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Abstract

This thesis is an in depth investigation of the history of the acceptance of Einstein’s Theory
of General Relativity by scientists and by the public through the media. It emphasises the
key role that Australia played in that acceptance and in the verification of General Relativity.
This contribution came from the 1922 total solar eclipse across the continent as well as the
discovery in 2003 at Parkes Radio Telescope of the first, and to this date only, pair of pulsars
in mutual orbit. This system provides a unique opportunity to plumb the theory in a much
stronger gravitational field regime than previously. This historical scrutiny provides an
insight into scientific revolutions in general. The examination of this particular development
may then act as a template for the study of other scientific revolutions. One of the key
findings is that the Theory of General Relativity was prematurely accepted. The main
argument of the thesis is for 1928 being the year when sufficient evidence existed for
scientists to begin accepting the theory based on gravitational deflection of light instead of
the commonly accepted date of 1919. Emphasis is given to the explorations of the 1922
eclipse parties in Australia and the activities of the eight groups measuring light deflection at
this eclipse. This work is gathered together here for the first time. The upshot is that it was
1928 before the results were published in full and a conclusion could be drawn. It is also
established that the situation for Mercury needed a much longer time period to near the
end of the twentieth century before a decisive verdict could be made. Similar to the
situation for light deflection, it is found that 1928 is also the year in which spectroscopic
data from spectral line frequency shifts of the Sun and white dwarfs had accumulated
sufficiently so that a strong conclusion on the third of the classical tests of General Relativity
could be made. From the late 1960s the radio region of the spectrum was employed more
frequently to investigate gravitational deflection. As a result of a subsequent extension of
this application to interferometry, the increased precision of experiments provided a greater
level of testing. No astronomical test yet has refuted General Relativity and agreement has
been reached at the 0.05% level with one parameter involving the double pulsar. In line with
the emphasis of the 1922 eclipse in Australia, the Australian newspapers were gleaned up to
1928 to see how the 1919 British total solar eclipse results were regarded by the media and
the public and to ascertain how the media explained the purpose for those 1922 expeditions
in Australia. It is found surprisingly that the newspapers performed admirably in explaining
difficult concepts in simple terms for the public during this time. This work provides an
historical account of the astronomical tests of General Relativity. More broadly, this thesis
demonstrates how the acceptance of a scientific revolution depends on the constant
accumulation of data by many scientists and the communication of those results to the
wider community. A century after it began, Einstein’s revolution in thinking provides a
suitable model for space and time in the Universe.



Certification of Thesis

| certify that the work contained in this dissertation is the bona fide work of the candidate, not
previously submitted for an award. The ideas, results, analyses and conclusions reported in this
dissertation are entirely my own effort, except where otherwise acknowledged

T ~ J / !
(}1. [' (‘/)’d'L’:)‘C/A/”m’Y‘J ,13/07/ 2E79
d 7 7
Signature of Candidate Date
Endorsement
B Couts, 24Sep 20(5
4
Signature of Primary Supervisor Date

Y gz 24 Sep 2015
/ 7

Signature of Associate Supervisor Date

iii



Acknowledgements

The title of this (K58 is ‘Astronomical Tests of General Relativity’. However, it had its origin
with the theme ‘The Contribution to Physics of the Total Solar Eclipses in Australia 1830 — 1930" and
my supervisor was Dr Wayne Orchiston who guided me at James Cook University 2011-12.

After Astronomy was discontinued at this institution, | transferred to the University of
Southern Queensland where | was welcomed by Dr Brad Carter. He had been my supervisor for my
Master of Science 2006-10. With him the topic morphed to the present one. From 2013-15 Brad has
been my enthusiastic conductor. He has the ability to draw from me the crux of an issue when | am
immersed in a lot of detail. After his reading of my work at many junctures during this period, his
suggestions resulted in improvement in my communication. He is at his best in a brainstorming
session when | am thrashing about attempting to find a direction. He has the keen ability to make
links between different areas of research to develop a central theme. During the times when |
wondered whether continuing with this study was worthwhile, his humanity was at the fore as he
gently guided me to see the end game and what was necessary to achieve this. Brad’s positive
support has been instrumental in my reaching this destination. When | commenced my Masters in
Science in 2006 he had the vision for my achieving a Doctorate even though | did not have this in
mind until | completed that Degree. My gratitude is extensive for my following his baton for a total
of eight years throughout both qualifications.

| experienced the skill of Dr John Mainstone as an associate supervisor for only a short time
until his death in 2013. He was a master of the English language, had a broad level of knowledge and
possessed a command of writing.

From then | came under the influence of Dr Nick Lomb. His listening abilities are very skilful
before he picks up a required thread and can weave this into a connection of ideas. Over time | have
witnessed his capacity to supply gems of thought in this continuing saga. His ideas have been very
welcomed and he has provided a new point of direction for me on many occasions. The feedback
from Nick has been exceptionally prompt and he provides nuggets in his responses. | have valued his
creative flair in our discussions.

My wife Madonna has been a constant source of support throughout my many years of
study. Whenever | encountered a brick wall, she had the ability to ask the right questions to redirect
my efforts. She was able to look at things from a different perspective and encouraged me to
continue this journey. Her emotional support has been outstanding.

Our children Ursula, Monica and Paul have been patient and understanding as they saw me
devote many hours to my study during their childhood and adolescence. For their positive attitudes,
I am truly thankful. Now, as adults, they still display an interest in my academic pursuits and value
the importance of learning.

| have also received encouragement from my own high school students who exhibited a
curiosity in my study. Anthony Lumsden has been of tremendous assistance with technical computer
issues.



Contents

ADSEIACE et et s et st bbb et es s ii
Certification of CKSAIA ...00000000................ovveeeeeeeeeeeeeeeessersesessssssss e sss s sseseesesessenns iii
ACKNOWIEAZEMENTS ...ttt e st st e e b b er e e iv
CONTENTS o e e e e s e e e v
Papers for CKSAA ...00000000.............co..veeeereeeeeeee e eee s eee s eessssees s sse s sse e sseees Vi
Paper 1 CONTENTS ot ettt et st see seees e saeaaaesnees vii
Paper 2 CONTENTS oottt et st e es e sae s e e eanees ix
Paper 3 CoNTENTS ..ottt et e et st e sre e X
Paper 4 CONTENTS ..ottt st e et e e s e saeeeasanees Xi
Paper 5 CONTENTS oot st st e a e saesneeanees Xii
INEFOAUCTION et sttt st s bbb s b se et e 1-11
P AP Er L e et st she et b et e st saeeneaenaees 145-170
[ =1 OO TOTRUPPS 171-188
[ =1 S T USRS RUPPS 90-105
PAPI 4 e et s e sae et s be et e e s e saeeneaenaees 456-465
[ =1 TR 150-163
DISCUSSION ettt et e st e e e et e sre et e e e e r e e 96-109



Papers for ¢KS3d

Paper 1

Y W ¢NSEO0KY I-y1 Early astronomical tests of General Relativity: the gravitational deflection of light,
Asian Journal of Physics. (2014) 23 (1 & 2): 145-170.

Paper 2
Y W ¢lISA0KY I'yI Early astronomical tests of General Relativity: the anomalous advance in the

perihelion of Mercury and gravitational redshift, Asian Journal of Physics. (2014) 23 (1 & 2): 171-188.

Paper 3
Y I ¢NSE0KY I-yI Recent astronomical tests of General Relativity,

International Journal of Physical Sciences. (2015) 10 (2): 90-105.

Paper 4
Y W ¢NSE0KY YL General Relativity support from the double pulsar,

International Journal of Physical Sciences. (2015) 10 (15): 456-465.

Paper 5

Y Il ¢IISA0KY 1YL General Relativity in Australian Newspapers: The 1919 and 1922
Solar Eclipse Expeditions, Historical Records of Australian Science. (2015) 26: 150-163.

These are single authored papers.

Vi


lun
Typewritten Text
These are single authored papers.

lun
Typewritten Text


Paper 1: Early astronomical tests of General Relativity: the gravitational deflection of light

1 INEFOAUCTION ettt e e s bbb st b et sea b e e 145
2 The aim Of thiS PAPEL .o e st st e b b ena s 146
3 Unsuccessful Efforts: 1911 — 1918 ....cccuveieiiienerirerereeee sttt ien e s senens 146
4 Total Solar EClipse Of 1919 ..ottt sttt er s e sre sae s 147
4a The Brazilian EXpedition 0f 1919 ... st e 147
4b The Principe EXpedition 1919 .....ccoiiicieiece ettt ete st st st s s esaesans 148
4c Combined ReSUItS 1919 ..ottt e st e e 148
5 Communication of the 1919 ReSUIES .....c.cuevevirireiiriie et 150
6 The world response to EINSTEIN ....cco ettt vt st 151
7 PhiloSOPhY Of SCIEBNCE ..ottt st st s n e 152
8 Campbell and the Total Solar Eclipse of 1922 .......cvoiiivivieseeeessce e 152
9 Royal Greenwich Observatory and German-Dutch Observations on Christmas
[SIANA 1922 ..ttt st st st bbb sae st st n e n s e e ene s 155
9a Royal Greenwich Observatory Encounter on Christmas Island 1922 ................. 155
9b German-Dutch Party Observations on Christmas Island 1922 ..........cccceveeeee. 156
10 Indian Results from Wallal 1922 ...ttt e e e 156
11 Canadian Results from Wallal 1922 ..........coinrrcee e e e 157
12 English Party at Wallal 1922 .....ooeieeee ettt st e 157
13 Perth Observatory Team at Wallal 1922 .......ccoeiieicecececece e 158
14 South Australian Expedition to Cordillo Downs 1922 .......ccccevveeeieinenecnieeee e 158
15 University of Sydney Mission to Goondiwindi 1922 ........cccceveeerrveinenennciniere s 161
16 Sydney Observatory Experience at Goondiwindi 1922 ........cccoceeiveveeceececvese e 162
17 Melbourne Observatory Party at Goondiwindi 1922 ........cccceeeeeieieireeeecece e, 163
18 Carnegie Institution Representative at Coongoola 1922 ........ccccovvveveeieiereneenen. 163
19 New South Wales Branch of the British Astronomical Association at Stanthorpe
1922 e e et b e bbb et he s e bbbt et ehe bt e 163
20 Results from the Lick Observatory Expedition to Wallal 1922 ........ccccocvveverennee. 164
21 DISCUSSION ottt e s bbb s eresae sae s 165
22 CONCIUSION e e s et e et bt be s n e enas 166
REFEIENCES .ottt sttt bt s bbb st b s bbb 167

vii



List of Tables

Graph

For the 7 stars from the 10 cm telescope at Sobral, Brazil the observed angular
displacement from the centre of the Sun where the radius is 15".78 are shown
along with the calculated figure based on the Einstein value of 1".75 at the limb
and an inverse relationship with distance ...

Light deflection at Sun’s limb from Lick Observatory published in 1923 ...............

Graph of observed angular displacement versus distance from the centre of the
SUN et e e et e e e e e e eb bt st ae st ee e te s e teaehbee aabeen st eenaeaeteanaaaeaaraanss

viii

149
164



Paper 2: Early astronomical tests of General Relativity: the anomalous advance in the
perihelion of Mercury and gravitational redshift

1 INEFOAUCTION ettt b e st s et s 171
2 TranSits OFf MIEBICUIY .ottt et st s s e s e b e et e e s eee 172
3 Lindenau, Le Verrier, NEWCOMD ....c..oiiiiiiece ettt et st st s e e 173
4 BINSTEIN i e e s s 174
5 MOdErn MELhOMS ...coceiiiireeieceet ettt sttt e bt s e s eb e ebe s 177
6 Conclusion for the Anomalous Advance in the Perihelion of Mercury .................. 178
7 Einstein and Gravitational Redshift ..o 179
8 Solar Spectral Research to 1918 ...ttt e r e s sre s 179
9 Significance of 1919 Total Solar EClIPSE ...covvveieiviereiececese et 181
10 RESUILS 1920-24 ...ttt sttt seb e s et st s bbb e et ee b 181
11 The €ase Of SIFIUS B ...ttt ettt e et sttt et s et 182
12 L0028 ettt sttt st h et st s e be et e bt et saete s et ebeenneenee 183
13 POST L1928 ettt sttt st bt sbe et e st sr e et sae et e e saeeennestenae 183
14 Conclusion on Gravitational Redshift ..o 184

REFEIENCES .ottt ettt b et b s e bbb st s et eb e 185

List of Tables

1 November and May transits of Mercury 1631-2006 along with intervals ............ 173
2 Anomalous advance in the perihelia of the planets ..., 175
3 Comparisons between the observed discrepancy and relativistic prediction for
Mercury, Venus and EArth .......ceoiciiiiece ettt st st 176
4 Sources of the precession of the perihelion of Mercury ......ccccovevvivvcevecceneniesne 177
5 Keplerian Elements for Mercury and their change over 100 years at epoch 2000 178



Paper 3: Recent astronomical tests of General Relativity

INEFOAUCTION et sttt et e st s ettt 90
AIM OF ThiS PAPEI ettt ettt e st e e st s er s eassaeete st nen 91
Weak EQUIValeNCe PriNCIPIE ..ottt st st e bt 91
Equivalence of Inertial and Gravitational Mass ......c.cecevvieviennienvenieeieeseneene. 91
Gravitational Redshift ..o e 92
Orbital Precession of a Body in Gravitational Field ........ccccccoveieiieeiecceiveeceeieene, 93
Relativistic Perihelion Advance of the Planets .........coevieineinecienneinecenees 93
Relatvistic Periastron Advance of Binary Pulsars .......cccoovvveceveeieineineeceeeenen. 94
GEOUELIC PreCOSSION ...ttt et et st s st s st 96
Lense-THirring Effect .ot s 96
Light Propagation in Gravitational Fields ........c.cccoveeviininircce e 97
Gravitational Optical Light Deflection ... 97
Gravitational Radio Deflection due to the Sun ......ccocccvvrciciencc e 98
Gravitational LENSING .ccoceeeieiscece ettt ettt ettt st st st s s r e 99
TIME DilAtioN ettt e ettt et st e 99
ALOMIC ClOCKS ettt et sttt ettt s et e et st e ben b e 100
Strong Gravity IMpPliCatioNs .....cccueieiriee i e 100
NOFALVEA EFfECT ..ttt st et s e st 100
Potential Gravitational Waves ...t 100
DISCUSSION ettt s e er e s s s 100
CONCIUSION ettt et e e s e s e s e e e ere s e 102
REFEIENCES .ttt sttt s bbb st b s et eb e 103

List of Tables

1 Anomalous advance in the perihelia of Mercury, Venus and Earth ....................... 95
2 Percentage Difference from relativity for experiments conducted listed under a
section, property and year of publication ... 101



Paper 4: General Relativity support from the double pulsar

INTRODUCTION oottt ettt ettt st sttt ettt s bbbt e st
NEUTRON STARS ettt ettt ettt e s bt ettt e s b ettt s
PULSARS ettt et et st et e ea e st e s ae b be s sae et e en b e s be et ees e saeenebennteereennes
PULSAR SURVEYS et ettt sttt e sr et st ss et st e en e sbesaeesn e seeannean
BINARY PULSARS oottt ettt ettt st st et et ettt s e e ebe bbbttt seneae s
CLASSIFICATION OF PULSARS ettt sttt sttt e e et sre s s ees e
DOUBLE PULSAR ettt ettt st ettt s ettt e s et sbe b et sae s e seeeneesnnas
ANALYSES OF DOUBLE PULSAR PARAMETERS  ....cooiiiee ettt e
FURTHER DAT A ettt sttt ee bt e et st s e st et et e ss e b e en e e s
FUTURE ettt ettt st et et sae et e st st e b be b sstesabessbesnsessneesreansenan
CONCLUSION ettt ettt sttt bttt st e st saeesbee s seesae et e eesueasnsennnesns
ACKNOWIEAZEMENTS  ...ovictieieteeee ettt st ste st e s es s s eassanetesrennen

RETEIENCES et ettt et sttt e s sttt e sbeseatessbaes sbbessaesesresssnsessssensses

List of Figures

A W N R

Number of pulsars per year of publication with later peaks due to Parkes. .........
Number of pulsars with periods 1-12 S. .....ccccviviveiinie e s
Number of pulsars with Periods < 1 S. ....ccciiiricieiecieee et s

Log of change of period per s versus log of period for, from left, most pulsars,
high energy pulsars, DINAries. ...t e

List of Tables

v A W N

Some physical parameters of the double pulsar. ......cccoivevieie e,
Keplerian parameters of the double pulsar. ...
Post-Keplerian parameters and other results of the double pulsar. .....................
PKP comparisons of observed and GR predictions for the double pulsar. ............

Parameters for spin periods and their time rates of change. .....cccccovviivivececeins

Xi

456
457
457
458
458
458
460
461
462
463
464
464
464

458
459
459

460

461
461
462
463
463



Paper 5: General Relativity in Australian Newspapers: The 1919 and 1922 Solar Eclipse
Expeditions

INEFOAUCTION et sttt st ettt bt b st eb et ebe st ben et ene s 150
MELNOUOIOEY ...ttt et et s ete s te st e e s es e b e et aesaasesssreetestenn s sensentans 151
The Major Interest Regarding General RelatiVity .....cccooeereiicecececeeceee e e 151
The Three AStronomMICal TESES  ..ccvceiriierrierireee sttt st st b e e s e b e e s e ene 152
The 1919 and 1922 Total Solar EClIPSES  .vvivivieeiiieirtietirt ettt e sr e e s sae e s 152
Simplification of General Relativity to the Australian Public .......ccccooeveiiiiennceeeie 154
Correct and Misleading INfOrmation ..o 155
Results of the British Eclipse Expeditions 0of 1919 .......ccccivrievivecieennce et 156
Purpose of 1922 MEASUIEMENTS  ....ccceeeueieierirteeeeeeeeetesteste e e eatetaesassessasesaeetestensensssensensasanes 156
Results of 1922 EclipsSe MEASUIEMENTS  ....ccueueeieeierietieee e ste et s s ess s sasste st saneresreene s 156
MEICUIY ANOMAIY ottt ettt st ettt e st besbeste st e e e bes et et e st enssaeaseseesen steseessssanens 157
Gravitational REASNIft .......c.eviei et sttt s 157
DiSCUSSION OF RESUIES ..ottt ettt e et e st s b s 158
CONCIUSION ettt st et st e et et et et et sea ekt b sttt eneets steaenbeseneees 160
ACKNOWIEAZEMENTS  ..oviiieiecece ettt st st st e e r et et et e e et st ste e e e nessennnees 160
ENANOTES oottt e e e e e bt e e b et e r e b e e n e e e e e eene 161

List of Figures

1 Paths of 1919 (left) and 1922 total solar eclipSes ......ccoceeveceeceevecececeece e 153
2 Path of 1922 eclipse across AuStralia .......cccoeeecieieeiceecee e et 153

List of Tables

1 Number of newspaper articles per year 1911-1928 .......ccccoeeeeeeececeee e 152
2 Number of newspaper articles per month in 1922 ... 152
3 Number and % of newspaper articles by main theme ..o, 152
4 Number and % of newspaper articles for the three astronomical tests ................ 153
5 Number of newspaper articles recorded for each of 13 expeditions in 1922 ...... 155
6 Number of newspaper articles per locality in 1922 .....ccccovveeeeivecievereceeeeeeee, 155
7 Decision of General Relativity from 1919 eclipSe .....ccccevveveeveee e stecee e 157

xii



Introduction

One of the great cornerstones of Physics is the Theory of General Relativity. This was published by
Albert Einstein (1879-1955) essentially in 1915, although he made a correction to his paper in 1916.
Now, 100 years later, it is possible to provide an historical perspective to see both how the scientific
community responded to this new idea and how the public have been included in its worldview.

General Relativity is regarded as a revolution in Science. If so, then it would be expected to
bear the characteristics of other scientific revolutions. At the outset, the theory challenged the
thinking of the time so that interplay existed between this new concept and the culture within which
it emerged. In addition, one ought to be able to trace its historical development and see how it
became accepted by scientists and the public. Hence, this progress may demonstrate Science in
action.

The motion of a body is described relative to something else called a frame of reference. If
this frame is stationary, it is known as an inertial frame and the description of the motion is, as a
result, in fairly simplified terms. Then, the mathematics of the motion in another reference frame
may be given as a result of transformations. This was the situation in the Physics of Isaac Newton
(1643-1727). Thus, Einstein was not the first to propose that the laws of Physics should be the same
in all frames of reference which had uniform motion. However, his special insight in 1907 was that
this should apply to any measurement of the speed of light. Consequently, he followed a path that
differed from Newtonian Physics. In the Physics that preceded Einstein, if light were moving towards
or away from a person who was also moving, then simple addition or subtraction of relative motion
would result in changes to the speed of light. This would counteract his first premise. He solved this
conundrum by challenging the notions of an absolute position for space and absolute time. In his
depiction, space and time were relative to the observer. The outcomes which followed from his
thoughts were that as the speed of an object increased, any clock being carried with this entity
would run slower and the length of the object in the direction of travel would become shorter. In
addition, if two events occurred simultaneously in one frame of reference, this would not be the
case with one frame moving relative to the other. These quirky ideas provided a consistency in his
two postulates.

Einstein subsequently wrote a number of equations to describe his concept of the Universe.
Gravitation arose as a geometric property of space and time (referred to as spacetime) to show that
they are not independent quantities but are related to the gravitational field of any mass. Whereas
previously gravity had been an inexplicable force acting between bodies at a distance, Einstein
envisaged that any acceleration in the vicinity of a massive body was due to the curvature of
spacetime around it. One of his inferred consequences in 1907 was that light emitted from the Sun
would display an alteration of its frequencies since time in its neighbourhood would affect this light.
From his equations, he produced a figure of 2.12 x 10°® as the ratio of the change in wavelength at
the surface of the Sun compared with the wavelength measured on Earth for this gravitational shift
towards the red end of the spectrum in this environment. This became one of the three classical
astronomical tests of General Relativity.

A second classical astronomical test ensued in 1911 when Einstein calculated a value for the
amount of bending of starlight in spacetime at the edge of the Sun. He revised this calculation
upwards in 1916 in the flowering of his ideas in the General Theory of Relativity. He postulated that
the amount of displacement of the light at the edge of the Sun would be 1".75 and that this quantity
would decrease proportionally as the distance from the centre of the Sun increased. This was a very
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small measurement for the instrumentation of the day and could only be quantified by taking
photographs of a region of stars during a total solar eclipse and then of the same region at night
months before or after the event.

The third of the three classical astronomical tests of General Relativity involved a solution to
the motion of the planet Mercury. In a two bodied interaction, such as that of the Sun and Mercury,
the orbit of the planet was described by Johannes Kepler (1571-1630) in 1609. His investigation of
the orbit of Mars led him to suggest that any planet would trace out an ellipse and that it would
return to the same position in each orbit. However, the presence of the other planets would cause
the orientation of the ellipse to swing around the Sun. In the Physics of Newton involving many
bodies, astronomers attempted to calculate the change that would be expected in the perihelion
position of Mercury in space. After accounts of all the forces believed to exist, there was still an
unexplained anomaly. This was interpreted, in one scenario, as evidence for a planet closer to the
Sun and this fictional body even received the name Vulcan. However, in 1915 Einstein reasoned that
spacetime would affect the orbit and he predicted a value of the movement of this perihelion
position in space of 45" + 5 century” which very closely matched the measured anomaly of 43"
century™ [42.98 + 0.1]. In a letter about this to the theoretical physicist Paul Ehrenfest (17 January
1916) Einstein described that he was beside himself with joy.!

These three classical astronomical tests of General Relativity, then, are predictive in nature
and are known as gravitational redshift, gravitational displacement of light and the anomalous
advance in the perihelion of Mercury in its orbit.

It was claimed by some that General Relativity was ‘proven’ based on
(i) the Mercury calculation from 1915,

(ii) the two British expeditions at the 1919 total solar eclipse where starlight deflection
measurements were attempted for the first time and

(iii) experimental work on the frequencies of lines in the solar spectrum conducted up to the year
1923.

Indeed, on the 100 year anniversary of General Relativity, the popular science magazine,
Scientific American, devoted its entire September 2015 edition to Einstein. Within it, lies a summary
of his work which is typical of that in many books and reports. “On November 6, 1919, four years
after Einstein completed the general theory of relativity, newspapers the world over trumpeted just
released astronomical measurements establishing that the positions of stars in the heavens were
slightly different than what Newton’s laws would have us expect, just as Einstein had predicted. The
results triumphantly confirmed Einstein’s theory and rocketed him to icon status overnight. He
became the man who had toppled Newton and who, in the process, had ushered our species one
giant step closer to nature’s eternal truths.”?

So, this great revolution is portrayed as resting on one defining moment, that of the
measurements of the deflection of starlight during a total solar eclipse in 1919. This is often the way
that Science is depicted publicly and how the populace customarily understands the operation of
Science. Three other examples attest to this perception of an immediate and monumental
breakthrough in the advancement of scientific knowledge. There is the often told story of the Eureka
moment of Archimedes as he observed the water rising when he entered a bathtub and he
transferred this to a method for measuring the volume of irregular solids. Then, there is the
narrative of Newton watching an apple fall and being thus inspired to produce the Universal Law of
Gravitation. The third illustration comes from the history of Astronomy. The geocentric
representation of Claudius Ptolemy (90-168) of Alexandria stood for 1500 years and was overthrown



by Nicolaus Copernicus (1473-1543) of Poland who proposed a heliocentric model in his published
work of 1543. The retrograde motion of the planets could now be explained easily as a consequence
of a moving Earth and so the heliocentric version won the day. Since this was so simple, it was not
explained why it took so long for intelligent people to come to this viewpoint.

From a reading of the history of scientists and their work, one comes to realise that there is
a departure between the popular perception and the real situation. The flowering of many scientific
ideas involved a more convoluted track. The actual historical development of the third example of
the heliocentric model may now be taken to criticise the simplistic presentation of one defining
point in time.

The heliocentric idea was written about much earlier by Aristarchus (c310-c230 BCE), a
Greek astronomer and mathematician from Samos. He had the planets in their correct order,
believed the stars were suns and that they were at a very great distance from the Earth. His proposal
probably rested on his measurements of the angle between Moon-Earth-Sun at quarter moon and
the almost equality between the angular size of the Sun and Moon in the sky. His angle was on the
low side at 87°.

Figure 1. Diagram of Sun, Earth and Moon with the Moon at first quarter.

He did not use trigonometry but since 1/cos 87° = Earth-Sun distance / Earth-Moon distance = 19
(Figure 1), he indicated that the Earth-Sun distance was 18-20 times the Earth-Moon distance. He
reasoned that as the Sun and Moon had the same angular size, the Sun must be 18-20 times larger
than the Moon. He had an approximate ratio of the size of the Earth to the Moon from the arc of the
Earth’s shadow on the Moon during a lunar eclipse. So, he deduced that the Sun was much larger
than the Earth. Therefore, the Earth was more likely to orbit the Sun than vice versa. The Ptolemaic
geocentric proposal was disparaged on the basis of the introduction of epicycles in Ptolemy’s
attempt to align observations with theoretical predictions. Yet, Copernicus eventually had to adjust
his model with epicycles just like Ptolemy had and his system was just as complicated and was no
better at predicting the position of the planets. Rather than the idea of Copernicus having an
immediate impact, the heliocentric proposal was still not well accepted until near the end of the life
of Galileo Galilei (1564-1642). In 1610 Galileo had found that some objects did not have Earth as
their centre, namely four moons of Jupiter, but the debate continued to divide scholars into
opposite camps. This was certainly a scientific revolution in action. Yet, the real revolutionary of the
period was Kepler. In his work for Tycho Brahe (1546-1601), Kepler was instructed to pursue his
master’s model that the Earth was stationary, the Sun and Moon orbited the Earth and the five
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known planets orbited the Sun. Historically, few people have heard of this Tychonic system.
Nevertheless, it answered the questions of why the Earth does not feel as if it is moving and it
allowed the stars to be much closer since no parallax could be measured of their positions six
months apart as ought to be the case if the Earth were moving. In 1609 Kepler, interpreting the data
of positions of Mars produced by Tycho, published his theory of elliptical movement of the planets.
It was still some time, 1627, before he used his ideas to circulate predictions for the positions of the
planets. Since his tables were significantly more accurate than those based on Ptolemy or
Copernicus, more scientists were swayed to accept his worldview. While Kepler’s planetary law
described the orbits of the planets, it had no theoretical basis. This was provided 60 years later by
Newton who showed mathematically that if the force of attraction between two bodies varied with
distance as the square of the inverse, then the resulting shape would need to be one of the conic
sections. As a result, an ellipse was one possibility.

