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errors. What ground then have we—apart from the agreement with the far superior 
determination with the 4-inch lens at Sobral—for thinking that the present results are 
more trustworthy ?

At first sight everything is in favour of the Sobral astrographic plates. There are 
12 stars shown against 5, and the images though far from perfect are probably superior 
to the Principe images. The multiplicity of plates is less important, since it is mainly 
a question of systematic error. Against this must be set the fact tha t the five stars shown 
on Plates W and X include all the most essential s ta rs ; stars 3 and 5 give the extreme 
range of deflection, and there is no great gain in including extra stars which play a 
passive part. Further, the gain of nearly two extra magnitudes at Sobral must have 
meant over-exposure for the brighter stars, which happen to be the really important 
ones ; and this would tend to accentuate systematic errors, whilst rendering the defects 
of the images less easily recognised by the measurer. Perhaps, therefore, the cloud 
was not so unkind to us after all.

Another important difference is made by the use of the extraneous determination of 
scale for the Principe reductions. Granting its validity, it reduces very considerably 
both accidental and systematic errors. The weight of the determination from the five 
stars with known scale is more than 50 per cent, greater than the weight from the 12 
stars with unknown scale. Its effect as regards systematic error may be seen as follows. 
Knowing the scale, the greatest relative deflection to be measured amounts to 1"*2 on 
E i n s t e i n ’s theory ; but if the scale is unknown and must be eliminated, this is reduced 
to 0*"67. As we wish to distinguish between the full deflection and the half deflection, 
we must take half these quantities. Evidently with poor images it is much more 
hopeful to look for a difference of O''-6 than for 0"-3. I t  is, of course, impossible to 
assign any precise limit to the possible systematic error in interpretation of the images 
by the measurer ; but we feel fairly confident that the former figure is well outside 
possibility.

A check against systematic error in our discussion is provided by the check plates, as 
already shown. Its efficacy depends on the similarity of the images on the check plates 
and eclipse plates at Principe. Both sets are fainter than the Oxford images with which 
they are compared, the former owing to the imperfect driving of the coelostat, which 
made it impossible to secure longer exposures, the latter owing to cloud. Both sets have 
a faint wing in declination, but this is separated by a slight gap from the true images, 
and, at least on the plates measured, the wing can be distinguished and ignored. 
The images on Plates W and X are not unduly diffused except for No. 10 on Plate W. 
Difference in quality between the eclipse images and the Principe check images is not 
noticeable, and is certainly far less than the difference between the latter and the Oxford 
images ; and, seeing that the tatter comparison gives no systematic error in y, it 
seems fair to assume that the comparison of the eclipse plates is free from systematic 
error.

The writer must confess to a change of view with regard to the desirability of using
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an extraneous determination of scale. In considering the programme it had seemed too 
risky a proceeding, and it was thought that a self-contained determination would 
receive more confidence. But this opinion has been modified by the very special 
circumstances at Principe ; and it is now difficult to see that any valid objection can 
be brought against the use of the scale.

The temperature at Principe was remarkably uniform and the extreme range 
probably did not exceed 4° during our visit—including day and night, warm season and 
cold season. The temperature ranged generally from 77|° to 79j° in the rainy season, 
and about 1° colder in the cool gravana. All the check plates and eclipse plates were 
taken within a degree of the same temperature, and there was, of course, no perceptible 
fall of temperature preceding totality. To avoid any alteration of scale in the daytime 
the telescope tube and object-glass were shaded from direct solar radiation by a canvas 
screen ; but even this was scarcely necessary, for the clouds before totality provided a 
still more efficient screen, and the feeble rays which penetrated could not have done 
any mischief. A heating of the mirror by the sun’s rays could scarcely have produced 
a true alteration of scale though it might have done harm by altering the definition ; 
the cloud protected us from any trouble of this kind. At the Oxford end of the 
comparison the scale is evidently the same for both sets of plates, since they were both 
taken at night and intermingled as regards date.

I t thus appears that the check scale is legitimately applicable to the eclipse plates. 
But the method may not be so satisfactory at future eclipses, since the particular 
circumstances at Principe are not likely to be reproduced. As regards other sources 
of systematic error, our chief guarantee lies in the comparatively large amount of the 
deflection to be measured, and the test satisfied by the check plates that photographs 
of another field under similar conditions show no deflections comparable with those 
here found.

V . G e n e r a l  Co n c l u s io n s .

39. In summarising the results of the two expeditions, the greatest weight must be 
attached to those obtained with the 4-inch lens at Sobral. From the superiority of the 
images and the larger scale of the photographs it was recognised that these would prove 
to be much the most trustworthy. Further, the agreement of the results derived inde
pendently from the right ascensions and declinations, and the accordance of the 
residuals of the individual stars (p. 308) provides a more satisfactory check on the 
results than was possible for the other instruments.

