RoVaitkanal Observatory.
BULLETIN No. LI

- - '
S e e e W v a0 el

NEW MEASBURES OF RADIAL MOTION IN SUNSPOTS.
BY J. EVERSHED, r.R.s.

During the years of minimum sunspot activity, very few opportanitics have occurred at Kodaikunal for
extending knowledge of the movements taking place in spots, bayond what could be gathered from the first
series of sunspot spectra obtained in the year 1909, which 140 to the discovery of the radial' movement. [t was
realized that in order to make any advance it was useless to attompt to photograph spot spectra ander eonditions
of poor definition of the spot on the slit of the spectrograph. Also, when definition wag at its best, meany
must be employed for reducing the exposare time to the minimum possible eonsistent with high dispersion, in
order to get clear spectram finages of dotaily of the spots th :ms.lves,

Garly in 1915 it was found possible to redace greatly the exposure times by employing the new Antdorsim
grating, which has a much larger ruled area than either of the gratings previonsly used, and is also very bright
in the third order.  In addition, the Observatory had acquired on loan from the Nizamish Obsrvatory a leng
of 15 inches dinmeter and 15 feet foens, which I mount «d tomporarily on a moving carriage ruuning on rujls
passing in front of the <siderostat, so that when other apparatus was not in s the lens could be run inty position
in front of the siderostat mirror, giving an imag» of the san abont #) mm. diameter on the slit of the PO pse
graph. Thig lens was found to be more efficient in th» blue and violet part of the spectrum than the parabojic
gilver-on-glags mivror previously employed, and the solar imase given by it was alss larger, and neded 55,
gecondary magnifier.  The spectrograph itself, it may be stated, magnifies the image abont twice,

In order to get spectral images representing eentral sections of a spot, a very simple goiding  arrangemeny
was constructed,  This consists of a plane parallel quartz plate, abmt 1 em. thick, or of a glass cell with plage
parallel gides, containing an absorbing solution, which is placed immediately in front of the slit, This plat
or coll i mounted so that it can be inclined, either in a vertical or a harizontal plane, the movement bing
controlled by a handle conveniently placed near the eye-piece of a telescope, in which may be observed th
first or secoml ovder spectrim while photogeaphing the thind or fourth order.  The spot image is fiest beonghy
as near to the slit ag possible by means of the siderostat slow motions ; then it ix moved horisomtally or verioully

to any desired position on the slit by inclining the quartz plate or absorbing cell, which thereby moves the image
with;mt altering the direction of the rays of light falling on the grating. If long exposures arv regquived, the

gput muy be kept from wandering in any direetion during th : expesure by this deviee, but for short «x postires

it ix mer v required to place the spot correctly on the slit.
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The image-rotating device described in the Memoirs of the Kodaikanal Obgervatory, Vol I, W ¥
~wasg algo used. Thig consigts of a large total-reflection prism, mounted on a horxzont;al aXiH, m ’ﬁ& %
hypotenuse face in a vertical plane, The light falls normally on one gide of the*faee, and, js totally #M
twice, emerging from the other side of the face ; it is then reflected on to the s}it by a sécond W,v‘ ; m
rotation of the prism through any angle produces a rotatiow of the i image on the slit plate of twice W %
It is used to adjust the image g0 that the slit may bisect a spot in a direction passmg through the W@ﬁf e
sun’s disk, or in a direction at right angles to that. I call these sections “ radial” and * tangén
respectively.

With these arrangements a beautiful series of spectra was secured at Kodaikanal of the spot which, erdiged
the visible disk of the sun between March 29 and April 12, 1915, in latitade 21° north,' the sky GWW
during that period proving very favourable in the early morning hours. (See plate IIL.) ‘»1 ’

Of the series of plates obtained eleven have been measured, and the others have been carefully eunmw
under the micrometer microscope. The spectra obtained with a radial slit show larger displacements mmhm
been measured in any spot spectra hitherto photographed. Assuming the digplacement to represent matib@@:
the line of sight, parallel to the surface of the sun, the largest mean velocity measured for a number «oﬁiinéﬂ
of intensity 1 is 3'52 km/sec., on the west side of the spot ; and for two of the lines, viz., 4726'3end 4;?%’31&
amountsto 4 km/sec. On the east side the movement is smaller, being ohly about half as much as on thie m
Most of the spectra taken with a tangent slit also show some evidence of motion, which will be dmmmm
The point I wish to emphasize here is that the displacements are larger with good definition of the peﬁmm
image than would have been the case with an image more or less diffused along the slit by poor daﬁniﬁog or_
long exposure time ; it is not considered that this particular spot was an nnusually active one. The exma
times in thig geries of spectra range from five to thirty seconds for lantern plates, varying with the dlsiamm nﬁ
the spot from the centre of the disk, and with the region of spectrum. For Wratten “ Instantaneoua " p}m, :
exposuares could be reduced to a fraction of a second, but the contrast in these ig less satisfactory than in thﬁ
lantern plates, partly, I believe, from a defect in the grating, which, notwithstanding the extreme fainthess @t
the third order ghosts, gives less good contrast than the Rowland grating, in which the ghosts are more”
obtrusive in emission spectra.

