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what is a solar eclipse ?
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• partial + total :  ~ few months, somewhere on earth 

• total: ~18 months, somewhere on earth 

• total: ~ 400 years at a any given location

Image credit:  from wikimedia commons
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Sobral
Principe

May 29, 1919

background image: https://www.timeanddate.com/eclipse/
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World War 1 ended Nov 11, 1918 



Image Credit: Caters/Mirror



Image Credit: Caters/Mirror















displacements magnified 320 times,  
copy of plate from 1919 expedition

without the sun in the way 
with the sun in the way
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⇡ 1.7500

angular extend of the width of human hair held at a distance of ~10 meters!



↵

↵ ⇡ 4GM�
rc2

↵ ⇡ 2GM�
rc2

1911
1915

1687



332 SIR F. W. DYSON, PROF. A. S. EDDINGTON AND MR. C. DAVIDSON ON A

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 i n ’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

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

13
 M

ar
ch

 2
02

4 

[ 291 ]

IX . A  Determination o f  the Deflection o f  L igh t by the S u n s  Gravitational , 
fro m  Observations made at the Total Eclipse o f  M ay  29, 1919.

B y S ir  F. W. D y s o n , F.R.S., Astronomer Royal, Prof. A. S. E d d i n g t o n ,
and Mr. C. D a v i d s o n .

{Communicated by the Joint Permanent Eclipse Committee.')

Received October 30,—Read November 6, 1919. 
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I. P u r po s e  o f  t h e  E x p e d i t i o n s .

1. Th e  purpose of the expeditions was to determine what effect, if any, is produced 
by a gravitational field on the path of a ray of light traversing it. Apart from possible 
surprises, there appeared to be three alternatives, which it was especially desired to 
discriminate between—

(1) The path is uninfluenced by gravitation.
(2) The energy or mass of light is subject to gravitation in the same way as ordinary 

matter. If the law of gravitation is strictly the Newtonian law, this leads to 
an apparent displacement of a star close to the sun’s limb amounting to 0"*87 
outwards.

(3) The course of u, ray of light is in accordance with E i n s t e i n ’s  generalised relativity 
theory. This leads to an apparent displacement of a star at the limb amounting 
to 1"*75 outwards.

In either of the last two cases the displacement is inversely proportional to the distance 
of the star from the sun’s centre, the displacement under (3) being just double the 
displacement under (2).

I t  may be noted that both (2) and (3) agree in supposing that light is subject to gravita-
tion in precisely the same way as ordinary matter. The difference is that, whereas (2) 
assumes the Newtonian law, (3) assumes E i n s t e i n ’s  new law of gravitation. The slight

VOL. CCXX.----A 579. 2 S [Published April 27, 1920.
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• why does the path of light “bend” ?

• why did my title mention “straight” path ?

• why was Einstein’s 1915 prediction twice Newton’s/ younger Einstein’s ?



1919 eclipselight’s “straight” path



massive objects curve spacetime around them

<latexit sha1_base64="VCqtXCMzMRyt/zgBcYWgCNZSjeA=">AAACBXicdVDLSsNAFJ3UV62vqktdDBbBVUik9rEQii7qskJf0JQwmU7aoZNJmJkIJXTjxl9x40IRt/6DO//GaRtFRQ9cOJxzL/fe40WMSmVZ70ZmaXlldS27ntvY3Nreye/utWUYC0xaOGSh6HpIEkY5aSmqGOlGgqDAY6TjjS9nfueGCElD3lSTiPQDNOTUpxgpLbn5w7qbOEHs8Hh6XnEiCuuw+aW4+YJlVi27elaGC1IppqRUhbZpzVEAKRpu/s0ZhDgOCFeYISl7thWpfoKEopiRac6JJYkQHqMh6WnKUUBkP5l/MYXHWhlAPxS6uIJz9ftEggIpJ4GnOwOkRvK3NxP/8nqx8iv9hPIoVoTjxSI/ZlCFcBYJHFBBsGITTRAWVN8K8QgJhJUOLqdD+PwU/k/ap6ZdMkvXxULtIo0jCw7AETgBNiiDGrgCDdACGNyCe/AInow748F4Nl4WrRkjndkHP2C8fgCDAJii</latexit>

Gµ⌫ = 8⇡GTµ⌫1915, Einstein’s General Theory of Relativity



“particles” move on the “straightest” path in this curved spacetime
which straight path depends on initial speed and position

curvature of spacetime, not just space and not just time.

