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Radial Movement in Sun-spots. (Second Paper.)

By J. Evershed.

In the Mowifhly Notices for March 1gog I gave o preliminary
account of some onservations of line-displacements i the Rpwtm
of sun-spots,® and showed that the systematic nuture of these dis-
placements and their dependence on the position-angle of the
spectrogrants slit could be stmply explained on the h“pOLht_\m of a
outward rzlial movement parallel tu the Sun’s surl.. o of the gase
in the reversing layer over spots. [t was necessary also to suppose
that the movement accelerated out\\ wds fromy the umbre of spots,
attaining a maximuw value of about 2 k. per second ab the outer
edges of the pexumbra. I have niow to record the results of further
investigations of tlie movements in spots which have been carried
out during the past year

At tne outset it may be stated that the spectrum of every
consideruble spot appewring during the year, or rcappeumw alter
one or more rotations of the Sui, Las been nh«mwm phed ab some
Llle during its transit across. the dize, and, without e\ceptlon, all

have shown the same systematic line- dlopldﬂbhlbhta. The lines
have invariably been found to :neline towards the red on the side
of the spot nearest the Sun’s limb, and towards the violet on the
side nearest the ceutre of the dise, swhatever position the spot may
have occupied on the disc, if net too near tie centre. In a few
instances the motion has been detected even when the spot was on
or very near to the central meridian.

If the dlsplacpmt—'ﬁq of the iines are reallv due to motion in the
line of sight, as there seems no reason to doubt, the conclusion is, I
think, inevitable that the above-mentioned hypothesis represents
the truth, and thet all spots are centres of a force directed radially
outwarls in a horizontal plane, acting continuously on the materials
of the reversing luyer over the entire area of a spot, and maintained
throughout the life of a spot.T

See also Koduibinal Observator y fulletin, No. 15.

+ In a paper read beiove the Royal Auaflcmy of Sciences, Amsterdam,
Professor Julius attempis to explain the systematic line-shifis in spot spec tra
by anomalous dhpeu.wn In several fupertant particclars, however, the
facts I have observed (o uot eonform \r.'n‘n the consequences of this theory.

Professor Julius states that when the slit bisects the spot in the direction
of the ceutre of the dise the Fraunhofer lines must be more or less curved in
the shape of the letter 3. This T have never abserved, except in the case of
the central absorption-lines of H and K. All the finer lines of the spectrum
are quite straight, although inclined, over spots.  Also the great magjority of
the lines are as sharply drfined at their edges over the pemzmbr& where the
displacement 1s greatest as on the general surfuce of the Sun, being displaced
bodily frem their normal ;>o~.1txons. Anomalous dispersion '.xould however,
cause g marked widening and indefiniteness at the edges, a spreading
towards the violer on the side nearest tle centre of the dhc and towards the
red on the Hmb side.

Professor Juling’ fundamental assumption that the gases abovs the photo-
spheric leval have densities :ntficient to uive apyrecmnie refraction eflects
seews 1o me fo be, on several grounds, nghly improbable.
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An nterestin i question which avises In connection with this
racdial movernent is —\ There s the souree of supply b Where da the
gases core trom wlhich are for montlis st a time continmonsly

radinted wway from the wnbre!  Considering the most probable
source tu be the luterior regions mmediately bene:h the reversing
N

yer, or ::‘mp\ below the photosphere, 1 have attempted to dis-
cover vertical motion in the umbre of spots, a welling up of gases
from below. An upwarl n.ovement at all cumpﬂmble with the
radial motion would be easily detected by line-displacements which,
unlike those due to horizontal movements, wounld attain a maximum
value for spots at the centre of the dise, diminishing with linear
distance from the centre. )

It is at once evident from a mere inspection of spestrum photo-
graphs of spots near the centre of the disc that this vertical motion
is in all cases very small in comparison with the horizontal motion.
‘A good series of spectra nbtained specially with a view to determin-
ing vertical motion has not yet been secured, but some measures
have been made of the lines in five ditferent spot umbree more or
less well sitnated as regards the centre of the dise. No motion of
ascent conld, nowever, be detected in any of these ; on the contrary,
after correcting the measures for small displacements which 1
believe to be due to pressure effects, a small residual displacement
was obtained towards the red, indicating a movement of descent in
the umbre of the order of o4 km. per second (details of these
measuires are given in Memoirs of the Kodaikdnal Obhservatory,
vol. 1, past 1. If this result should be confirmed by future measures,
and a motion of descent found to be general in spots, the inference
would be that the source of supply was in the higher chromosphere,
perhaps entirely outside the Sun. This would favour the views
expressed by Mr. Newall in his recent Presidential addréss.*