The spectra were meagured by means ot a single straight spider thread in the micrometer eye-piece
This was placed as nearly parallel ag possible to the spectrum lines on either side of the spot image. Each
line selected for measurement was then bisected at four poinis as seen in the field of the microscone. ag
follows :—

(1) In the undisturbed photosphere spe¢trum, above the spot band.
(2) Near the outer limit of the upper penumbra.
(3) Near the outer limit of the lower penumbra.
(4) In the undisturbed photosphere spectrum, below the spot band,

The positions (1) and (4) were measured at the same distance above and below the centre of the spot, and the
penumbral ineasures are referred to the mean of the photosphere measures, to eliminate a gystematic erros
which would arige from a want of parallelism between the spider thread and the spectrum lines. As ﬂmw
was adjusted go as to give very small differences between the upper and lower photosphere: maamras,any
outstanding error due to the small distance of the penumbree from the centre of the spot became mmgmﬁm,
and not worth the labour of correcting. This error wonld tend to increase the shifts on one side of the spok
relative to those on the other, but would not affect the sum of the shifts. Asis the usual pracﬁc&, the speetrs
were each measured twice, iz, with the red end of the spectrum to the right, and left, respestively. This.
method of measuring is the simplest for obtaining geparate values of the displacements for the east and Wﬁw

curate values of the relative shifts of the different lines could be obt&med by . the
gite edges of the spot, hs deéscribed

edges of spots ; but more ac
positive on negative method, or by the method of juxtaposing the two oppo

by Dr. §t. John.?

1 Greenwich No. 7223,
2 Agtrophysioal Journal XXXVII, 322



For most of the images, the lines selected for measurement were humited to well defined Fe lines of
intensities ranging from O to 6 of Rowland’s scale ; but in the plate giving the largest shifts some lmes of Ni,
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Cr, and Ti were also measured.

Radial movements in ewst wnd west penwmbree.—1I will discuss first the series of spectra obtained with the
radial slit, and therefore giving the displacements due to the radial movement of the spot vapours. In the
following tables are given the observed velocities in the line of sight derived from the displacements of the
Fe lineg, in a spot which crossed the meridian on April 4~5, 1915, in north latitude 20°'7. Table I represents
a plate exposed on April 3, with the spot east of the central meridian, and this is followed in tables II and III
by measures of spectra photographed on April 6 and 7, when the spot was west of the central meridian. On

the 6th, three radial sections of the spot were photographed Ga\ble Il a, b, and e). aand b are each through
the wider part of the umbra, but as they show systematic differénces of velocity, they are treated separately.
¢ repregents a parallel gection through a narrower part of the umbra.

MOVEMENTS IN PENUMBR.A DERIVED FROM FE LINES GROUPED ACGORDIN

'TABLE L.
Date 1915, April 3.
Latitude of Spot (on central meridian) + 207,
Central Distance (sun’s rading = 1) ("589 east.

Slit radial.
East West ‘ 1 Bast | West
A m.t‘,:en- Penumbra Penumbra A l:ﬁ;“” . Pennmbra | pm,t“
sIty- km/sec. lem/sec. R T A -
4695402 1 +170 - 118 4690817 ‘ + 188 - 10,
4701231 1 + 1465 - 064 4703131 ¢ + 166 ~ 18-
4705641 0 + 110 - 146 4728782 ¢ + 138 - 118
4711 665 0 + 200 - 09 4731687 4 + 18 - G88/
4726:327 0 +17 - 18 47337179 [t + 086 :..» m
4729207 1 + 148 - 108 4745992 4 4 1488, - 098
< T T19 4748825 | ¢ + 190 - 188
M.gaan;d Elor mtensity +_L61 - }_1_9 LTTR00T i i T"‘ ﬂ % m
4721179 2 + 1-31 -118 Means for lﬂtﬂnﬂity‘ & ' *‘%_“@?‘ L‘mv
* ¢ 28 - 123 ! I, | i
4757711 2 +_L{ 12 707 457 5+ *'ﬁ!’ - T0%
Means for intensity 2 -+ 3_5_2_9 - L‘Zi) 4736963 6 l +018 | - m
4709 271 3 + 182 - 114 Mgansdtgr intensities 064 - 088
4710471 3 + 077 - 082 and 8.
4786-081 3 + 121 ~ 103
4141718 3 + 134 - 062
47144'578 3 + 1°69 ~ 107
Means for intensity 3 + 126 ~ 094 )

Reduced to horizontal movement, the mean veloeities are :—

i i East Penumbra

Line intensity. bem]sec.
0and1 +273 w
2 + 219 A
3 + 214 ~ 159
4 + 202 - 166
5 and 6 4+ 109 - 141
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TABLE Ila.

Date 1915, April 6.

Latitude of Spot (on central meridian) 20°°7.

Central Distance (sun’s radiug = 1) 0°513 west.
Sht radial through wider part of umbra.