<latexit sha1_base64="jJ7yawRNp58CJ51WTv+3s1xtBC8="></latexit>

d2xµ

d�2
+ �µ

⌘⌫
dx⌘

d�

dxµ

d�
= 0



“particles” move on the “straightest” path in this curved spacetime
which straight path depends on initial speed and position

<latexit sha1_base64="jJ7yawRNp58CJ51WTv+3s1xtBC8="></latexit>

d2xµ

d�2
+ �µ

⌘⌫
dx⌘

d�

dxµ

d�
= 0

background image credit: mozaweb.com



light move on the “straightest” path in this curved spacetime

Image credit:  Paolozzi et. al (2015)  [edited]



spacetime is absolute 

massive objects create a “gravitational field” 

test particles move according to Newton’s 2nd law

results for planets almost identical to Einstein —- (but Mercury!)



“light particles” move according to Newton’s 2nd law

 — yields 1/2 of Einstein’s answer

* needs some mumbling about light have “mass” — energy

* not everyone was convinced back then that light has “weight” — especially if we think about it as a wave

Calculated first by Cavendish (1784)



<latexit sha1_base64="TItNbex7ftp1vsgQrdGnI+eM2Nw=">AAAB83icdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhDKZTtuhk0mYmVRK6G+4caGIW3/GnX/jtI2gogcuHM65l3vvCWLOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipKJKEtEvFIdgOsKGeCtjTTnHZjSXEYcNoJJtcLvzOlUrFI3OlZTP0QjwQbMoK1kbypJ9lorLGU0X2/WHLsuuPWL6toRWrljFTqyLWdJUqQodkvvnuDiCQhFZpwrFTPdWLtp1hqRjidF7xE0RiTCR7RnqECh1T56fLmOTozygANI2lKaLRUv0+kOFRqFgamM8R6rH57C/Evr5foYc1PmYgTTQVZLRomHOkILQJAAyYp0XxmCCaSmVsRGWOJiTYxFUwIX5+i/0n7wnYrduW2XGpcZXHk4QRO4RxcqEIDbqAJLSAQwwM8wbOVWI/Wi/W6as1Z2cwx/ID19gkuC5J4</latexit>

v !

<latexit sha1_base64="WdzvarkJrXMiyXjLl859vTI1hos=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRS+9gVRXBZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jtI2gogcuHM65l3vv8WPOlHacDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ5dzv3NPpWKRuNPTmHohHgkWMIK1kW7x4GpQLDl23XHr51W0JLVyRip15NrOAiXI0BwU3/vDiCQhFZpwrFTPdWLtpVhqRjidFfqJojEmEzyiPUMFDqny0sWpM3RilCEKImlKaLRQv0+kOFRqGvqmM8R6rH57c/Evr5fooOalTMSJpoIsFwUJRzpC87/RkElKNJ8agolk5lZExlhiok06BRPC16fof9I+s92KXbkplxoXWRx5OIJjOAUXqtCAa2hCCwiM4AGe4Nni1qP1Yr0uW3NWNnMIP2C9fQKVRo4I</latexit>aE<latexit sha1_base64="K7uPpTQg3lC0ECU7dLoDpLn9N88=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFRLRPnZFNy4r2AekoUymk3boJBNmbpQS+hluXCji1q9x5984bSOo6IELh3Pu5d57gkRwDY7zYRVWVtfWN4qbpa3tnd298v5BR8tUUdamUkjVC4hmgsesDRwE6yWKkSgQrBtMruZ+944pzWV8C9OE+REZxTzklICRvL7iozEQpeT9oFxx7IbjNi5qeEnq5zmpNrBrOwtUUI7WoPzeH0qaRiwGKojWnusk4GdEAaeCzUr9VLOE0AkZMc/QmERM+9ni5Bk+McoQh1KZigEv1O8TGYm0nkaB6YwIjPVvby7+5XkphHU/43GSAovpclGYCgwSz//HQ64YBTE1hFDFza2YjokiFExKJRPC16f4f9I5s92qXb05rzQv8ziK6Agdo1PkohpqomvUQm1EkUQP6Ak9W2A9Wi/W67K1YOUzh+gHrLdPURqR+A==</latexit>