On the other hand, it is perhaps unnccessary fo assume any
appreciable ascending motion, considering the probable enormous
increase of density with the depth of the gases at the level of the
photosphere. A practically unlimited quantity of thes rarefied
vapours of the reversing layer might be supplied from thie denser
regions a very short distance below, without any apparent move-
ment upwards.

Radiel Motion in the Higher Chromosphere.~—1 have said that
the spectrum-lines are invariably found to be displaced towards the
red on the side of the penumbrae near -: the limb, and to the
violet on the opposite side, thus indicating an outward movement.
There are, however, two notable exceptions among the host of
abborpmon lines in the solar spectrum. The central absorption-
lines known as H, and h (possibly also the underlying emission-
lines H, and K,), When Llearly defined in the penumbree, are dis-
placed 1 in exactly the opposite sensé in every ease I have examined,
ihat is, towards the violet on the limb ‘side of the spot, thus
indieating an indraught of the calcium vapour of the higher
chromosphere.

Monthly Notices, 1xix. 333.
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In the following table T give o few measwres of relative motion
bu opposite sides of the spots, showing that this hwvard movement
iz of the same ovder of magnitude as the outward movement of the
lower wises.®  The lines Hy and K, represent, as is well Fnown,
region extending roughly betweenn 37 and 10" above the photo-
sphere, whilst the Tmlk of the Iraunhofer lines showing the out-
ward movement are produced in a region not exceding 37 in height,

Tasre 1.

I wud K dn Spots, weith St in Direction of Centrs of Disc,

Central P Eelative Displace- Deduced Horizontal
Date. Distance. - "~! l-ati"ud Lf ““  mentsin A on opposite Velocities,
Radius=r. ARLIVRRL. sides ¢ I Spot. Mean of H amd K.
1Gog. H. K. Km. per sec.
Apr. 1 '6S E. + 9 0°037 ©0'039 2'I
7 77 W. ~ 10 0'02g ©'040 '7
Sept. 10 60 W, - 2 0'043 ©0I6 18
14 ‘98 W, - 3 0059 0°051 2°1
Nov. 11 ‘01 W, - 7 0°'047 0O'C24 15
14 ‘65 E. - 4 0'043 0'046 2'6
vy 71 E. -7 0'025 0016 1%
30 73 W, - 14 0040 07032 1
’s 52 W. - 13 0*023 o2l '8

-

Average horizontal veloeity = 1'83 km. per sec. on each side of
1 spot near outer lim'ts of pentimbra.

The dircetion of motion is in all cases one of approach on the
side .icarest the Umb, and of recession on the side nearest the
centrs of the dise, and the greatest motion 1s found near the outer
edge of the penumbite.

Now 1t iz ‘nteresting to mnote that whilst the lines of the
reversing layer appear perfectly straight, but inclined, where they
cross a spot, there beiny an appreciable break or jolt in the lines at
the points where the' pass from the penumbree on to the surround-
ing photospliere, this is not the case with I and K, which generaliy
form regular sinuous curves over spots when tl:e slit lies in the
direction of the un’s centre. With the slit in the opposite
direction they, in common with tiie other absorption-lines, remain
perfectly straight and undisplaced provided that no eruptive
disturbance is in progress.  The following diagram (hg. 1) will
give a general idea (muech viaggerated) of thie behaviour of H and
K as contrasted with a line of iron when the slit is in the direction
of the centre, or radial at the Iimb.

In the table it will be noticed that H and K in some cases give dis-
cordant values of the displacement. Thisis due to the difficulties of measure-
went  frequently the narrow absovption-lines Hy and K, are abseut on one
side ot the spot, and the set'ings have then to be made on the much more
diffuse emission-lines H, and K..