ol et | wer | East Went
A I:g;}‘ Pemunbra Penumlna A I:iie"' Penumbra Penumbra
. km/sec. knisee Yy km/sec km/sec.
4615 743 1 — 066 + 133 4607 831 4 - 043 + 109
4620 693 1 — (°38 + 16 4618 971 4 - 1) 6B + 113
46.34 805 1 - (161 + 2006 4630 306 4 - (33 + 098
4662 149 1 — 069 4+ 128 406384143 4 - 037 + 093
Means for intensity 1 — DR + 156 4043 645 4 -0 + 135
— — 1647 617 4 -0138 + 074
4587 308 2 - 053 + 11 —_— —
1595 540 2 -0 111 Means for mtensity 4 ~ (40 + 104
4604 735 2 — 038 + 143 1603 126 i - 024 + {81
4636 027 2 - (56 + 121 4620227 5 — 028 + 1-13
Means for mtensaty 2 - 047 + 121 4“329 521 6 — b + .1'22
— — 4637-685 b ~ )28 + 049
4598 303 3 - 043 + 087 4679 027 6 ~ 045 + 095
4602 183 3 - 029 SR I e oy
v 2 9 . . Means for intensity - U “{(
4613 386 3 - 047 + 100 and 6
4619 468 3 - 019 + 1'19
4669 364 3 — D46 + 113
Means for mtensity 3 | - 037 + 113
I -
Reduced to horizontal movement, the mean velocitie§ are :—
. East Penumbra West Penumbra
Line wtenaity km/sec Jsec.
1 - 113 + 304
9 - Q2 + 236
3 - 072 + 220
1 - 078 + 202
5 and 6 ~ 07 + 202
TABLE IIb.
The same date and spot as in Table ITa, but another plate in a different region of spectrum.
Slit rachal, through wider part of umbra. -
e e e = T o T e T T T ' East West
Bast West i Inten- b Penumbra
Inten- bra Penumbra A sity. | Pemnfx ra ennmb:
A sity ngl;:/ﬁzc. km/sec ' R ko 'sec. i_ "kzri‘f{m*
' -
. 638 357 5 R B 111 + 147
1695042 1 - 079 + 168 4055 35 Loy 073 1105
55 + 175 4721°179 o= — b o
4701 231 1 - 05 — o] o8 R
078 + 179 4'757“1 | -~ i — (184 ¢
4705 641 0 - ! — ﬂi__:‘.
1711 665 ) ~0096 + 169 Means for intensity 2 : — 74 - hab
4726327 0 - 113 + ;gj 1 i
4720 207 1 - 090 +20 * E
181 |
Means for mtensiby - 085 + ‘ |
0andl i I
o o
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Inten- Tast West East West
A sty penumbia penumbra A Intten- penumbra penumbra
— lflfljhoc." kem/see SILy. km/scc. km/sec,
4700 271 3 ~ 091 + 146 4600 317 4 - 093 + 167
4710 171 3 — 046 + 100 4706 131 4 -1 + 147
4736 031 3 - 004 + 166 4728 732 4 — b8 + 1+49
4741718 $ — () 8Y + 134 4731-651 4 - 0063 + 202
4744573 3 — 094 + 174 4733 779 4 - 036 + 1417
Means for intensity 3 — (83 + 146 A745 992 4 - 080 ~ 169
1748 325 4 -111 + 173
| 773007 4 - 100 + 109
Means for intensity 4 - 083 + Tf:t
4707 457 H - (46 + 1';3
{736 963 6 — 072 + (069
| Means for mtensity 5 - 05y + ag%
‘ anel 6
J ]
Reduceed to horizontal movement, the mean veloeitios are —
. Bast penumbra West penumbra
Lane miensity Kt et ki /oce
Oand 1 - 16D + 352
2 - 144 + 342
5 — 162 + 282
{ - 1l + Juu
Hand B - 113 + 169
Tane Ile.
The same date and gpot as i Table ITa and b,
Sht radid, through narrower part of umbra.
Inten- !Ea»l punnmln.yg West penumbra N * Inten- | East penumbra) West penumbra
* [ty hin e ki see. ity km/sec. km/sec.
11571 ! , T + 19 EDE] ¢ — 133 +0793
620 1395 1o —uh #1175 07 831 + . - +095
A3 805 ! — 05 + LT 1S 471 i) -t T
16602119 | -2 : + 11 1630306 4 - 0h2 +112
- .‘ T 1538 143 S + 107
Means For mtensty 1 -1) 1 + i BN ‘ 4 NTY) + 118
4087 LG 2 - 08 + 135 4647 BLT A S (% + 07U
i 1 PR
RiATHY 9 ~ U6 + 102 ; . 3
b 5 10 - ): - Means for mtensty 1 P + 146
J601 755 " — B0 + 117 \ o ._'___; ; +.__._O —
1636 027 2 — 0l +110 b 128 ;" -hne o
— e 1620 297 ‘ I ! — 6 ; + 108
Means for mtensily 2 — 063 + 1 £ 501 6 -um o | +103
548 03 2 -0 + 130 {537 683 5 — 4 ‘ 12
{0602 183 3 - 53 + 11D {79 27 ,oh s + 18
3 — 052 176 ! Py | .
461 386 d i '):‘ + .‘.) Moans for mten=aty - (03 i + 1)
1619 168 3 — 013 + 13 n and 6 ! a -
10569 554 3 —-u73 + 119 j
1683 745 3 — (08 + 172 | I
Maeans for intensily 3 ~ 051 + 116 3 R
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Reduced to horizontal movement, the mean velocities are :—

Line intensity Ezlsg{g?/r;ggxbm Westkg;a;;ggbm
1 - 137 + 290
2 - 123 + 257
3 - 105 + 22
4 - 095 +186
5and 6 - 103 + 195
TaBLE III.

Date—1915 Apnmil 7.

Latitude of Spot+20°7 (on central meridian).
Central Digtance (sun’s rading = 1) 0°617 west.
Sht radial.