So, if this revolution followed such a tortuous path, could another revolution, namely
General Relativity, proceed in a similar way? This thesis seeks to challenge that there was one
defining moment which overthrew what had gone before and ushered in the acceptance of General
Relativity. The thrust of these papers is summarised in the following.

Hypotheses

1. Australia played a key role in the acceptance and verification of General Relativity from the 1922
total solar eclipse across the continent as well as the discovery in 2003 at Parkes Radio Telescope of
the first, and to this date only, pair of pulsars in mutual orbit.

2. The Theory of General Relativity was accepted prematurely.

The emphasis given in the previously quoted Scientific American article is one of immediacy.
It will be contended in these papers that this is far from the actual methodology of Science. In
contrast to an acceptance at one instant, this investigation of the history of General Relativity seeks
to conclude that, from a scientific point of view, this revolution does not rest on one defining
moment. Rather, it is a long, slow process. There is argument and counterargument. A proliferation
of retesting and new investigations is necessary. Results need to be accumulated.

In order that a conclusion may be made concerning the hypothesis, it is necessary to
examine the nature of proof in Science. To gain acceptance, any theory has to run the gauntlet of
scientific procedures. The ideas need to be couched in language which could look at the falsifiability
of the proposals. Within the philosophy of Science, hypotheses take the form ‘If A, then B.” This
statement could be falsified if A existed but B did not. However, the reverse, ‘If B, ..." could only lead
to the logical deduction that ‘A might exist.” since other reasons may also lead to B being the result.
Hence, Science operates with a specific methodology. Other explanations always need to be
pursued. Nevertheless, there does come a time when each scientist interprets the evidence and
makes a judgement call. It is similar to the situation when a 12 person jury in a criminal case offers
an opinion based on the evidence. Truth is not necessarily the result but the public accepts the
decision since this is how our societal system is organised. Similarly, Science, through the majority of
its practitioners, decides on accepting or rejecting the elements of a theory. A new paradigm ought
to be only tentatively held. There is a conclusion held until more evidence may accrue to sway that
opinion. Historically, this follows a pattern of a number of early adopters, then more scientists
become adherents as the weight of arguments mounts until, finally within the realm of study, a



critical mass of those in the field believe that enough experimental support exists to hold that the
theory contains the best explanations of the observed data.

In the first four of five papers, relevant journals in the fields of Physics and Astronomy are
examined to marshal the arguments for the hypothesis that General Relativity was prematurely
accepted. The first two papers encompass the three classical astronomical tests of General
Relativity.

Paper 1: Early astronomical tests of General Relativity: the gravitational deflection of light

The first paper explores the historical context of the classical test of the gravitational deflection of
light up to the year 1928. In 1919, the British sent parties to Brazil and the island of Principe off the
coast of west Africa. The Einstein prediction was 1".75 of starlight deflection at the edge of the Sun.
This exceedingly small measurement was at the extreme edge of capabilities at the time with the
photographic apparatus, telescopic equipment and measuring instruments available. Nevertheless,
the 1919 expeditions performed an admirable service in securing measurements at a total solar
eclipse [147-51].

The paper includes some critical analyses of the hypothesis that was used, the manner with
which contributing factors were dealt, the selection of the data obtained, the interpretation of the
results and the way in which the results were communicated initially to scientists [147-51]. A case is
made that there was insufficient evidence to support Einstein at this juncture based on the
astronomical test of gravitational deflection. This led to the need to obtain further measurements
and this was the major focus during a subsequent total solar eclipse in 1922.

An assault was made on this problem in 1922 when eight parties dispersed across Australia
and Christmas Island to attempt observations with an aim to provide either supporting confirmation
or a refutable result. Another five groups were seeking information other than light deflection so
that a total of 13 assemblies were devoted to observations at this event [152-65]. The event was a
significant occurrence in both Australian and scientific history, yet little of it resides in the current
public consciousness. This paper is the first assemblage of the work of these eclipse parties into one
piece of writing. For the eight of the 13 parties that congregated in the Australian region for the
eclipse to determine a measure of light deflection, there were representatives from (1) Royal
Greenwich Observatory [155] and (2) a German-Dutch party [156] which set up stations on
Christmas Island in the Indian Ocean between Western Australia and Indonesia. At a remote station
called Wallal near Broome in Western Australia there was a group from (3) Kodaikanal Observatory
in southern India [156-7], (4) a Canadian troupe from the University of Toronto and Dominion
Astrophysical Observatory [157] and members of (5) Lick Observatory from the USA [152-5]. In a
remote part of South Australia, a gathering from (6) Adelaide Observatory trained their telescope
[158-61]. Further east at Goondiwindi in Queensland, personnel under the banners of (7) Sydney
Observatory [162-3] and (8) Melbourne Observatory [163] set up a station each. The other five
groups which were involved in matters other than light deflection were (1) an English party [157-8]
and (2) Perth Observatory [158] both at Wallal, (3) the University of Sydney camped at Goondiwindi
[161-2], (4) the Carnegie Institution of Washington at Coongoola in the far south west of Queensland
[163] and (5) the New South Wales Branch of the British Astronomical Association at Stanthorpe in
southern Queensland [163-4].

Results from the eight institutions are presented but the major emphasis is placed on the
outcomes from Lick Observatory. Preliminary data from this establishment were published in 1923
but it was to be 1928 before all of the calculations were completed. The argument is that 1928,



rather than 1919, ought to be the year when General Relativity had sufficient support from the sole
criterion of gravitational deflection.

Paper 2: Early astronomical tests of General Relativity: the anomalous advance in the perihelion of
Mercury and gravitational redshift

The other two classical tests of the anomalous advance in the perihelion of Mercury and
gravitational redshift are the subject matter of the second paper.

An unexplained advance in the perihelion of Mercury’s orbit had been known since the time
of Urbain Le Verrier of Paris Observatory in 1843 [173-4]. The curvature of spacetime proposed by
Einstein in 1915 seemed to provide a fit for the missing quantity [175]. However, before a theory
gains acceptance, other proposals need to be explored. Some of these suggestions were that the
inverse square law of Newton may have to be tweaked; there could be a planet or a ring of
planetesimals orbiting the Sun closer than Mercury; perhaps the Sun or its atmosphere may have an
elliptical shape [174-5]. Also, Mercury was a case of one. It was 1956 before similar, but smaller,
measurements of this anomalous phenomenon were obtained for Venus and Earth [176]. Embedded
in this historical development is the difficulty of predicting orbital parameters as soon as one
removes the restriction of only a two body problem and includes the influence of the other planets
[172-9]. Indeed, parameters for Mercury and its orbit needed refinement. Since the planet does not
have a moon, its mass had been determined by the passage of a comet [172]. The launch of
spacecraft to Mercury from 1974 has continued to provide alterations to the mass of Mercury. Long
term fluctuations of its orbit to sufficient accuracy required the use of numerical integration and
computers which were applied to this issue in the 1980s. Thus, it will be contended that confidence
in this classical test being used did not really exist until the 1980s.

For the third classical astronomical test of gravitational redshift, judgements were
historically influenced by thoughts from the field of gravitational light displacement. While debate
ensued over the interpretation of results from solar frequency measurements, this field of
endeavour took an unexpected detour with values obtained from a double star system where one of
the pair was a very dense object. Arthur Eddington (1882-1944) of Cambridge Observatory was able,
in 1924, to tease out some of the factors contributing to the displacement in the frequencies of
spectral lines as there were much larger frequency shifts in the region of a white dwarf compared
with those at the Sun [182-3]. It took extensive toil, particularly from two experimenters, Walter
Adams (1876-1956) and Charles St. John (1857-1935) both of Mount Wilson Observatory, before the
influences on solar line displacements were attributed to the relevant diverse factors and the
Einstein value surfaced [183]. It is opined that 1928, the same year as for the classical astronomical
test of starlight deflection, was the time where gravitational redshift could reasonably support
General Relativity.

Paper 3: Recent astronomical tests of General Relativity

The story of General Relativity did not cease with the three classical tests. After 1928, a flowering of
applications of new ideas, improved technical equipment, the extension of light measurements to
the radio region of the spectrum, longer time periods for measurements, the proliferation of
spacecraft and the discovery of exotic objects beyond the solar system allowed General Relativity to
be tested to greater precision, in stronger gravitational fields and in a myriad number of ways not
envisaged at its inception. In particular, the discovery in 2003 of a double pulsar, two pulsars orbiting



each other, at Parkes Radio Telescope opened up an unprecedented possibility of extreme precision.
These applications beyond the three classical tests are the 13 topics numbered following and
presented in the third paper.

(1) Einstein’s proposal contained an equivalence of inertial and gravitational mass, that is,
that acceleration is independent of the nature of the body [91-2]. Experiments along these lines
preceded the publication of General Relativity. From 1885 Lorand E6tvos (1848-1918) of Hungary
performed tests on torsion balances to determine any correspondence between these two
guantities. His work was continued by his coworkers presented in publications in 1922 and 1935. By
1964 the baton had passed to other experimenters with improved equipment so that greater
accuracy ensued. An extension of this equivalence principle was possible when it was realised that,
since the Earth and Moon both accelerate in the gravitational field of the Sun, a comparison could be
made between these accelerations to ascertain if they had matching values. To this end, the position
of the Moon relative to the Earth required greater accuracy. This was possible from 1969 when
retroreflectors were placed on the Moon and laser beams were sent from and received at the Earth
via these devices. Enhancements over time were more reflectors on the Moon, telescopes
specifically dedicated to this venture, enlargement of the aperture size of the telescope, the
placement of these telescopes at a higher altitude, technological advances in lasers and a greater
capture of photons.

(2) The paths on which experiments on the classical test of gravitational redshift followed
after 1928 took some interesting turns [92-3]. Appearing to be a tangent, one intriguing setup
involved the emission and absorption of gamma rays over a vertical distance and then interchanging
the positions of emitter and receiver. Results were achieved throughout the 1950s and 1960s where
a frequency change was expected because of a gravitational potential difference in altitude at the
surface of the Earth. With the emergence of planetary spacecraft, an extension could be conducted
on gravitational redshift as these vessels could be manoeuvred into special alighments. Voyager 1
sent its signal past Saturn in 1980, Galileo past Venus in 1990 on its journey to Jupiter and Cassini in
2002 past the Sun as it proceeded to its destination of Saturn. Signals were received by three 64 m
radio telescopes on Earth to determine the frequency shift. While the topic of the next paper is
entirely devoted to the only double pulsar discovered to date, it is included under this phenomenon
as the pulse of one body is influenced by the gravitational field of the other so any frequency change
may be monitored.

(3) Over time the classical test of the Mercury anomaly was seen as but one example of the
orbital precession of a body in a gravitational field. By 1943, Gerard Clemence (1908-1974) had at his
disposal many more meridian observations and transits of Mercury than were available in 1915.
With altered figures for the eccentricity and perihelion of Earth, as well as a revised figure for the
mass of Venus (another planet without a moon), he altered the anomalous advance for Mercury
slightly from that of Einstein. Another experimenter in 1956 made a number of corrections to
planetary data after analysing meridian observations of Venus. He was able to produce a figure for
an anomaly for Venus to check against the relativistic amount. In the same year, this was also
performed for the Earth after almost 200 years of solar data were scrutinised and an adjustment
made to the eccentricity of our planet [93-4].

(4) These figures for the planets are extremely small and in the relatively weak gravitational
field of the Sun. In contrast, after the discovery in 1974 of the first binary pulsar, it was then possible
to compare changes in the radio frequency from a pulsar in the gravitational field of its companion,



where each member had a larger gravitational field than that of the Sun, with atomic clocks on
Earth. Such monitoring enabled a measurement of periastron advance of the binary system and this
was of the order of 1000 times more than that for Mercury [94-6]. By 1992, 21 binary pulsars had
been studied to add to the measurements of orbital precession of a body in a gravitational field.
Another component of Einstein’s work could also be investigated as he deduced in 1918 that there
would exist an orbital decay since a binary system would emit gravitational wave energy. Studies of a
binary system over an extended period are able to determine the rate of decay.

(5) Yet another avenue under the banner of orbital precession emerged when Willem de
Sitter (1872-1934) realised in 1916 that since the Moon was falling in the gravitational field of the
Sun and it was orbiting the Earth, it ought to undergo what was eventually called geodetic
precession [96]. This challenge was pursued by Irwin Shapiro (1929- ) when, in 1998, after 17 years
of data from the retroreflectors on the Moon, he was able to pronounce on this phenomenon. A
similar experiment was conducted after the launch of Gravity Probe B in 2004. Shifts in the axis of
gyroscopes placed on board were monitored over 12 months as the spacecraft orbited over the
poles of the Earth.

(6) A still smaller effect than geodetic precession is frame dragging [96-7] which was
recognised in 1918 by Josef Lense (1890-1985) and Hans Thirring (1888-1976). This arises as a
precession due to a rotating body dragging its local spacetime around with it. Results have
accumulated from Mars Global Surveyor in 1996, the twin satellites LAGEOS in Earth orbit in 2004
and Gravity Probe B in 2012.

(7) The deflection of starlight in the optical region [97-8], one of the three classical
astronomical tests, has been conducted over five total solar eclipses. However, the technique has
been superseded since the launch of Hipparcos in 1989. This satellite can now monitor the position
of over 10° stars with a precision of the order of 10° arcsecond. Over a three year period the
distances between any pair of stars were monitored. Hence, there was no longer any need for a total
solar eclipse as measurements could be taken at large angles from the Sun due to the precision of
the well calibrated instrument on board and the sensitivity that could be achieved. This eliminated
any involvement from the solar corona. Results were published in 1997.

(8) Gravitational light deflection was no longer restricted to the visible wavelengths. There
was much promise in the use of the radio spectrum as angular resolution with interferometry was
much improved relative to that within the optical band [98-9]. The deflection of light by the Sun
from a very bright object known as a blazar was measured in 1969. This was followed by
measurements on three radio sources with a 35 km baseline in 1974, four radio emitters with the
Very Long Baseline Array in 1990, 74 radio sources collected by 29 observatories over a decade with
the baseline eventually up to 10 000 km in 1991 and 541 radio sources over 87 sites for 20 years
published in 2004. Accuracy has progressed in this field to the extent that the use of radio waves
from quasars deflected as it passes the planets may now be employed, as happened with Jupiter in
2002 and 2008 and Saturn in 2009.

(9) In 1912 Einstein mused that a foreground star might produce a double image of a source
due to gravitational light bending [99]. This idea was extended by Fritz Zwicky (1898-1974) in 1937
when he theorised that the objects could be nebulae and later, in 1964, the proposal was that a
supernova could be lensed by a galaxy. In 1979 this was achieved with a quasar lensed by a galaxy.
70 similar systems have since been investigated by the Hubble Space Telescope.



(10) In 1964 Irwin Shapiro introduced another test for General Relativity. He indicated that a
time delay [100] could be measured between the emission and detection of radar pulses bounced
off Mercury and Venus when they were near superior conjunction and this was achieved by 1970. As
in many of these proposals, the use of spacecraft allowed other possibilities. Echoes from Mariner 6
and Mariner 7 at Mars were implemented in 1969 and accuracy was improved in 1971 with Mariner
9. In 1976 further accuracy was achieved with Viking 1 and Viking 2 in orbit around Mars and a
lander from each on the surface of that planet.

(11) In 1971 four atomic clocks were flown easterly and westerly around Earth and
compared with a reference atomic scale on Earth as another example of what could be measured for
light propagation in gravitational fields [100].

(12) If Einstein were not supported, the higher mass Earth should accelerate towards the
Sun at a different rate from that of the Moon. This Nordtved effect [100], after Kenneth Nordtved
(1939- ), has been investigated up to 2008 by lunar lasing measurements operated by the Apache
Point Observatory in New Mexico.

(13) As the mass of the Sun compared with some extrasolar objects is small, its weak
gravitational field regime is unlike that of the very strong fields in the presence of neutron stars.
With very strong fields as mentioned previously with binary pulsars, the orbital decay is predicted to
produce gravitational waves [100] but this energy is still quite small. However, since binary systems
are dissipating energy, the two components would be expected to collide eventually and this should
result with a large burst of energy according to the theory. Search is underway with VIRGO, GEO600,
TAMA and LIGO.

Paper 4: General Relativity support from the double pulsar

The fourth paper traces the history of the theory of neutron stars, their association with a
supernova, the theory of a rapidly spinning neutron star, the discovery of the first pulsar in 1967,
pulsar surveys, classification of pulsars and the discovery in 2003 of the only double pulsar to date
[457-61]. The special nature of having two pulsars in mutual orbit provides a unique astronomical
test for General Relativity as two signals are passing through the strong gravitational field of a
companion. Measurements are effected on the time of arrival of the pulse energy.

In 2003, Ingrid Stairs of the University of British Columbia provided five equations to
determine parameters for this double pulsar system and to test predictions of General Relativity
[461-2]. Each equation is in terms of the combined mass or the individual masses. The parameters
are (1) the relativistic advance of periastron from the ascending node, (2) gravitational redshift as a
combination of the time delay and gravitational redshift, (3) the derivative of the orbital period, that
is, the change in this value over time, (4) a Shapiro delay due to the medium of transmission and (5)
the shape of the Shapiro delay which is dependent on the orbital inclination angle. The first two
equations have two unknowns and a solution provides the masses of the individual pulsars. Then,
the next three equations may be used to determine how tightly constrained are the masses based
on General Relativity. In this way, a percentage departure from Einstein’s predictions may be
ascertained [461-2]. Even though the double pulsar scenario can provide the most accurate figure
for General Relativity, further constraints will be available from X-ray data from Chandra, ultraviolet
imaging with the Hubble Space Telescope, a 500 m radio telescope in China due to commence
operating in 2016 and the Square Kilometre Array which may start in a reduced mode in 2018.



Paper 5: General Relativity in Australian Newspapers: The 1919 and 1922 Solar Eclipse Expeditions

The previous four papers belong to the realm of scientists. Yet, if a revolution occurs within Science,
it interacts not only with the practitioners but interplays with the culture of the period. In the fifth
paper a different direction is taken to see how the early development of General Relativity was
communicated to the Australian population. Communication to the public in the early years of the
development of General Relativity was via newspapers. However, the public were not versed in the
mathematical underpinnings required to understand the emerging concepts of Einstein. Newspapers
offer a rich vein of material to probe in order to ascertain the state of scientific thinking and the
manner of imparting this knowledge to the public. The recent availability of digitised newspapers
through TROVE at the National Library of Australia allowed locating and collating this information for
the first time. The expectation was the newspapers might reflect a view that General Relativity was
prematurely accepted.

An analysis of the Australian newspapers from 1911-1928 was conducted. There
were 266 distinct newspaper pieces which responded to the input of “Einstein” AND “relativity”.
Statistics could be produced for the number of articles per year in that time period [152] to gauge
when the interest in Einstein was at its height. The peak coincided with 1922 when the total solar
eclipse occurred across Australia and Christmas Island and 13 parties were operating in the region
observing the event. A further breakdown was performed for each month in 1922 to see if
September, the month of the eclipse, were highlighted [152]. There were major themes mentioned
in print throughout this period and statistics were forthcoming to ascertain what the major themes
throughout this time were. The topics discerned were the 1922 total solar eclipse, relativity,
Einstein, 1919 total solar eclipse, gravitational redshift, ether, perihelion advance of Mercury and
energy-mass equivalence [152]. As much had been made of the three classical astronomical tests
during the first years following the publication of Einstein’s theory, the relative importance of
gravitational light deflection, perihelion advance of Mercury and gravitational redshift were
ascertained [153].

There were eight parties that attempted a measurement of the amount of light deflection in
1922. The leader of each party, their affiliation and place of observation were:

Wallace Campbell (1862—1938), Lick Observatory USA, Wallal in Western Australia;
Harold Spencer Jones (1890—1960), Royal Observatory Greenwich England; Christmas Island;

Erwin Finlay-Freundlich (1885—1964), Berlin Observatory Germany, joint German-Dutch party;
Christmas Island

John Evershed (1864—1956), Kodaikanal Observatory India, Wallal;

Clarence Chant (1865—1956), University of Toronto Canada, Wallal;

George Dodwell (1879—1963), Adelaide Observatory, Cordillo Downs in South Australia;
William Cooke (1863—1947), Sydney Observatory, Goondiwindi in Queensland;

Joseph Baldwin (1878 —1945), Melbourne Observatory, Goondiwindi.

Another five groups carried out investigations that did not include light displacement in their
operation:

J. Hargreaves, England, Wallal;

Alexander Ross (1883—1966), Perth Observatory, Wallal;
Oscar Vonwiller (1882—1972), University of Sydney, Goondiwindi;
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Donald Coleman, Carnegie Institution of Washington, Coongoola in Queensland;
Walter Gale (1865—1945), New South Wales Branch of the British Astronomical Association,
Stanthorpe, Queensland.

The newspaper articles were probed to see the relative importance placed on each group as well as
to contrast the eight groups attempting a measurement of gravitation detection with the five
assemblies devoted to other pursuits at the eclipse [155]. In a similar vein, the proportion of articles
mentioning each of the six localities of Wallal, Goondiwindi, Christmas Island, Cordillo Downs,
Stanthorpe and Coongoola could be used in conjunction with the importance of the leader or
institution [155].

It is instructive to see the language used by the journalists as they interpret some of the
scientific pronouncements as well as translate a complex topic into words that could be
understandable to the general public. In addition, some reason needed to be given for why the 1922
total solar eclipse was so important since in some quarters Einstein was being hailed as having his
theory vindicated by the results from the eclipse of 1919 [156]. Since, in the philosophy of Science
and the logic of hypotheses, ‘proof’ cannot be forthcoming, analysis was conducted on articles
concerning the 1919 event to see how the distribution existed between support for Einstein’s
theory, more evidence being required and not supporting his concept [157].

The aim of these five papers is to seek a conclusion to the hypotheses:

1. Australia played a key role in the acceptance and verification of General Relativity from
the 1922 total solar eclipse across the continent as well as the discovery in 2003 at Parkes
Radio Telescope of the first, and to this date only, pair of pulsars in mutual orbit.

2. The Theory of General Relativity was accepted prematurely.
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Early Astronomical Tests of General Relativity:
the gravitational deflection of light

Keith John Treschman
51 Granville Street, Wilston 4051 Australia 61-7-38562262

One of three astronomical tests of the general relativity theory of Einstein was the gravitational deflection of light. The
British total solar eclipse of 1919 is lauded in history as having decided the case in favour of Einstein. This conclusion
is questioned in the light of the philosophy of Science and the method employed to analyse the results. The case is
put that more emphasis ought be placed on the outcome of the 1922 total solar eclipse in Australia where eight parties
attempted measurements of light deflection in the vicinity of the Sun. Importance is attached to Campbell of the Lick
Observatory, camped at Western Australia. His results were not completed until 1928. Other leaders, their affiliation and
place of observation were Spencer Jones of the Royal Greenwich Observatory on Christmas Island, Freundlich for a
German-Dutch expedition to Christmas Island, Evershed of the Kodaikanal Observatory in India also set up in Western
Australia, Chant of the University of Toronto measuring at Western Australia, Dodwell of the Adelaide Observatory in
a remote part of South Australia and Cooke from the Sydney Observatory and Baldwin of the Melbourne Observatory
both in Queensland. ©Anita Publications. All rights reserved.

1 Introduction

Einstein’s theory of relativity is well established today by precision measurements based on
sophisticated technology. On the other hand, when relativity theory was originally proposed, the limited
equipment of the day favoured the use of astronomical observations to make critical comparisons between the
forecasts of relativity theory and classical Newtonian physics. This paper reviews the early use of astronomical
observations to test general relativity theory to make an objective assessment of their claimed successes.

Embedded within relativity theory, there were three predictions which could be tested astronomically
and one of these was that starlight is bent by the Sun. However, what is perhaps little known is that the use
of the bending of starlight to test gravitational theory predates relativity and was in fact discussed as a test
of classical Newtonian physics.

In the early 1700s, Isaac Newton (1642-1727) had asked a rhetorical question “Do not Bodies act
upon Light at a distance, and by their action bend its Rays; and is not this action ... strongest at the least
distance?” [1]. Later that century, Henry Cavendish (1731-1810) applied Newtonian principles and calculated
this effect at the edge of the Sun. His work appeared in an unpublished manuscript in 1784 [2] and eventually
in publication in 1921 [3]. Johann Georg Soldner (1776-1833) performed a similar calculation that was in
print in 1801 [4].

The results of Cavendish and Soldner differ slightly since Cavendish treats a light ray emanating at
infinity, whereas Soldner works with a beam from the surface of the body. In both cases, the general analysis
is based on the corpuscular theory so that light has mass. However, a value is not required as a derived
equation has this mass on both sides of the equality. The force from the Sun is presented as being related
to the acceleration due to gravity at the surface g and distance » from the centre of the Sun. Acceleration
is written as the second derivative of the displacement. The velocity of light is v, x and y are geometrical
coordinates and with a diagram, suitable spatial relationships, integration and manipulation of equalities,
Soldner arrived at

y=gx 4 b

Corresponding author : Keith John Treschman
e-mail: treschmankm@bigpond.com


LUN
Typewritten Text

lun
Stamp

lun
Stamp


146 Keith John Treschman

This equation is that of a conic section. For v 2 = 4g, the result is a parabola; v > = 2g, a circle; v 2

< 4g, an ellipse; v 2> 4g a hyperbola. It is noted that the hyperbolic situation exists for all known celestial
bodies. The light ray at a great distance follows the asymptote of the hyperbola with the concave part
towards the Sun and the angle of deviation o at the edge of the Sun is given by

2g

tan ® = —=—.
wh? —4g
This equation was used by Soldner to produce an angle of 0".84.

2GM

Czl"

constant, G = 6.67 x 107" N m? kg’z, mass of the Sun, M = 1.99 x 10° kg, the speed of light, ¢ = 3.0 x
108 m s and the radius of the Sun, » = 6.96 x 10® m are used, the amount of deflection is 4.24 x 107°
radians which is equivalent to 0"'.87.

In 1905 Albert Einstein (1879-1955) proposed what is known today as the Special Theory of
Relativity. This theory rests on two postulates: firstly, that the laws of physics take the same form in all
inertial frames and secondly, in any given inertial frame, the velocity of light is the same whether the
light is emitted by a body at rest or in uniform motion [5]. In a review paper on special relativity in 1907
Einstein indicated that his principles may be applied in the presence of gravitation and crucially he invoked
an equivalence principle where acceleration and gravitation are identical [6]. So, while he had deduced in
1907 that light could be bent, it was not until 1911 that he realised that this property could be detected

2GM
2

cr
and his result was 0”.83, a figure almost identical with the Newtonian one. Therefore, it would be more
important to demonstrate an inverse distance relationship away from the Sun than the actual limb deviation
to dismiss any other opposing explanation [8].