These plates gave

From d ec lin a tio n s ..................... 1" • 94

From right ascensions . . . . *06
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The result from declinations is about twice the weight of that from right ascensions, 
so that the mean result is

l"-98

with a probable error of about ±0"-12.
The Principe observations were generally interfered with by cloud. The unfavourable 

circumstances were perhaps partly compensated by the advantage of the extremely 
uniform temperature of the island. The deflection obtained was

1"*61.

The probable error is about ±0"*30, so that the result has much less weight than 
the preceding.

Both of these point to the full deflection l"-75 of E i n s t e i n ’s generalised relativity 
theory, the Sobral results definitely, and the Principe results perhaps with some un
certainty. There remain the Sobral astrographic plates which gave the deflection

0"-93

discordant by an amount much beyond the limits of its accidental error. For the 
reasons already described at length not much weight is attached to this determination.

I t  has been assumed that the displacement is inversely proportional to the distance 
from the sun’s centre, since all theories agree on this, and indeed it seems clear from 
considerations of dimensions that a displacement, if due to gravitation, must follow this 
law. From the results with the 4-inch lens, some kind of test of the law is possible 
though it is necessarily only rough. The evidence is summarised in the following table 
and diagram, which show the radial displacement of the individual stars (mean from all 
the plates) plotted against the reciprocal of the distance from the centre. The displace
ment according to E i n s t e i n ’s theory is indicated by the heavy line, according to the 
Newtonian law by the dotted line, and from these observations by the thin line.

R a d ia l  Displacement of Individual Stars.

Star. Calculation. Observation.

n tf

11 0-32 0-20
10 0-33 0-32
6 0-40 0-56
5 0-53 0-54
4 0-75 0-84
2 0-85 0-97
3 0-88 102

2 zVOL. CCXX.----A.
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Thus the results of the expeditions to Sobral and Principe can leave little doubt that 
a deflection of light takes place in the neighbourhood of the sun and that it is of the 
amount demanded by E i n s t e in ’s generalised theory of relativity, as attributable to  

the sun’s gravitational field. But the observation is of such interest that it will 
probably be considered desirable to repeat it at future eclipses. The unusually 
favourable conditions of the 1919 eclipse will not recur, and it will be necessary to 
photograph fainter stars, and these will probably be at a greater distance from the sun.

//

DISTANCE 90 60 50
Diagram 2.

This can be done with such telescopes as the astrographic with the object-glass stopped 
down to 8 inches, if photographs of the same high quality are obtained as in regular 
stellar work. I t  will probably be best to discard the use of coelostat mirrors. These 
are of great convenience for photographs of the corona and spectroscopic observations, 
but for work of precision of the high order required, it is undesirable to introduce 
complications, which can be avoided, into the optical train. I t  would seem that some 
form of equatorial mounting (such as that employed in the Eclipse Expeditions of the 
Lick Observatory) is desirable.

In conclusion, it is a pleasure to record the great assistance given to the Expeditions 
from many quarters. Reference has been made in the course of the paper to some 
of these. Especial thanks are due to the Brazilian Government for the hospitality 
and facilities accorded to the observers in Sobral. They were made guests of the

 on November 17, 2018http://rsta.royalsocietypublishing.org/Downloaded from 

http://rsta.royalsocietypublishing.org/


DETERMINATION OF DEFLECTION OF LIGHT BY THE SUN’S GRAVITATIONAL FIELD. 333

Government, who provided them with transport, accommodation and labour. 
Dr. M o r iz e , Director of the Rio Observatory, acting on behalf of the Brazilian 
Government, made most complete arrangements for the Expedition, and in this way 
contributed materially to its success.

On behalf of the Principe Expedition, special thanks are due to Sr. J e r o n y m o  

Ca r n e ir o , who most hospitably entertained the observers and provided for all their 
requirements, and to Sr. A t a l a y a , whose help and friendship were of the greatest service 
to the observers in their isolated station.

We gratefully acknowledge the loan for more than six months of the astrographic 
object-glass of the Oxford University Observatory. We are also indebted to 
Mr. B e l l a m y  for the check plates he obtained in January and February.

Thanks are due to the Royal Irish Academy for the loan of the 4-inch object-glass 
and 8-inch coelostat.

As stated above, the expeditions were arranged by the Joint Permanent Eclipse 
Committee with funds allocated by the Government Grant Committee.

[In Plate 1 is given a half-tone reproduction of one of the negatives taken with the 4-inch lens at Sobral. 
This shows the position of the stars, and, as far as possible in a reproduction of this kind, the character 
of the images, as there has been no retouching.

A number of photographic prints have been made and applications for these from astronomers, who 
wish to assure themselves of the quality of the photographs, will be considered and as far as possible 
acceded to.]
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