A l Inten- |East penumbra| West penumbra A \ Inten- |East penumbral West penumbra
/ sity. km/sec \ km/see. l sity km/sec. km/sec.
4542 600 1 - 106 + 208 4508 455 4 — 0-64 + 148
4545 311 1 - 096 + 222 4584018 4 ~ 061 + 126
4566 693 1 - 076 + 247 4607 931 4 —033 + 1'80
4574 396 1 - 123 + 2:36 4618 971 4 -132 + 1'70
4615 743 1 - 057 + 203 4630 306 4 - 042 + 172
4620 693 1 -180 + 183 4638 193 4 ~(ri4 + 190
4634 895 1 -107 + 209 4643-645 4 -~ 074 + 213
Means for mntensity 1 - 092 + 215 4647617 4 ~ 023 +129
4560 266 2 - 067 + 224 Means for intensity 4 - 055 + 166
4574-899 2 — 066 4 175 -
4587-308 2 - 080 + 1°96 4603-126 6 - 048 + 081
4595540 2 -107 +149 4625227 5 - 047 + 192
4636 027 2 - 070 +186 4637 685 5 - 037 + 177
Means for intensity 2 —- 078 + 1'86 L%eam& for intensity - 044 + 150
4515 508 3 - 039 + 182 and 6.
4520 397 3 - 084 +182
4546 129 3 - 052 + 150
4548 024 3 ~ 048 + 144
4556063 3 - 057 + 187
4598 303 3 ~ 084 + 153
4602 183 3 - 038 + 142
4619 468 3 - 066 + 165
4669 354 3 - 064 + 168
4683745 3 - 054 + 189
Means for intensity 3 - 058 + 166
i the mean velocities are :—
Reduced to horizontal movement, East ponumbra Wost penumbra
Line intensity, km/sec. kam/sec.
1 — 1-49 + 348
9 —~192 + 302
3 —093 + 269
4 - 089 + 269
~-071 + 243
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It is remarkable that when cast of the contral mendian the castern penumbra grves the larger velocity, hut
when west of the meridan, the velocities are larger mn the westorn penunibra
thus alwayys found on the luub swde of the spot 1 thas series of measures.

The largest displaceinents were
This may he an aceidental circum-
stance, although the same phenomenon appears on some of my previous measures.  Ibas evidently of import-
ance to measure the shifls on the imb and centre side of o spot separately. ‘

In table IV, T give the mean veloeities on each side of the spot, when cast, and when west, of the central
meridian ; from this it 13 seen that the preponderance of velocity on the Iimb side of the spot is much more
marked when the spot wag woest than when it was east.

TABLE IV.
Eust West ) :
Line : East West
— . <., | Penumbra | Penumbra — Line :
Intensity km/sce km/sce % intensity. Pfr?r?/?ebcx.“ Pf:ﬁ]/g;?a
A R . !
0and 1 + 273 - 202 f{ 0Dandl1 - I'41 + 323
Spot enct of OM ¢ 12 + 210 | =204 || 2 — 121 + 284
pot east o one . 9 1 ot west of C.M. (four .
set of mensures). 4‘ ' + ol 59 Sl:;;etg of mensuresg. S ~ 108 + 249
ik +202 | - 166 [| 4 - 106 + 239
5and 6 + 109 - 14 || 5and6 - 090 + 198

The velocities found in the pennmbrae of spots generally inerease with the distance from the centre of radia-
tion, the motion being zero at some point m the umbra, and accelerating outwards.  An unsymmetrical spot,
therefore, might be expeeled to give the greater velocities where the penumbra is more extended. On April
3, the widths of penumbra were approximately 16,000 km. on the east side, and 13,000 kin. on the west.  As,
on this date the velocity at the ouler limits is greater on the east side, this is in accordance with the above
statement ; but on April 6 and 7, when the veloeity on the west side is more than twice that on the east, this
game inequality persists, and is greater than before, the east penumbra being about 19,000 km. in width, whilst
the western penumbra is only 10,000 km. 1 a radial section.

The displacements at equal distances cast and west of the umbra are therefore very unequal on April b
and 7. This might conceivably be due to a proper motion of the spot as a whole, in a westerly direction. A
forward movement equal to 09 km/sce would account for the difference of shifts between the east and west
penumbra. If this were the case, there would be a displacement towards red i the lines over the umbra,
equivalent to 0°9 kmfsee, which apparently theve is not. The lines are here too faint for measurement, but as
they are distinctly more melined on the western penumbra than on the eastern, this points to an absence of
appreciable shift in the umbra.

The eastern penumbra is much less definitely bounded than the western, and the outlying parts on the east
gide show no displacement on April 7, the greatest shift hemg found at a point about 8,000 km. within the
outer limits of the penumbra (sec fig. 1, page 174). At the point where the motion ceases, there is a slight rift
in the penumbra, and it is the outer separating portion which shows no radial movement, This remarkable
absence of movementhas also been observed previously, when the radial slit has passed through a completely
isolated patch of penumbra. It would seem that radial motion does not occur in penumbra: without an umbral
centre.

On April 8th the radial slit passed through a completely detached penumb
the hnes are bent in the usual way mdicating radial motion ; the photoheliograph plate
this penumbra is forming a secondary nucleus and constitutes a small satellite spot.

va on the east side and over this
shows however that

;s well seen n all the spectra except in the

i t S the lines over the penumbre,
S e e aecion tongh the i 2 In this mage the hne appears to be as much

east penumbra on April 6, i the section through the narrow part of the umbra
displaced near the umbra as it 1s near the outer edge of the penumbra.