This angle may be approximated to and if modern figures of the universal gravitational

experimentally in the region of the Sun [7]. Einstein computed the angular deviation to be as above

The General Theory of Relativity, which includes accelerated frames of reference, was developed
by Einstein in 1915 and published in 1916 [9]. The general theory is a unification of space and time and a
geometric interpretation of how bodies move in the presence of a mass. Using the general theory, Einstein

4G—M, which amounts to a doubling of his 1911 reckoning. This latter increased

2
cr

deviation is due to a combination of time curvature, which was approximately equivalent to Newtonian
theory, and space curvature which was added to relativity theory. Einstein’s conclusion was that light passing

the limb of the Sun would thus be deflected by 1".7.
2 The aim of this paper

From the preceding introduction this paper aims to examine the early history of attempts to settle
the differentiation between the Newtonian and Einsteinian views of space. There are grounds to reappraise
the initial tests based on the availability of the records and the modern security of Einstein’s theory compared
to Newton’s.

3 Unsuccessful Efforts: 1911 — 1918

The first astronomer to show interest in the measurement of the displacement of starlight was
Erwin Finlay-Freundlich (1885-1964) of the Berlin Observatory. Communicating with Einstein from 1911
he suggested attempting to detect the bending near Jupiter to eliminate issues with refraction from the solar
atmosphere. Einstein opined that he thought the shift would be too small and encouraged Freundlich to search
photographic plates from past total solar eclipses. This he did from a number of sources, in particular, from
William Wallace Campbell (1862-1938) (section 8) of the Lick Observatory in California for the 1905 and
1908 expeditions but the images were not sharp enough for meaningful measurements. Campbell encouraged
Charles Dillon Perrine (1867-1951) to attempt a measurement of light deflection at the 1912 eclipse in Brazil
but rain prevented the taking of any images [10]. Freundlich decided to take his own measurements at the

computed the deviation to be
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Russian eclipse of 1914 and Campbell mounted a Lick campaign but Frank Watson Dyson (1868-1939) of
the Greenwich Observatory declined an invitation from Freundlich as there was no impetus from Britain
to pursue any light bending phenomenon. There were two British expeditions to Russia, however, they did
not propose to tackle this problem [11]. The outbreak of the world war negated any chance of results from
any of these ventures. Indeed, Freundlich’s party was captured by the Russians. The older members were
deported while Freundlich and the younger members were held as prisoners of war in Odessa until they
were exchanged later for Russians caught in Germany.

The secretary of the Royal Astronomical Society and Director of Cambridge Observatory, Arthur
Stanley Eddington (1882-1944) received a copy of Einstein’s paper in 1916 and became interested in the
possibility of testing this theory.

The 1916 eclipse in Columbia and Venezuela passed without any group’s endeavour to investigate
light bending [12]. A number of parties in the United States of America made an attempt on the 1918 eclipse
in their own country. Most groups experienced cloud cover and Campbell had to contend with inferior
equipment as the Lick supplies were still finding their way back from the 1914 disaster. Also, as a result of
this debacle, comparison plates of the same field of stars when the Sun was not present had not been made
beforehand. There were large errors in the measurements and lack of support for Einstein was announced
in 1919. Campbell had decided to await the 1923 eclipse across California and Mexico for another attempt
and Freundlich had wished to travel for the eclipse of 1919 but his instruments, which had been impounded
in Odessa, were not returned to Germany until 1923.

4 Total Solar Eclipse of 1919

This absence of results from prior eclipses left the British with an opportunity in 1919. The upcoming
eclipse to occur on 29 May 1919 was to have a maximum time of 6 minutes 51 seconds. Two sites were
chosen, one at Sobral, Brazil and the other on the island of Principe off the west coast of Africa.

The purpose of the expedition was outlined as an investigation to discriminate between three
possibilities: zero influence from gravitation, an effect in accordance with Newtonian law of 0"'.87 or one
determined by Einstein’s general relativity of 1".75 [13]. A more open plan would have been to measure
the deflection of light, if any, rather than be constrained by these options.
4a. The Brazilian Expedition of 1919

The South American component had as observers Andrew Claude de la Cherois Crommelin (1865-
1939) and Charles Rundle Davidson (1875-1970), both of the Royal Greenwich Observatory. Crommelin
had experience in four previous eclipse excursions planned by the British Astronomical Association. This
organisation had been founded in 1890 and their first endeavour was with 58 persons to Vadsoya, Norway
in 1896. Here, Crommelin was in charge of naked eye drawings of the outer corona with the use of a disc
screen but cloud interfered with any observations [14]. At the 1900 occasion in Algiers, Algeria, Crommelin
was in control of the time department and used a three inch (7.6 cm) aperture refractor for prominence
observation [15]. His third stint was on board a ship near Palmo, Spain in 1905 where he used a telescopic
projection of Baily’s Beads, took two photographs with a portrait lens of prominences, the inner corona
and streamers, followed by binocular observation of the corona [16]. Crommelin observed the 1912 eclipse
from the neighbourhood of Paris [17]. Davidson had previously travelled to Brazil with Eddington for the
1912 eclipse [18], and to Russia with Harold Spencer Jones (section 9a) for the 1914 eclipse [19]. In 1912
Davidson had intended using a coronagraph but rain interfered and in 1914 he operated a spectroscope for
the flash spectrum and the corona.

A coelostat is a flat mirror turned by a motor to reflect the Sun into a fixed telescope. This allows
substantial mounting for the telescope and easier movement of a smaller device to capture sunlight over a
period of time. Preliminary testing at the eclipse site showed that the drive attached to their 16 inch (41
cm) coelostat was creating some oscillation in the images. To attempt to lessen this effect they opted for
shorter exposures. For the 1919 eclipse Crommelin and Davidson controlled two instruments [20]. With
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the 41 cm coelostat feeding a 13 inch (33 cm), 3.43 m focal length astrographic telescope which was
stopped to eight inches (20 cm), they managed 19 photographs of alternating 5 and 10 second exposures.
From the relationship, plate scales in arcseconds = 206 265/focal length, 1 mm on the photographic
plate represented one arcminute displacement. As deviations of the order of one arcsecond were being
countenanced, measurements of 1/60 mm would be required [21].

Their second piece of equipment was a four inch (10 cm), 19 foot (5.8 m) focal length telescope
served by an 8 inch (20 cm) coelostat. The scale was 1 mm = 36"". From this telescope, eight images, each
of 28 seconds duration, were obtained.

The astrograph showed 12 stars on a number of plates and seven stars on all but three. Comparison
plates were made at the same locality over eight days some six weeks later. As the plates were being
developed, it was noticed that the images were diffuse and there had been a change of focus. It was thought
that this poor focus was due to an unequal expansion of the mirror from the heat of the Sun. However,
focus was restored without any adjustment when the comparison plates were taken. Nevertheless, all the
stars were measured.

For the 10 cm telescope one plate could not be used as it was taken through cloud but the other
seven plates revealed seven stars. The images were superior to those taken with the astrograph but were
still not perfect.

Crommellin and Davidson developed the plates, took a break a short distance away and returned
to secure comparison plates at Sobral from 10-17 July 1919.

4b. The Principe Expedition 1919

The Principe sojourn was undertaken by Eddington and Edwin Turner Cottingham (1869-1940),
a clockmaker. They had in their possession a similar astrographic telescope to the one taken to Brazil and
this one was supplied by Oxford Observatory. 16 plates were obtained with exposures ranging from 2-20 s
for the eclipse observations but the first 10 photographs were taken through cloud. The remaining six had
no more than five stellar images on any plate. Nevertheless, 11 stars in total were measured from these six
exposures.

Ideally, comparison plates should be taken from the same locality with the star field at the same
altitude. Instead, as travel to eclipse localities is generally difficult with regard to transportation, comparison
is often made in the predawn sky about a month or more later. This gives time for the Sun to have moved
sufficiently further east through the zodiac. Adjustment is then required between the plates. As the Principe
location had an afternoon timing as opposed to a morning one for Brazil further east, comparison plates
would need to wait several months for a predawn exposure that would have the same altitude as that for
the comparison plates for Sobral. However, after the eclipse a transport strike at Principe threatened, so
the eclipse party decided to leave the island and hence comparison plates were obtained back in Oxford in
August and September 1919 for an initial comparison and during the following January and February 1920
for a subsequent analysis.

4c. Combined Results 1919

The micrometer at the Royal Greenwich Observatory was not precise enough to take direct
comparison measurements for the plates. An intermediary known as the scale plate was used and this was
another photograph of the same region procured directly through a lens and not by reflection from a mirror
so that a reversed image was obtained. Thus, measurements were made separately through the glass of the
scale plate clamped on the eclipse and comparison plates.

Davidson and a Mr Furner carried out independent measurements on the Sobral plates with no
discernible difference in their results. For the astrograph their outcome was 0".93 at the limb of the Sun. From
the 10 cm telescope, their calculated figure was 1"7.98 + 0.12. Meanwhile, Eddington used the Cambridge
measuring machine on the Principe plates. As the sky was not completely clear of cloud during the eclipse,
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the brightness of the stars varied across parts of a plate and the diffusion was similarly erratic. By placing
a weighting to each star in terms of its reliability, Eddington whittled the six plates with stellar images to
two with which he held some confidence. Calculations derived from the use of one such plate against two
comparison plates yielded deviations of stellar angles of 1".94 and 1".44, respectively. When the other
accepted eclipse plate was checked against the same two comparison plates, Eddington obtained slightly
different deviations of 1".55 and 1”.67. These four values were then averaged to obtain a mean stellar
deviation of 1".65. With the 1920 comparison plates, Eddington revised his figure for the displacement at
the limb of the Sun to 1"”.61 £ 0.30 [22].

It was then up to Astronomer Royal Dyson to combine the results from Sobral and Principe.

While Dyson did not attend the 1919 eclipse, he had previously used a quartz spectroscope at total
solar eclipses at Ovar, Portugal in 1900, Sumatra in 1901 and S fax, Tunis in 1905 [23] and had witnessed
the 1912 eclipse in Paris [24].

Dyson made a decision to eliminate the Sobral figures found with the astrograph on the basis of
systematic errors. He acknowledged that the images were far superior to those on the similar instrument at
Principe in terms of number of stars (12 versus 5) and the quality of the images. He argued that the nearly
two orders of magnitude of brightness of the stars are actually a negative as this would mean a longer
exposure. This does not necessarily follow as Sobral was almost cloud free at the time of the eclipse except
for one minute in the middle of totality where a thin veil of cloud appeared. In contrast, Principe was troubled
by cloud. The Sun was seen through drifting cloud although this thinned during the last third of totality.
Dyson attempted to build the case further along lines of the comparison plates and temperature stability at
Principe. It could be construed that he knew what value he wanted to obtain and wished to clear any value
that would negate this. Because of the longer focal length of the 10 cm telescope at Sobral, the scale on
the plates would give a lower uncertainty than for the astrograph. Dyson concluded that the remaining two
values, 1"7.98 = 0.12 and 1".61 £ 0.30, point to the 1"".75 proposed by Einstein. He also indicated that the
experiment would probably be repeated at future eclipses.

A more telling effect would be whether the angular displacement was inversely proportional to
the distance from the centre of the Sun. The authors addressed this expected dependence by choosing the
seven stars selected from the 10 cm telescope, placing the observed displacement against calculated figures
and graphing the observed figure against the distance from the centre of the Sun.

Table 1. For the 7 stars from the 10 cm telescope at Sobral, Brazil the observed angular displacement and distance
from the centre of the Sun where the radius is 15”.78 are shown along with the calculated figure based on the
Einstein value of 1"".75 at the limb and an inverse relationship with distance.

Star  Calculated Angular Displacement ~ Observed Angular Displacement Distance from the Centre of the

in arcseconds in arcseconds Sun in arcminutes
1 0.32 0.20 86.30
2 0.33 0.32 83.68
3 0.40 0.56 60.04
4 0.53 0.54 52.10
5 0.75 0.84 36.82
6 0.85 0.97 32.49
7 0.88 1.02 31.38

To reproduce this graph, Table 1 gives new labels to the stars as 1 to 7. The authors used the
distance from the centre of the Sun in the graph but did not display it. It is calculated in the fourth column
by the use of the Einstein value of 1"".75 at the limb of the Sun, the inverse law and the radius of the Sun
as 15'.78 [25] at the time of the eclipse. The ensuing graph is one of observed angular displacement versus
distance from the centre of the Sun.
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One question to answer is how well the experimenters performed in 1919? Firstly, the measurements
are very small. For 1 mm = 36", a value of 1" involves a measurement of 0.028 mm on the plate and
many angular measurements were even smaller. So, the measurement of displacements on the plates is a
technically challenging task.

In spite of the eclipse being surrounded by bright stars of the Hyades cluster, no star within one
solar radius of the edge of the Sun was selected and measured. These would have been expected to give a
larger displacement and thus have a smaller uncertainty.

Other factors came into play. Temperature differences can affect eclipse and comparison photographs,
refraction effects could be involved for lower parts of the plates, latitude and elevation may alter comparison
and the scales from a series of images to the next month later may be different. There was an attempt to
address some factors and then dismiss them as not being significant or incorporate adjustments into the
calculations. It could be argued, as Dyson did, that the astrographic values from Sobral should not be
included in the measurements due to poor images. On this basis, then, one could also question whether the
two stars that were given the major weight from Principe should also have been excluded. In this case the
result would be the one from the 10 cm Sobral data of 1”7.98 + 0.12. Given that the predicted deviation angle
from Einstein’s theory has a precise value of 1".75 with no associated uncertainty, it could be concluded
that the rejection of the poor Principe data indicates a disagreement between theory and observation. As
the author's aim was to discriminate between three possibilities, they opted for Einstein.

As discordant plate scales and inadequate treatment of atmospheric refraction might pose issues,
the determination of the relationship of the amount of bending to distance was an important factor. This
shows an inverse correlation with an R? value of 0.93.

In 1979 a reanalysis of the Sobral data was performed at Greenwich with a modern plate-measuring
machine and data reduction software [26]. This had good agreement for the 10 cm instrument of 1'".90 +
0.11. Compared with the 1919 result the value for the astrographic lens was higher at 1”.55 + 0.34 which
more closely matched the figure for Einstein. The data from Principe have not survived from their return
to Cambridge. Given the equipment that the British had to deal with and the meticulous nature of the
measurements, the results were remarkably good.

5 Communication of the 1919 Results
Eddington and Dyson arranged for a joint meeting of the Royal Society and the Royal Astronomical
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Society for 06 November 1919 to present the results from the eclipse. The paper was not received until 30
October [27]. So there was no time for critical analysis to be made by anyone other than the experimenters.
The prestige of Dyson, the Astronomer Royal 1915-20, and Eddington, secretary to the Royal Society,
allowed them to call this meeting and for their paper to be read as the first on the agenda [28].

After the presentation of the data by Dyson, Crommelin and Eddington, “in spite of the poor
accuracy and the uncertainties surrounding the results, it was announced that the evidence was decisively
in favour of the value of the displacement that had been predicted by Einstein” [29]. The stature of the
speakers was impressive. Dyson, knighted in 1915, was followed by another awardee from 1908 in the
person of Joseph John Thomson (1856-1940). His Nobel Prize in 1906 was for his experimental work on
the conduction of electricity by gases and he was responsible for the concepts of the electron and isotopes
and the invention of the mass spectrometer. Before calling for questions or alternative views, Thomson, as
Chair of the meeting and President of the Royal Society 1915-20, proposed

“It is difficult for the audience to weigh fully the meaning of the figures that have been put before
us, but the Astronomer Royal and Prof. Eddington have studied the material carefully, and they regard the
evidence as decisively in favour of the larger value of the displacement. This is the most important result
obtained in connection with the theory of gravitation since Newton's day, and it is fitting that it should be
announced at a meeting of the Society so closely connected with him. ... If it is sustained that Einstein's
reasoning holds good — and it has survived two very severe tests in connection with the perihelion of Mercury
and the present eclipse — then it is the result of one of the highest achievements of human thought [30].

Given the flourish with which the meeting had been conducted, it would have been difficult to
counteract the exciting atmosphere. Nevertheless, Ludwik Silberstein (1872-1948), who had written a textbook
on the theory of relativity in 1914, countered that while there was probably a deflection of sunlight, this
did not support Einstein’s suggestion of a gravitational effect since the third astronomical prediction of the
shift of spectral lines had not been measured. A month later, after he had digested some of the results, he
objected that two stars deviated in the opposite direction from that predicted [31]. He also pondered what
result would have been obtained if the astronomers did not have Einstein’s value in front of them.

6 The world response to Einstein

The world response was exceptionally swift. The next day in The Times of London the caption
read “Revolution in Science — New Theory of the Universe — Newtonian Ideas Overthrown” [32]. The
newspaper referred to the meeting at the Royal Society the previous afternoon and quoted the sentiments of
Thomson. The following day a short biography of Einstein was provided. The article seemed to be at pains
to describe Einstein as fighting for the cause of those who resisted the war intentions of Germany [33].

Other newspapers quickly joined in the adulation. Pais even described the response in terms of
canonisation [34]. Instead of attempting to explain the theory of relativity, several editors distanced the
public from Einstein by suggesting that very few people could ever understand what was being proposed.
This added to the unique realm occupied by Einstein. It would be difficult to pinpoint the factors that
contributed to the esteem generated towards Einstein. One could conjecture that a devastating world war had
just ended and many people needed a lift. Einstein could fit the bill of everyone’s benign family member,
he was removed from the war and he seemed to fit the stereotype of the absent minded professor.

Nevertheless, there were words raised in objection subsequently. Some disliked the overthrow of
their hero Newton. Others saw that due process was not followed in settling disputes in Science and some
believed more work needed to be done. Campbell summed up a view when he wrote “Professor Eddington
was inclined to assign considerable weight to the African determination, but, as the few images on his small
number of astrograph plates were not so good as those on the astrograph plates secured in Brazil, and the
results from the latter were given almost negligible weight, the logic of the situation does not seem entirely
clear” [35]. He was supported by another astronomer from the United States of America who penned “... the
results of the eclipse of 1919, although highly lauded at the time, carried but little conviction in favour of
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Relativity to conservative scientific opinion [36]. He questioned why two-thirds of the plates were rejected
as inferior yet they supported the figure of Newton.

7 Philosophy of Science

In order to reach a verdict on the method, analysis and conclusions from 1919, it is necessary to
delve into the operation of the scientific process.

A criticism that could be levelled at the public statements after the 1919 expedition, the acceptance
of many other scientists and the glorification of Einstein by society at this juncture rests on an understanding
of the philosophy of Science.

Judgement of support for a theory will make use of the words written by Karl Popper [37] in 1935.
One of his major thrusts was that a speculation needed to be couched in a form such that verification and
falsification were both possible. Further, he held that it was the falsifiability of a system that was more
important than verifiability. “If this decision is positive, that is, if the singular conclusions turn out to be
acceptable, or verified, then the theory has for the time being, passed its test: we have no reason to discard
it. ... It should be noted that a positive decision can only temporarily support the theory, for subsequent
negative decisions may always overthrow it” [38]. His stance was encapsulated in “I too hold that hypotheses
cannot be asserted to be ‘true’ statements, but they are provisional conjectures ...” [39].

Thus, Science proceeds via a statement “If A, then B.” If it rains, the grass is wet. This could be
seen to be false if it rained and the grass were not wet. However, if the grass is wet, other possibilities
could exist apart from rain. There may have been an overflow from a tank, a burst water pipe, a sprinkler
and so on. A tentative conclusion is “If B, then A may have occurred.” This is the conditional stance that
Popper asserts. So, Science may disprove an idea but cannot prove it.

Science is a powerful instrument designed to gain a comprehension of reality. It does not find reality but
produces models we can appreciate as an aid in fathoming something we cannot understand. Things are not
discovered but invented. The justification for Science is the fruitfulness of its methods.

One unfortunate consequence is that scientists speak of models as if they are reality. Our language is
such that it is simpler to follow this path. However, of all people, scientists should be aware of the methods they
are employing and, when pushed, ought to acknowledge the way of their discipline. The public are not always
aware of this distinction and use statements such as “scientifically proven”, “it is only a theory” or “there are
some scientists who disagree”. This is very evident today in the public perception of the human contribution
to climate change. Scientists have taken much evidence, made decisions based on the evidence and reached
what is rightly within the profession, a tentative conclusion. Opponents who are not scientists misunderstand

the provisional nature of the discipline and use this to suggest that no conclusion has been drawn.

The 1919 result was tentative. Those involved did recognise that supporting experiments were
needed and the fact that the British mounted another expedition in 1922 for this purpose does indicate their
upholding of the mechanism of Science. However, the genie was not going to be put back into the bottle.
The British scientific establishment of the day, as well as perhaps a public tired of the war and buoyed by
an uplifting idea, need to bear some ownership of this runaway effect. There was a much too immediate
acceptance of Einstein’s theory.

8 Campbell and the Total Solar Eclipse of 1922

While 1919 was the first time that some results of light bending were obtained, much more credit
needs to be given to Campbell (section 3) for his expedition planning and execution for the 21 September
1922 total solar eclipse.

The path of this total solar eclipse began at sunrise in Ethiopia (then known as Abyssinia), moved
easterly across the Maldives in the Indian Ocean, through Christmas Island, met Australia near Broome,
crossed that continent in a south-easterly direction just into South Australia, covered a section of south-east
Queensland, departed at the Pacific coast at Ballina in New South Wales and ended at sunset north of New
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Zealand.

The options for observation were summed up in a lecture delivered by Campbell [40]. Christmas
Island had the advantage of a small zenith distance of 12°. The north-western coast of Western Australia
was difficult to reach, however, its advantages were that the zenith distance was still a respectable 32°, the
duration of totality was expected to be 5 minutes 19 seconds and the weather predictions based on 25 years
of records were favourable. In that time it had only rained on two September days and on each occasion
that precipitation was less than one-tenth of an inch (2.5 mm). Little or no wind would be anticipated at the
eclipse time of 1.40 pm. The location in South Australia presented problems of access and the Sun would
be low. Places in south-east Queensland admitted railway convenience but the negatives were the chance
of adverse sky and wind conditions, a low altitude of the Sun at 4.15 pm and a shorter surveillance time
of 3.5 minutes.

The Lick Observatory opened in 1888 as a result of US $700 000 donated in 1874 by James Lick
(1796-1876). With the advantage of the world’s largest refractor [41]. The observatory had embarked on a
program of eclipse work and already had experience in 11 total solar eclipses: two separate ones in 1889, 1893,
1896, 1898, 1900, 1901, three localities in 1905, 1908, 1914 and 1918 [42]. Phoebe Elizabeth Hearst (formerly
Apperson, 1842-1919) had financed the 1893 sojourn. Funds for the eclipse expeditions of 1898-1922 were
provided by two brothers Charles Frederick Crocker (1854-1897) and William Henry Crocker (1861-1937)
who inherited US$ 25 million from their railroad investor father Charles Crocker (1822-1888) [43].

Before 1922, Campbell had already gained expertise from his eclipse work at Jeur, India in 1898,
Thomastown, Georgia, USA in 1900, Alhama, Spain in 1905, Flint Island, Pacific Ocean in 1908, Brovary,
Russia in 1914 and Goldendale, Washington, USA in 1918. During these six eclipses Campbell had the use
of the 40 foot (13 m) Schaeberle camera for coronal studies and on three expeditions other cameras were
employed in searching for the possibility of a planet closer to the Sun than Mercury.

While on his sojourn to India, his place at the Lick Observatory was filled by a substitute at
the expense of C F Crocker. Campbell took nine instruments all for photographic use [44]. John Martin
Schaeberle (1853-1924) on staff at the Lick Observatory had planned a long focal length camera after his
1889 solar eclipse trip to Cayenne, French Guiana and used his design at Mina Bronces, Chile in 1893
and in 1896 at Akashi, Japan. Campbell saw the advantages of this instrument as allowing collimation in a
precise position, eliminating issues that would have been inherent with the use of a coelostat and a driving
clock, providing a constant focus mechanism, shielding from the wind and being further away from ground
radiation. He pioneered the use of a large tower 24 feet (7.3 m) high to hold the lens objective inside the
telescope tube with the lower end of the tube mounted on another tower and fixed rigidly to the ground.
The photographic plate carriage was mounted separately from the tube in a pit dug into the ground. The
system allowed for the taking of steady images. Concentration at this eclipse was on spectroscopy [45].

For the 1900 event closer to home Campbell built a tower based on his Indian eclipse observatory
construction style and obtained eight excellent photographs with the Schaeberle instrument as well as
capturing superb images with the other 11 devices [46]. The eclipse excursions were becoming a much
bigger affair. W H Crocker financed three stations from the Lick Observatory at Labrador, Spain and Egypt
as the astronomers attempted to notice changes along the eclipse path. In Spain, Campbell now had 18
instruments and coordinated 24 volunteers. The focus was on spectroscopic work on the corona and ten
photographs of good quality were taken with the Schaerberle camera [47].

The Flint Island experience of 1908 had 20 instruments and 11 observers with transport to and from
Tahiti provided by the United States Navy. Campbell had become quite an expert in logistics and total solar
eclipse instrumentation. “All of the instruments were in perfect focus and adjustment” [48]. Six exposures
of duration 2, 4, 16, 32, 32 and 64 seconds were secured with the Schaerbele telescope [49].

The Russian attempt with 12 instruments was thwarted by cloudy skies and complicated by the
outbreak of war [50]. The instruments were held up by the hostilities [51] and a more modest campaign
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ensued in 1918 in spite of the eclipse being on home soil. This was the first attack by the Lick Observatory
on the Einstein problem. The result was inconclusive due to both a lack of equipment which was not
returned until the end of the world war as well as the borrowing of some items which were not up to the
usual standard. Nevertheless, excellent negatives with the large telescope were obtained [52].

This, then, was the experience from Campbell personally and the Lick Observatory personnel prior
to mounting the 1922 operation to see if the Einstein effect existed.

A modest expedition had been planned from the Lick Observatory for Wallal that acted as a combined
telegraph and postal station on the north-western coast of Western Australia. Edward Francis Pigot (1858-
1929) of Riverview College Observatory prevailed upon the Australian government to provide financial
assistance to Campbell. The form this took was the offer of a naval vessel to transport the personnel and
equipment from Fremantle, the port for Perth in Western Australia, to the eclipse site, near Broome, and
return. Once Campbell knew this was in place, he was able to convince his benefactor William Crocker to
enlarge the enterprise.

Campbell was a meticulous planner. Even before he departed for the Australian eclipse, he
experimented with exposure times near the full Moon to obtain good star fields without fogging the plates. As
well, he intended the developing to take place in Australia and so he had refined darkroom techniques.

The ideal scenario would have been to occupy the Wallal site several months in advance to obtain
the comparison plates. As the naval ship would not be available until August and alternative transportation
to the region would be very difficult, Campbell sent his Lick Observatory colleague Robert Julius Trumpler
(1886-1956) to Tahiti ahead of time as this locality had a similar latitude 17° 32’ S and elevation as Wallal
19° 45" S. Trumpler’s expertise had been in the precise determination of proper motion of the stars belonging
to the Pleiades cluster.

Campbell and Trumpler designed four new special purpose cameras.These were completely
manufactured in the observatory workshops except for the lenses. Two cameras had quadruplet lenses from
Hastings-Brashear. They had 5 inch (13 cm) aperture, 15 foot (4.6 m) focal length and had a common
horizontal mount. The scale was 1 mm = 45". The field of view encompassed 5° x 5° and the plates were
17 inches (38 cm) square. Another two cameras, mounted similarly, carried quadruplet lenses from Ross-
Brashear. They were smaller with 4 inch (10 cm) aperture and 5 foot (1.5 m) focal length. The scale of 1
mm = 135" allowed a 15° x 15° view on the same size plate. Collectively, these four items were referred
to as the Einstein cameras.

