
On some Specfroyraphie illemures of' the Solar Rotrttio?t, made at the 
Kodai7cdd Obsercnto~p. By J. Evershed and T. Royds, D.Se. 

Dnring the dry seasons of 19 I r and r c) r z advantage v a s  taken 
of days of exceptional clearness, when t!~e sky appeared quite free 
from diEusiye cirrus cloud, to obtain high dispersion spectra of the 
east and west limbs of the Sun and of the centre of the clisc, for 
the purpose of smdying the displacements towards the red of 
certain Lines of iron and nickel at the Sun's limb. 

The method of snccessive espns1nes wes nd~pte6, :: $ate 
being given a short exposure to the cpntre of disc spectrum, then 
a long exposure to the limb spectrum, and ~ n d y  a second short 
exposure to the centre spectrum. The solar image was moved on 
the slit plate to the required position for each esposure, and 
Bowland's device of a movable slot immectiately in front of the 
photographic plate was used to prevent overlapping of the limb 
and centre spectra. In this way two spectra representing the 
centre of the disc mere obtained on either side of a central strip 
representing t h  limb. 

Two,seriei'of exposures were made on each plate, one giving 
the spectrum of a point near the east limb, and the other a point 
nearly opposite on the west limb. Owing to the general disykce- 
ment of the lines in the spectrum of ali parts of bhe limb to the 
red. as compared with the spectrum of the centre, the rotation 
displacements at the wed limb are in general apparently veater 

'khan those at the east. If tihe spectra represent points a t  opposite 
ends of a solar diameter, and therefore in the same latifade, i b  may 
be assumed that half the difference of shifts (mest-east) represents 
the limb displacement, and half the sum of the shifts the rotation 
displacement. 

I n  %ha series of p h k  obtaioed it ma intended to measure 
first the displacements io a few of the best-defined lines of each 
phte and get out .the rotation velocity, merely as a @heck on the 
d a b i l i t g  of a pkte, before proeedng to dstermbe as accumtely 
as possibie h e  ~ w y  min~ik limb displacements ; for it 1;;s~ found 
@at in a few, cases, a.wing perhaps to  unequal heating of the jaws 
of the slit, w $a Dermperstum changes in the grat&a during the 



. r ~ , : ~ e ~ ~ i v e  esposures, the values of the rotation speed, i f t ~ r  the 
:l.ual corrections, Cifferecl considerably from the accepter1 values- 

In lllost cases, hovever, fairly corlsistent values were obtained, 
ILnd if a plate gave a result within about IG per cent 11f rldams' 
T;Llues, it tvr-,cs considered suitable for estimating the limb shifts, 
-This rather ~vicle allowance mas made because i t  was found that all 
tile plates gave consistently smaller values than Adama of the 
order of 5 per cent. 

,it first this was considered to be due to  some instrumental 
ctlnse, and the spectrograph was improved in various ways in the 
clirectioz~ of increasing the stability of the different parts. After 
this some high-dispersion spectra were obtained and measured of 
the a gr011p of lines in  the red, including the lines used by Dun& 
and I-Ialm in their measures of the solar rotation. I n  these spectra 
tile stal~ility of the apparatus is proved by the telluric lines, which 
remain unshifted in the successive exposures. I n  the measures, 
Ilomever, the solar lines were referred to the telluric lines instead 
cjf measu~ing the direct displacements, so that there could be 110 

question of a temperature effect. 
The results from these plates (years I g I I and 19 I 2) agai~r she-ved 

nnaller values of the rotation than those obtained by ,\dams 
in 1908. 

The plates were not, however, as consistent amongst themselves 
as could be wished, the values ranging from go to 99 per cent. of 
-1~1a1us' values, and cloubts still remained as to the possibility of 
errors arising from diffusion a t  the surfaces of the mirrors, there 
being four reiiesions from silvered surfaces before the light reached 
the slit. The effect of these ~itigbt be supposed to be the same as 
t l ~ t  of n diffusive sky in  causing light from the whole disc of the 
Sun to enter the slit together m t h  light from th,? limb. 