3
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Another novel and mteresting feature 1 the spectrum of this spot 18 the hending of the Imes on the adjacent
photosphere speetrum, clearly mdicating movement outside the western penumbra,  (See fig. 1. The bending
of the lines outside the spot speetrum can also probably he made out in the half-tone reproduction m plate 111.)
On this side of the spot, the highest veloeity oceurs, as 18 normally the ease, al the outer edge of the penumbra,
where it reaches almost 4 kmfsee for some of the weakor Ines Immedaately heyond this point, on the photo-
sphere outside, the lines assume their normal width, butl not thetr normal position, for they curve sharply buack
to a point about 8,0 km. oulside the penumbra, where they regauin thenr normal w ave-lengths  Althoush the
radial motion is thus contimued with dimmshing velocity far outstle the penumbra, there 18 nevertheless, a
very marked kink in the hine, or change of velocity, at the penumbral it For lincs of intensity -1, the
appearance 18 as in fig. 1 excepting that the lines over the spot are less dark and ther cedges much more
diffuse than n the woodeut.

to red.

v

West penumbra.

Umbra —_—

East penumbra

AN

to violet.

Frc.1 Course of Fe hine crossing spot—April 7, 1915.

Outside the spot, the lines are of normal width rght up to the edge of the penumbra, where there is a
sudden bend or shoulder. Inside the penumbra, they are in some cases twice the normal width, with a tendency

to diffusion in the direction of displacement, indicating velocities still higher than those measured for a portion
The shoulder-like bend is best scen 1n lines of intensity Jand 4; in weaker lines the

of the absorbing gas. . .
but the merease in width at the shoulder is not so evident.

curvature outside the penumbra is well seen, : .
The curvature of the lines is well seen in all the plates taken after the meridian passage of the spot, viz,

on April 6, 7, 8 and 9. It 1s also indicated in the spectra of April 3. .

Radial motion 1h velation to line wntensiy.—The mean velocities obtained by avera;ﬁnng the results .from
east and west penumbrae do not vary much on the different dates when spectra o.f this spot were obtained.
I therefore give in table V the mean results for all the five sets of measures detailed in tables I, IT and II1.
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TABLE V,

Mean Velocities of East and West Penumbra,

Mean Velocity
Line intensity. (5 sets of measures).
0and 1 2'33 km/sec.
2 204
3 180
4 rses
5 and 6 142

The velocities here shown do not differ materially from those obtained from the earliest radial motion
plates measured by me in the year 1909.! They are however about 27 times larger than those found by
St. John for the corresponding line intensities. Thege are from spectra photographed in the years 1910 and 1911
(see table VII “ The Iron Scale ” in his paper on **Radial Motion in Sunspots,” Astrophysieal Journal XXX VI,
pages 332—353). This large discrepancy is probably mainly accounted for by the small size of the spots
photographed by 8t. John, which averaged 34" in diameter on the meridian, or roughly 25,000 km. across
the radial section, whereas the spot of April 1915, corrected for foreshortening, was from 44,000 to 48,000 km.
across the radial section, excluding the outer portion of the eastern penumbra which showed no motion.

As the velocities at the outer limits of the penumbrse are usually roughly proportional to the diameter of
the spot, the spot of April 1915 should give nearly double the velocities found by St. John. My figures in
table V may therefore be compared directly with those given in St. John's “, Iron scale,” which represent the
sum of the velocities at the two edges of the spots, and are therefore twice the mean values of east and west
penumbree. The comparison shows a considerable outstanding discrepancy, my figures being about 13
times larger than St. John’s. This may possibly be due to real differences of velocity between the spots
concerned, but is more probably the result of diffusion of the spot image on the slit plate, inevitable in the
long exposures required in St John's photographs, which were obtained with an antocollimating spectrograph
of long focus. This would certainly diminish the apparent shift of the lines.

The relation between the intensity of the lines and the velocity of the radial motion, given in St. John’s
“ Tron scale,” is satisfactorily confirmed by my results, as will be seen by dividing my figures by the constant
1'36. The agreement is then very cloge, although my results are derived from a very limited region of spec-
trum and small,numbér of lines of each intensity. The correspondence is indeed elose:f than might have been
anticipated, considering the large individual variations, accidental or otherwise, shown‘m tables I, II and TII.

Lines of intensity less than 1 cannot be measured with any approach to accuracy in my plates, excepting
in a few casen, where lines of intensity 0 have been included with those of intensity 1. N ‘ ‘

* ' Among the lines I have meagured there are seven enhanced lines of ir01‘1. Tht? indlYldnal radial ztmtxong
given by these may be compared in tables I1, III and VI with the mean radial motions given by othef Imes. of
the same intensity. The lines and their intensities are given below, with a reference to the tables in which

they may be found, viz.—

Bnhanced Fe lines. Intensity. Table.
4508°455 4 1I1 and VL.
4515°508 3 II1 and VI.
4520°397 3 IIT and VI
4522°802 2 VI.
45567063 3 III and V1.
4584°018 4 IIT and VL.
4629°521 6 IIa and Ilc.

1 Monthly Notices of the Royal Astronomical Society LXX 223.
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According to St. John’s measuves, * the enhaneed lines show smaller radial displacements than the unen-
hanced lines of the same solar inlensities, and would appear to oviginate at higher levels in and near sunspots,” !
Ican find no evidence of any sueh systematic differenee for the above enhanced Fe lines, compared with
ordinary Fe Iines of the same intensities. These particular lines were, however, not measured by S John,
who appears to have based his conelusions mainly on titaninm lines.