16
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An explanation of this contrasted belaviour of the Ca and Fe
Iines is suggested by Professor Michie Suidth: it.is that the low-
lying metallic vapours in their motion outwards penetrate info or
even perhaps beneath the banked-up faculae surrounding the spot,
£0 that there is an apparently sudden stoppnage of the motion at
the limits of the penwnbra. The calelum vapour of the higher
region, on the other hand, in its movement inwards towa I‘ds the
umbra, meets with no such obstruction ; the motion can therefore
be traced from a considerable distance outside the penumbra.
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The inclination of the calcium lines crossing the spot would
seem to indicate a diminishing velocity towards the wmbra, just as
the opposite inclination of the other lines indicates an accelerated
movement. This, however, cannot be affirmed until it has been
shown that there is no-vertical motion in the calcium vapour. It
would seem: natural to suppose that the calcium vapour is drawn
downwards as well as inwards, and I cannot at present say whether
this 1s so or not, aithough some of my measures indicate such a
downdraught.

Smral Motion of the Oulflnwing Gases.—In the preliminary
account of these researchies already referred to it was stated that
the greatest line-displacements were found when the spectrograph
slit blsectud a ont in the direction of the centle of the disc; and
that if the Sun’s image ®ere tumed through go®, so that the slit
was parallel to the tangent at the nearer hmb the displacements
disappeared. This nodal position of the slit implies an outward
movement in straight lines from the umbree, whercas any slight
displacement of the nodes from go” would mean that, superposed
upon the radial movement, there was a relatively slow rotation.
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Lombining the two movements, there would result a spiral motion,
the gases Howmn outwards 1n more or less eurved lines.

lh«\ examinabion of good speciroheliograph images, and v1sual
ohservation of the radial filaments in the penumbre of spots,
suggested that in many cases at any rate the motion 4s in curved
lme s, 1t these filaracuts represent, as I thiok they must do, the
actual stream-lines of the moviug matter. To test the matter, [
have selected From our collection of photographs a few spectra tor
measurement in which the following conditions have been ful-
tilled :—

1. Spectrograph slit exactly normal fo direction of centre of
dise. :

2. Spot not less than half way frois the centre towards the
limb.

3. Atmospheric conditions good.

4. Scale of spectra not less than 1 mm. = A.

If there should be a displacernent of the line of nodes of
several degrees in either direction from the normal (tangent at
the limb), minute but measurable displacements of the lines on
each side of a spot should be found. .

The method adopted in measuring the plates was in most cases
similar to that used for determining pressure shifts in spot spectra
(described in Memoir No. 1 of the “Kodaikénal Observatory), using
a sliding screen placed over the negative to limit the field of view
altenmtely to separate parts of the image, and using a single thread
placed parallel to the specirum lines In two spectra it was found
advantageous to measure the double displacements resulting from
the auparposltlon of a pair of positive copies of each neua.tlve by a,
laborious method, which, however, gives smaller probablc errors than
the direct method.

In all the spectra measured, unmis aka‘me vidence of small
displacements of the lines at the north and south edges of the
penumbra was found, indicating a dlbplacement of the line of nodes
amounting in the mean o about 8°.

I give in Table II. the results of these measures, expreSScd in
km. per see. I have assumed that the observed motion is the¢
component in the line of sight of a motion parallel to the Sun’s }
surface. My justification for this rests, it must be admitted, on
very meagre negative evidence, having so far found no appreciable
vertical motion in the pe‘mmbx © when situated near the centre of
the disc. The observed velocities may be found by multiplying the
tabulated velocities hy the figure given in column 2z, which is the
sine of the angular dlbhnce of the spot from the centre of the
disc. The ohserved velocities are alw ays a little smaller, according
to the distance of the spot from the limb, where the component in
the line of sight of a horizontal movement becomes unity.

{[Tabre.
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TasrLe II.

St auriad to Direction of Nun's Contre,

~ . . Horvizontal Motion
b Central Distance. Latitude. : e '

Pite. }\:adins = 1. 1)&‘:1'1‘6‘95. }}m. per see.
1904 Marel: 6 81 W, - 9 -0'32? +0°32
B, 57 WL + 3 +0°37 037
. .\;}ril 7 w7y W - 10 -0°17 +07°49
e duly 28 o W. + 7 +0°32 -0'32
. Sept. 11 78 W, - 2 - 004 +024
Means 03 035

Note.—The values obtained in the first and second determinations (March
6th) are ti.e mean wovements of the vorth and south edges of the penumbrie,
The method of messuring does not in these cazes adnmit of separate estimates
at the two sides of the spots except as regards sign. The same remarks
apply also to the measurement of radial motion on July 28th given in

Table {11.