The hypotliesis that the Sun had actually slorved d o ~ n  in 
rotation speed, or that strong easterly winds prevailed in the region 
1):' the reversing layer, appeared to be less probablg-than that some 
error affected our results. 

In the a u t u m ~  of 1912 it mas decided to make preparations for 
n neTr- campaign in  the approaching dry season, and to arrange for 
si l t~~ll f f i7~eous exposnres for east limb, west limb, and centre of disc. . 
An S-inch objective acquired from the Poona Observatory FF-as 
substituted for the concave mirror previously used to form the 
sola? i-mage, and a large refisxion prism di,;cts the light on to the 
slit. xWith a concave lens interposed to enlarge the imager to  60 mm. 
din~rzeter. 

The diffusion of fight with this arrangement is noticeabIy 
less than with the concave mirror and convex enlarging mirrar 
~lr l~vio~~sly nsecl, and is probably less than is produced by the two 
~wlostat mirrors and concave mirror of the Snow telescope at 
Jlount I\'ilson. 

A special piece of apparatus was constructed for reflecling the 
ligtit from two opposite points on t l ~ a  Bun's limb and from the  
exact centre of the disc on to the spectrt?gra?6 slit, so that the 



spectra from the three sources may be photograplrecl siluul~ane- 
ously, special adjustuients being provided for see~rring perfectly 
equal and uniform illumination of the grating fro111 the dilferent 
sources. 

The main purl ose ill view was the ~ueixsnrement of the- lirnb 
displacements, but i t  mas felt that reliable values of tlie solar 
rotation ought to result also fro111 the mcnsnrcs. 

It was at  this s ~ a g e  that. we learne(1 of tlre interrsriug results 
obtained by Dr. Hubrecht a t  tlie C;t~~~l)r i t lge ( )l~serr.;ltory. Hi.< 
results agree with ours ill t-\TO IT-~JS, t i ~ s t  ~ I I  t h e  lower e~~~:~tori : t I  
speed found as compared with the usual valurs,* an{l st.coridIy in 
the i~nespectcrlly l a ~ g e  vnrintiuns 1.1etlvt:en pi4:iLlja 1~1.rtanled at  
different dates. t 

In viev of the possibility of a real cl ia~ige of rc?lucit~ between 
times of maximum ant1 i i i iuim~uu sun-spots. aliil of real v:trit~tions 
clue perhaps to easterly or LresterIy currr.nts ill rllc rev~~rhil~g layer, 
i t  !$-as rcsolverl to ttlie a series of plate5 ( I L I ~ ~ I I ?  t 1 1 ~  earlj- 1110iltlls 
of 19 13, with the 'special object of nir.:\::~riitl;. the eq~lntorinl stteeti 
with the gratest attainalde accLtmc.\-. uncl it. i s  the ltiir;,u-e of this 
commurlication to give a pccliminary .tztcmeilt of the rcsults ob- 
tained, and to draw attelltion to tlie a1q)arent inconstaj~cy of the 
rotation velocity when cletennineil sl~ectro:,,r,zy)l~icaIly. 

A more complete statement of onr results &lit1 i i  frill descriptioi~ 
of l. l~r! .;l,)i:~..Lr~~;r,11111 employ-d lrrlist he dcft!rretl irntil ;dl the ob- 
servations for the yeRr I~it'i'e heell \vorki.;tf oat, 11-1-1len ttiey \rill be 
published in an Ol~servntvr;; JI.:uEll:Lin. 

Three series of spectra 11:'~ c beou o7rt-aillei1 covering t lit. pfirioit 
January-April 19 I 3. 

Series I. acre  obtain( 1 ~ r i t l  a specinl reilectil~g tlevirx, plnecd 
in front of tWs l i t  of the spectrograph, to rnablt: siniulta~~eouu ex- 
posures t o  be made on the electric arc aud rlle kh111. 

The large concave inirlSor was used to forni t11e i i uqe ,  which 
was enlarged to I 20 mnr. iliameter by means of a conres mirror. 
The arc lines appear on either siile of a narrow strip of spectrum 
representing a point on the Sun : ~ b ~ ~ u t  .lr (38 the radius inaide 
fihe Eimb- Two spectra are pllotogmphe(1 OD each plats, one repre- 
sentring the east and the ather the west fiinbs a t  .latitudes not 
exceeding 8 depaes from the equator. 