!

aE ⇡
✓
1 +

v2

c2

◆
aN

* I extremized the relativistic point particle action in weak field gravity in isotropic co-ordinates. Valid at launch time with co-ordinate velocity v.



aE ⇡
✓
1 +

v2

c2

◆
aN

<latexit sha1_base64="TItNbex7ftp1vsgQrdGnI+eM2Nw=">AAAB83icdVDLSsNAFL2pr1pfVZduBovgKiRS+9gV3bisYB/QhDKZTtuhk0mYmVRK6G+4caGIW3/GnX/jtI2gogcuHM65l3vvCWLOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipKJKEtEvFIdgOsKGeCtjTTnHZjSXEYcNoJJtcLvzOlUrFI3OlZTP0QjwQbMoK1kbypJ9lorLGU0X2/WHLsuuPWL6toRWrljFTqyLWdJUqQodkvvnuDiCQhFZpwrFTPdWLtp1hqRjidF7xE0RiTCR7RnqECh1T56fLmOTozygANI2lKaLRUv0+kOFRqFgamM8R6rH57C/Evr5foYc1PmYgTTQVZLRomHOkILQJAAyYp0XxmCCaSmVsRGWOJiTYxFUwIX5+i/0n7wnYrduW2XGpcZXHk4QRO4RxcqEIDbqAJLSAQwwM8wbOVWI/Wi/W6as1Z2cwx/ID19gkuC5J4</latexit>

v !

<latexit sha1_base64="WdzvarkJrXMiyXjLl859vTI1hos=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRS+9gVRXBZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jtI2gogcuHM65l3vv8WPOlHacDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ5dzv3NPpWKRuNPTmHohHgkWMIK1kW7x4GpQLDl23XHr51W0JLVyRip15NrOAiXI0BwU3/vDiCQhFZpwrFTPdWLtpVhqRjidFfqJojEmEzyiPUMFDqny0sWpM3RilCEKImlKaLRQv0+kOFRqGvqmM8R6rH57c/Evr5fooOalTMSJpoIsFwUJRzpC87/RkElKNJ8agolk5lZExlhiok06BRPC16fof9I+s92KXbkplxoXWRx5OIJjOAUXqtCAa2hCCwiM4AGe4Nni1qP1Yr0uW3NWNnMIP2C9fQKVRo4I</latexit>aE<latexit sha1_base64="K7uPpTQg3lC0ECU7dLoDpLn9N88=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFRLRPnZFNy4r2AekoUymk3boJBNmbpQS+hluXCji1q9x5984bSOo6IELh3Pu5d57gkRwDY7zYRVWVtfWN4qbpa3tnd298v5BR8tUUdamUkjVC4hmgsesDRwE6yWKkSgQrBtMruZ+944pzWV8C9OE+REZxTzklICRvL7iozEQpeT9oFxx7IbjNi5qeEnq5zmpNrBrOwtUUI7WoPzeH0qaRiwGKojWnusk4GdEAaeCzUr9VLOE0AkZMc/QmERM+9ni5Bk+McoQh1KZigEv1O8TGYm0nkaB6YwIjPVvby7+5XkphHU/43GSAovpclGYCgwSz//HQ64YBTE1hFDFza2YjokiFExKJRPC16f4f9I5s92qXb05rzQv8ziK6Agdo1PkohpqomvUQm1EkUQP6Ak9W2A9Wi/W67K1YOUzh+gHrLdPURqR+A==</latexit>

!
The factor of 2 when v = c !