The velocities found are all of the same order of magnitude,
and inxdicate an average movement of about ) of a kilometre per
second on each side of a spot. The nieasures were made at the
outer limits of the penumbra in each case, where the displacement
of the Hues 1x ureatest: :

This mevewent, found ot the extremities of a diameter normal
to the divection of the Suu's centre, al ronghly north and south,
probably indicates a rotation of the gases at the outer edges of the
penumbrie. Hat 1t may mean simply an easterly or westerly drift
on the torth and south sides of a spot.  The question ean only be
decided by means of shmilar measures mude on spots sitnated near
the central wertdian, when a normal to the direction of the centre
will hiseet the spat in an east aud west divection.  [f the motion
at the extremites of an east and west diameter were found to be
the same ax at the novth and sonth, o circulating movement could
be aftirued.  Unfortunately, the displacenment of the lines is too
minute to be detected n\wpt with a spot situated more than half
way from the centre towards the liml

The movement measured cannnt be due to the relative motion
which would be acquired by particles moving radially from the
spot in a north and south direction (analosous to the detlection of
the trade winds on the Earth), for this conlld not exeeed o ‘ors knu.
per see. after travelling over 17 of solar latitude, or a distance
about equul to the radius of a mmleratv sized spot.  Moreover, the
motion would be opposite in direction to that actually found ; that
is to suy, for a north spot there would be o westerly drift on the
north blde, and an easterly drift on the south side.

This would become, for a spot appronchine the west limb,
recessiulr ol the north $de and an :11-1:1" meely on the south side Of
‘the spot, velative, of course, to the surrevalin s wndisturbed surface
of the Sun. On referring to Tub le 1. , it 1s at ouce seen that the
two northern spots vive a + wmov ement and the three southeru
spots a - movement on their northern sides,

If we assane a rolational wmovement, the change of signs

[

)
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revealed in the measures, in pussing from a northern to a southern
spot, 1s interesting as mihmtm, an opposite direction of rotation in
the two her ]1[\1)[1(}1\,8 the direction being clockwise in the south.

For comparison with the above, 1 give in Table [l the
Borizontal radial velocities of the same spots, deduced  from
measuves of spectra taken with the slit in the direction of the
centre of the dise.  Here we have no change of sign with change
of hiemisphere, but always a wotion of aM)xoauh on the east and
recession on the west sides of spots nearing the west limbh, that
is, of approach on the side neavest the centre of the dise.  This is,
of course, the effect of the radial movement; and proof that it is
i all directions from the spot Lias been obtained by observing the
displacements In spots on the central weridian, and in other situa-
tions on the dise.

TaeLr Il
Stit in Diveetion of Sun’s Centre.

entral Distanc ; Horizontal Motion.

b S g MRPRLS

> S E W,
1609 March 4 ‘43 W. -9 +3°09 ~3'30
s a6 57 Wl + 3 +260 -1'93
., April 7 77 W - 10 +1°25 —-2'34
,» July 28 ‘8o W. + 7 +1'30 - 1730
s Sept. 1o 60 W, - 2 +1'IC -2'08
Means +1°87 -2'23

Summarising these results, we have a mean rotational move-
aent of o-35 kw. per sec., aud a radial motion uf whout 2 km. per
ec. Combining them, we get a spiral or catharine-wheel movement
pposite in the two hemi spheres.  This Is represented graphically
n the appended diagram {(fig. 2), which shows the directions of the
tream-lines in a northern and in a southern spot.

/
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Fia. 2.

Tt wmight be suppused that a spiral movement such as that lere
ithistrated would betray itself in the disposition of the caleium
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flocenli over spots. 1t 1s to be remarked, however, that the circular
movements I have deseribed are contined entirely within the
penumbral limits; and no motion has yet been detected outside
those Hmits.  Also it appears to be contined to the lower chromo-
sphere.  In good spectroheliograph plates of the caleium floceuls
the vegions of the penumbree in quiet spots often show radial stream-
lines, and these are sometimes curved. In general, however, the
wore brilliant masses of Aoeculi of the surrounding region show no
tendency to either a radial or a spiral structure, although the
outlying portions {requently break up into circular or horseshoe
formations, which are seen in an attenuated form all over ilie dise.
But the wminlite structure of these rings is always granular, and
gives 1o suggestion of a whirling motion.