. 11, were obtained with the &inch ol),ject-glass l;o form 
$her image md f ie  reflecting Etevics fox ~i iu~Ztaneous C X ~ O S X I ~ O (  on 
W limb, wn6re of dim, ant3 +vest limb. The solar image i s  ell- 
lr~rged to 60 mm. diameter on the slit plate, and the limb spectra 
Yepresent pohts usually ,?, of Bbe raeiiac inside as limb and a t  
latiknifes f r ~ m  o0 h r 5"- Tha arc speoprurn of iron is im~iressed 
on eitherL sid8,of $he ealw: spectra. 
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Sel-ies 111. are similar in every respect to Series IT., excepting 
that tb.ere is no centr :l strip of spectrum representing the centre of 
the disc, the two limb s~~ectra  being contiguous. 

I n  Series 11. and 111. the arc spectra are not photographed 
simultaneously vith the solar spectra; they are used for the pur- 
pose of det.:rmiriing the correction to be applied for inclination of 
the micrometer thread to the spectntm lines. 

As micrometer 111akers clo not supply a ready means for rotating 
the thread, its atljustmerit esactly parallel with the s ~ e c t r u h  lines 
is practically impossible, and serious errors may result if the exact 
inclination is not carefully u~easured and allowecl for. The Fe arc 
lines afford ail excellent iiieans for doing this. 

In  Series I. the spectra on either side of the central strip being 
siinilar, no corrections for inclination of $ha wire are needed, set- 
tiugs being ina~le on the arc line at equal distance above and below 
the solar spectrum. 

I t  is evident that in Series I.', in vhich each limb is separately 
colllpared with n terrestrial spectrum, the probable error of a 
velocity deten!~in:~tion will in general be larger than in a measure- 
rneiit made when the opposite limbs are directly confronted, and 
tlie cfisplacemont is the result of twice the rotation speed. W e  
considered, however, tlint i t  was of great importance to secure this 
.cries of plates al1(1 coinpare the results with Series IT., taken on the 
same clays but uncler soluswhat different instrnmental conditions. 
The lnethocl is analogous to that adopted by Dun& and others, who 
used the lines of terrestria1 oxygen as intermediaries or standards 
of reference, but 16 has the advantage that the much sharper solar 
lines in the  violet region. can be used, and a higher order of spectrum 
utilised than is convenient for the red end. 

It was hoped that by a comparison of the two methods adoptea 
systematic errors affecting either might be detected, and it might 
also be possible to tletermine whether the large variations of velocity 
a t  dilYerent dntes, previously found by the alternate method of ex- 
posure, were real or d ~ ( :  to systematic errors. 

The spectra were all taken with a Romland grating of 3i-inch 
ruling and 14433 lines to the inch, the 3rd order being used 
throughout. Tllt3 scale of the p l~ tes  varies consiclerably in different 
regions ; I mn1. is cyual to o.8~ .A near I<, and 0.55 A near D. 

Eiich plate includes a length of spectrum equal to about 
roo h.TT. As it nras desired to utiliie Series 11. for determining 
limb tli$placements over a great range of spectrum, i t  was found 
conveliient to pliotogmph the entire region from X 3900 to X 4800 
in ctll three series, and after this had been done a number of 
lates of Series 11. and 111. mere taken in the region S 5300 t o  

f56oo. I t  was hoped that the different lines might give moss 
consistent values of the rotation speed in this less refrangible 
region, since the linear dispersion and also AX increase towards 
the larger ware-lengths. It was found, hornever, that the probable 
error of a velocity determisation is about the same in tke green 
re$ol~ as in the violet near " R," n ~ t ~ i t h s t a n d i n g  the smaller d$s- 
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placements in the latter region. This may be acc~r~nted for by the 
extremely good definition and narrowness of the lines in the violet. 