By June 1922, with the use of the shorter focal length Einstein cameras, Trumpler had secured
plates of the star fields where the eclipse would be in September. As an aid in comparison with the intended
Wallal photographs, Trumpler obtained images of another star group with a similar declination to the eclipse
field but six hours larger in right ascension. The intention was to do the same in Western Australia before
and after the eclipse.

Further eclipse equipment left San Francisco in June 1922 and the two shipments reached Sydney a
few days apart but Trumpler was delayed in combining the shipments to travel as one package to Fremantle.
Further setbacks occurred there. Also, as a result of alterations in logistics from the Australian Government,
the five weeks of intended analysis of the pre-eclipse data at the Perth Observatory were foregone. While
transportation from Fremantle was brought forward a week and was changed to a commercial steamer, the
Australian Government did provide a raft of helpful measures. These included duty free entry of apparatus
and supplies, complimentary rail travel from Sydney to Fremantle return for the party, 10 personnel from
the Australian Navy to accompany the group and assist the movement of the astronomers and goods from
Fremantle to Broome return. They were to provide further aid in the changeover to a vessel to land at the
beach, movement to the eclipse site, performing the heavy labour duties and delivering free services for
sleeping and dining on site [53].

Campbell, his wife Elizabeth (Bessie) Ballard (formerly Thompson,1868-1961) and Joseph Haines



Early Astronomical Tests of General Relativity: the gravitational deflection of light 155

Moore (1878-1949), a Lick Observatory staff member who had previously attended the 1918 eclipse, left
San Francisco in July 1922. At Wellington, New Zealand the party expanded to include Charles Edward
Adams (1870-1945), his wife Eleanor Robina (formerly Jacobson, - 1941) and their daughter Elizabeth.
Adams was appointed first Government Astronomer of New Zealand in 1911 and was a fellow at the Lick
Observatory for the year 1915 [54]. The group arrived in Sydney on 05 August 1922.

The party swelled as they progressed to Perth. They were joined by J B O Hosking of the Melbourne
Observatory. In Adelaide, those from Canada were Clarence Augustus Chant (1865-1956) from the University
of Toronto, his wife Jean (Laidlaw), their daughter Elizabeth and Reynold Kenneth Young (1886-1977) of
the Dominion Astrophysical Observatory in Victoria, British Columbia who had spent three years at the Lick
Observatory. At Perth, they were joined by Alexander David Ross (1883-1966), Professor of Astronomy
and Physics at the University of Western Australia and the expedition from the Perth Observatory included
C Nossiter an astronomer in charge, G M Nunn a surveyor, V ] Matthews a principal of a private school,
J J Dwyer and C S Yates. Two others from the vicinity of Cambridge, England were J Hargreaves and G
S Clark Maxwell [55].

Following the eight day boat trip of 2 600 km to Broome, the coalition was transferred to another
craft and was combined with John Evershed (1864-1956) from the Kodaikanal Observatory from southern
India along with his wife. They were escorted to Wallal latitude 19° 46' S, longitude 8 h 2 m 43.7 s E. Here,
the Lick entourage was given first choice of a site, the Canadian unit was a short distance to the south, the
Indian group to the west, the English contingent north east and the Perth band three miles (5 km) distant
at a station.

A time of 5 minutes 15.5 seconds of totality was experienced during which the Lick assemblage
obtained photographs with the Schaeberle camera and the four Einstein cameras. The negatives arrived back
in California in late December. It was to be 1928 before the last results were published. This story will be
continued after the outcomes from the other 1922 expeditions have been explored.

There were eight teams that made an attempt on measuring light deflection and another five groups
that had other aims. So that the quality of the Lick Observatory operation may be gauged by comparison
with other efforts in 1922, the performances of other campaigns attempting eclipse observations are presented
before a return to Campbell’s results (section 20).

9 Royal Greenwich Observatory and German-Dutch Observations on Christmas Island 1922

The two groups on Christmas Island were unsuccessful in their efforts to measure the deflection
of light near the Sun.

9a. Royal Greenwich Observatory Encounter on Christmas Island 1922

Harold Spencer Jones (1890-1960) led the Royal Observatory Greenwich party with the aid of the
Joint Permanent Committee of the Royal Society and the Royal Astronomical Society. He was accompanied
by his wife and Philibert Jacques Melotte (1880-1961) and they went to Christmas Island off the coast of
Western Australia. They travelled to Christmas Island via Java.

The main instrument was the 33 cm, 3.4 m focal length astrographic telescope which was used
in Brazil in 1919. However, this time it was intended to take images directly and dispense with the
coelostat.

The result here was nil due to clouds [56]. Anyone, no matter how well prepared, can experience
cloud at the crucial time of an eclipse. However, the selection of Christmas Island was not a sound one.
Cloud is almost a constant factor on this small island. The month with most cloud is October, followed
by September when the eclipse occurred. For September, the median cloud cover is above 90%. None of
the days spent here by Spencer Jones was ever cloud free. He did realise that Wallal would be a better site
but he believed this was inaccessible from the direction of his journey. Counter to this was that Evershed
(section 10) had joined the Wallal group at Broome from Singapore.
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9b. German-Dutch Party Observations on Christmas Island 1922

Cloud was also the fate of a joint German-Dutch excursion on the same island and the same
comments may be made here about the site selection.The group was headed by Freundlich (section 3).
Campbell had met him in Germany in August 1913 and they discussed the Einstein test [57]. Other
members included August Kopff (1882-1960) from the Konigstuhl-Heidelberg Observatory, Josef Hopmann
(1890-1975) of Bonn Observatory, Joan George Eradus Gijsbertus Voite (1879-1963) of the Weltevreden
Meteorological and Magnetic Observatory in Java, Dr Weber, a Swiss engineer, a Dutch naval lieutenant,
two mechanics and others [58].

The main pieces of equipment were an astrographic telescope and an 8.50 m focal length camera
with a coelostat. The intention was to take comparison plates with re-erected equipment later in Java.

10 Indian Results from Wallal 1922

John Evershed (section 8) is noted more for his work on another astronomical prediction of
relativity, namely the redshift of spectral lines from the Sun. On this occasion, he was attempting to obtain
an improved value for a green coronal line but his major thrust was measuring the displacement of light
near the Sun.

Accompanying Evershed was his wife Mary Ackworth (formerly Orr, 1867-1949). Both were
English astronomers who had met on the total solar eclipse excursion to Norway in 1896. At the 1900
event John travelled to Algeria near Maelma. His intention was to take a long series of photographs of the
chromosphere and flash spectrum. He did obtain some results but was outside the limit of totality [59].
Mary witnessed the eclipse in Algiers.

The intention in 1922 had been to go to the Maldive Islands but, as transportation there was not
an easy arrangement, they approached the Australian Government and this resulted in an invitation to join
Campbell’s group [60]. Ross (section 8), of the University of Western Australia, deputised Don W Everson, a
technician in his own department, to assist Evershed. His role was to provide mountings for the instruments
and align the special cameras [61].

Evershed did not consider that the Einstein issue had been settled. He wrote “The expedition was
organised mainly for the purpose of obtaining photographs of the star-field surrounding the eclipsed Sun,
in order to determine the deflection of light near the Sun. It appeared to be of great interest and importance
because of a certain ambiguity in the results of previous eclipse expeditions ...” [62].

Even though his preparations commenced one year before the eclipse, Evershed was plagued with
mechanical problems. Two coelostats were not perfect and he decided to apply them to the spectrographic
work where it would not be as large a problem. Dyson (sections 3,4a,5) supplied him with a 16 inch (41
cm) coelostat to counter criticism of this technique by Campbell. It had been tested at the National Physics
Laboratory but the report was unsatisfactory with regards to both the mirror and the driving mechanism.
This was to provide light for the Einstein camera, a 12 inch (30 cm) photovisual lens. Evershed bought a
new driving clock. Upon testing the arrangement in India, he found that instead of star trails appearing as
a straight line, there was a sine curve plus numerous other irregularities. Days were spent grinding new
screws and teeth for the driving apparatus but testing was not done until he had arrived at Wallal. As a
result, comparison plates could not be taken at Madras before the eclipse. An order was placed for a mirror
to replace this one but it was not received in time.

Evershed and his wife arrived at Broome after travelling via Singapore from Madras and awaited the
arrival of the other parties from Fremantle. Once at Wallal, much time was spent in erecting the instruments
so that no rehearsals were conducted. Preparatory tests showed that star images were blurred due to faults
in the mirror. The aperture was reduced to improve the situation. While the new screws operated better,
performance was still below par. The focus of the lens was subject to temperature change.

Five images were collected with the Einstein camera and these were necessarily of short exposure,
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5 — 15 seconds, due to problems with the equipment. Glitches occurred with the taking of the first and last
photographs. The coronal and spectrographic plates were developed that evening. The coronal plate had fog
and other defects and the other plates did not show any coronal lines due to their faintness at this eclipse. It
was decided to develop the other plates under better conditions at Broome. Further disappointment followed
when these showed unexplained fog on some, along with movement of the star images and poor definition.
Despondency appears in Evershed’s summary: “This completed the failure of our eclipse expedition” [63].
He had a scathing attack on British manufacturing, believing it should have abandoned the old methods
and used ball bearings or rollers on all moving parts and done away with gears in the driving mechanism
to produce smooth changes. He was able to see the contrast from the Lick Observatory operation nearby.
“Our admiration for the American installation was perhaps tinged with envy” [64].

11 Canadian Results from Wallal 1922

The fifth of eight groups to tackle an Einstein effect was from Canada. The four members of this
party (section 8) sailed the Pacific to Auckland and then Sydney. Here, they met Cooke (section 16), Pigot
(section 8) and Gale (section 19). They entrained via Melbourne to Adelaide where they met Grant (section
14) who had arranged to have some of the apparatus for the Canadians made in the University of Adelaide
workshop. Once the entourage of Campbell caught up with them, the entire assemblage moved through
Kalgoorlie to Perth. From nearby Fremantle they took a boat up the coast, eventually to Wallal [65].

Campbell was viewed as being in charge of the entire operation. The Canadian group set up a little
to the south of Campbell’s spot so that both groups could hear the same timing being shouted [66]. The ten
men from the Australian Navy were the commander Harold Leopold Quick and J W Barker, S Cushing, H
Hutchins, James R Kean, W Kenny, W S Rhoades, T Roberts, F Sinclair and L W Starling. They assisted
in transporting the group from Fremantle to Wallal return, loading and unloading the equipment, helping in
the erection of the camps, assisting with the arrangement of the equipment and aiding in some astronomical
measurements.

The main piece of equipment of the Canadian group was an Einstein camera of clear aperture six
inches (15 cm) and focal length 11 feet (3.4 m) giving a plate scale of 1 mm = 61'"". Two cameras of focal
lengths 36 and 33.75 inches (91 and 86 cm) as well as two ordinary cameras and a movie camera to take
pictures of shadow bands on sheets were to be used. Seven comparison plates had already been secured
by Trumpler in Tahiti (section 8) where the Canadians had forwarded their camera. There was time for
rehearsals before the major event. Jean Chant observed shadow bands before and after totality visually but
no success ensued with photographing them [67].

Developing of the main plates took place at Broome where two were discerned to be of good quality
and a third less so. It was November before the personnel were back in Canada and Young commenced
measurements at the Dominion Astrophysical Observatory. On the two plates selected there were 25 stellar
images but due to the faintness of some, 19 were chosen and a further three were rejected later [68]. Young
followed the method used by the English from the 1919 eclipse and his results were 1".30 and 2"".17 at the
limb, with an average of 1'".73 compared with Einstein’s prediction of 1"".75. No uncertainty value is given
in the article but from two values a precision uncertainty is 0".45. He displayed a graph of displacement in
arcseconds versus distance from the centre of the Sun in arcminutes with the Einstein relationship drawn.
Inspection shows that of the 16 stars displayed, seven are within 0".1 of the line, a further 3, 1, 1, 1, 3
respectively within 0.2, 0.3, 0.4, 0.5 and 0.6 arcseconds. The Canadian results, subsequently, were taken as
having confirmed Einstein’s theory relating to light displacement. However, there is a significant variability
between the figures of 1"".30 and 2".17 they obtained.

12 English Party at Wallal 1922

The English party had a different agenda from light bending. Hargreaves and Clark Maxwell (section
8) excavated a cellar and placed within it a piece of self-recording magnetic apparatus. Their results were
collected over a fortnight [69]. In addition to their magnetic readings, they obtained photographs of the
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corona and the shadow bands [70].
13 Perth Observatory Team at Wallal 1922

The Perth team, also, did not attempt an Einstein test. The five members under the auspices of
the Perth Observatory (section 8) succeeded in determining the coordinates of the site. Their programme
entailed spectrographic work, photographs of the Moon’s shadow, observation of shadow bands, images of
coronal streamers and the corona. A particular focus was the comparison of illumination levels [71].

14 South Australian Expedition to Cordillo Downs 1922

A sixth Einstein endeavour was ambitious in setting up in a remote part of Australia. Further along
the eclipse track the path of totality only just cut a swathe in the north eastern section of South Australia
but State pride set the wheels in motion for a slice of history in this difficult to access region. In November
1921 an eclipse committee was formed with George John Robert Murray (1863-1942) as president. As a
judge, lieutenant-governor of the State and lecturer in the law school at the University of Adelaide where he
was elected Chancellor six times between 1916-1942 [72], Murray was a man of competent organisational
ability. He harnessed the abilities of Grant, Dodwell and Kennedy.

Kerr Grant (1878-1967) had been acting Professor of Physics in 1909 and then Professor since
1911 at the University of Adelaide [73]. He received an invitation from the managers of Beltana Pastoral
Company to set up an eclipse post on their sheep station Cordillo Downs 9 h 22 min 32.0 s E, 26° 43" S
[74]. The chief director of the company, Peter Waite, offered to provide transport from the nearest railway
siding Farina to the Downs (640 km each way), hospitality and assistance at the homestead, the transport
of instruments by camel and observers by car. The Greenwich band (section 9a) had also been invited but
by this time their preparations for Christmas Island were too far advanced.

The Director of the Adelaide Observatory from 1909 was George Frederick Dodwell (1879-1963).
He had served as an assistant at the observatory 1899-1909 and then Government Astronomer 1909-1952
[75]. He took charge of this enterprise as it became the mission of the Adelaide Observatory. His previous
eclipse encounters were to Bruny Island, Tasmania in 1910 and Vava’u, Tonga in 1911 [76]. At the former
his role was to photograph the corona but was prevented by cloud. In 1911 he used a mirror and coelostat
to obtain images of the lower corona.

In preparation, Dodwell discussed the eclipse program at the May 1922 Rome Congress of the
International Astronomical Union where he presented his recent longitude determination work at Adelaide.
He sought out, among others, Oliver Justin Lee (1881-1964) of Yerkes Observatory and Herbert Doust Curtis
(1872-1942), Director of the Allegheny Observatory, University of Pittsburgh, Pennsylvania. From there
he had exchanges at Greenwich with the Astronomer Royal Dyson and Davidson from their experience of
the 1919 expeditions. Returning via the USA, Dodwell paid a call to the Allegheny Observatory and Curtis
loaned him a quadruplet camera. He visited another Pennsylvania establishment in Sproul Observatory at
Swarthmore, the Mount Washington Observatory in New Hampshire, Mount Wilson Observatory in California
and in the same State the Lick Observatory. Campbell provided him with the polar axis mounting, driving
clock and driving arm for the quadruplet camera. In addition, Campbell wanted a comparison of photographs
of the corona with the same type of instrument from widely separated places to see any rapid change in
the corona. Wallal and Cordillo Downs were 35 minutes apart for the timing of the eclipse. Since Cordillo
Downs would have a lower Sun altitude compared with Wallal, Campbell loaned the larger and better of
the coronagraph lenses. Dodwell was also supplied with fittings for this instrument to mount it according
to the Schaeberle method. A gift of US$100 was afforded by Louis Agricola Bauer (1865-1932) who was
the first Director between 1904-1929 of the Department of Terrestrial Magnetism of the Carnegie Institution
of Washington. The aim was to build up a picture of the magnetic field of the Earth.

Chief Assistant at Adelaide Observatory between 1921-1924, Alexander Lorimer Kennedy (1889-
1972) [77] had been a member of Douglas Mawson’s Australasian Antarctic Expedition 1911-1914 where his
occupation is listed as magnetician [78]. He was to effect the magnetic observations at Cordillo Downs.
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The equipment reached Adelaide in early May 1922 [79] and with some ancillary parts manufactured
locally, Kennedy departed on 31 May 1922 in charge of all the apparatus. When he arrived at Lyndhurst
Siding, he was informed that camel wagons were not available as there was concern about flooding in the
Cooper River. The alternative was a team of pack camels and this required the daily loading and unloading
of heavy and delicate equipment. During the latter part of the journey and at the terminus he was assisted
by A G Appleby. Once at his destination on 20 July 1922 Kennedy laid concrete foundations to support the
instruments and the Allegheny camera was ready for use by 08 August 1922.

By mid August Dodwell had returned to Adelaide and set out by car. He was delayed for a few
days in the sandhills in the vicinity of the aptly named Mount Hopeless until his vehicle was extricated by
camels. He arrived at Cordillo Downs on 29 August 1922 with E A Thrum. Grant appeared on the scene
on 06 September and some helpers pitched in to ready proceedings. These included the managers C F
Murray and his wife, as well as T E Barr Smith, Chief Director of Beltana Pastoral Company, since Waite
had died, Ive the Managing Director, Adamson, the Secretary of the company, and P Riddell of Broken
Hill. A party led by Walter George Woolnough (1876-1958), a Professor of Geology [80] arrived one week
before the event and K Dixon was a member of the party also. Woolnough had lectured at the University
of Adelaide 1901-04, then the University of Sydney 1905-1911 and was the founding Professor of Geology
at the University of Western Australia 1913-1919.

With the assistance that he had received from a large group of astronomers, Dodwell had set himself
four tasks: to test the Einstein prediction, to photograph the corona, to make use of the spectroscope and
to perform magnetic work.

The Allegheny camera [81] had an objective made by the Brashear Company of four lenses where
each pair fit together as achromatic components. The separation between the duplicates was 30.0 cm. While
the diameter of each lens was 10.4 cm, the existence of a diaphragm at the optical centre reduced this to
an effective 7.6 cm. The focal length of the camera was 163.1 cm and the field of view was 10°. This
arrangement resulted in a scale of 1 mm = 126". The camera produced a compact, circular stellar image
of 3 x 107 cm within 2°.5 of the axis. Beyond this, elongation occurred in the radial direction but the
advantage was that there was a dense centre to the images.

The plate holder could be adjusted to present a perpendicular orientation to the incoming light.
Measuring 17.8 cm x 20.3 cm, the plates provided a 7° % 8° field. On this occasion, 0.3 cm thick glass
doubly coated with Seed 30 emulsion from the Eastman Kodak Company was used. In addition to the two
brass holders provided, two of wood and metal were constructed on site. The longer side of the plate was
aligned with declination. Attached to a wooden frame, the assembly pointed along the polar axis but the
camera was bolted at an angle to correspond with the declination of the Sun at eclipse time. Hence, the
operation of the camera was restricted to a range in right ascension only.

The Lick Observatory had supplied roller bearings for attachment of the frame to the piers which
were wooden and these were sunk into concrete footings. A driving arm over 3 m long controlled the northern
part of the polar axis with its far end having two pulley wheels on an inclined track fixed in concrete.
Regulation of the arm was via a clock that was on loan from the Lick Observatory.

Two guiding telescopes were attached to the camera. One pointed 1° 11’ north and 1° west of the
axis to use Beta Virginis as the finder star. The other was designed to centre on Spica.

Campbell had supplied a 15.2 cm aperture, 12.2 m focal length coronagraph lens with fittings and
mountings to be operated by the Schaeberle method. As well, the Lick Observatory gave them a 5.4 cm
aperture, 152.4 cm focal length lens to obtain long exposure photographs of the corona.

The weather consisted of warm, sunny and clear days with a mean maximum shade September
temperature of 27.9 °C and clear, pleasant nights of mean 10.8 °C. The telescopic seeing was excellent. The
one downside was that a change of weather would bring in copious amounts of dust. This, together with a
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lack of facilities, necessitated developing the plates back in Adelaide.

Dodwell had sent a cablegram to Kennedy while the latter was en route to the site to take a number
of test photographs half an hour after sunset. Several preliminary photographs captured on 12 and 13 August
1922 of 60 s each of the eclipse field served as a guide to the required exposures during the eclipse.

A strong wind threatened on the morning of the eclipse but this became calm by the afternoon and
the eclipse was observed in a clear sky with the Sun at an altitude of 32°. The duration was 3 min 52 s,
3.33.17 — 3.37.09 pm Adelaide standard time. For the camera, plate I was exposed for 20 s on the eclipse
followed by 20 s on the check fields, plate II 30 s on the check field then 60 s on the eclipse field, plate I1I
55 s on the eclipse field only and plate IV 20 s on the eclipse field only. Totality ended earlier than expected.
After an initial call, the first slide was drawn and 5 s was allowed for any vibration to settle. Subsequently,
10 s was allocated for any change and dampening of vibration. Instead of the use of a shutter, an exposure
screen unattached to the camera was employed and Dodwell remarked how this should be used in any future
undertaking. Since the camera could only be moved in right ascension, the check field chosen was 24".4 east
of the Sun. Dixon had suggested a stop device between the extremes and this simplified the procedure.

On the day, the corona was of a type typical of sunspot minimum with a streamer extending about
two solar diameters above the Sun and two comparable streamers below. The corona and chromosphere
were described as moderately bright. There was only one large prominence and this was on the southwest
portion of the Sun and other small ones on the upper limb.

Cordillo Downs only had very weak signals from Australian radio stations and E A Thrum and
V D Bowers constructed an amplifier in situ. During the eclipse they observed a marked decrease in the
radio signal from the Sydney transmitter [82].

The return journey by car was via Broken Hill.

In Adelaide the plates were developed with solutions of hydrokinone/sodium sulfite/sulfuric acid
and potassium carbonate/sodium sulfite/potassium bromide for 12 minutes each. Grant attended to this and
he and A L Nairn tackled a preliminary investigation. Comparison plates were the ones taken by Kennedy
at Cordillo Downs and those by Dodwell on his return to the eclipse site six months later in March 1923.
These encompassed 90 s each of eclipse and comparison fields taken on 12 March, 60 s each of 4 eclipse
regions and 2 comparison ranges from 18 March and 60 s for each of two plates for each zone photographed
on 19 March. These were taken during early morning when the field stars were at the same altitude and
position in the sky as for the eclipse. Dodwell used the same Allegheny camera which had been stored at
the homestead in the intervening period.

The eclipse and comparison plates were sent to Greenwich in two shipments as the measuring
device in Adelaide was not accurate enough. Probable errors of the camera from the Allegheny Observatory
had been supplied by that institution as + 0”.171 in right ascension and + 0"".176 in declination. It fell to
Davidson (section 4a) to tease out the effects of scale from the proposed Einstein contribution. The theory
is that the star positions at the time of the eclipse need to be compared to their locations six months apart
so that the same altitude is used. As a further comparison, an exposure of a second field of stars away from
the Sun during the eclipse could be judged against this field subsequently. This, however, does not guarantee
similar conditions such as temperature. An alternative procedure is to photograph this second field on the
same plate as the eclipse field at the time of the eclipse and then compare this with a photograph six months
apart. Thus, any effect due to scale can be subtracted.

The Einstein effect is inversely proportional to distance. Davidson gave examples that a star at 15°
from the limb of the Sun was predicted to give 0”.87 displacement and at 45’, 0"".44. With the diameter of
the Sun being 30', the radius of 15" + 45’ = 60" = 1°. Hence, two stars at 1° from the centre of the centre
on opposite sides would be forecast to be 2 x 0".44 = 0"".88 further apart.

Davidson determined that there were too few stars on plate IV to give a meaningful result and
after measuring the other three, he concluded that the scale on plate IIT was different from that for the other
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two. This plate had been exposed in the improvised wood carrier and a difference of only 0.05 cm from the
supplied brass ones would be sufficient to explain the discrepancy.

Nine comparison plates had been taken, two before the eclipse and seven subsequently. Of the
latter group, two were of the eclipse field only and the other five contained both fields. Davidson relied on
this set of five mainly with only a slight contribution from the other four.

The method employed for measurement had been used previously at Greenwich to ascertain stellar
parallaxes. Two plates had diamond rulings etched into them in the position of the stars to be measured, one
for the eclipse field and the other for the comparison field. They were then placed over each photograph in
turn. Departures from the positions were then recorded with the use of a microscope.

19 stars in the eclipse domain and 17 in the comparison realm were investigated. Even under
magnification, some of these stars were too indistinct for accurate measurements and Davidson whittled
this to 11 stars in the eclipse field on plate I, 14 on plate II in the eclipse region and 16 in the comparison
region on both plates. The comparison stars were assumed to be far enough away from the Sun not to
experience a gravitational effect. As the altitude of the Sun at Cordillo Downs during the eclipse was below
30°, Davidson applied a second order correction for refraction and used a proper motion amendment to
bring the stars to the same epoch.

The result of the deviation at the limb of the Sun was determined at Greenwich to be a 2"".36
average displacement (2".31 in the x coordinate and 2".40 in y) for plate I and 1"”.18 mean for plate II
(1".64 and 0".71 for x and y, respectively). These two plates give an average of 1'.77 with an estimated
range of + 0”.3. While there was general agreement with the Einstein value, Davidson opined that there
was “considerable discordance” in the separate results.

15 University of Sydney Mission to Goondiwindi 1922

Opting for the relative convenience of train travel, four companies honed in on Goondiwindi in
Queensland, namely, the University of Sydney, Sydney Observatory, Melbourne Observatory and the Carnegie
Institution of Washington, United States of America, while a fifth group, the New South Wales Branch of
the British Astronomical Association, ventured to nearby Stanthorpe.

The contingent from the University of Sydney was specified by one of the participants, Edgar
Harold Booth [83] (1893-1963), who was lecturing in Physics at the University of Sydney [84]. The Senate
of the University approved the expedition and the equipment changes that were considered necessary and
the troop had nine months to prepare. Selected as the original leader, James Arthur Pollock (1865-1922)
had been appointed in 1886 as second astronomical assistant to the government astronomer of New South
Wales. His professorship of Physics at the University of Sydney ensued in 1889 [85]. There was disarray
when he died on 24 May 1922.

The new leader was Oscar Ulrich Vonwiller (1882-1972). Having taken over the Chair of Physics
on the death of Pollock, he was subsequently appointed Professor in 1923 [86]. Other members were James
Nagle, Superintendent of Technical Education and a member of the Senate of the University, Edward Francis
Pigot (section 8), founder of Riverview Observatory in Sydney, George Henry Briggs (1893-1987) [87]
and Norman Abraham Esserman (1896-1982) [88], both lecturers in Physics at the University of Sydney,
H J Swain, Superintendent of Mechanical Engineering at the Department of Technical Education, and A
B Ranclaud, lecturer in Physics at The Teachers’ College in Sydney. Described as attached to this work
force were Barnes, mechanician to the Department of Physics, R L Aston and Gordon Vonwiller, the son of
the Professor. Pigot had been to the 1910 total solar eclipse in Bruny Island and the 1911 event in Tonga
[89].