* I used the geodesic equation with weak field gravity in isotropic co-ordinates. Valid at launch time with co-ordinate velocity v.



aE ⇡
✓
1 +

v2

c2

◆
aN

<latexit sha1_base64="WdzvarkJrXMiyXjLl859vTI1hos=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRS+9gVRXBZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jtI2gogcuHM65l3vv8WPOlHacDyu3srq2vpHfLGxt7+zuFfcP2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ5dzv3NPpWKRuNPTmHohHgkWMIK1kW7x4GpQLDl23XHr51W0JLVyRip15NrOAiXI0BwU3/vDiCQhFZpwrFTPdWLtpVhqRjidFfqJojEmEzyiPUMFDqny0sWpM3RilCEKImlKaLRQv0+kOFRqGvqmM8R6rH57c/Evr5fooOalTMSJpoIsFwUJRzpC87/RkElKNJ8agolk5lZExlhiok06BRPC16fof9I+s92KXbkplxoXWRx5OIJjOAUXqtCAa2hCCwiM4AGe4Nni1qP1Yr0uW3NWNnMIP2C9fQKVRo4I</latexit>aE<latexit sha1_base64="K7uPpTQg3lC0ECU7dLoDpLn9N88=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFRLRPnZFNy4r2AekoUymk3boJBNmbpQS+hluXCji1q9x5984bSOo6IELh3Pu5d57gkRwDY7zYRVWVtfWN4qbpa3tnd298v5BR8tUUdamUkjVC4hmgsesDRwE6yWKkSgQrBtMruZ+944pzWV8C9OE+REZxTzklICRvL7iozEQpeT9oFxx7IbjNi5qeEnq5zmpNrBrOwtUUI7WoPzeH0qaRiwGKojWnusk4GdEAaeCzUr9VLOE0AkZMc/QmERM+9ni5Bk+McoQh1KZigEv1O8TGYm0nkaB6YwIjPVvby7+5XkphHU/43GSAovpclGYCgwSz//HQ64YBTE1hFDFza2YjokiFExKJRPC16f4f9I5s92qXb05rzQv8ziK6Agdo1PkohpqomvUQm1EkUQP6Ak9W2A9Wi/W67K1YOUzh+gHrLdPURqR+A==</latexit>

!

Why did Einstein 1911 get 
it wrong

* I used the geodesic equation with weak field gravity in isotropic co-ordinates. Valid at launch time with co-ordinate velocity v.
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↵ ⇡ 4GM�
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19111915

Erwin Finlay-Freundlich

Falling elevators

Ask me !



replace curved spacetime by flat spacetime + a refractive index
<latexit sha1_base64="MwjvFBK2zsVu6LBaGw/zwMhqG2Q=">AAACGnicbVDLSgNBEJz1GeMr6tHLYBDiwbAbJHoMevEkEcwDsmuYncwmQ2Znl5leSVjyHV78FS8eFPEmXvwbJ4+DJhY0FFXddHf5seAabPvbWlpeWV1bz2xkN7e2d3Zze/t1HSWKshqNRKSaPtFMcMlqwEGwZqwYCX3BGn7/auw3HpjSPJJ3MIyZF5Ku5AGnBIzUzjmyMDhxSRyraIBdwQJoOaclN1CEpm61x9s3xh+l9L40chXv9sBr5/J20Z4ALxJnRvJohmo79+l2IpqETAIVROuWY8fgpUQBp4KNsm6iWUxon3RZy1BJQqa9dPLaCB8bpYODSJmSgCfq74mUhFoPQ990hgR6et4bi/95rQSCCy/lMk6ASTpdFCQCQ4THOeEOV4yCGBpCqOLmVkx7xMQCJs2sCcGZf3mR1EtFp1ws357lK5ezODLoEB2hAnLQOaqga1RFNUTRI3pGr+jNerJerHfrY9q6ZM1mDtAfWF8/aAGghA==</latexit>

n(x) ⇡

1� 2

�N (x)

c2

�

<latexit sha1_base64="i1GReMEj5vGmqySFqOhYn3OwUz8=">AAACAHicdVDLSsNAFJ3UV62vqgsXbgaLUBfWRGofC6HoQjdKBfuApoTJdNIOnWTCzEQooRt/xY0LRdz6Ge78G6dtBBU9cOFwzr3ce48bMiqVaX4Yqbn5hcWl9HJmZXVtfSO7udWUPBKYNDBnXLRdJAmjAWkoqhhph4Ig32Wk5Q7PJ37rjghJeXCrRiHp+qgfUI9ipLTkZHfs+oA613lxcHp4ceXENu9xNT4STjZnFqqmVT0pwxmpFBNSqkKrYE6RAwnqTvbd7nEc+SRQmCEpO5YZqm6MhKKYkXHGjiQJER6iPuloGiCfyG48fWAM97XSgx4XugIFp+r3iRj5Uo58V3f6SA3kb28i/uV1IuVVujENwkiRAM8WeRGDisNJGrBHBcGKjTRBWFB9K8QDJBBWOrOMDuHrU/g/aR4XrFKhdFPM1c6SONJgF+yBPLBAGdTAJaiDBsBgDB7AE3g27o1H48V4nbWmjGRmG/yA8fYJyHGV8Q==</latexit>