The plates were measured and reduced by four observers, using 
two photo-micrometers hy Hilger. Some of the plates of the green 
region were measured very successfully by sliding a positive copy 
on the negative, by means of a special piece of ~ipparatns which 
can be attached to one nf the micrometers. h3y this methori, n full' 
description of which will be publishetl shortly, the ixitervals 
measured are double those between the displaced lines, or, for 
Series 11. and III., four times the displacement dt to tlte rotation 
speed of the Sun. 

I n  the reduction of the measures a dispersion curve has been 
drawn for each plate and separate dispersion factors determined for 
each individual line. This is necessary, because the spectra are far 
from being normal and the change in Iao units is considerable. 

In Table I. the results are given for the plates bf Series f .  and TI , 
and in Table 11. those for Series 111. and TI .  In coluu~rls j ant1 
5 of these tables v represents the observed velocity in Iiilo~neters 
per second chected to the limb and for inclination of the Sun's 
axis to the line of sik' .t. 

TABLE I. 
Bcdzwd Sidereat Velocity rit Eymtor (V) jbtiir So.ics L anri I / .  

Date. Region. . Series. a- V. Jlemurar, 

R 
R 
R 
It 
R 
R 
R 
B 
B, E, N, and F 
X 
E 
R 
R 
R 
B 
P 
R 
F 
R 
R 
K 
K. 
11 
R 
R 
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TABLE 11. 
o Ded'u~d Sickreal VeZocity at Eqwtm. (V) for Seri8s 111: and IL 

Date. Region. 4. Series. v. V. Measnrer. 
19x3. 

Nar. 1 1  

14 

14 

15 

1s 

19 
19 

19 
2 0  

zl 

21 

22 

26 

27 
28 

Apr. I 

4 

5 
6 

LO 

I2 

I2 

1;6 I11 
6.3 IEI 
0.2 11, 
0-0 111 
6-7 1x1 
2-5 I11 
0.1 111 

13.0 111 
0.0 111 

5-r III 
5'3 1x1 
1'4 I11 
3-0 III 

x4-4 TI1 
0.1 III 
6.8 1T-I 

10.3 I11 
3 3  111 
1'4 I1 
5.2 Ir 

15.6 11 
0'9 I1 

Ia the cohu.nn V these values have been c6nverkd ir3 sideEd 
velocities with tihe aid of Du6r7s tables, apd reduced to %he eqnator 
on the w i m p t i o n  that the formula (1-503 4- -546 coa2 rp) x CQB 
derived by Adams from his ob98m&iom in 1908 represents the 
change of velocity with Iatitude with suficient accnracy. 

The lmt colrmn in the tables gives the measursr'~ LrriM, 
X, I?, N, R, designating Evershed, 1%~ Feline, Nagaraja, and 
'Royds. 

S o  large systematic differences between the observers have been 
found, and in five plates of Series 11. and IIL measured in duplicate 
by 2 and F, four agree v r r i k  ohctog kraJsec. and one gives a 
differecce of 0.03 x km/m. All the plates have been m d  
in both directions, viz. with $Ls end towards the red to %e right 
hand, and to the left on the mi~roneib~~ 

As regards the lines wed, in Series L we were MiOed *@ &ths 
lines of Fe and Ni produced in ths arn In aeries 11. and IfZ the 
'beddefined lines were s e l s c w  and include the following elemenb : 
Ze, Xi, Ti, Sc, Cr, Ca, V, Mg, Z r  We have not so far debcted any 
9St.em.tie Wemoes between different elements, and the variations 
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from line to line seem largely due to accidental errors of measme- 
ment, although b~ some cases we have strong reasons for snsperting 
errors peculiar to certain pldtes, due possibly to irregular sllrinking 
3f the film i n  drying. 