It was at first rather baffling to find that these spirals are
reversed in direction compared with the stream-lines shown in
some of Hale’s H, photographs.  This reversal is, however,
readily explained if we assume that the hydrogen represented in
Hale’s plates partakes of the indraught which I have shown oceurs
in the higher chromosphere from the behaviour of the lines H
and K. 1f the inflowing gases of the higher regions and the out-
flowing gases of the reversing layer all partake of a slow rotational
movenient, then we should have oppositely curved spirals in the
two reyions. P )

I shall not discuss at length the bearing of these results on the
Zeeman phenomena of spots, mainly because my measures as
regards rotation are preliminary only, and will probably be modified
by future research; I cannot say whether the movement is
universal in spots. The apparently radial structure, without
curvature, in the penumbral filaments, often seen in symmetrical
spots, suggests a purely radial movement in many cases. _

The opposite moverent in the two hemispheres, although clearly
shown in five instances, may not be an invariable rule. Referring
to the magnetic field in spots, Professor Hale states that “ Although
the larger spots in, the northern and southern hemispheres of the
Sun are usually found to be of opposite polarity, it frequently
happens that spots of opposite polarity occur in the same hemisphere,
sometimes in the same spot group.” * One would expect, therefore,
if the rotation movement bears 4 causal relation to the magnetic
field, to find occasional instances of spots showing a clockwise
rotation in the north, or wice versa. .

It appears to be extremely doubtful whether this apparent
rotational movement will, by assuming an ionised condition of the
moving gases, be found adequate to:explain the magnetic field.
So far as my observatigns go, the motion seems always to be
greatest at the outer edges of the penumbree, and it becomes quite
imperceptible in the umbral region; yet the Zeeman broadening
of the lines is, I think, invariably greatest over the umbree, and
decreases to am inappreciable amount at the outer edges of the
penumbree.

Publications of the Astronomicud Society of the Pacific, xxi. 20¢
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It 1s perbaps more probable that the characteristic movements
(radial and rotational) taking jlace in the penumbre are secondary
sffects, and that the electric vortex is entirely beneath the reversing
layer. Professor Hale has found that the magnetic field decreases
rapidly with height above the photospherie level :—

“The doublets and triplets of iron give the strongest fields
hitherto measured in sun-spots. The D lines of sodium and the
b lines of magnesium, which are produced at a higher level in the
solar atmosphere, indicate a much weaker field. The hylrogen
line over sun-spots, representing a still higher level, give no indica-
tion of a magnetic field.” *

There is a remarkable and perhaps significant analogy in this
with the radial-motion effect. I have found that the greatest
motbion of 2 tu 3 km. per sec. is found in the region of iron absorp-
tion. The line D, of sodium is scarcely, if at all, affected on the
few plates T have taken of this region of the snectrum (D, is
appareutly unaffected, but an interfering atmospheric line at 5890°x0
will perhaps account for this).¥ The & lines of magnesium are
affected more than D, but much less than the neighbouring iron
lines. Hydrogen, if affected at all, seems to show traces of an
opposite movement, as is shown by the lines H and K of the higher
chromosphere. - .

It may be well to state here that in measuring the displacements
due to radial motion I have usually selected lines: having an
intensity not greater than 4 on Rowland’s scale. These are mostly
iron lines, but include also the lines of Co, Ni, Cr, V, and TL
Most of the stronger lines appear to give much smaller values of
the motion, and there is » tendency among the fainter lines to give
a rather wide range of values, even among lines of the same element.
Probably the movement varies enormously with level, and the
values I have given in Tables IL. and II1. must be taken to represent
the region of greatest motion. , . :

A thorough investigation of the differences found among the
different lines of an element, as well as between . those .of t;he
different elements, is very desirable; but progress in this direction
has been slow, partly owing to the numerous other lines of inquiry
opened up, and also to the laborious nature of the measuring work.

Loc. cit., page 207, ‘ i , ‘

The sodium lines at 5682869 and 56887436 give much larger values of
the radial motion than Dy, but not so large as the average of the iron lines
measured.
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