The equipment was sent by rail to Goondiwindi three weeks prior to the eclipse. On 07 September
1922 the main body entrained. Swain, Booth and one other person left on 14 September 1922 as they had
to organise to make up classes at their respective institutions on the party’s return. In his rendition of the
event, Booth took the Sydney Express to Warwick and changed to a mixed train onto Goondiwindi taking
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31 hours and 10 minutes for the complete journey.

The first week of the first wave was devoted to manual labour in digging holes and setting up
stands for the equipment. They operated out of the back of a vacant shop. In the second week they erected
and checked the apparatus. Nagle had the job of determining the location of Goondiwindi. The observers
were drilled in the operation of the eclipse by day and then at night to simulate the eclipse conditions for
the 3.5 minutes of totality.

They had unfavourable weather conditions right through until the day of the eclipse which was
then clear and cloudless.

They also had local assistance. Mention was made of Mr Fletcher, solicitor of the district, as
photographer of shadow bands along with Miss Doreen Fletcher.

A coelostat was used to reflect light into a telescope and photographs were taken by Nagle and
developed by Briggs. Two photoelectric cells with active surfaces of potassium and containing helium secured
light intensity measurements throughout the eclipse. Aston observed with cell number two. Maxima were
measured at the beginning and end of the eclipse and a minimum at mid-eclipse [90].

The afternoon was spent gathering readings and dismantling the equipment. Some stayed to pack
the gear for its return to Sydney. The others in the eclipse party were provided by the government with a
special sleeper carriage on the train to Warwick.

Photographs of the corona were obtained but no results on light bending were attempted.
16 Sydney Observatory Experience at Goondiwindi 1922

The leader of the Sydney Observatory expedition to Goondiwindi for the seventh company
investigating the Einstein effect was William Ernest Cooke (1863-1947). He worked as an astronomical
assistant at the Adelaide Observatory beginning in 1878 before being appointed in 1896 as the first government
astronomer at Perth Observatory. One of his major interests was mapping the sky photographically and he
became quite competent in this field. In 1912 Cooke transferred to the position of government astronomer
of New South Wales as well as holding the station of foundation chair of Astronomy at the University of
Sydney [91].

At the site of the Goondiwindi racetrack an astrograph was mounted on two pillars, one of a
concrete base with well-seasoned timber and the other was of iron casting which was specially made. “The
observatory was built of wood and galvanised iron, with a meridian opening in the roof extending from the
zenith to the Pole, and a large opening in the western wall, protected by a stout canvas blind” [92]. Eight
exposures each of 10 s duration were taken during the eclipse with three of these used for a region 5° south
of the eclipse but with the same right ascension.

A Grubb chronograph controlled the driving mechanism. In the collection of comparison photographs
pre-eclipse, all worked perfectly but the system encountered difficulties at a critical time so that only two
eclipse plates were obtained under a steady drive condition. For these the definition was too diffuse to
allow precise measurements for the task in hand. Cooke indicated that the astrograph was worth some
perseverance. The seeing conditions were steady close to the horizon but less clear at 40° altitude so that
Cooke concluded that altitudes above 50° or 60° would be required for this type of astrographic work.

Photographs were obtained by a photoheliograph mounted on an old 6-inch (15 cm) Grubb equatorial
stand. Partial phase images as well as some around the four contact times were secured. Campbell from
Lick Observatory had arranged for Trumpler (section 8) to forward equipment to Sydney for the use of this
group after he had taken comparison photographs in Tahiti in readiness for the eclipse.

The times of the four contacts were observed by eye and the use of graphical and computational
methods. The stopwatch failed at the second contact time by eye. While there was excellent agreement between
these three techniques, the values by computation were compared with the times that had been predicted
for this eclipse. The four contacts were all early by 25.5 s, 13.0 s, 10.3 s and 12.2 s, respectively.
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One requirement was to determine the latitude and longitude of Goondiwindi. A Reichenbach
repeating circle that had belonged to Thomas Brisbane was resurrected and had a new telescope and transit
micrometer attached. Static rendered wireless transmission from Washington and New York inoperable
so that P Shaw, a local, depended on signals from Sydney. Later, signals from Lyon that were received
in Greenwich, Paris and Sydney led Moore to believe that the longitude of Sydney needed to be adjusted
downwards by 0”.5. He deduced that the location of Goondiwindi was 28° 32" 46".9 south and 10 h 01
min 13.07 s east.

W C Graham of the Sydney Observatory and Dr Thomson used timekeepers and watched the shadow
bands on a white sheet on the ground. Graham was first assistant at this institution and retired in 1939 after
47 years work there [93]. Other personnel were W E Raymond, first assistant at the Sydney Observatory,
H Cranney, astronomical assistant, J Short, astronomical photographer, D A Trigg, mechanician, and F F
Cook [94].

A summation for the displacement results was “Bad atmospheric definition and poor performance
of the driving clock of the telescope led to failure of an attempt to measure the deflection of sunlight
passing near the Sun for comparison with the values predicted by Einstein’s Theory of Relativity ...”’[95].
74 photographs were secured with the astrograph and heliograph but only two of the eight taken with the
astrograph were free of distortion [96].

17 Melbourne Observatory Party at Goondiwindi 1922

Joseph Mason Baldwin (1878-1945) had been a research assistant at the Royal Observatory Cape
of Good Hope and Potsdam Observatory Germany. He became chief assistant at the Melbourne Observatory
1908-1915, acting director 1915-1920 and government astronomer 1920-1944. He led the Melbourne
Observatory expedition to Goondiwindi [97]. This was the eight unit which intended taking measurements
of the deflection of light.

The excursion was financed and organised by Wilfred Russell Grimwade (1879-1955) who acted
as a photographer for the scenes surrounding the camp. Present [98] also were W M Holmes of Melbourne
University, Kidson, supervising meteorologist at the Central Weather Bureau, Thomas Parnell (1881-1948),
Professor of Physics at the University of Queensland, Edward Montague Wellish (1882-1948), a lecturer in
Applied Mathematics who had studied Einstein’s theory at Cambridge and in the USA [99], J G Mann and
Z A Merfield.

The result was summarised “This time it was the equipment rather than the weather that was
uncooperative, and they failed to take precise photographs” [100].

18 Carnegie Institution Representative at Coongoola 1922

Donald G Coleman from the Carnegie Institution of Washington selected Coongoola 250 miles
(400 km) west of Goondiwindi in the Cunnamulla district as it was on the centreline of the eclipse and had
more likelihood of cloud free conditions than other places in Queensland. This was the end of the western
railway line from Brisbane. It was also selected by an official photographer aiming to capture the corona
and an astronomical observer from the Queensland government [101].

Coleman had been doing magnetic work for the Institution in the Society Islands. He intended
checking for magnetic variation from two days before to two days after the eclipse. His itinerary was then to
proceed to Thursday Island and the most northerly parts of Australia. He would come back through Sydney
and onto Washington after being away from his headquarters for about two and a half years [102].

19 New South Wales Branch of the British Astronomical Association at Stanthorpe 1922

Walter Francis Gale (1865-1945) was the leader of the New South Wales branch of the British
Astronomical Association party to Stanthorpe in 1922 to observe the eclipse. In 1893 he visited Chile with
the Lick Observatory eclipse expedition as well as travelling to observatories in the United States of America.
Gale was a founder of the New South Wales branch of the British Astronomical Association in 1894 [103].
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Personnel were H Brown, J Scanlon, J J Richardson, E W Esdaile, R W Schuch, Marshall Andrew, C Barr,
J Brown, F Swinburne, A P Macherras, J C Jenkinson, G H Hoskins, H H Edwards, L Melville, A W Gale,
W Best, E Gardiner and Thomas Brindley.

The group dispersed to a few localities around Stanthorpe and a number of local residents joined
to assist observations. They viewed themselves as an amateur organisation and their published aims were to
observe a number of phenomena: the contact timings, the passage of the Moon over any sunspots, shadow
bands, corona with drawings, prominences, photograph Baily’s Beads, effect on animal life, colouring of
the landscape and sky and anything unusual [104]. A great many observations were recorded and while
many telescopes were in operation, no attempt was made to measure the Einstein effect.

20 Results from the Lick Observatory Expedition to Wallal 1922

Even though Campbell had planned his expedition in minute detail, his schedule was thwarted by
events beyond his control. He had arranged for Trumpler to proceed from Tahiti after obtaining reference
plates and carry out measurements of the brightest stars on these plates for five weeks at the Perth Observatory.
Trumpler had shipping delays getting to Perth, arrangements for the transport of the equipment from Perth
were brought forward and there was a delay returning to Fremantle after the eclipse (section 8).

As Trumpler had made arrangements to visit family in Switzerland before returning to the USA,
he and Campbell effected measurements on one plate in an incomplete and time rushed manner at Broome.
Their preliminary result was a light deflection but with a value between that of Newton and Einstein.

There was great interest and pressure for Campbell to publish his results. However, he withheld
these and the eclipse negatives did not reach him back at his observatory until 16 December 1922. It was
February 1923 before Trumpler returned. Meanwhile, Campbell was offered the presidency of the University
of California. He accepted on condition he remain director of Lick Observatory. The extra workload added
to the stress of finalising the results.

There were two plates each from each pair of Einstein cameras and a large number of stars was
recorded because Campbell had decided on longer exposures with good tracking. For the longer focal length
pair of cameras, 120 s exposures were followed by 125 s and Beta Virginis was tracked with a guiding
telescope by Trumpler. These cameras were more suited to stars near the limb of the Sun. The brighter
stars had well defined images but the fainter ones near the edges of the plates were diffuse. There were
92 stars recorded and as many stars as possible in each eclipse field were measured against 37 stars in the
check field with an intermediate plate. Campbell and Trumpler released preliminary results from the larger
two Einstein cameras on 11 April 1923 and on 23 April 1923 Campbell gave details at a meeting of the
Academy of Sciences in Washington. At this point, having worked independently, Trumpler had results for
three plates and Campbell two. By May 1923 when the results were submitted for publication, there were
some slight modifications to their five results and Trumpler had finalised measurements for the four plates
and Campbell had completed three. They agreed with the inverse distance relationship and thus calculated
the deflection at the limb as shown in Table 2 [105].

Table 2: Light deflection at Sun’s limb from Lick Observatory published in 1923

Plate Trumpler Number of Stars Campbell Number of Stars ~ Plate Mean
1 1".88 +£0.27 69 1".72+0.32 62 1".80
2 1".62+0.22 81 1".35+0.22 77 1".48
3 1".91+0.19 84 1".78 £0.22 80 1".85
4 176 £ 0.22 85 85 1".76
Mean for each 1".78+0".11 - 1".60 £0.14 - -

observer
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The mean value for the four plates was published as 1".745 but the value for plate 4 in Table 2
was given a 0.9 weighting relative to 1.0 for the other three. Thus, the conclusion for the Einstein value
was lower at 1".72 = 0.11.

It was another five years to 1928 before publication of the results from the pair of shorter focal
length cameras occurred [106]. Campbell had directed the production of six plates at the eclipse with four
of 60 s duration and two of 102 s. The first two plates had been exposed to the check field the night before
and remained in the cameras. The last two plates stayed in the cameras after the eclipse and were opened
to the check field during that evening. These cameras had a larger field of 15° x 15° so that, in all, 550
stars were imaged. Trumpler was the sole astronomer who measured these plates. He produced calculations
for 147 stars of which he eventually used 145 stars. His comparison group of stars was 75 in number. His
method of comparison was new as he lined up both plates directly without an intermediate plate so that
the accuracy was improved for this pair of cameras. These plates had a scale of 135" to the mm and the
images were sharp and well defined.

Results from the four plates with the check field were ready by 1924 and delivered by Campbell
on 26 April 1924 to the American Philosophical Society in Philadelphia. The data supported the Einstein
effect.

The publication of the full set of results in 1928 again gave support that an inverse distance
relationship was the best fit for the deflection. The Einstein extent at the limb of the Sun was 1".82 + 0.15.
This value was given a weighting of 1 relative to a 2 for the longer focal length result of 1”.72 + 0.11.
The conclusion, with a weighting of 3, was 1”.75 + 0.09, in agreement with the figure predicted from the
Theory of General Relativity.

21 Discussion

The 1919 expedition by the British is to be lauded as the first where measurements pointed to
light deflection in the vicinity of the Sun. The amount of displacement is very small and the astronomers
performed well in obtaining photographs and comparison plates to plot the differences between the two.
These British parties needed to discount differences in scale, temperature and refraction effects and their
major contribution was to show the inverse distance relationship from the limb of the Sun.

However, criticism has already been levelled at establishing an hypothesis directed to discriminating
between three possibilities (section 4). An attempt at measuring the deflection, if any, ought to have been
the aim. Thus, there appear to be some dubious decisions made as which plates should be included and
which omitted. The elimination of the 0"".93 value for the astrograph used in Brazil is unconvincing. There
were enough questions that could be raised to be more tentative in declaring a result.

Judged against the manner in which Science operates, the conclusion was presented in too positive a
manner. The status of the personnel involved in both the eclipse and the meeting to hear the results appeared
to attempt to carry the day rather than countenance objections.

The press, without an understanding of the scientific method, seized upon the pronouncements and
heralded a new world in Science. Perhaps this was a world in need of an uplift after four years of devastating
war and gloomy news.

At the very least, the result needed to be treated as speculative. The procedure of Science required
another attempt to ascertain whether there was support for the measurements or a contrary indication.

In 1922 eight different groups made an attempt to measure the deflection of light. The problems
encountered give perspective to the difficulties of this procedure. The Royal Greenwich Observatory party
and the Dutch-German one can be criticised for their poor selection of a small island subject to cloud most
of the year and in a month leading up to the most cloud experienced on the island each year. On the other
side of the continent, the choice of Goondiwindi had improved access but a low altitude Sun at the time of
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the eclipse and unpromising weather prospects were strong negatives. Although poor atmospheric definition
was cited by the Sydney Observatory team, it and the Melbourne Observatory band acknowledged equipment
issues in their lack of success. Similarly, the contingent from India was apparently furious with the poor
standard of apparatus needing to be in peak operational condition for some delicate measurements.

This left three groups which did obtain measurable results on light bending. There can be no doubt
about the tenacity of the South Australian contingent. However, even though dryness would be expected
for the eclipse, the choice of location could be questioned. The locality had the Sun in eclipse below 30°
elevation. Thus, more correction was required with the analysis due to refraction effects. The motive for
the site selection had more to do with State pride than placing the results as paramount. Measurements
were processed on 11 stars and the two results had a variation of 1".18 and 2".36. It is interesting to note
that this average was 1"".77 yet Davidson, who measured the movements on the plate declared them to be
discordant. Davidson was involved in the 1919 eclipse but the same conclusion was not reached for his and
the other data, even though the results carried a similar spread to Dodwell’s numbers.

The Canadian group selected Wallal but relied on Trumpler for comparison plates. Young used
data from 16 stars on two plates to obtain 1'".30 and 2".17, average 1"".73. There were more stars than the
number exploited by Dodwell and the range was narrower at 0".87 versus 1"".18. However, this is still a
significant discrepancy.

What of the Lick Observatory results? With the two 4.57 m focal length Einstein cameras, four
plates were measured by Trumpler and three of the same by Campbell. For this set of seven, the minimum
number of stars was 62. Trumpler executed a variation of 0".29, Campbell 0".43. The average for each
plate varied by 0".37 and the two astronomers provided an average which differed from each other by only
0"".18. Their result was published as 1".72 = 0.11. The two smaller Einstein cameras of focal length 1.52 m
would not be as good a scale but this was partly compensated for by a more precise technique. The result
was 1".82 + 0.15, a difference of 0”.10 and in agreement with each other within the uncertainty values.
The combination with weighting produced 1".75 + 0.09, in excellent agreement with Einstein’s prediction
of 1".75.

Campbell’s result is by far the one with the most confidence in support of the Einstein effect.
However, this does not constitute proof. Instead, according to Karl Popper’s view of the philosophy of
Science, one does not conclude from the results that Einstein’s theory is correct but that these observations
do not disprove him and scientists can look favourably on the usefulness of his model of the Universe.

What factors contributed to the success of Campbell’s venture? The Lick Observatory was well
funded with instruments at its locality due to its wealthy founder. Expeditions were well resourced principally
through two very wealthy siblings who supported what became known as Crocker expeditions over a
sustained period of time. Thus, a great deal of proficiency was built into these excursions. Campbell himself
gained much experience with six eclipses prior to 1922. Some other players also travelled to a number of
eclipses. However, not only had he been to more eclipses but the work he undertook on some was similar
to what he used in 1922. Other observers had been involved in things like spectroscopy and then changed
to photographic techniques.

Campbell was a great organiser. He planned each phase of the trip with precision. He had no bias
with any expected outcome so he can be viewed as impartial. Even though he wanted to publish earlier than
he did, he was not rushed into pronouncements. By comparing his attempt with those of the other seven in
1922 and the 1919 precursor, one could conclude him as the most authoritative of the observers.

22 Conclusion

The work presented here suggests that the 1919 British solar eclipse expedition results and
conclusions ought to have been more tentatively presented rather than announced to the world so definitively.
The aim of the expedition was misguided in being a choice between three possibilities instead of an attempt
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to find a measure of deflection. As a result, the selection of which data to eliminate carries some apparent
arbitrariness. In addition, the way in which the results were combined can be questioned and the variations
in the measurements were readily apparent. All of this indicates that any conclusions drawn at this time
should have been more cautious. Supporting results were required and fortunately this was what the British
attempted in 1922.

The published accounts from the 1919 eclipse indicate that the world press, acting on the British
announcement, hailed Einstein prematurely. In particular, the wholehearted support from a person with
the stature of Thomson appears to have interfered with the correct procedure in Science for examining the
evidence and presenting an outcome with an appropriate level of caution. Thus, it seems there was a clear
departure at the time from openness regarding a conclusion towards seeing a specific hypothesis being
immediately proven. This approach is at odds with the philosophy of Science.

Examination of the results also suggests that principal credit for the first eclipse observations that
convincingly support Einstein should be given to Campbell for his 1922 measurements performed in Australia
and whose analyses continued to 1928. Here it is seen that four sets of results, measured independently by
two people, yielded precise and closely consistent figures and a conclusion of 1”.75 + 0.09 which neatly
encompassed Einstein’s prediction of 1".75.

The reasons for Campbell’s success are clear. He had substantial financial support for his work,
superior equipment compared with other expeditions, more extensive experience and a meticulous mode
of operation. The Lick Observatory had been engaged in eclipse expeditions before Campbell became
involved and the 1922 total solar eclipse expedition was the seventh such undertaking by Campbell. Thus,
Campbell had the capacity to use the previous experience of the Lick personnel as well as hone his own
skills. Additionally, it seems that Campbell was open to any result and did not favour a particular outcome.
The difficulties experienced by the other solar eclipse expedition efforts in 1922, as outlined in this paper,
highlight some flaws compared with Campbell’s successful enterprise.

This paper has analysed the history associated with early tests of one of the three predictions from
the General Theory of Relativity which could be measured astronomically, that of the amount of bending
of starlight in the vicinity of the Sun. On the other hand, Einstein’s theory could be tested further due to its
predictions regarding the anomalous perihelion precession of Mercury’s orbit and the gravitational red shift
of spectral lines. Thus, the 1919 pronouncement was based on only one of the three tests, a situation which
could be interpreted as another sign of premature acceptance of what was then a completely revolutionary
theory.

In conclusion, the accolades that were given to what was then considered an observational
demonstration of general relativity from the 1919 solar eclipse would have been better accorded to Campbell
for his measurements resulting from the 1922 eclipse.
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51 Granville Street Wilston 4051 Australia 61-7-38562262

There were three astronomical tests of general relativity. Besides the gravitational bending of light, there werethe
anomalous advance of the perihelion of Mercury and gravitational redshift. The early history of these latter two tests
is addressed here. For Mercury, data for its position were obtained principally from transit phenomena. Le Verrier was
the first to account for the known perturbation effects on the elliptical orbit of Mercury and calculated an unexplained
discrepancy. This was supported by Newcomb who revised the figure. With the use of his general theory of relativity,
Einstein appeared to calculate this disagreement from Newtonian principles. Yet, other avenues needed to be explored
before an acceptance of general relativity as a reasonable paradigm. This is part of a more general query of when should
scientists endorse a theory.

For the test of the redshift of radiation in the presence of a gravitational field, support for this phenomenon followed
a winding route. Many factors, which could contribute to the redshift of spectral lines needed to be nominated, and
their individual contribution, if any, had to be teased from the rest. Very small measurements had to be effected. This
situation received some respite when measurements moved from the Sun to large mass objects such as white dwarfs
which theory suggested should have a much larger redshift. 1928 was taken as the year in which the results could be
interpreted as support for general relativity. However, developments opened up subsequently and further confirmation
has continued to the present day. The story is threaded with a theme that new ideas in science follow anything but a
straightforward course and that real history is much more interesting. ©Anita Publications. All rights reserved.

Total Refs : 78

1 Introduction

The General Theory of Relativity reached its climax in the publication by Albert Einstein (1879-
1955) in 1916. There were three astronomical tests which could lend support to the new world picture: the
amount of bending of starlight as it passes the Sun, the anomalous advance of the perihelion of Mercury
and the gravitational redshift of light from the Sun.

Storytelling involving scientific advances appears to present a simplistic rendering of events.
The retelling of Archimedes rushing from his bath naked into the street shouting “Eureka!” captures the
imagination of a scientist achieving an inspirational idea and all falls into place. Yet, the history of science
is anything but a spontaneous breakthrough and ready acceptance by the scientific community.

The 1919 British total solar eclipse is hailed by biographers as confirmation of Einstein’s ideas.
A comprehensive account of Einstein’s life and science by Pais gives the public reaction to this event but
does not pursue the continuing scientific path before acceptance.! A strong case can be made that it was
the 1922 total solar eclipse in Western Australia and the final publication in 1928 by the Lick Observatory
that provided the clinching argument. The same mythology of the 43” per century for the unaccounted for
advance of the perihelion of Mercury arising from Einstein’s concepts with immediate acceptance is far
from the truth.

This paper treats the second and third astronomical tests, namely the orbit of Mercury (sections 2-6)
and the gravitational redshift (sections 7-14). It investigates the history of scientific understanding regarding
the orbit of Mercury and how its accurate fitting provided key support for Einstein’s revolutionary concept
of general relativity. The questions scrutinised are at what point was there enough evidence for scientists
to endorse this theory and was there a premature acceptance of general relativity? For the gravitational
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2 Keith John Treschman

redshift, the aim is to show the tortuous route followed by any new idea in Science before the majority of
scientists are swayed to accept it.

2. Transits of Mercury

Johannes Kepler (1571-1630) completed the Rudolphine Tables in 1623 based on what are now
known as his three laws of planetary motion. These tables were printed in 1627.2 From these indices, in
1630, Kepler published ephemerides for the years 1629-39. As a result he predicted a transit of Mercury for
07 November 1631. Having died in 1630, Kepler did not witness the transit. The Mercury occurrence was
noted by Pierre Gassendi in Paris. It was 4 hours 49 minutes and 30 seconds ahead of Kepler’s prediction.
There was an error of 13’ in longitude and 1' 5" in latitude. As a comparison, tables reliant on Ptolemy
and Copernicus were typically out by 5°.> Gassendi was, for a while, unsure whether he was observing a
transit or sunspot as the black dot was estimated by him to be 20”. From the movement across the Sun over
several hours, Gassendi was convinced he witnessed a transit. His value was on the high side as at inferior
conjunction, Mercury’s apparent diameter is 11".0. Importantly, the transit allowed astronomers to correct
Kepler’s elements of Mercury, with the inclination of the orbit to the ecliptic and the position of orbital
nodes in particular being measured with greater accuracy than before.*

The aim of planetary positional astronomy is to describe six Keplerian elements with respect to the
mean ecliptic and equinox at a set epoch and the rate of change of these quantities over an extended period
of time. The fundamentals are a the semi-major axis distance, e the eccentricity, (these two describing the
size and shape of the orbit), i the inclination of the planetary orbit to the ecliptic measured at the ascending
node, Q the longitude of the ascending nodemeasured as an angle from the March equinox in the direction
of motion of the planet, (the latter two components define the orientation of the orbital plane of the ellipse),
@ the longitude of perihelion is a compound angle measured as the heliocentric longitude along the ecliptic
to the planetary node and thence along the orbit to the perihelion point and L the mean longitude at a set
epoch.

In order for these values to be determined for Mercury, observations of meridian transit coupled
with transit timings across the face of the Sun need to be accumulated over a significant period of time.
Also, as Mercury does not have a moon, a determination of its mass was performed in the first half of the
nineteenth century from perturbations on the comet 2P/Encke.’

Transits of Mercury exhibit a recurring pattern. At the present time, all transits of Mercury fall
within several days of May 07 (descending node) and November 09 (ascending node) when Earth has the
same heliocentric longitude as that of Mercury, 228° and 48° respectively.® In 2013, the perihelion and
aphelion dates for Mercury were 16 May and 21 December. Thus, for May transits the planet is near aphelion
(257°), so its slower orbital motion at 38.9 kms™! makes it less likely to cross the node during the critical
period. In contrast, November transits are near perihelion (77°) so the combination of closer proximity to
the Sun and the more rapid motion at 59.0 kms™' produces nearly twice as many transits compared with
May timings. At apparent diameters of 12" and 10" for May and November transits respectively, visibility
requires a telescope.

The regularity of the transits of Mercury is determined by a division of the sidereal periods of
Earth 365.256 363 d and Mercury 87.969 256 d to give 4.152 091. Once a transit has occurred, the next
one at that node will necessitate integer orbits of each planet where the ratio is close to 4.152. For May
transits, this is usually 13 or 33 years, where 54/13 = 4.154 and137/33 = 4.152. For transits in November,
the frequency may be 7, 13 or 33 years where 29/7 = 4.143. All the transits of Mercury are shown in Table
1 from the first predicted by Kepler in 1631 until the most recent in 2006. There aretwo rare intervals of
6 years, 25/6 = 4.167, and another of 20 years, 83/20 = 4.150. There are more regular patterns at 46 years
(13 +33) as 191/46 = 4.152 and 217 years as 901/217 = 4.152.
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Table 1. November and May transits of Mercury 1631-2006 along with intervals. Transit Predictions by Fred
Espenak National Aeronautics and Space Administration/Goddard Space Flight Center.

November Transits May Transits

year day y year day y year day year
1631 07 - 1822 05 7 1661 03 -
1644 09 13 1835 07 13 1674 07 13
1651 03 7 1848 09 13 1707 05 33
1664 04 13 1861 12 13 1740 02 33
1677 07 13 1868 05 7 1753 06 13
1690 10 13 1881 08 13 1786 04 33
1697 03 7 1894 10 13 1799 07 13
1710 06 13 1907 14 13 1832 05 33
1723 09 13 1914 07 7 1845 08 13
1736 11 13 1927 10 13 1878 03 33
1743 05 7 1940 11 13 1891 10 13
1756 07 13 1953 14 13 1924 08 33
1769 09 13 1960 07 13 1937 11 13
1776 02 7 1973 10 13 1957 06 20
1782 12 6 1986 13 13 1970 09 13
1789 05 7 1993 06 7 2003 07 33
1802 09 13 1999 15 6

1815 12 13 2006 08 7

Analysis of table 1 gives 52 transits of Mercury in this 375 year period with 36 (69%) in November
and 16 (31%) in May. For November the respective numbers for the intervals 6, 7 and 13 years are 2, 10,
23 and for May 13, 20, 33 years 7, 1, 7.