In the plates of April 7, in which very large veloeities are obtaiued mthe western penumibra, somse Lines
of nickel, chromium, and titaninm were also measured, in addition to the Fo lines. Fise lines of Nt, oleven
lines of Cr oand twelve lines off Tgive resulls which ave not sensibly dulerent from the lings of copre-
spordding intensities in the Fe speetrum. I the case of Ti. five lines of intensity 2 mve slightly greater
mean displacements than the Fe lines of this intensity, and four lnes of intensity 3 give displacements almost
identical with the FFo lines of intensity 3 in the sune region. This is not in agreement with StJohos resnlts,
according to which the Ti lines give sensibly smaller displacements than the IFe lines of the same intensity,
Although the displacements in these speetra are age, unounting to ahout 0005 .\ for inteusity 2, Uiese resulty
can have but small weight compared witlh SG Johu's, which are Dased ona Tege numnber of measures,

Speetrin of Companion Spot. -IUis of interet (o compave the speetrum of the principal spot, which T
will call spot X, with that of o companion spot elosely following ity which I will eall spit B fsee plate 111, This
developed during the passage of the group across the dhise, and on the dates Apreil 6, 7, 8 and 9 speettn of Loth
A and B were obtained,  On the Sth, o vadiad slit passed through both spots, and both are recorded in one wide
gpectral image.  The genoral appearance of the speetrum of spot Bis more normal than that of spot A, for the
displacements in the cast and west penwbrie are more nearly equal, and there % no displacement ohsersable
beyond the limits of the penuwmbea on cither side. Measures of the displacements show however that,
like spot A, the west or Himb side yvields higher velocities than the east, although the penumbra on the west iy
narrower than on the east.  Details ol the measures of the best image obtained on April 7 are given in table V1.

TABLE VI
Date—1010, April 7.
Latitude of Spot + 16 {on central meridian),
Clontral distance (sun’s radiug = 1) 1496 west,
Slit radial,

T 'T TTTTT T T T . ‘ ( o o
w Hast | West ! n East Went
N . Infton— pun‘umlrm " penumbra A I:]t;}‘" | penumbra penumbra
AN kmfsee. | kmysec | kmjsec. K ‘se,
* 1 SR U e .
4505-003 1 - 04y + L't 45105 508 3 — (r8Y : R
4520-84) 1 Sy + 13 4517702 O BT O )
4842 600 1 - 116 + 7 1527307 30 - + Utig
4565002 0 -1 + 107 4hH4024 3 —~ {¥87 . + 1930
4566693 1 ~ 114 + 128 4556 063 3 - _(,):_?f 3 + E
4567-046 1 ~ 152 + 156 Menns for intensity 3 “ - (g8 ? 4 127
200 ~ 080 81 e —
4674405 ! ”)t“_; I i 0 489911 1 -0 o
4584-900 1 — U o 4508455 4 -BY
Means for mtonsity 0 . - 105 + 137 4584018 4 —- 33 { 3008
and 1. — —_ e o —
44901042 2 - 110 + 180 Means for intensity 4 L + G
4522802 2 - 63 + 117 4494738 6 L (] ]
4531-801 2 - 097 + 102 4525°314 b - (44 ; - I'13
4560-266 2 — 096 + 153 4531-827 5 ~ 083 1 4oy
.’ 1 04 — —
4574:899 2 ﬂ‘_’ + ,.1__.. Means for intensity & — 82 ; o+ 17
Means for intensity 2. - 093 4+ 121 and 6, :

1 VRadml Motion in Sunspots, IT. Astrophysical Journal XXXVII
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Redueed to hovizontal movement, the mean veloeities are—

il ) B
Bast Penumbra ' West Penumbien Mean of K and W,

|
Fane mtensity \. hm/see Jnn e ’ Kt e
hand 1 ' ~ 21 4207 ‘ 21
9 ; -7 Y f 314
3 ! 17N 4 20 $ 217
1 ! -1 ey . e
ooand 6 “ -] HD o+ 146 ‘ 1wt

The mean horizontal veloeitios given in the Last colmm i the fast part of the table appear rather larger than in
spot .\ {table V), especially for the Hnes of intensity 5 amd 6. whieh give slightly Lurger displacements than Hnes
of intensity L Tt has been mentioned that in the ease of spot A o diffusive widening of the Hneg oceurs near
the lmits of the penumbrae, a dilfusion in the divection of displacem at endy, This iy alse woll seen m some
images of spot. Bo It this is interpreted as @omotion effect, it means that near the owter hmits of the permanbrae
somu portions of the absorbing eases devclop greater veloeitivs than other portiongs, The phenomenon is of courge
involved in the Zeemann widening of the Hnesg and 1t tendds to make estimates of the displicements uneertam,
owing ton want of symmetry.  [Uix for this reason possible that some of my mesures of veloeity, both in
spot .\ and spot B. are over-estimates in the ease of some of the steonger Tines, T s poxable that the more
diffusged portion of the strong lines is shown up m strenger contrast than in the case of the weaker lines,

Fig. 2. Diffusive widening of Iines near owter edges of penumbras

. . o ' i spots.  In these
This diffusion of the lines in the dwection of displacement does not geem to oceur in alil pf b
: - i : so intensified, so
spectra it is found near the onter limits of the penambra, a vegion where the tines “l"’ n hh tes of the
" . . 1. 5 roogs N
that in obgerving the spectrum visually one sees little black ddots or Jumps along ;
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penumbrae marking the most displaced portion of the lines, wul sharply contrasting with  the unelisplaced
lines outside the penumbreie, This appearance bl been obgersed several times when foeassing spol speetri
before I had suceeeded in photograpbing it Fig, 2 is an exasgaerated representation of this effect.