The agreement between the plates of Series I. and 11. obtained 
during Febrnary is not verg good, altl~o~rgll the me:Ln result-: agree 
within 0.01 kln./sec. I t  n ~ i t ~  be remnrl;ecl, 111nvevcr. that there is 
always a diff'erence of 7uany clrgrees in the Iieliograph~c poritiuns 
of the points 11110 to:-ll.apl~etl, illore 11i:f'crence ill fact tllarl nlqlears 
from the latitntle colunlil in Table I., bec;insc: tllr points ~llluto- 
graphed on the same day by the two me t l~o~ l s  ~ j l  i ll  I 1 --lnlly Ire on 
opposite sides of the SOI~IT  eqnator. It is ~ o n c + ~ .  .:)II~c: t111,rc.fore. 
that a local current in the rcvl:.:r-ing 1:tyer may aifcct one plare nlld 
not the other, obtairlecl on tlte same ~ X L I ~  ltut lbt.rIi;~ps half an 111rnr 
later, when the image will have ro tn t~t l  thr011g11 hsveral clepl-c~c.;. 

We believe that there car1 be no serioi~s vrrols in tile latitii(1cs 
determined for each plate. Thest> are c*unil~~ltcil ill tllc ,-,UII I. ~vrty 
as is done daily for the pronlincnce 1,l:lteb ~thtrtographetl \lit11 the 
spct'trol~eli~.~~~.,~l~l~. and tllest: are cliecksct 1 ~ 1  visual o b s c r v , ~ r i ~ ~ ~ ~ s  
with an eqnatorial telescopr ailtl l~osition ircle. Tlle slwctrol~t~lio- 
graph is fed hy tfic same siflerostat ~i-ltich snplllics light t u  the 
spectrograph, and the how nllgle of the Yun at  the tirue a l~ l~oto-  
graph i s  obtained atforcls the ~ l a t ~ u n  ior c ~ t l i t p ~ ~ t i u ~  tlie ~rohition 
angle of the vertical point 01; tl t2 d i z r  imnzc. 'Tllis is tlollt: with 
the aid of corlveilierlt titblc> Liri~l:,r thc liusitit~~l alrgles curres~~t~ncl- 
ing v i th  different hour angle:: n 1 ~ 1  d;ttes. Tht: table. ll:~x.r 11t$t '1~ 
prepared from tlle formnlz of  orn nu.^ 

P?*obni',Ee B.~ol;q.-The lwohabIe errvr of :L plate for Series I. 
is npprosi~rlrttely 2 0.0; knl. 'set., where :tl)uut aeven l i l i ~ ~ s  itre 
measured. For Series 11. ancl ; 1 I , ,  in ~ . . l l i r l ~  ten to tifteen lines 
mere measurecl on each plate, it is of tlte oucler of + o-015 kui./sec. 
More accord~nt  vrlues fur the (litrerent lines are obtained by the 
method of sliding% positive copr on a negative, and tha at-eraga 
p.e. of six hnch xuellstzres is .t- a.oog kar.,st?c., the be& plate 
g i~ ing  &oPoo45 km-/sac. for twelve lines, an3 the worst (under- 
expomd) * 0.0 I 5 b. / sac .  for eleven tima 

The probable error for a singla line fur Series I. is about 
f 0.08 krn./$ec. ; for Series TI ,  and. Elf, the average of nine deter- 

-nliurlations is + -052 km./sec., and the aveTGe of 5;s determinations 
by tlfe pmitiva on neg~t ive  method is 2 -032 km./sw. The rlis- 
cordance 'betweep the different plates irs of dmut  the same order as 
that between the different lines on rl plate for 6t3zies 11. and 111. 

'$emits for the D6Erent Mo~ztlt~.-ThR statementj l.pl the Xaat 
pamgraph sbwa fk t  the variatians h r n  plak to plate am not dne 
Co e v o q  qb rn88~rursmqt. Aa we ma c&wv~r no instrumental 
cans$ we &noMs provisionally #st% reaLt uad~Uons occm. 
Fw' mn~mirnw of compa~ison v$t$ m n l b  whiob may have 

hem ~biahecl nO @ma 'of $he co-oper&tj,ng observatories ot the 
Solar Dn;ioa we &TIP &e reedts for the four months Jamfay ta 

i B s & - ~ ~ ~ w k x L  JmmF, xi 148- 
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-April 1913 as follows, giving probable errors derived from the 
accc-dance of the dift'erent plates in a group. 