In May, the apparent diameter of the Sun is 1 902". With a 46 year time span, Mercury shifts its
position with respect to the Sun by approximately 200". Hence, there may 10 transits that can be viewed as
a series, spanning 9 intervals x 46 years = 414 years. For November, the Sun is 1937" and Mercury shifts
by about 100", giving 19 transits in a series which may span 18 intervals x 46 years = 828 years. There
may be six transit series running concurrently.®

3 Lindenau, Le Verrier, Newcomb

The next step of progress in the fit of Mercury’s orbit was taken by a German, Bernhard August
von Lindenau (1780-1854) who, in 1802, became director of the Gotha Observatory. Planning for this
observatory began in 1787 and in the early part of the nineteenth century it became an international centre
for Astronomy principally due to its instruments. These consisted of an eighteen inch (46 cm)quadrant,
a two foot (61 cm)transit instrument, three Hadleysextants, an achromaticheliometer, a two foot (61 cm)
achromaticrefractor, a Gregory reflector and many clocks.’ Lindenau also had impetus for publishing results
as a new journal from the observatory commenced in 1800 and he was the editor from 1807 until it ceased
in 1813. He used data from 17 transits of Mercury and introduced perturbations to publish more up to
date tables on the orbit of Mercury in 1813.!° He applied a considerable increase to the Mass of Venus to
reconcile theory with observations.'!

The next significant contribution was from Urbain Jean Joseph Le Verrier (1811-1877) who was
director of the Paris Observatory 1854-1870 and 1873-1877. His first work on Astronomy was about the
stability of the solar system which he presented to the Académie des Sciences in 1839."?Following a
suggestion from the director of the Paris Observatory in 1840 that Le Verrier work on Mercury’s orbital
motion, he produced a research paper in 1843."3
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Le Verrier had also been applying mathematics to perturbations in the orbit of Uranus and calculated
a 40" discrepancy. In response to a proposition that the disturbance may be due to an exterior planet, he used
a new method of inverse perturbations to produce 13 unknowns. Assuming a noncircular orbit, a tentative
distance from the Sun and little inclination, he reduced the unknowns to nine. He informed Johann Gottfried
Galle (1812-1910) at the Royal Observatory in Berlin where to search for an eighth magnitude planet with
a disc of 3".3. On the first evening of his pursuit in 1846, Galle located Neptune 55" from the point and
of the magnitude predicted. It had a disc of 3".2. Uranus and Neptune had been in conjunction in 1821 so
they were still near each other in the line of sight.'*

Flushed with success, however, his 1843 work was found wanting during the transit of Mercury
in 1848, when his theory was shown not to match the observation. He collected data on 397 meridian
observations of Mercury at the Paris Observatory as well as 21 second and third contact timings from 14
passages across the Sun, nine November ones 1697-1848 and five May transits 1753-1845, and produced
a revised theory in 1859.'

Under a two body situation of the Sun and Mercury, the planet would be expected to trace out an
elliptical orbit with its perihelion fixed relative to the stars. However, the presence of other planets causes
the perihelion to trace out an advance in the direction of motion. This was such a small figure at a little
over 500" per century. At approximately four orbits per year, this amounts to 1".25 per orbit. One precession
would require 260 000 years.'®

Le Verrier produced calculations of the contribution of planetary perturbations on the perihelion
advance of Mercury in arcseconds per century: Venus 280.6, Earth 83.6, Mars 2.6, Jupiter 152.6, Saturn 7.2,
Uranus 0.1 to give a total of 526.7 but the measured amount was 39" century ' more.!” This unaccounted
datum became known as the anomalous advance of the perihelion of Mercury.

In 1882 as Director of the Nautical Almanac Office in the United States of America, Simon Newcomb
(1835-1909) reexamined Le Verrier’s results.Newcomb had data on four extra transits of Mercury since 1848
and he decided to include only those results from known viewers at observatories where the longitude would
be established precisely and the results had been published. In addition, he included data on first and fourth
contacts.To fit periodic perturbations on the motion of Venus he reduced the mass of Mercury from 3.333
%1077 that of the Sun used in 1859 to 1.333 x 10~7and for Venus, from its perturbations on other planets,
from 2.488 5 x 10°to0 2.469 x 107, He agreed with Le Verrier on a discordance between observation and
theory for the motion of the perihelion of Mercury but raised the value to 43" century™' (42".95).!8 "In
seeking a possible explanation of this excess of motion, the author [Newcomb] considers several arguments
which have been brought forward — such as a possible term of very long period; Le Verrier’s hypothesis of
a planet or group of planetsbetween Mercury and the Sun; the Zodiacal Light; a possible ellipticity of the
Sun or its atmosphere; a ring around the Sun; any modification of the law of gravitation; Weber’s electro-
dynamic theory; all of which he rejected ...""

In 1895 Newcomb published the result of 20 years of his work devoted to the motion of planetary
bodies and the fundamental constants of Astronomy.?’Analysing 62 000 meridian observations at Washington
for Mercury, Venus and Mars alone, he took into account some long term fluctuations in the Earth’s motion.
He constructed tables of the motions of the planets which were adopted by the annual almanacs of the US
Naval Observatory and the Royal Greenwich Observatory.Newcomb incorporated four secular variations for
Mercury, Venus and Mars: e eccentricity of the orbit,finclination of the orbit, € longitude of the ascending
node and @ longitude of the perihelion. For Earth, e and @ were included as well as the obliquity of the
ecliptic.”! Newcomb identified four anomalies remaining: perihelion motion of Mercury, node motion of
Venus, perihelion of Mars and the eccentricity of Mercury.?? While the tables have been superseded, they
are accurate to within a few arcseconds even today.

4 Einstein

Many lines of enquiry to unravel the anomalous advance of the perihelion were pursued. Slight
adjustments were made to the 1/R> Newtonian relationship with distance. This could account for the
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discrepancy but then aspects of the motion of nearby planets were altered in an incorrect direction. The
pursuitof Vulcan or a host of planetesimals continued mainly during total solar eclipse expeditions. During
the Lick Observatory expeditions of 1901, 1905 and 1908, Charles Dillon Perrine (1867-1951) searched
photographically for any evidence of such bodies. 506 stars were captured on a glass plate at the 1908
Flint Island eclipse in the Pacific Ocean and these images were compared with ones taken earlier at Mount
Hamilton where the Lick Observatory was located. “These observations make it practically certain that there
are no intra-mercurial bodies of 8.0 visual magnitude, or brighter, in or near the plane of the Sun’s equator,
with elongation of 12°, or less, as viewed from Earth.">* The hunt was abandoned as it was calculated that
a million objects of lesser brightness with the density of Mercury would be necessary.

On his way to developing the general theory of relativity in 1915 from his special theory of 1905,
Albert Einstein (1879-1955) collaborated with Marcel Grossmann (1878-1936). It was Grossmann who
pointed out to Einstein the relevance to general relativity of tensor calculus and the use of the non-Euclidian
geometry of Riemann. They wrote a joint paper in 1913, the first on the general theory of relativity.?*Einstein
then invited Michele Besso (1873-1955) to assist him in solving the equations in this joint paper, particularly
those equations involving the perihelion advance of Mercury. Their work of 1913-1914 has survived in what
is known as the Einstein-Besso manuscript. Their first attempt yielded an answer of 1 821" = 30°, which
was a devastating blow.>> However, their input for the mass of the Sun was in error by a factor of 10 too
high and as the motion was proportional to the square of the mass, the obtained value was 10*higher, so
their revised value was 18". They next calculated the effect due to the rotation of the Sun and found 0”.1,
which once the error for the solar mass was found, was 0".001 retrograde.

On 04 November 1915 Einstein, now more confident in the mathematics he was using, presented a
new version of general relativity to the Prussian Academy. A week later on 11 November, a short addendum
to the paper followed in which he changed the field equations. In another week, 18 November, Einstein
presented the paper with a calculation of 45” + 5 century ! for the anomalous advance of the perihelion of
Mercury. He altered equations again in a paper another week later, 25 November, but this did not alter his
Mercury value.?® His final work was published in 1916.27 Here, the calculation for the change in angle A¢
in radians per orbit due to general relativityis expressed as

A 6nGM
¢ cta (1 -é%
where G the universal gravitational constant = 6.673 x 107! m*kg~!s, M the mass of the Sun = 1.989 x 10°
kg, c the speed of light = 2.998 x 10® ms™!, a the mean distance from the Sun in m and e the eccentricity of
orbit. Conversion factors of 180/x to give °, 3 600 for "and 100/orbital period in tropical years produce an
answer in "century!. With these data and the following in table 2 from a modern almanac,’® the anomalous
precession for each planet can be calculated.

Table 2. Anomalous advance in the perihelia of the planets.

planet ax10""m e orbit in tropical years ~ A¢ in " per century
Mercury 5.791 0.205 6 0.240 844 45 42.98
Venus 10.821 0.006 8 0.615 182 57 8.625
Earth 14.960 0.016 7 0.999 978 62 3.839
Mars 22.794 0.093 4 1.990 711 05 1.276
Jupiter 77.830 0.048 5 11.856 525 02 0.062
Saturn 142.939 0.0555 29.423 510 35 0.014
Uranus 287.504 0.046 3 83.747 406 82 0.002

Neptune 450.445 0.009 0 163.723 204 5 0.000 8
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From table 2, it can be seen that the value of 42".98 century ' for Mercury is within the uncertainty
range of 45" + 5 century | calculated by Einstein. Mercury has the highest eccentricity of orbit so its
perihelion position is distinguishable. As well, being closest to the Sun, it would experience the greatest
effect of spacetime.

At first blush, one can understand the excitement in Einstein’s response. There had been a problem
in celestial mechanics since 1859 when Le Verrier (section 3) put forward an anomalous advance of the
perihelion of Mercury of 39” century . In 1882 Newcomb (section 3) agreed with the existence of an anomaly
but calculated the value as 43” century . Now, Einstein seemed to have solved the situation nicely. There
were two other astronomical tests that Einstein’s theory needed to satisfy, namely, the amount of bending
of starlight in the vicinity of the Sun and the gravitational redshift of spectral lines. The ready acceptance
of the solution of the Mercury problem by Einstein and others influenced the conclusions drawn from a
1919 total solar eclipse aimed at measuring the deviation of starlight.

The scientific method rests on examining the falsifiability of any result. Support for a theory rests
on how well predictions match observations. The achievement of Le Verrier was extraordinary. Without
the advantage of modern computers, he attempted to account for all the forces on Mercury’s orbit in a
Newtonian framework. The number of bodies involved was large and he adjusted masses, deemed in
proportion to that of the Sun, to make a better fit to a series of observations. Indeed, some later attempts,
which also met with some success, distributed the matter of the planets evenly around their orbit to simplify
calculations.?’ Nevertheless, given the unknowns in masses and eccentricities of the planets, the result of
Le Verrier needed to be held as tentative. The anomalous figure is such a small angle, namely, 1.2% of a
degree and it represents only 7.5% of the total precession of Mercury.Le Verrier’s fame in directing the
finding of the new planet Neptune from his mathematics, no doubt, added weight to the result he produced
for Mercury.

Newcomb was a prolific writer and a giant for his time in calculations within the solar system.
His agreement with the anomaly as real carried considerable support. However, he produced this anomaly
when he was using the motion of Mercury to test changes in the rotation of the Earth. In reverse, this factor
itself could affect the value obtained for the anomalous advance. Also, at this time there was another major
unsolved anomaly, that of the secular acceleration of the Moon. Could these have the same cause or were
they independent?

There were questions raised about Newton’s ideas. Some astronomers played with a slight adjustment
to the 1/R? relationship. With a suitable value, improvements could be made in some of the tables but it
generally made others less reliable. Was G constant? There were endeavours to lessen its value with increasing
distance. A major alternative proposed was the presence of one or several bodies inside Mercury’s orbit
or perhaps a large number of very small particles. The more massive bodies could be discredited when
photographic searches at total solar eclipses did not reveal them. Suppose, though, that there were a number
of much smaller particles that could account for not the full anomaly of 43” century ™' but say 10 century .
Then, Einstein’s figure of 45" + 5 century”! would not be in agreement.

Values for any anomalies of the other planets did not exist when Einstein published his general
relativity thesis. However, one could argue that if the figure for Venus also matched theory, then this would
build a stronger case for acceptance of general relativity. It was not until 1956 when the results for the three
inner planets were published as in table 3.

Table 3. Comparisons between the observed discrepancy and relativistic prediction for Mercury, Venus and Earth.*°

Quantity Mercury " cy) Venus (" cy ') Earth ("cy )
observed discrepancy 43.11+£045 8.4+48 50+1.2
relativistic prediction 43.03 8.6 3.8
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In November 1915 Einstein presented his paper on four occasions, each time making corrections,
some of which involved his field equations. At the time, this should have invited caution on the part of
Einstein’s followers even if it were thought the issue of Mercury had been solved.

Furthermore, another problem in measurement was highlighted in 1947. "According to general
theory of relativity, the elliptical orbit of a planet referred to a Newtonian frame of reference rotates in its
own plane in the same direction as the planet moves... The observations cannot be made in a Newtonian
frame of reference. They are affected by the precession of the equinoxes, and the determination of the
precessional motion is one of the most difficult problems of observational astronomy. It is not surprising
that a difference of opinions could exist regarding the closeness of agreement of observed and theoretical
motions..." The current figure for this precession is 574" century . This is compared with the values of the
contributions framed by Clemence in table 4.%!

Table 4. Sources of the precession of the perihelion of Mercury

Amount (" cy ™) Cause
531.63 +£0.69 gravitational tugs from the other planets
0.025 4 oblateness of the Sun
4298 +£0.04 general relativity
574.64 £ 0.69 total
574.10 £ 0.65 observed

The anomalous advance is not smooth over time. From a 1987 graph? of the position of the
heliocentric longitude of the perihelion of Mercury between 1983 and 1988, a number of fluctuations and
irregularitiesare displayed. The deviation of the orbit of Mercury from that of an ellipse is due principally
to Venus, then Jupiter, followed by Earth, with these three planets accounting for 99% of the fluctuation.
Large changes in Mercury’s advance occur when Mercury is near aphelion and Venus is close by. Smaller
ripples reflect the 88 day orbital periodicity of Mercury. The relativistic effect may only be revealed once
the periodic influences of these three planets are subtracted.

The major reason for the initially slow acceptance of general relativity was that no experiment
could be performed that could test the anomalous advance. The observed figure rested on a large series of
observations over a span of time and Einstein also relied on new and difficult mathematics in challenging
the Newtonian view of the Universe, successful for over 200 years. Science does advance when the current
paradigm no longer fits observation. However, evidence is built through rigorous analysis and attempts to
falsify the new proposal before it does take its rightful place as the best currently accepted theory.

5. Modern Methods

The secular variationsof planetary orbits is a concept describing long-term changes in the orbits of
the planets Mercury to Neptune. While a general theory approach, which provides an equation of motion as
a function of time, was used and a progressive increase in accuracy was achieved as first order, then second
order and, with the use of computers, third order, effects were incorporated,perturbation phenomenaarenow
computed by numerical integration. “The initial conditions for the numerical integration are adjusted to fit
available observational data by a least squares fit and a second numerical integration is performed based
on that correction. This process is repeated until the numerical integration represents the observational data
to the required accuracy."

In the case of the USA and the United Kingdom, the fundamental planetary and lunar ephemerides
are based on a program that was developed at the Jet Propulsion Laboratory in 1980 and prepared by the
United States Naval Observatory. As a result of 362 observations over the span 1966-1974 from radar
stations at Arecibo in Puero Rica, Haystack Observatory in Massachusetts and Goldstone in California, the
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mass of Mercury has been refined.This is essential as a major problem in any theory is that the amplitudes
of the perturbations are a function of the masses of the planets. 175 explicit unknown parameters and 50
424 observations, which involved 39 579 Washington transits of the Sun, Moon and planets to 1.0 standard
deviation for Mercury over 1911-1977, formed the basis of the original program.**

The French equivalent is a planetary theory called VSOP(Variations Séculaires des Orbites
Planétaires) which began in 1982. It is developed and maintained by scientists at the Bureau des Longitudes
in Paris, France. For the 1987 version, which uses periodic series as a function of time, a precision of 1”
is claimed for the position of Mercury 4 000 years before and after epoch 2000.%

In 100 years Mercury completes 100 y/0.240 844 45 orbit in tropical years = 415.2 orbits. The
Keplerian elements at epoch 2000 with respect to the mean ecliptic and equinox of J2000 and the rate over
415 revolutions are given in table 5.

Table 5. Keplerian elements for Mercury and their change over 100 years atepoch 2000.3¢

Keplerian Elements Value Rate
a semi-major axis 0.387 098 93 AU 0.000 000 66 AU/415 revs
e eccentricity 0.205 630 69 0.000 025 27 per 415 revs
iinclination of orbit to ecliptic 7°.004 87 —23.51" century™!
£ longitude of the ascending node 48°.331 67 —446.30" century !
@ longitude of perihelion 77°.456 45573.57" cy™!
L mean longitude 252°.250 84 261 628.29" cy™!

The approximate maximum errors for Mercury over the interval 1800-2050 are 20" or 6 000 km
in heliocentric right ascension, 5" or 1 000 km in declination and 5" or 1 000 km in distance.’’

Robotic spacecraft have given a better figure for the shape, mass and composition of Mercury.
Mariner 10, throughout 1974-1975, effected three flybys of the planet and photographed 40-45% of the
surface. MESSENGER, launched in 2004, made use of course corrections from Earth, twice from Venus
and three flybys of Mercury before orbital insertion in 2011. By May 2013 it had completed 2 000 orbits.
The mass of Mercury is now accepted as 3.301 04 x 10% kg or as a fraction of the Sun’s mass as 1.660
x 107 (compared with Le Verrier’s value of 3.333 x 107 in 1859 and Newcomb’s 1.333 x 107 in 1882,
section 3).

6 Conclusion for the Anomalous Advance in the Perihelion of Mercury

An understanding of the orbit of Mercury provides an opportunity to trace the development of
scientific thought.More refined ephemerides gleaned from its meridian crosses and transits across the Sun
with more sophisticated instruments were produced.Tables of its position at anytime improved until it seemed
that the ellipse itself moved. This amount of perihelion advance was a major stumbling block to elucidate
the motion of Mercury.

Einstein proferred a solution which was accepted rapidly in a number of circles. Yet, time was
necessary before general relativity could compete with alternatives. His proposal was not proof but a
“provisional conjecture”.’® As well, this was one of three astronomical tests that needed to run the gauntlet
of scientific opinion.

Computers and spacecraft have been employed to revise data for Mercury and its orbit. Numerical
integration, incorporating perturbation theory, is now the tool with which one may locate the position of
Mercury with confidence and unprecedented accuracy.
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7 Einstein and Gravitational Redshift

Following his 1905 publication on what is now called the Special Theory of Relativity, Einstein
wrote a review paper in 1907 where he applied his notions to gravitation.*® He postulated that acceleration
and gravitation were identical, his equivalence principle. From this idea he deduced that gravitation would
have an effect on light. Specifically, Einstein proposed that, compared with an atom on Earth, light from
an atom at the Sun’s surface would have a lower frequency, that is, that a clock in this position would run
slower than on Earth. As a consequence, his work led him to predict that all lines in the solar spectrum ought
to be shifted to the red end relative to the situation of a source on Earth. The value of the displacement was
given as a ratio of the change in wavelength relative to the wavelength of 2.12 x 10°°. This was referred
to the gravitational redshift. In 1911,% Einstein returned to these thoughts and derived the gravitational
redshift of spectral lines from a new perspective. Thus, although the gravitational redshift is often treated as
a consequence of general relativity, it can be derived from gravity in a Newtonian framework, the particle
theory of light and the equivalence principle. Willem de Sitter (1872-1934) from the Leiden Observatory
had been responsible for introducing the work of Einstein to England. In 1916, in a paper investigating
the astronomical consequences of Einstein’s theory,*' he calculated the displacement towards the red as
equivalent to a radial velocity of 2.12 x 107 times the speed of light. This translated to 6.34 x 10~' km
s”'. He also produced an amount of displacement in km s for any star based on its mass M and density p
both in terms of the Sun 6.34 x 107! M?3 p!”3,

8. Solar Spectral Research to 1918

Commencing in 1887, Henry Augustus Rowland (1848-1901) of Johns Hopkins University utilised
high quality diffraction gratings and with his experimentalist Lewis E. Jewell (c1863-after 1926) produced,
by 1895, a comprehensive list of wavelengths of the solar spectrum.*?When they noticed that the solar lines
appeared displaced by several units at the scale of 10 m, mainly towards the red end of the spectrum,
compared with those of an electric arc, Rowland opined that the equipment was not up to the task, or the
light through the slit was not from the centre of the solar disc thereby resulting in a Doppler effect or it
resulted from turbulent conditions on the Sun. However, Jewell disagreed. After effecting a new set of
measurements in 1896, he ruled out a Doppler effect as the amount of the shift was not directly proportional
to the wavelength.*’ Furthermore, he analysed that the displacement differed between elements, between
lines from the same element, of the same line on different photographic plates and seemed to be related to
line intensity.

To complicate the situation further, William Jackson Humphreys (1862-1949), also at the Johns
Hopkins University, and John Frederick Mohler (1864-1930) of Dickinson College published the results of
their experimentation in 1896. They found that arc lamp spectral shifts were proportional to the pressure
when increased above atmospheric conditions and that the lines tended to broaden in an asymmetrical
pattern. They also uncovered that the amount of displacement differed for various lines.**

In an attempt to disentangle effects which may have different conditions between the Sun and an
electric arc, J. Halm in 1904 compared the spectrum of two neutral iron lines from the centre of the Sun’s
disc with points at distances out to the extremity. He interpreted that there was a gradual increase, reaching
12 mA at the limb once a correction for Doppler differences was performed.*’ This so-called limb effect
was supported by Maurice Paul Auguste Charles Fabry (1867-1945) of the University of Marseille and Henri
Buisson (1873-1944), a French physicist, with their interferometer in 1909 for 14 spectral lines, other than
those of iron.*

R. Rossi in 1909 had shown that shifts still existed for lines in the cyanogen bands even though
they did not respond to pressure.*’ He offered the explanation that ascending radial currents at the Sun’s
centre were responsible for the effect. At this point, astronomers were attempting to explain the observed
effects by teasing out the contributions from pressure, motion in the line of sight, refraction and scattering.
On top of this, Einstein had thrown in a consideration of gravitation.



10 Keith John Treschman

Instrumentation received a boost with the erection of a 60 foot (18 m) tower telescope in 1908 at
Mount Wilson Observatory. From this, Walter Sydney Adams (1876-1956) used a high-dispersion grating
spectrograph and compared centre-limb shifts for 470 lines of neutral and ionised elements. He eliminated
rotational effects by comparing east and west limbs at the same latitude simultaneously. He concluded in
1910 that any shift was proportional to wavelength and the displacement for ionised lines was greater than
for neutral species of the same element.*® In 1912 a 150 foot (46 m) tower telescope came on line at Mount
Wilson.

In his work on Einstein Crelinsten wrote, “At Mount Wilson the challenge was accurate
measurements of solar spectral lines and identification of various laboratory and solar phenomena that
shifted spectral lines. The astronomers involved did not question relativity’s validity at first, since they
had no adequate understanding anyway: their skills were in precision measurement. Once specific results
began to emerge from this specialized research, the participants began to view the whole enterprise in a
different light. Those debating the validity of the underlying theory began to cast the astronomical work as
determining the truth of a controversial theory. For the astronomers conducting the research, it was actually
about precise measurement of astronomical phenomena.”*

With specific reference to Einstein, in 1914 Karl Schwarzschild (1873-1916) of the Astrophysical
Observatory in Potsdam found his measurements to be smaller than the gravitational redshift.>" John
Evershed (1864-1956) and Thomas Royds (1884-1955) at the Kodaikanal Observatory in India were able
to fit a mathematical relation to the displacements by measuring the relative translations at small intervals
along the radius of the Sun.’! In 1917 Charles Edward St. John (1857-1935) at Mount Wilson Observatory
indicated his results did not support Einstein.*

At this juncture, no clear picture had emerged. A summary of the situation is provided by
Forbes.

“The first person to recognize in the observations of the solar red shifts a possible verification of
Einstein’s prediction was Freundlich [Erwin Finlay-Freundlich (1885-1964) of the Berlin Observatory],
who noticed that the results of Fabry and Buisson for iron lines at the centre of the Sun’s disk, and those of
Evershed, corresponded very closely with the predicted values. He was also aware, however, that Evershed,
Royds and St. John had clearly shown that the shifts of iron lines varied with intensity by an amount too large
to be accounted for by differential pressure effects in the various layers of the solar atmosphere throughout
which the spectral lines are formed. In addition, measurements by Royds ... had yielded similar results
for nickel and titanium, and thus verified Jewell’s original discovery that the shifts varied from element
to element. They also showed that the Sun-arc shifts are not directly proportional to wavelength, and that
their values at the centre of the disk were generally smaller than Einstein’s prediction requires — facts
which suggested that some other effect was producing anomalies in either solar or terrestrial wavelengths,
or both. Indeed, the observed increase in all these displacements in going from the centre to the limb was a
feature of the solar lines only which was independent of the existence of the Einstein effect. Consequently,
the observations at that time [1914] could not be regarded as constituting a decisive verification of this
prediction.”3

9 Significance of 1919 Total Solar Eclipse

A definite change in approach was noticeable following the May 1919 British total solar eclipse
expedition to measure the amount of bending of starlight by the Sun, another prediction from Einstein’s
ideas.

In his summation of the results to a special joint meeting of the Royal Astronomical Society and the
Royal Society in November 1919, one of the eclipse expeditioners, Arthur Stanley Eddington (1882-1944),
declared for Einstein in the displacement of starlight. However, he noted that the “relativistic displacement of
solar spectral lines” had up to this point been unsuccessful.>* Eddington then proceeded to draw a distinction
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between Einstein’s law and his theory. He pressed the point that Einstein had made a prediction on a law of
gravitation and the two British eclipse excursions had confirmed this. However, this did not automatically
imply that the underlying thinking of Einstein was supported.” This appears extraordinary from Eddington
at this point of time. He was the lone voice in England popularising relativity. The one tactical advantage
of this demarcation was that a claim could be given immediately for the British results and it did not matter
if gravitational redshift were shown to be non-existent.

10 Results 1920-24

Flushed now with apparent support for some prediction of their fellow German scientist, Leonhard
Grebe (1883-1967) and Albert Bachem (1888-1957), Bonn physicists, produced results in 1920°° which not
only supported the gravitational redshift but they also gave an opinion why earlier investigators had not
found the Einstein effect. “The feature of Grebe and Bachem’s work which distinguishes it from all previous
researches is that the relativity effect was assumed to be implicit in the observed values of the absolute
(Sun-arc) shifts, and the problem under consideration was not to decide whether this effect exists, but rather
to explain why the measured displacements are smaller than the theoretical prediction demands.”’ St. John
criticised their results since he claimed the spectrograph they used had insufficient dispersion, they had not
ensured that the slit of the spectrograph was parallel to the solar axis, an accurate guiding mechanism was
not employed and did not use mirrors to compare the solar and arc lines simultaneously.*®

Throughout the 1920s, the two main experimenters on gravitational redshift were Evershed and St.
John. By 1920 Evershed was able to conclude from his measurements on 42 iron lines that there was a shift
to the red and the amount increased from the centre to the limb. At the centre any radial motion of the solar
atmosphere would be in the line of sight whereas at the limb, it was expected to have a component of zero.
In fact, this was the rationale behind performing these measurements. Evershed had at this stage eliminated
pressure effects from his thinking. He found an excess value over Einstein’s prediction at the limb and
agreement at the centre although he was concerned about the variation with the intensity of the lines.>’

St. John acknowledged that the 1919 eclipse result was an impetus to his work on gravitational
displacement. He pointed out how difficult the analysis was. He itemised the conditions that were necessary:
stable equipment, simultaneous observations of the comparison sources, a long focus spectrograph, high
resolving power, a large solar image to eliminate errors in guiding, the use of lines separated from others
and corrections made for the rotation of the Earth and its eccentricity when measuring terrestrial lines.
He took into account the rotation of the Sun which would Doppler shift the lines one way or the other,
depending on from what side of the Sun he was measuring. His average result was 0.005 A compared with
an Einstein figure of 0.013 A.%° By 1923 St. John analysed data for some 200-300 lines and leaned towards
the displacements being caused by general relativity combined with small Doppler shifts.®!