Spot B had a double nucleus.  On the Gth awd 7th of Apreil a vift or bridge, roughly north aml south,
divided the umbra into an castern aud o western portion, amd it is of interesst Lo note that some of  the lines of
small intensity, notably the chromiwm Hne ITUS T, intensity 1, show a slight kmle in this vift, mdicating thad
each nuelens was forming an independent eontre of vadial mosement with opposing currents in the rift, teding
perhaps to separate the umbras, At the onter Himitsof (he penumbre, and espeeially on the western <itle,
where the displacement is greatest, the kink in the Hnes indieates aoswdden drop in veloeity from the maxinn
value of nearly 3 km'see. to zeroc One cannot say that any wswee of the wotion shift ean be seen bevond the
limit of the penumbra, Spot Bdiffers marhedly  therefore Trom spot A in this respeet, but larger seale
photographs and still better definition might of course show i progressive decrease of velocity . T think 1 wn
Justificd in sayivg, however, that in spot Bany progeessive deceease of velocity must have been confined to an
extrenmely narrow zone, perhaps not exceeding one-hedeedth paret of the dizaneter of the spot,

From the foregoing vesults, the following briel simmary may be mde ;-

(1) The vadial motion displacement may be vory unequal at equald distances from the nmbra of o spot,
and the two spots investigated showed Lavger dspliveements on the b side than on the centre side.

(2) Detached penumbrie appear to show no - vadial movement, exeept when seeondary nuelei ave desol-
oped in then, forming mdependenc centres of mediad niotion,

(3) The vadial wovement may be continwed for a considerable distaner owtside the hndts of the
penumbrae, or it may stop short at those it

CH) There is wsiadly ancaeeeleration of veloewy from the manbre too the outer: limits of the penanbea,
and then a sudden fadl to zevo, or o lesser speed which dimiuish s o zero at some distance outside the spot.

(5) The radiad movement may anount to Ll see,al one edge of the pennbrea for lines of  lutensity
hand 1in large spots. The nwean radiadl movement for eastand west edaes appeas to be faivly constant  for
gpots of the same diuneter.

(6) There is a tendeney o diffusion of the Iines in the divection of dsplacenuent near the outer Hinits of
the penumbre in some spots, indienting turhids nt motion,

(7) The relation found hetweenw line intensity s wdiad movement for Fo lines agrees with that eiven
by St John in his 7 ivon seale,”

(8) Enhaneed lines of fron, ad the lines ol chrominm, nickel, wnd titanium, in the region of  spectram
investigated, do not show any sy stematie iferenees comparsd with oedinaey von lnes having the sune
intensities,

MOVEMENTS AT RIGHT ANGLES TO THE RADIAL MOVEMENT.

The spectea photographed with o tangent sht were measured in the same way as the otherss The displace-
ment of the fines is of course very mueh smaller than with the rudial sHE but is st quite obvious in some of
the speetr. Interpreting the displacement as 2 motion paallel to the surface of the sun, the measures show
velocitios of about 75 km/see, The fisst plate of the serdes representing spot A on April 1, has three images
of the spectrim impressed on ity by two slightly ifferent but parallel seetions through the wmbra, Al
ghow a slight displacement to ved at the outer limit of the south penumbra, but no appreeble displacoment in
the north penumbra, The speetrwm vepresenting the more westerly section: gives a larger displacement than
the others.  This seetion passes through a svedge-shaped indentation in the umbra and through an apparently
much disturbed region in the penumbra outside it, the displacement at the outer edge of the penumbra is
equivalent to 0°6 km/see. horizontal movement. The measurement in this spectrum of thivteen Fe lines of
mean intensity '8 is given in table V1L
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TasLe VII.
Date—April 1, 1015,
Latitude of Spot 4+ 2007 (ou central merschan ).
Central distance (sun's radius == 1) (4420 cast.
Slit tangent.

A In‘teu- North Penumbral South Penumbra
sity ki, sec, km/sec,
HATY 334 3 - (132 + 2
5273 bhR 2 01 + 0 5y
BURRTO0 2 -+ -+ 97
(1] 0 044 + (G4
Hod-134 [} 4+ 13 + (IFRR
5 R85 1) -+ 1 B )
ndoTH41 [ - {0 -+ 1 41
astaune | F015 + (48
ha2teul | 2 — {2 ’ =+ (61
ha2d w7 i 3 } - DR T ]
ha26e%3 1 o | IS L] + 10
HRR N ] ] 2 1 + 0 i s ER
DO 4 4 (1t g
Means ' 4 .:%T!“;.T

| y
1

Reduged to horizontal movement, the velocitios are—
North Penumbra, south Penumbra
+PU7 km'see. + r64 kmisee.

This is the only plate obtained m the green region of the spectrum 3 and althongh the exposures were of
thirty seconds’ duration, the gpectra are under-exposed, A ™ Royal Standard Ortho ™ plate was ased. and a solu-
tion of flavasine to cut out the fourth order violet. The definition of the penumbre 18 good. On the same.
day, two hours later, two morve spectra with a tangent slit were obtained @ these inclnde the region 4686 to 4783,
The definition of the penumbra is not so good a8 in the carlier plates, ag the guality of the seeing at 10 am. is
always inferior to that at 8 a.m. These speetra represent a section slightly to the east of the centre of the spot,

and not pagsing through the wedge-shaped indentation.  In hoth spectra there isa very slight shift to red over

the whole gpot, including probably the umbra itself, although the lines are here under-exposed and difficult to

measure.