>lean of g plates, Jan. I; t o  31, Series I. V =  I -990 lim/sec. $- '0124 

,, 7 ,, Feb. 4 t o 1 3 ,  ,. I. Vz1.944 , 2.0155 
1 ,  9 1, 11 4 '31 91 'I. V = ~ . g j ;  ,, ' 2.0077 
, ) 15 ,, JI:ir. I ;  to 28, ,, 111. V=1'gj6 ,, 2.0065 
,, 7 ,, Apr. r t o  12, ,, II.andI.11. V=~.goo ,, f -0037 

I t  may be noted that all these ~a lues  are cu~laiderablg lower 
than Adams' results for 1908 (I-= 2.0 j 3 kru./sec.) :- 

Series I. . . . . Janwiry 11ei11g 3 per carit. l o r e ~ .  

,, I. and 11. . . . Fei~ruary ,, j ,, 3 ,  

,, 111. . . Xldrch ,, 5 ,, I $  

,, 11. anti 111. . . 1 ,, 73  ,, 2 ) 

There seems strong evidence hare of a progressive change, 
~vhich~ fiorrrever, cannot be follo~recl up eti'ectireiy at this Observa- 
tory, 0%-ing t~ cliftirviste skies R-liich are cornluo:ily prevalent after 
April and continue 11~1th very few clays of sntiicient clearness until 
December. 

The larye red~zction of Telocity i11 April coincides with a change 
fro111 the vioht to the green region of the spectrum. JIvhile 
admitting that we should have had greater confidence in the April 
results had we continnecl 111 l8 1 1  1 8  r I I ;I  I . in the violet, we can yet 
discover no rwson m11y the less refrangible region should 
syste~uatichlly low values. The plates arc escellent in clefinltlon 
and cuntrast, and are not c l i ~ c ~ z l t  to measure. On April 4. witLout 
moving tlle grating, a plate was obtained of the feu-.-' xder violet 
overlapping the third order green. This was measurd, and eleven 
lines in the region 41 82-4126 gave the value Ty = r'904 lim./sec. 
f '0075, mlrich is in agreement ~vitll the average results obtained 

from the green region. 
Conc1usio~w.-The possibility that large proper motions in  the 

reversing layer may att'ect rotation measures has been tliscxrssed by 
Adam,  who founcl differences of the order 0.1 j l;m./sec. at  the 
equator in tlit: neighbonrhooc'i of ~z~n-spot disturbances." 

Our results, so far as they go, mould appear to indicate thaE 
variations amounting to 2 or j per cent. are of frequent occurrence 
at  a time when there are very fev  spot disturbances. Larger 
pru;ressive chariges are also indioatecl, so that it is not possible to 
derive reliable values of $lie equatorial velocity from observations 
extencling over a f e ~ v  montl~s. 

A possible connection betwesn rotation speed and sun-spot 
dist~zrbances may be worth mentioning. ,\ small sun-spot vas  on 
the east limb at l a t i t~~de  + I 5" on ,January 14, another on the west 
limb at  lat. - 14" on .January r6, and a third on the east limb a t  

* AGL fi~aest ignticn~ qf /he l h f ~ ~ t i ~ ~ > z  Period qf the SIEW, p. 122. Nonut 
Wilson Solar Observatory I'apere, vol. I. part r.  



lat. - I I' on January 22. Xo more low latitude spots occurred u c i I  
April 5, and this one disappeared before reaching the limb. The 
rotation .results give high values for January, and the highest of 
all on .January 16 and 22, when spots were very near the limb 
and not far from the region photographed. 

I t  is suggested here that there may be a reIation between higher 
rotation speeds and the development ,of spots ; and that times of 
maximum spot develcpment correspond with high values of the 
rotation, or rather, it should be- said, large proper motion of the 
reversing layer in the direction of the Sun's rotation. 

The interesting results of &lr. Hubreeht's latitude observati~?, 
made in June I g r I seem favourable to thid suggestion. By 1 
method of observation he was able to discriminate between the tr~b 
hemispheres of the Sun, and he obtains a larger rotation veloc~tr" 
in the southern hemisphere than in the northern* During 19 - 
the southern hemisphere mas far more active in spot produotir 
than the northern. 
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