Evershed, who had generally been supporting Einstein, had worked on strong lines while St.
John had produced zero shift employing weak lines. A breakthrough had occurred when, as summarised
by Adams,®? over 330 lines were examined between the Sun and an arc in a vacuum. Displacements were
shown to increase in a progressive way with intensity. The intensity of lines was related to the level in the
solar atmosphere where absorption lines originated, with convection currents moving upwards at low levels
and downward at high levels, causing line shifts. Once a correction was made for these line shifts, St. John
was able to confirm gravitational shift.

11 The Case of Sirius B

The astronomers at Kodaikanal and Mount Wilson Observatories struggled at measuring accurately
such small deviations and separating the various components that might contribute to these displacements.
The story appeared to take a complete change of direction when measurement moved away from the Sun
to another star.



12 Keith John Treschman

With regard to Einstein’s general relativity, Eddington (section 9) is known principally for the
part he played obtaining the first set of results on gravitational displacement of starlight in the vicinity of
the Sun. However, he made a significant contribution to gravitational redshift from his investigations into
stellar relationships.

In 1924 Eddington published a paper where he was attempting to ascertain the connection between
masses and luminosities of stars.®> As the number of stars with a determination of their mass and absolute
magnitude was limited at this time, Eddington wanted candidates that were double stars with a known orbit,
large parallax between them and a ratio for the masses of the components. Sirius and its companion white
dwarf now known as Sirius B fitted his requirements. Its spectral analysis pointed to an effective temperature
of 8 000 K and this, with its absolute magnitude of 11.3, suggested a radius of 19 600 km, less than that
of Uranus. Eddington determined its mass range to be 0.75 to 0.95 the mass of the Sun and he adopted the
figure of 0.85. The consequence of these figures was that its calculated density was 53 000 times that of
the Sun.

While a number of scientists regarded this result as impossible, Eddington was not fazed. With such
a large density, he calculated a gravitational redshift of 20 km s™!.%* He looked for support of his conclusion
and prevailed upon Adams (sections 8,10) to effect a spectral analysis of Sirius B.

Adams took up the challenge. He outlined in 1925 the general procedure of Eddington. “From the
elements of its orbit its mass and velocity relative to the principal star may be derived, and the well-known
parallax of Sirius in combination with the apparent magnitude of the companion provides a knowledge of
its absolute magnitude. The spectral type of the star is a matter of direct observation, and results for surface
brightness, size, and density follow as a consequence of what is known regarding stars of similar spectral
class.”®

The 100 inch(2.5 m) Hooker Telescope on Mount Wilson produced a spectrum of Sirius B overlaid
with scattered light from Sirius. The hydrogen beta line was reasonably free of stray light. The displacements
in km s~! ranged over 8 plates from 17-31. Corrections were applied depending on the intensity and according
to which of two devices was used in the measurement. The average then was 26 km s'. With a division
of 62 at this wavelength, the equivalent A value was 0.42. The hydrogen gamma line had pronounced
superposition. The 7 plates gave a range 2-17 and a weighted average after correction of 21 km s!. A division
factor of 69 for this wavelength equates this to 0.30 A. 10 plates covered the species Fe, Fe™, Sr™, Mg" and
Ti" giving a range 4-37 and a weighted mean of 22 km s™'. The computed average for all lines was 23 km
s”! towards the red. Adams wrote his concluding sentence: “The results may be considered ... as affording
direct evidence from stellar spectra for the validity of the third test of the theory of general relativity, and
for the remarkable densities predicted by Eddington for the dwarf stars of early type of spectrum.”®®

Even though Eddington was thoroughly pleased with the result, he awaited some confirmation. This
was provided by Joseph Haines Moore (1878-1949). Throughout 1926-28 Moore experimented with the
36 inch (91 cm) refractor at the Lick Observatory. Even though this was contrasted with the large reflector
used by Adams, its one advantage was that it minimised the amount of scattering. Moore also used the
hydrogen alpha and gamma lines and some others. His series of results were 22, 10, 29 and 21 km s’
Corrections were not applied as Adams had done but the lowest figure was discarded as clouds that evening
had added to the amount of scattered light. This gave a mean of 24 km s™! and as Sirius B was receding
from Sirius at 5 km s}, Moore concluded a shift to the red of 19 km s™' or 0.29 A. When he did apply the

same corrections as had Adams, Moore obtained 21 km s™! or 0.32 A.

What was exciting about this result was that, with a larger displacement to measure, it not only
supported the gravitational redshift as predicted by Eddington but here was a case for a practical application of
the Einstein effect in confirming Eddington’s proposal of the very large density of a dwarf star. Astronomers
now had confidence in returning to their measurements on the Sun.
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12 1928

St. John, having toiled on the issue of gravitational redshift for 14 years, published in 1928 a
large paper detailing the state of affairs.®® He dealt with other causes of the displacement of solar lines and
examined 1 537 spectral lines at the centre of the Sun and 133 at the edge. Each of the 586 iron lines at
the centre showed a displacement to the red with an average of 0.008 3 A. Those at a median level defined
as 520 km within the solar atmosphere had a mean of 0.009 A compared with an Einstein value of 0.009
1 A. Higher level lines at 840 km were 0.002 7 A greater than a calculated figure and lower level lines at
350 km 0.002 6 A than predicted. These values for iron were confirmed for 6 lines of silicon, 18 lines of
manganese, 402 lines of titanium and 515 lines of cyanogen.®” St. John went on to treat factors involved
in the different levels within the solar atmosphere and concluded strongly in favour of Einstein.

The year 1928 may be regarded as a watershed for experimental confirmation of Einstein’s theory
of relativity. It provided confirmation from Moore (section 11) on the work of Adams on Sirius B (section
11). St. John punched home the conclusion from his analysis of a large number of lines and his provision
of an historical record of the factors at play. Also, much credit was given to the 1919 eclipse results but
just as Eddington wanted confirmation from Adams’s results, the same standard ought to have been applied
to the proclamation of Eddington. This was provided by the 1922 total solar eclipse expedition to Western
Australia led by William Wallace Campbell (1862-1938) of the Lick Observatory. It was 1928 before the
definitive results of the gravitational light bending were provided by Campbell and his colleague Robert
Julius Trumpler (1886-1956).7

13 Post 1928

This paper concerns the early astronomical tests of general relativity. A case can be made that 1928
could be conceived as a time when sufficient support existed for gravitational light bending, an explanation
of the anomalous advance in the perihelion of Mercury and for gravitational redshift.

However, disquiet followed this time period. It was suggested that much of the light that had been
studied by Adams (sections8,10,11) was scattered from the much brighter Sirius. In 1954, Daniel Magnes
Popper (1913-1999) measured a redshift on another white dwarf, 40 Eridani B, as 21 km s~ which was
within the uncertainty range attached to 17 km s™! predicted by general relativity with the values of mass
and radius then attributed to the star.”! The value for Sirius B was extensively revised upwards in 1971 by
Greenstein, Oke and Shipman’? to 89 + 16 km s™! with revised data for its mass and radius. Publications
in 19677 on 53 white dwarfs and in 197274 on 74 white dwarfs by Trimble and Greenstein produced, from
a selection of these, respective averages of +51 and +54 km s~! and provided further confirmation of both
general relativity and an understanding of white dwarfs. Confidence in the measurement of redshift has
reached a stage where researchers use the data as part of an investigation into the mass-radius relationship
in white dwarfs as in Koester and Weidemann® for 40 Eridani B in 1991 and Weidemann et als’® in their
study of members of the Hyades cluster in 1992.

Strong confirmation of relativity resulted in 1989 following 14 years of measurement of the binary
pulsar PSR 1913 + 16 by Taylor and Weisberg.”” Theory proposes that the eight hour orbit would decay as
the result of the emission of gravitational radiation. The rate of decay was within 1% of the rate predicted
by special and general relativity. The situation was summed by Weidemann’®, “... T want to refer to a fruit
: the confirmation of General Relativity Theory by observations and theoretical evaluation of the pulse arrival
times from Binary pulsars, especially PSR 1913 + 16. It has now become possible to determine periastron
advance, gravitational redshift, time dilation, and gravitational wave emission to such a high degree of
consistence, that all masses of the two component neutral stars are given with three decimal accuracy ...
In comparison to alternative theories of gravitation Einstein’s theory comes out unchallenged ...”
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14 Conclusion on Gravitational Redshift

Storytelling enjoys dramatic events: Newton’s apple and his theory of gravitation, Copernicus’s placing
the Sun at the centre and all fell into place and the 1919 British total solar eclipse supposed verification of
Einstein’s theory of relativity. In fact, each of these proposals has a much longer history than one defining
moment and the latter part of the paper has concentrated on the gravitational redshift measurement as an
additional astronomical test of relativity.

The measurements required for the anomalous advance of the perihelion of Mercury, the gravitational
bending of light and the gravitational redshift of absorption lines were all subtle and at the limits of the
technical apparatus available at the time. Science proceeds by proposing an hypothesis, designing an
experiment that can falsify such an idea, effect measurements and conclude either that the hypothesis can
be rejected or support is lent to the suggestion. Science then requires that other researchers repeat the
experiment or design different ones to provide further conclusions. A new result needs sensible criticism
to determine the amount of credence that ought to be given. Addressing the criticisms and further testing
are the proper order of events. Should the concept stand a number of tests, more scientists start to favour
the proposition. When some undefined critical mass of scientists supports the new idea, it becomes part of
the fabric of science. It is never proven but held tentatively as the future may link this with other ideas to
provide a meaningful framework or it may be modified or superseded.

The three astronomical tests were not demarcated to the extent that one result was completely
independent of the other two. In the case of the gravitational redshift, there was a tendency to try to prove
Einstein right after the supposed support from the other two predictions of Einstein. However, these also
ran a much longer development historically than the simplistic crucial test treatment generally received.

There were so many factors involved in what could contribute to the shifting of solar spectral lines
relative to those on Earth. Much experimentation was necessary to determine the amount of contribution,
if any, from each of these to see if the residual could be matched with gravitational redshift. The major
two players, Evershed and St. John, obtained mixed results and also disagreed with aspects of each other’s
work. In the early 1920s they were both leaning towards acceptance that part of their measurements could
be attributed to the proposal of Einstein.

Eddington’s idea of the possibility of intense density in stars and thus a larger amount of gravitational
redshift permitted more accurate experimentation. Gravitational redshift was confirmed from two sources
initially on Sirius B and then found to be occurring, albeit at a much lower displacement, for normal
stars.

This paper seeks to demonstrate that 1928 was the time when a third verification of Einstein’s
theory had run the gauntlet of analysis to allow sufficient support for tentative acceptance.

The major discussion in this paper ends at 1928 but this in no way suggests that the story is
complete. Einstein’s theory has been applied to other areas, particularly cosmology. Further tests continue
to this day with the use of robotic spacecraft, effects with quasars, very accurate clock measurements of a
frequency change over a small interval of distance and global positioning systems, to name a few.

The study of the history of science is much more interesting than the erroneous “one big moment”
rendition. New ideas follow a meandering course along a tortuous pathway. This is actually the fascination
that science provides and what has produced the success of this methodology.
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This history of experimentation relevant to general relativity covers the time post-1928. Classes of
investigation are the weak equivalence principle (equivalence of inertial and gravitational mass and
gravitational redshift), orbital precession of a body in gravitational fields (the relativistic perihelion
advance of the planets, the relativistic periastron advance of binary pulsars, geodetic precession and
Lense-Thirring effect), light propagation in gravitational fields (gravitational optical light deflection,
gravitational radio deflection due to the Sun, gravitational lensing, time dilation and atomic clocks) and
strong gravity implications (Nordtved effect and potential gravitational waves). The results of
experiments are analysed to conclude to what extent they support general relativity. A number of
guestions are then answered: (a) how much evidence exists to support general relativity, (b) is it a
reasonable way of thinking and (c) what is the niche it may occupy?
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INTRODUCTION

The special theory of relativity came from the mind of
Albert Einstein (1879-1955) in 1905 (Einstein, 1905). In it
he proposed that the laws of physics take the same form
in all inertial frames and that the velocity of light is
constant irrespective of the motion of the emitting body.
Previously, Isaac Newton (1642-1727) had supplied the
term inertial mass when treating his three laws of motion
and gravitational mass in the context of his universal law
of gravitation. While Newton had attempted to pursue if
these conceptual terms were the same, it was Einstein in
1907 who extended his own notions and declared that
acceleration and gravitation were identical, that is,
objects of different composition would have identical
accelerations in the same gravitational field (Einstein,
1907). This idea is now referred to as the equivalence
principle. In a publication in 1916 Einstein broadened his

concepts to include an accelerated frame of reference
(Einstein, 1916). Within his general theory of relativity he
united space and time and presented gravity as a
geometrical interpretation of how bodies move in the
presence of a mass.

It was claimed that there were three astronomical tests
which could act as a litmus examination of general
relativity: the anomalous advance of the perihelion of
Mercury, the extent to which starlight could be bent as it
passes the Sun and the gravitational redshift of light from
the Sun. In truth, the gravitational light deflection and the
gravitational redshift are derived from the equivalence
principle and the Mercury situation from general relativity.
This distinction will not be invoked in this paper and the
term general relativity will be used to encompass the
equivalence principle.
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Author(s) agree that this arficle remain permanently open access under the terms of the Creative Commons
Attribution License 4.0 International License
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Former work by the current author questioned the early
acceptance of the results of these tests of gravitational
light deflection in one paper (Treschman, 2014a) and
Mercury and gravitational redshift in another (Treschman,
2014b). It was argued in those articles that insufficient
evidence existed until the year 1928 for acceptance of
general relativity as a reasonable explanation of the data
that had been gathered.

AIM OF THIS PAPER

This paper picks up the thread post-1928. It does include
the extension a number of other scientists made to
general relativity from as early as 1916 and even some
experiments that were conducted prior to Einstein’s
publications which can be interpreted within the
worldview of general relativity. The history of several
themes is examined to gauge at what level they support
general relativity.

In order to ascertain reality, science rests on models,
namely, using something known as a proxy for the
unknown. Truth is not the issue but how useful is the
construct in explaining phenomena and predicting
outcomes. The aim in this paper is to place the theory of
general relativity in the context of its suitability as a
description of the cosmos.

Scientific breakthroughs are often presented as before
and after. Yet, acceptance takes a long period of time.
Aristarchus (c310-c230 BCE) recorded a heliocentric
model which was published much later in 1543 by
Nicolaus Copernicus (1473-1543). This was in contrast to
the geocentric rendition of Claudius Ptolemy (90-168).
Yet, even after the telescopic observations of Galileo
Galilei (1564-1642) commencing in 1609, scientists
correctly needed more evidence before their world picture
was better presented by the earth orbiting the Sun.
Interestingly, there are still vestiges of the alternative
model today in terms such as “sunrise” and “sunset”. The
ideas of Isaac Newton (1643-1727) put to print in 1687
had initial difficulty with the notion of action at a distance
which had a whiff of magic about it. It is still a practical
worldview if one limits the picture to speeds much below
that of light and to masses the size of the planets. So, the
guestions are:

() How much evidence exists to support general
relativity,

(i) is it a reasonable way of thinking and

(iii)) what is the niche it may occupy?

Answers to these queries are attempted by tracing some
selections from the historical record separated into
classes based on the type of investigation. The survey of
the literature is restricted mainly to journals printed in
English.
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WEAK EQUIVALENCE PRINCIPLE
Equivalence of Inertial and Gravitational Mass

To elucidate any difference between inertial mass and
gravitational mass the Hungarian physicist, Lorand
E6tvos (1848-1918), commenced measurements in 1885.
He used a torsion balance which consisted of a horizontal
rod suspended by a thin fibre and having two masses of
different composition but the same gravitational mass at
the ends of the rod. He worked firstly with copper and
platinum. The rod was oriented parallel with the meridian
and had an attached mirror which reflected light into a
telescope so that any small twist in the fibre could be
observed more easily. The rotation of the Earth created
forces on the masses proportional to their inertial
masses. The vector sum of the tension in the fibre, the
gravitational force and the reaction to the centripetal force
would result in a zero torque (beyond the rotation of the
rod at the same rate as that of the Earth). For a null
movement of the rod, E6tvés could claim a proportionality
constant between inertial and gravitational mass.
Continuing with different materials he published his
results in 1890 (E6tvos, 1890) in which he claimed an
accuracy of 1 in 2 x 10”. In 1891 he refined the model to
have one of the masses suspended by its own fibre from
the rod so that the system could now have
measurements in two dimensions. His coworkers from
1906-1909 were Dezs6® Pekér (1873-1953) and Jend
Fekete (1880-1943). The later publication by E6tvés
(1909) declared an improved accuracy to 1 in 10%. The
final results (E6tvés, 1922) were printed after his death.
Later JAnos Renner (1889-1976) (Renner 1935) who
had worked with E6tvés took the results to 2-5 in10° and
in another three decades Robert Henry Dicke (1916-
1977), Peter G. Roll and R. Krotkov (Roll et al., 1964)
had used improved equipment to conclude an accuracy
of 1 in 10™. Another avenue for testing the equivalence
principle was to probe the motions of the Earth and
Moon. Both bodies accelerate in the gravitational field of
the Sun. To establish whether the accelerations were
different, it was necessary to obtain a more accurate
position of the Moon relative to the Earth. It had been
proposed to bounce a laser beam off the Moon but the
topography would conspire to produce spurious results.
Hence, in 1969 on the first human lunar landing, the
astronauts of Apollo 11 embedded a retroreflector array
on the Moon. This consisted of 100 corner cube prisms in
a 10 x 10 array 0.45 m square with each cube made of
guartz and dimension 3.8 cm. The design of each prism
had a trio of mutually perpendicular surfaces such that an
incoming ray is totally internally reflected from three
surfaces to generate a deviation of 180°. The array from
Apollo 14 in 1971 is similar but the one also in 1971 from
Apollo 15 had 300 cubes in a hexagonal array. The
Soviet Union landed two rovers on the Moon: Lunokhod
1from Luna 17 in 1970 and Lunokhod 2 from Luna 21 in
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1973. Each of the rovers carried 14 cubes in a triangular
formation with 11 cm size apiece in an array 44 x 19 cm
(Dickey et al., 1994).

A number of Earth stations have observed a reflected
pulse but long term dedication belongs to the
Observatoire du CERGA (Centre d’Etudes et de
Recherches Géodynamiques et Astronomiques) near
Cannes in France with a 1.5 m telescope and the
McDonald Laser Ranging System in Texas using a 2.7 m
system. The latter was replaced by a dedicated 0.76 cm
instrument in 1985. The laser adopted was a neodymium-
yttrium-aluminium-garnet one firing a 2 x 10" s pulse 10
times per second. In the early 1970s accuracies were at
the 25 cm level. This was reduced to 15 cm in the mid
1970s as a result of improvements to the timing system
and from 1985 to 2-3 cm. The findings were consistent
with general relativity to 1 in 10* as well as determininq
the recession of the Moon from Earth by 3.8 cm yr
(Gefter, 2005). An improvement to 1 mm accuracy
between the Earth and the Moon has been achieved by
the 3.5 m arrangement at Apache Point Observatory in
New Mexico (Murphy et al., 2008). This requires a 3.3 x
10™ s exactitude in the one way trip or 6.7x 10™* s both
ways. The major uncertainty in the distance is due to the
libration of the Moon which, on its own, contributes to a
spread of 15-36 mm in distance, equivalent to 1.0-2.4 x
10™ s round trip time. Accuracy has improved due to the
aperture size of the telescope, altitude of 2880 m, a
greater capture of photons and a timing mechanism of
atomic standards to 107 s. Any violation of the
equivalence principle would produce a displacement of
the lunar orbit along the earth-Sun line with a variation
coinciding with the 29.53 days synodic period. This has
not occurred to the 0.1% level (Williams et al., 2009).

Gravitational Redshift

Measurements of the gravitational redshift of lines from
the Sun followed a tortuous journey. From an apparent
tangent of using the lines from Sirius B and then other
white dwarfs, scientists unravelled the many factors from
which the relativistic redshift emerged. Pursuing another
tack, Robert Vivian Pound (1919-2010), Glen Anderson
Rebka, Jr (1931-) and Joseph Lyons Snider conceived an
imaginative experiment.

Pound and Rebka (1959) reported that a fraction of
gamma rays could be emitted from the nuclei of a solid
without recoil momentum of the nuclei. They
hypothesised that gravitational redshift could be
measured from an emitter to a source at a different
altitude and register the situation for maximum scattering
(Pound and Rebka 1959). The emitter they chose was
Co-57 electroplated onto one side of an iron disc. To
ensure diffusion of the cobalt into the iron, the disc was
heated up to 1000°C for one hour. The absorber was
seven units of iron enriched in Fe-57 to 32% electroplated

onto a beryllium disc. The absorption level was one third
of the emitted gamma rays. Placed inside a space at the
Jefferson Physical Laboratory of Harvard University, the
source and absorber were 22.6 m apart. To reduce the
absorption of gamma rays by air, helium was run through
the tower continuously. The fractional change in
frequency was proportional to gh/c> where g = 9.8 m s? is
the acceleration due to gravity, h = 22.6 m is the altitude
and ¢ = 3.0 x 10° m s™ is the speed of light. The
ingenious aspect was to measure the change in energy
instead by having gamma rays move against gravity and
then with gravity by interchanging the emitter and
absorber. Thus, the change in energy down less the
change in energy up = Zgh/c2 = 4.9 x 10™. The authors
reported that their experimental result was 1.05 + 0.10
times the theoretical value (Pound and Rebka, 1960a) for
a frequency change of 3.27 x 10® s* for this altitude
difference in the gravitational potential of the Earth
(Pound and Rebka, 1960b) where the gradient (Hirate,
2012) is 1.1 x 10™*® ¢ m™. Improvements were effected in
1964 by Pound and Snider and their result was published
as 0.999 0 + 0.007, 6 times the predicted relativistic
frequency (Pound and Snider, 1965).

From 1976, spacecraft were involved in this particular
test of general relativity. Carrying a hydrogen maser, a
100 kg spin stabilised spacecraft, jointly organised by the
National Aeronautics and Space Administration (NASA)
and the Smithsonian Astrophysical Observatory, was
launched to 10000 km almost vertically. The output
frequency of 1.420 405 751 x 10° Hz, accurate over 100 s
averaging time to 1 in 10™, was compared with another
maser on Earth. The agreement with general relativity
was calculated to the 7 x 10 level (Vessot et al., 1980).

Voyager 1 was launched in 1977, flew by Jupiter in
1979 and reached Saturn in 1980. It carried an
ultrastable crystal oscillator. As a result of its close
approach to Saturn, a redshift of several hertz was
predicted to its 2.3 x 10° Hz downlink sent by its 3.7 m
antenna. Comparison was made against the three 64 m
stations on Earth which are part of the Deep Space
Network: Goldstone in California, near Madrid in Spain
and near Canberra in Australia. Each of these stations
was referenced to a hydrogen maser frequency standard.
The result was in agreement with general relativity to
0.995 6 + 0.000 4 as a formal uncertainty and £ 0.01 as a
realistic uncertainty (Krisher et al., 1990).

Similar communication channels were set for Galileo
which was launched in 1989 on a trajectory which
included a gravity assist from Venus in 1990 and Earth in
1990 and 1992 before arriving at Jupiter in 1995. During
the phase from launch to the first Earth gravity assist,
regular frequency measurements of the spacecraft clock
were conducted. Personnel from the Jet Propulsion
Laboratory reported a 0.5% agreement with general
relativity for the total frequency shift and a 1% concord
with the solar gravitational redshift (Krisher et al., 1993).

However, it was the Cassini spacecraft on its way to



Saturn which has provided the closest match to general
relativity at 0.0023% (Williams et al., 2004). Jointly
coordinated by NASA and the Italian Space Agency,
Cassini was launched in 1997, and flew by Earth, Venus
and Jupiter to orbit Saturn in 2004. In 2002 it was near
superior conjunction, with the Earth situated 8.43
astronomical units distant. Interference from the solar
corona and the Earth’s troposphere could be accounted
for by two different uplink frequencies and three different
downlink signals with use of Cassini’'s 4 m antenna.
Measurements were conducted on the 18 passages of
signals between Earth and Cassini (Bertotti et al., 2003).
Each pulsar in a binary system is influenced by the strong
gravitational field of the other. From PSR J0737 — 3039
A/B (see later), a redshift parameter of 3.856 x 10™ s is
compared with a relativistic calculation of 3.841 8 x 10” s
to give aratio between them of 1.003 6 (Kramer et al., 2006).

ORBITAL PRECESSION OF A
GRAVITATIONAL FIELDS

BODY IN

Relativistic Perihelion Advance of the Planets

Between the publication of special relativity in 1905 and
general relativity in 1916, Einstein received assistance
from Marcel Grossmann (1878-1936) (Einstein and
Grossmann, 1913) and Michele Besso (1873-1955)
(Janssen, 2002). Grossmann alerted Einstein to how
tensor calculus and Riemannian geometry could be
applied to general relativity and Besso worked with
Einstein on solving some equations which were relevant
to the perihelion advance of Mercury. Einstein
incorporated into his equations Lorentz transformations
named for Hendrik Antoon Lorentz (1853-1828). These
involved c the speed of light independent of a reference
frame. They showed how measurements of space and
time taken by two observers were related. Thus, they
gave meaning to how two observers travelling at different
relative velocities may make different measures of
distance and elapsed time. The Lorentz factor y (gamma)
was defined as

y:

¢’ (1)

where v is the relative velocity between inertial reference
frames. In Einstein’s work he used for time dilation for
length contraction in the x direction.

At = y At (2)

and
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Ax = AX ®)
y

for length contraction in the x direction.

In later experimentation, to ascertain how closely
results may be interpreted in the worldview of general
relativity, the Lorentz factor was a part of a number of
equations and the closer this value is to unity, then
general relativity is more supported.

It was in 1916 that Einstein wrote his gravitational field
equations applying within a vacuum and chose the Sun
as the origin of his coordinate system (Vankov, 1915). He
made use of Huygens’ principle to formulate the angular
deflection of a ray of light at a certain distance from the
Sun. Through a series of approximations, he derived a
planetary motion equation. As long as the speed of a
particle was much less than ¢ the speed of light,
Newton’s equation could be obtained as a first
approximation.

With a switch to planar orbit equations with the polar
coordinates r and ¢ as the radius vector and angle
respectively, the equations led to the known energy and
Kepler’s planetary law of areas. One result was:

r° a4 _ a constant (4)
ds

where s is displacement. If orbital motion were described,
the equation was in agreement with Kepler's third law
portraying the relationship between the period of a planet
and its distance from the Sun. The curvature of
spacetime envisaged by Einstein was an explanation of
the Mercury advance as it had further to travel than in flat
space due to the distortion created by the mass of the
Sun.

To obtain the secular advance of an elliptical orbit
Einstein next integrated the equation containing ¢ over
the ellipse so that A¢, the change in angle in radians per
orbit, is found in terms of a the semi major axis and e the
eccentricity. If this is extended to an entire passage, the
result in the direction of motion for the period T in s is

2

a
Ab =241 224 oy
¢ =241 1202(1 _g2) )

With conversion factors of 180/ 7z to give °, 3 600 for ", a
change of period from s to 0.240 844 45 tropical years
and 100/orbital period in tropical years producing an
answer in " century™, Einstein calculated a figure of 45" +
5 century™ for Mercury, the then accepted value for the
anomalous advance of the perihelion of Mercury being
42".95 century™.

