) follow
the pattern a1ready known from ear11er studies.
‘ Another front from which the motions in suns-
pots were invéstigateh Was
spatia] resoTut10n photographs of
From the t1me sequence photographs *
_ Princeton stratoseope project Schroter (1962)
was able to detect  the. systematic motions
of the bright knots in the bright penumbral
_f11aments These knots which form part of
- the fiTaments move outward from the centre
of the spot w1th a mean veTocity of ~ 2km
sec"l. He ‘also detected material’

' chromosphere

sunspots,

Lhat e in: between the bright filaments
There could be l1tt1e doubt that these proper
mations of the bright knots represent the
Evershed flow that we see in_'ihe
~ of spots. Some of Bhatnagar's spectra: (1964)
show continuum brightness
the penumbra1 ‘regions - that
motions of the.bright knots:

represent  the

der1ved from H ‘o
either wings at an 0.25 A, £ 0.5 & and
+ 0_75 K with a resolution of 1/8 A provide
"dimans1onal picture of the Evershed
' its var1at1on w1th time=_ The f low

| i”  in - reg1ons yied -t
fdark Fibrils, whareas the f low- channels with

by using high vations of Sheeley and Bhatnagar

of the’

motion
in the nppos1te direction in the dark channels

spectra
fluctuations in-
Maltby s (1975) -

: rcsu1ts on' the ve10c1t1es in- the chromosphere
filtergrams obta1ned an

-penumbral

velocity -directed away from the spot appear
bright as in the continuum ({Schroter, 1962},
One 1interesting point 'is that the apparent
length of the flow channels differ at different
heights - they ‘are Tong in the chromosphere
(~16 arc sec) and shorter at the lower levels
(~ 7 arc sec). The flow chainels which are
in the form-of loops alter with a characteris-
tic time of ‘about 10 minutes which possibly
also represents the characteristic time of
perturbations of the fldw channels.

F1na1}y} I shall mention about the
high spatial resolution two dimensional obser-
(1971) and
of Sheé]ey (1972) wh1ch have pr0v1ded a final
answer to some of ‘the questions relating
to the Evershed f]ow For examp]e the quest1on

_where the Evershed f]ow terminates has been’

a subject of much dispute since the time
of its discovery They derived a series
of Dopp]ergrams from a time lapse sequence
of spectrohe11ograms obtained on either wings
of the Zeeman 1nsens1t1ve line Fe 1 5434 A,
These ve]oc1ty f1e1d p1ctures showed ¢ learly
that the Evershed flow confines 1tseIf to
the dark spoke like filaments that end in
the rugged outer boundary of the penumbra
and the magnitude of the Evershed velocity
Is ~4-6 km sec™l, Besides this, they also -
noticed an extra penumbra] horizontal flow
with speeds of 0.5 - 1.0 km. sec -1 which exten-
ded to 10 000 - 20, 000 Kkm beyond the penumbraT

'boundary Compar1son of these Dopp]ergrams
with the CN 3883 A spectroheliograms showed
that  this extra penuwbral flow terminated

at. the 'facuTar network. . This high spatial
reso]ution study estahlished that the extra
flow is 1nd1stingu1shab1e fromﬁ
the well known supergranular flow and is
distinctly different from the Evershed flo

In conc1u51on 1 shall list the salient p01n':
which réquire immediate attention and “study:
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I, The relation between the Evershed veloct-
tles and the size of the spot and the
magnetic field configuration associated
with it should be firmly established.

II. We do not know how fthe motions are
related to the evolutionary aspects
of the spots? At what phase of the

growth of the sunspots does the flow
start? How are velocities related
to the age of the spot?

I1I. The problem of tangential velocities
should be settled.

IV¥. According to Galloway's model of the
Evershed flow, the flow is in the form
of pulses, It would be interesting

to check for any periodicities or the
pulse nature of the flow.

V. How are the 1line asymmetries caused?

VI. What 1is the nature of the
pattern in bipolar spots?

velocity

Answers to these questions from studies at
high spatial and spectral resolution should
help us to understand fully the macroscopic
structure of the Evershed phenomenon which
even to this day remains as
it was 75 years ago,

enigmatic as
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DISCUSSION:

GOKHALE: Has anyone looked . for -short time
scale variations in Evershed velocity?

SIVARAMAN: In' the model of Galloway he shows
in the form of
pulses;: It would be worthwhile to obtain
time lapse spectra and search for any temporal

periodicities,