It would seem that the displacement first observed at the southern limit of the south penumbra in all
spectra photographed at 8 a.m. had spread over the entire spotat 10 a.m. It cannot represent a rotational
movement in the spot, since both sides are moving in the same direction. The displacement is of course rela-
tive to the photogphere a short distance outside the spot, and may be interpreted in different ways : there may
be currents outside the gpot, moving in a westerly direction, or the spot ag a whole may be drifting esstwards,
or the movement may be normal to the surface, apd indicate a general descent of the gages over the spot, or
finally there may e a combination of these movements. If the movement is parallel to the sun’s surface, it
amounts to 0'46 km/sec ; but if it is normal to the surface, it indicates a descending movement amounting to
0'65 km/sec, The mean velocities in the line of sight from fourteen Fe lines of average intensity 31 are.as

follows :— North Penumbra, South Penumbra.
Observed velocities  ese .. eee ..+ 037 km/sec. + 0739 kmfsec.
Reduced to horizontal movement ... ...  + 045 km/sec. + ("47 km/sec.

On the next day, with the spot at 0711 east from the centre, the displacement is all in the north penumbra,
and is still towards red. As the spot was then about 45¢ from the centre of the dise, the deduced velocities
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parallel to or normal to the surface are the same, and amount to as much as (/9 kmfsce.  The mean velocitios
from twelve Fe lines of average intensity 3°0 are as follows 1——

North Penumbra, South Penumbra.
Observed velocities . + 065 kmfsec, — 007 km/fsec.
Reduced to horizontal movement + 001 km/sec. — O"10 km/sce.

The tangent slit spectra of spot A obtained near the castern Limb indicate therefore considerable move-
ments of recession of an wregular character, and little or no movement of approach. They give no evidence
of rotation of the gases at the level of the reversing layer, and it is not possible to say whether the movements
are parallel to or normal to the solar surtface.

After the meridian passage, and when the spot wast nearing  the western limh on April 9, tangent spectra
yield a different result.  The lantern plate speetra were not measured, as they give poor definition of the
penumbra, hut a Wratten * Lnstantancous ™ plate exposed for Frecondin the region 4450 gives o distinet imago
of the spot, and in this there is evidence which may he interpreted as a rotation of gases over the spot, sinee
opposite sides of the spot give opposite movements.  There is a very distinet displacement to violet at about
the middle of the south penumbry, the lines over the outer portion being undhisplaced.  There was a small
satellite spot on the south edge of the penumbra, and the point where the displacement coases appears to he the
Junetion between the penumbra of the satellite spot and the main penwmbra,  On the north side, the igplace-
ment towards ved is distinet, but less in amount than the violet shift on the south side.  The other tangent slit
spectra taken on this date show the same displacements, bt less distinetly.

~

The measares of thirteen Fo lines of mean intensity 1'7 give the following results ;:—

North Penumbra South Penumbra.
Observed velocities . + (756 km/sce. - (°76 km/sve.
Reduced to horizontal movement + 063 kmfsec. — (I'88 kmfsee.

The spot dhameter measured from the points of greatest shift was £1,000 kan,  Assaming a continuous
rotation movement, at @ mean speed of 0777 kmfsee, at the outer edge, the entive spot wounld complete a rotation
in about 46 hours, the north penwmbra moving towards west, that 1s a clockwise rotation. This is not the
direction found by Prof, Hale from the magnetic polarity of spots. 1o states that *in Li-polar groups of low
latitude, the preceding spot-vortices rotate cotnter-clockwise m the northern hemisphere.” t The spot was the
preceding member of the group, approximately in latitwde + 210,

Tt is very doubtful whether these line displacements really indicate rotation of the guses over the spot. There
is no evidence of rotation in the shape of the spot itself and ity outlying satellites, as shown in our photoheliograph
plates.  The umbra of the preceding spot is of rather irregular form on April 6 and 7 (see plate IIT, figs.
1 and 2), but it assumes an elliptical shape with less markell wregularitios as the west limb is approached.
Thix ig mainly due to foreshortening, the long axis of the cllipse being parallel to the limb. There is, however,
a wide indentation on the north-cast side of the umbra which occupies the same position on the dates April 6, 7,
8 and 9. The penmnbra is greatly extended on the north side of the spot, as well as to the south-east : but
throughout the mterval of four days there is no change in the position angle of these outlying parts of the
spot.  If the gases of the reversing lag er above the spot share in the rotational movement of the underlying
gpot vortex, one would expect to find evidence of rotation in the markings of the spot itself, which should
twn hal round 1m a day, from the evidence of the line-shifts. But the spot-markings do not show this rota-
tion, although the radiel movement of the overlying vapours is most distinetly indicated in the radial structure
of the penumbral filaments.

From the whole of the evidence so far obtained with the tangent slit, T conclude that irregular movements
at right angles to the radial movement may occur in the penumbrz of spots, and that if a rotation movement
exists in some spots, it is not a constant and regular feature, as is the radial movement.

J. EVERSHED,

THE OBSERVATORY, KASHMIR, )
Director, Kodallkanal and Madras Observodories.

29th June 1916.

1 Annual Report of Mount Wilsou Solar Observatory for 1415,
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