�N (r) = �GM�/r

*works for slowly varying weak field gravity



1919 eclipsegravitational lensing



replace curved spacetime by flat spacetime + a refractive index
<latexit sha1_base64="MwjvFBK2zsVu6LBaGw/zwMhqG2Q=">AAACGnicbVDLSgNBEJz1GeMr6tHLYBDiwbAbJHoMevEkEcwDsmuYncwmQ2Znl5leSVjyHV78FS8eFPEmXvwbJ4+DJhY0FFXddHf5seAabPvbWlpeWV1bz2xkN7e2d3Zze/t1HSWKshqNRKSaPtFMcMlqwEGwZqwYCX3BGn7/auw3HpjSPJJ3MIyZF5Ku5AGnBIzUzjmyMDhxSRyraIBdwQJoOaclN1CEpm61x9s3xh+l9L40chXv9sBr5/J20Z4ALxJnRvJohmo79+l2IpqETAIVROuWY8fgpUQBp4KNsm6iWUxon3RZy1BJQqa9dPLaCB8bpYODSJmSgCfq74mUhFoPQ990hgR6et4bi/95rQSCCy/lMk6ASTpdFCQCQ4THOeEOV4yCGBpCqOLmVkx7xMQCJs2sCcGZf3mR1EtFp1ws357lK5ezODLoEB2hAnLQOaqga1RFNUTRI3pGr+jNerJerHfrY9q6ZM1mDtAfWF8/aAGghA==</latexit>

n(x) ⇡

1� 2

�N (x)

c2

�



images of galaxies distorted by intervening mass (that curves spacetime)



images of galaxies distorted by intervening mass (that curves spacetime)



NASA/ESA/Acknowledgement: Judy Schmidt

SDSS J1038+4849



Einstein Rings !



Einstein Rings !
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1919 eclipsegravitational lensing and dark matter
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HST



HST

galaxy  

~ 100,000,000,000 stars

Observable Universe  
~ 100,000,000,000 galaxies



HST

< 20 %



bullet cluster

collision of two clusters of galaxies

“shocked” intergalactic gas slowed downs 

most visible mass supposed to be in gas



bullet cluster

Clowe, Bradac et. al 2006

contours of where the mass is:

from gravitational lensing



bullet cluster

“collisonless” galaxies not 
slowed down

but mass from lensing much 
bigger than that from 
galaxies

—> Dark Matter

Clowe et. al 2006



bullet cluster



T0 = 2.73K

Credit: Roger Ressmeyer

Penzias and Wilson (1965) 
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Planck 2018

patterns in temperature of light from the first atoms

1o



Planck 2018

light from first atoms passes through the (mildly) distorted 
spacetime on its way to us

1o

MEH
ESA & Planck Collaboration



patterns in temperature of light from the first atoms

http://chrisnorth.github.io/planckapps/Simulator/Image Credit: ESA/NASA/JPL-Caltech
Blanchard and Schneider 1987



patterns in temperature of light from the first atoms

http://chrisnorth.github.io/planckapps/Simulator/Image Credit: ESA/NASA/JPL-Caltech
Blanchard and Schneider 1987



patterns in temperature of light from the first atoms

http://chrisnorth.github.io/planckapps/Simulator/

MEH



revealing information about 
(invisible) dark matter distribution!

Background image credit: Abel, Emmart, Hahn & Kaehler  

dark matter makes up 85% of matter in the cosmos!



1919 eclipsegravitational lensing and supermassive black holes



HST



Image Credit: EHT

M87 SgA*







Oct 24, 1995

same watertank on top of Hadiqat-e-Burhani, Surat, India, rest is a fanciful recreation



April 8, 2024



Image Credit: C. BICKEL/SCIENCE; (IMAGES) EHT (2019)