By 1943 Gerald Maurice Clemence (1908-1974) had
examined meridian observations of Mercury totalling 10
400 in right ascension and 10 406 in declination over the
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period 1765-1937 and 24 transits of Mercury across the
Sun spanning 1799-1940 (Clemence, 1943). From this
analysis he adjusted figures for the eccentricity and
perihelion of the Earth as well as for the mass of Venus.
His new value for the anomalous perihelion advance of
Mercury was 43".11 + 0.45 century ' against the Einstein
figure at this time of 43".03 century™.

With his attention on another planet, Raynor Lockwood
Duncombe (1917-2013) scrutinised meridian
observations of Venus across 1750-1949 (21009 in right
ascension and 19852 in declination) (Duncombe, 1956).
After applying corrections to some elements of Venus
and the Earth and the mass of Mercury, he deduced, for
the first time, results accurate enough for the anomalous
advance of the perihelion of Venus. In 1956 this was
determined as 8".4 + 4".8 century” while the relativity
figure was 8".6 century™ (Morton, 1956).

For Earth, HR Morgan dissected studies of the Sun
over 1750-1944 from a number of observatories and
applied a correction in 1945 to the eccentricity of the
planet (Morgan, 1945). He combined with Clemence and
Duncombe to determine by 1956 the anomalous advance
of the perihelion of Earth as 5".0 + 1".2 century™* while the
Einsteinian amount was 3".8 century™ (Morton op. cit.).
Kepler’s third law of planetary motion for Mercury may be
expressed as

2 _ 47[23.3

" G(M+m) ©)

for G the universal gravitational constant, M is the mass
of the Sun and m the mass of Mercury. As m<<M, it may
be omitted. If, then, T? is substituted into equation (5),
one may express the Einstein derivation into a similar
one (Gamalath, 2012) as

672GM

Ag = cfafl-e?)’ @

Forc=2.998x 10°ms™, G=6.673x 10" m*kg™*s? M
= 1.989 x 10% kg, and data from a modern almanac
(Seidelmann, 2006) the calculations for Mercury, Venus
and Earth are juxtaposed against the observed values in
Table 1. The calculated values are within the range of the
observed figures.

For % difference between the calculated and observed
values, the central value gives (43.11 — 42.98)/42.98 x
100 = 0.19%. However, the extreme difference is (43.11
+ 0.45 — 42.98)/42.98 x 100 = 1.4%. In a similar way, the
values respectively for Venus are 2.3 and 58% and Earth
32 and 62%.

One of the assumptions in Einstein’s derivation was
that the orbital plane of the planets coincided with the
rotational equator of the Sun. This is incorrect but the
technology to measure what became known as the

quadrupole moment of the Sun did not exist until the
1980s and particularly into the 1990s. The splitting of
spectral lines due to solar oscillations in the 1980s
revealed that, with the precision of the measurements,
the assumption in the derivation of Mercury’s anomalous
perihelion advance was acceptable (Campbell and
Moffatt, 1983).

A Global Oscillations Network Group GONG was
formed in 1995 to produce continuous solar velocity
imaging with an aim to ascertain the spherical harmonic
functions of the Sun related to its radius and latitude. Six
solar observatories in the Canary Islands, Australia,
California, Hawaii, India and Chile combined to analyse
33169 splits of spectral lines (Pijpers, 1998). The
conclusion was that the results are currently consistent
with the figure accepted for Mercury’s perihelion advance
determined by general relativity. This decision is also
supported by the first six months of data obtained from
helioseismology measurements taken by the Michelson
Doppler Imager aboard SOHO, the Solar Heliospheric
Observatory, launched in 1995. An interesting extension
to this concept is the use of exoplanets (Zhao and Xie,
2013). Data from the Kepler space observatory launched
in 2009 and future missions may give improved accuracy
so the periastron advance to these other systems may be
added to the information on the solar system planets.

Relativistic Periastron Advance of Binary Pulsars

There are many factors involved in determining the orbits
of the planets and the positions of the perihelia. In
addition, the total change per year in the location of the
perihelion of Mercury is as small as 5".7. Fortunately, the
same property applicable to the relativistic perihelion
advance of the planets may be applied outside the solar
system. In addition, within the solar system, the
gravitational fields are comparatively weak whereas
outside the solar system there are opportunities for some
very strong fields. The target is a stellar binary system
where at least one of the stars is a pulsar so that the
periastron advance may be monitored.

The term binary pulsar is used if one or both objects
are pulsars. The first such system was discovered in
1974 by Russell Alan Hulse (1950-) and Joseph Hooton
Taylor, Jr (1941-) while conducting a survey at the 305 m
Arecibo Observatory in Puerto Rico (Hulse and Taylor,
1975). The technology that existed at this time enabled a
computer “to report on any pulsar suspects above a
certain sensitivity threshold” (McNamara, 2008). The
pulsar had a very short pulsation period of 5.9 x 10” s in
a highly eccentric orbit of e = 0.615 with a period of
0°.323 0. Its companion is believed to be a neutron star.
The pulsar is designated PSR 1913 + 16.

The measurement technique is a comparison between
the phases of the radio pulses from the pulsar and those
of atomic clocks on the Earth (Will, 1995) to register the



Treschman 95

Table 1. Anomalous advance in the perihelia of Mercury, Venus and Earth.

Planet ax10®m e Orbitin tropical years ~ Ag@in " per century calculated ~ Agin " per century observed
Mercury 5.791 0.2056 0.240 844 45 42.98 43.11 £ 0.45

Venus 10.821 0.006 8 0.615 182 57 8.625 8.4+48

Earth 14.960 0.016 7 0.999 978 62 3.839 50+1.2

small changes over time with the pulse frequency. The dE _-2mm,G .. (10)
Doppler effect alters the arrival time of the pulses. The t 3rP

variation was between 0°.058 967 and 0°.069 045 which
amounts to 6.7 s over its cycle of 0%.323 0, thatis, 7.75 h
(Hulse and Taylor, op. cit.). The precision of
measurement was such that an initial discrepancy of 2.7
x 107 s for the period of what was thought to be a single
pulsar measured at different times was not considered a
false value (McNamara, op. cit.). The speed of the orbit is
highly relativistic being 10°c. The relativistic periastron
advance of 4°.226 62 + 0.000 01 yr* is 2.7 x 10° greater
than the 5".7 y'l for the perihelion advance of Mercury.
This periastron advance is within 0.8% of the prediction
from general relativity (Damour and Taylor, 1991). Also,
this system will be revisited later in this paper as
monitoring continues for how the companion’s
gravitational field affects the redshift of the pulses and
how the relativistic time dilation is caused by the orbital
motion.

A consequence of general relativity, the curvature of
spacetime, is implicated in the periastron advance of
binary pulsars in the same way as the perihelion advance
of the planets. However, in 1918, Einstein proposed that
a binary system would lose gravitational wave energy
and provided a quadrupole formula for the subsequent
damping on the orbital period (Einstein, 1918). However,
his results are expressed here from a project which
derives Einstein’s conclusions (Valenca, 2008). Firstly,
for E energy, t time, a condition of e = 0, x reduced

mass where x4 = mymy/(m; + m) for the individual

masses, m representing the same mass which would be
the case if e = 0 and r the distance between the two
objects, then the change in energy over time is given by

dE(e=0) 32u4°m°’G*
dt 5c°a’®

(8)

Then, a correction is applied for the case when e #0 so
that

dE 324°m°G* (1+15 2 4

T sea LT E eIy O

The change in energy per time may be extended to

include a change in the period P denoted as P as

From measurements on PSR 1913 + 16, the mass of the
pulsar was determined as 1.441 0 + 0.000 7 Ms (times
mass of the Sun) and the companion as 1.387 4 + 0.000
7 Ms (Will, op. cit.). The distance between the pair ranged
from 1.1 to 4.8 solar radii. Armed with these data, Taylor,
a codiscoverer, and Joel M Weisberg found, in 1989 after
14 years of measurement on the binary pulsar, that the
rate of orbital decay was within 1% of that predicted by
special and general relativity (Taylor and Weisberg,
1989). By 1995, improvement had reached 0.3%
accuracy with a rate of (— 2.402 43 + 0.000 05) x 10 ss’
! Once a small effect caused by galactic rotation, the
relative acceleration between the binary pulsar and the
solar system, is subtracted, the result is (- 2.410 + 0.009)
x 10™ s s which is the prediction afforded by general
relativity (Will, op. cit.). After 30 years of analysis in 1995,
Weisberg and Taylor provided consistency between
theory and observation at the (0.13 * 0.21%) level
(Weisberg and Taylor, 2005).

A further Arecibo survey operating at 4.30 x 10° Hz in
1990 detected another binary pulsar PSR 1534 + 12. The
3.79 x 107 s pulse of orbital period 3.64 x10* s has a rate
of decay of 2.43 x 10™® s s™ and periastron advance of
1°.756 2 yr*. Due to the strong and narrow pulse, greater
precision for this system was expected over time
(Wolszczan, 1991). This had been achieved by 1998 with
further timing observations with radio telescopes at
Arecibo, 43 m Green Bank in West Virginia and 76 m
Jodrell Bank and a conclusion that the results were in
accord with general relativity to better than 1% (Stairs et
al.,1998).

A third binary pulsar PSR 2127 + 11C (Prince et al.,
1991) had its relativistic periastron advance measured at
4°.46 yr* in 1991 but more work was needed to compare
this with general relativity. By 1992, 21 binary pulsars had
been studied well enough for their basic parameters to be
determined (Taylor, 1992).

A rare situation emerged in 2003. A pulsar discovered
with the 64 m radio telescopel3 beam receiver (Staveley-
Smith et al.,, 1966) at Parkes Australia was found
subsequently to have a companion which is also a pulsar.
An improved position was determined with the use of the
20 cm band from interferometric observations with the
Australia Telescope Compact Array (Burgay et al., 2003).
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Results were published in 2006 after 2.5 years of
measurements had been effected on PSR J0737 -
3039A and PSR J0737 — 3039B. Data were gathered at
Parkes at 6.80 x 10°%, 1.374 x 10° and 3.030 x 10" Hz, 76
m Jodrell Bank Observatory in the UK at 6.10 x 10° and
1.396 x 10° Hz, and 100 m Green Bank at 3.40 x 10°,
8.20 x 10° and 1.400 x 10° Hz. A total of 131 416 arrival
of pulse times for A with an uncertainty of 1.8 x 10 s
were received and 507 for B with a maximum uncertainty
of 4 x 10® s. The system has an orbital period of 0°.102
251 563, respective pulse periods of 2.27 x 10% and 2.77
x 10 s and a periastron advance for A of 16°.90 yr* (Lyne
et al., 2004).

Four independent tests of general relativity are
obtainable with this system. The orbital decay derivative
observed was - 1.252 x 10™ s s, shrinking the distance
between the pulsars by 7 mm d*. The relativistic
prediction was 1.247 87 x 10** s s™ giving a ratio of
observed to expected value of 1.003 (Kramer, op.cit.).
Other results relate to gravitational redshift and time
dilation.

Geodetic Precession

Yet another property was added to the list for testing
general relativity soon after its inception. In 1916 Willem
de Sitter (1872-1934) applied relativity theory to the
Earth-Moon system. He realised the pair was freely
falling in the gravitational field of the Sun. Since the Moon
was also orbiting the Earth, he predicted that the Moon
ought to undergo a non-Newtonian precession in its orbit
(Sitter, 1916). His expected figure was a secular motion
of the perigee and the node both of + 1".91century™
(Sitter, 1917). This effect is referred to as geodetic
precession.

Shapiro et al. (1988) mined the lunar laser ranging data
collected over the period 1970-1986 from the
retroreflectors on the Moon. A model of the Moon’s
motion consisted of two coupled sets of differential
equations, one for its orbit and the other for its rotation.
Perturbations from the gravitational fields of the Sun,
Earth, and other planets as well as torques on the Moon
from the Sun and Earth and the drag from tides on the
Earth were factored to provide equations as a function of
time. An introduced numerical factor h was related to any
extra precession of the Moon’s orbit about the ecliptic
pole that was not included in the predicted relativistic
geodetic precession. h would equal zero if it were
consistent with general relativity and unity if there were
100% difference from the prediction. From the set of 4
400 echo measurements, their analysis resulted in h =
0.019 £ 0.010 (Shapiro et al., 1988).

According to general relativity the Moon should precess
in its orbit by 1.9 x 10% s yr". A data set of 8 300 lunar
laser ranges over the period 1969-1993 vyielded a
deviation from this amount by — 0.3 + 0.9% (Dickey et al.,

op. cit.). Gravity Probe B Relativity Mission was launched
by NASA in 2004 and operated an experiment for 12
months. Its aim was to measure two effects predicted by
general relativity: geodetic precession and frame
dragging or Lense-Thirring effect. Geodetic precession
may be described as a vector perpendicular to the orbital
plane whereas frame dragging may be designated as a
vector arising from rotation and acting orthogonally to the
geodetic precession vector. As the two effects act at right
angles to each other, the component vectors could be
distinguished.

The satellite was placed in an orbit over both poles of
the Earth. The mean altitude was 642 km and the orbital
eccentricity was 0.001 4. A telescope was fixed on the
bright star IM Pegasi, as were initially four super-
conducting niobium coated, 38 mm spherical quartz
gyroscopes. Each was surrounded by liquid helium at 2 K
where some escaping gas caused the gyroscopes to
commence spinning up to an average rate of 72 Hz. The
devices were suspended electrically with two spinning
clockwise and two counter clockwise. They were tested
at maintaining their drift rate accuracy to 5" x 10 yr*.The
gyroscope is a vector not aligned with the spin axis of the
Earth. After one orbit of parallel transport of the Earth,
any shift in the axis of a gyroscope would induce a
current which enabled the changed to be measured (Will,
2006). The predicted Einstein drift rate was — 6".606 1 x
10° yr'. The four results were combined to give a
weighted average of — (6".601 + 0.018.3) x 10° yr™,
giving an accuracy of 0.28% (Everitt et al., 2011). Across
the span 1961-2003, 250 000 high precision radar
observations from the USA and Russia to the inner
planets and spacecraft have been examined. In addition
to the perturbations of the planets and the Moon, those of
301 larger asteroids and a ring of small asteroids have
been included. The result for y was 0.999 9 + 0.000 2
(Pitjeva, 2005). With binary pulsars, if the spin axis is not
aligned with the angular momentum axis of the system,
geodetic precession should occur. All the candidates that
have been discovered so far need a much longer time
period of measurement to arrive at definitive answers for
this property.

Lense-Thirring Effect

Frame dragging refers to another effect arising from
general relativity in which a massive celestial rotating
body drags its local spacetime around with it. Whereas
geodetic precession operates in the presence of a central
mass, frame dragging is postulated to exist as a separate
effect if the mass is rotating. This consequence was
hypothesised by Josef Lense (1890-1985) and Hans
Thirring (1888-1976) in 1918. However, Pfister (2007), in
his treatment of the history of this effect, argues from
evidence in the Einstein-Besso manuscript 1913,
Thirring’s notebook of 1917 and a letter from Einstein to



Thirring in 1917 that Einstein pointed to this
phenomenon. Frame dragging is a secular precession of
an orbiting object which has its orbital plane at an angle
to the equator of a central entity which possesses angular
momentum. The magnitude of the effect is extremely
small compared with geodetic precession.

NASA launched Mars Global Surveyor in 1996 and it
was inserted into its orbit in 1997. In the five year period
2000-2005, the orbital plane of the spacecraft was
predicted to shift by 1.5 m due to frame dragging and the
measured result was 1.6 m, giving a difference from
general relativity of the order of 6% (lorio, 2006).

Twin satellites, Laser Geodynamics Satellite (LAGEOS)
launched by NASA in 1976 and LAGEOS Il a joint NASA
and Italian Space Agency in 1992, are passive reflectors
in Earth orbit. Each contains 426 corner cube reflectors,
all but four of these made of fused silica glass with the
others of germanium for infrared measurements. Their
respective orbital parameters are: semi-major axis 12 270
and 12 163 km; eccentricity 0.004 5 and 0.014; inclination
to Earth’s equator 110° and 52°.65. The expected
measure of precession of their line of nodes was 3" x 10™
yr* which is equivalent to a displacement of 1.9 m in that
time. Monitoring was performed by 50 Earth stations as
part of the International Laser Ranging Service. From 10°
laser ranging observations over the period 1993-2003,
the measure of the precession of the line of nodes was
given as 4".79 x 107 yr* against the relativistic prediction
of 4".82 x 10 yr™. The result of the observation was 99%
+ 5 of the predicted value although the authors allow for
10% uncertainty (Ciufolini and Pavlis, 2004).

A later satellite, Laser Relativity Satellite (LARES), was
launched by the Italian Space Agency in 2012. It is a
spherical, laser ranged passive satellite with 92
retroreflectors made of a tungsten alloy. Its semimajor
axis is 7 820 km, eccentricity 0.000 7 and orbital
inclination 69°.5. Measurements are ongoing.

One of the difficulties with accurate positioning is the
figure of the Earth. To ascertain deviations from spherical
symmetry of the Earth’s gravity field, Gravity Recovery
and Climate Experiment (GRACE) consists of twin
satellites of NASA and the German Aerospace Center
launched in 2002 in polar orbit, 500 km above the Earth
and 220 km between them. They maintain a microwave
ranging link which can measure their separation to 1x10
m. Optical corner reflectors allow their position to be
monitored from Earth against the GPS. Gravity Probe B
results reported in 2012 gave the frame dragging effect
(Everitt et al., op. cit) as (- 3".72 + 0.72) x 10 yr'
compared with the Einstein value of — 3".92 x 10™ yr™.

LIGHT PROPAGATION IN GRAVITATIONAL FIELDS
Gravitational Optical Light Deflection

The central equation of Einstein which led to his
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international fame was that the angle of deviation a of
starlight in the vicinity of the Sun with mass M and
distance from the centre r be given as

4GM
q=

cir

11)

where half that value was due to time curvature and the
other half from space curvature, an intrinsic part of his
general relativity (Einstein, 1916 op. cit.). This amounted
to 1".75 at the limb of the Sun. With the technology at the
time, confirmation rested on a photographic comparison
of the stars near the Sun at a total solar eclipse and the
same stellar field six months before or after the eclipse.
The deviation for stars a little away from the limb
corresponded to 1/60 mm on the plate (Eddington, 1919).
Such a small measurement was difficult to ascertain with
the precision instruments available in the early part of the
twentieth century.

The 1919 British total solar eclipse expedition to Brazil
by Andrew Claude de la Cherois Crommelin and to
Principe by Arthur Stanley Eddington and Edwin Turner
Cottingham demonstrated that starlight was deflected by
the Sun. In 1922, with final results published in 1928, an
excursion to Wallal in remote Western Australia by the
Lick Observatory led by William Wallace Campbell
supported the deflection at the limb of the Sun as 1".75 *
0.09 (Campbell and Trumpler, 1928). A limitation for this
technigue depends on the ability of a telescope to resolve
small angular separations due to refraction as light
passes through the system.

2.5x10° xwavelength of light inm

Angular resolution in arcsecond = - —
diameter of mirror in m

12)

For the 33 cm telescope used and visible light, the
angular resolution amounted to 0".4. Attempts at
repeating the experiment have been performed at a
number of total solar eclipses, now nine altogether, and
the ones in 1952 and 1973 will be mentioned here.

The National Geographical Society and the Naval
Research Laboratory jointly sponsored an expedition to
Khartoum in Sudan in 1952 (Biesbroeck, 1953).
Disappointingly, wind at the time of the eclipse induced
vibrations in the 20 foot (6 m) telescope so that many of
the fainter stellar images were not included in the
measurement. Nevertheless, one photographic plate
exposed for 60 s produced nine measurable stars in the
eclipse field and eight in the auxiliary field while a second
exposure of 90 s resulted in 11 and eight stars
respectively. Two checkplates were secured six months
later. The conclusion was 1".70 + 0.10.

In 1973 the University of Texas mounted a mission to
Chinguetti Oasis in Mauritania, Africa (Brune et al.,
1976). With a 2.1 m focus, four element astrometric lens,
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the party prepared for a 6 min 18 s eclipse. Three plates,
impregnated with a rectangular scale, were obtained with
60 s eclipse field and 30 s comparison field 10° away in
declination. 150 measurable images and 60 comparison
field ones were captured. After an elapse of five months,
33 calibration plates were obtained. The result
extrapolated to the solar limb of 0".95 £ 0.11 serves to
indicate, if general relativity is to be supported, how
difficult measurements on photographic plates for the
visible region of the spectrum actually is.

Since the launch of the European Space Agency
spacecraft Hipparcos (high precision parallax collecting
satellite) in 1989, the deflection of light at total solar
eclipses has been consigned to a quaint part of history.
The 29 cm aperture telescope on board has measured
the position of 118 200 stars to a precision of 3" x 107 for
the magnitudes 8 - 9. Any effect on the deflection of
starlight by the Sun can now be measured by checking
the distance between pairs of stars over time. The
advantages inherent in this system were that there was
no need for a total solar eclipse, bending by the solar
corona could be eliminated, measurements could take
place over large angular distances from the Sun and the
same instrument was used well calibrated over the entire
sky for 37 months. Data were collected on a set of stars
chosen within 47 - 133° of the Sun. As an example, the
relativistic prediction is that at 90° from the Sun the
deflection would be 4".07 x 10°. As a number of theories
incorporate some predictions similar to general relativity,
nine so called parameterised post-Newtonian parameters
have been introduced. Radiation deflected by the
gravitational field of the Sun and entering a telescope on
Earth is expressed as an amount equal to

(1+7)
2

1".749 (13)

where y equals unity in general relativity. The result from
Hipparcos was y = 0.997 + 0.003 (Froeschlé et al., 1997).
An improved astrometric spacecraft from the ESA is Gaia
which was launched in December 2013 and took up its
residence at the Sun-Earth L, Langrangian point in
January 2014. The aim of the mission is to record the
position of 10° objects to a precision of 2".0 x 10°. A
future analysis of results based on a similar method as
for the Hipparcos data will improve the accuracy of this
experiment.

Gravitational Radio Deflection due to the Sun

Since angular resolution is proportional to the reciprocal
of the wavelength of light, the longer wavelength radio
region provides an improvement over the visible
spectrum. It eventually became possible to measure the
position of radio sources so precisely with interferometry,

even in the daytime. The blazar 3C279 is a very bright
object 12' from the ecliptic and each 08 October it is
eclipsed by the Sun. Deflection was measured by two
groups in 1969. An Owens Valley Radio Observatory
team (Seielstad et al., 1970) in California reported y =
1.02 £ 0.23 and another Californian band from Goldstone
(Muhleman et al., 1970) gave y = 1.08 + 0.30. This
method was also employed in 1974 with three nearly
collinear radio sources, 0116 + 08, 0119 + 11 and 0111 +
02, and a 35 km interferometer baseline (Fomalont and
Sramek, 1975). As these radio emitters passed near the
Sun, the deflection of their beams was monitored by the
National Radio Astronomy Observatory at Green Bank.
This comprised three steerable 26 m parabolic antennas
with a maximum baseline separation of 2.7 km and a
fourth element of 14 m aperture situated 35 km away.
The three long baselines are 33.1, 33.8 and 35.3 km. So
that the solar coronal refraction may be separated from
the contribution from relativity, observations were made
simultaneously at two frequencies, 2.695 x 10° and 9.085
x 10° Hz since electron refraction varies as the square of
the wavelength.

The deflection at the solar limb was determined as
1".775 + 0.019 which was 1.015 + 0.011 times the
Einstein value. This corresponds to the parameter y =
1.030 = 0.022. The experiment was repeated 12 months
later in 1975. The combination of the 1974 and 1975
measurements (Fomalont and Sramek, 1976) produced a
limb deflection of 1".761 + 0.016 corresponding to 1.007
+ 0.009 times the general relativity prediction and y =
1.014 + 0.018.

The source 3C279 mentioned earlier in this area is also
known as J1256 — 0547. It and three other radio emitters,
J1304 — 0346, J1248 — 0632 and J1246 — 0730, were
captured by the Very Long Baseline Array in 1990. This
comprises 10 parabolic 25 m telescopes across the
United States of America. Previous testing had shown
that the system could measure relative positions to 1" x
10° (Fomalont et al., 2009a). The system operated at
frequencies of 1.5, 2.3 and 4.3 all x 10™ Hz so that the
effect of the solar corona was minimised. Furthermore,
the relativistic bending is independent of the wavelength.
The result from the four sources combined was y = 0.999
8 + 0.000 3 (standard uncertainty) (Fomalont et al.,
2009Db).

As the length of the baseline in interferometry
increases, the accuracy of the determination of vy
improves. A major investigation between 1980 and 1990
was conducted by personnel from the National Oceanic
and Atmospheric Administration in Rockville, Maryland
(Robertson et al., 1991). 74 radio sources collected by 29
very long baseline observatories produced a set of 342
810 observations. Early data used 3 000 km as the
baseline, such as from Westford, Massachusetts to Fort
Davis, Texas, but later ones operated between 7 000 —
10 000 km, for example, a 7 832 km stretch from
Wettzell, Germany to Hartebeesthoek, South Africa. The



expected deflection at the Sun’s limb is 1".750, at an
angle of 90° away from the Sun 4"x10° and zero
deflection at 180°. The scientists concluded a value for y
of 1.000 2 + 0.002 (standard uncertainty).

Use was made of data collected during 1979-1999 from
87 very long baseline interferometric sites and 541 radio
sources (Shapiro et al., 2004). The information was
intended to monitor various motions of the Earth but has
been analysed to conclude y = 0.999 8 + 0.000 4.

Gravitational radar deflection is progressing to the
planets. Measurements were taken in 2002 when Jupiter
passed within 4' of the quasar J0842 + 1835, in 2008 for
Jupiter 1'.4 from J1925 — 2210 and in 2009 for Saturn 1'.3
from J1127 + 0555. More arrays are devoting time to this
new avenue and the results are awaiting analysis
(Fomalont et al., op. cit. 2009b).

Gravitational Lensing

Gravitational lensing refers to the production of an image
of a background object presented to an observer by
another object between them. The origin of this thought
has been traced to eight pages of a notebook Einstein
used in 1912 (Renn et al., 1997). In it he indicated the
possibility of a double image of the source due to
gravitational light bending and suggested that the
intensity of these images would be magnified. In 1936
Einstein returned to this idea and wrote about a
background star, when bent in the gravitational field of an
intermediate star, would be perceived by an observer in
line with both of them not as a point-like star but as a
luminous circle around the foreground object. From
geometry he obtained an expression for the angular
radius (later Einstein radius) of the halo (later Einstein
ring) in terms of the deviation angle of light passing the
lensing star, the distance of the light from the centre of
the foreground object and the distance between observer
and lensing star. The derivation is explained in detail by
Schneider et al. (1992) as

o« [46M D,
¢® D,D,

J raised to 0.5 power (14)

where M is the mass of the lens, D;, D, and Dj; are
respectively distances between source and lens, lens to
observer and source to observer (Schneider et al., 1992).
Einstein also noted again that the apparent brightness of
the distant star would be enhanced. It is interesting to
note that he saw no hope of a direct observation of this
spectacle (Einstein, 1936).

An extension from a star as the lensing object was
provided in 1937 by Fritz Zwicky (1937). He theorised
that the gravitational fields of a number of foreground
nebulae may deflect the light from background nebulae
and that this might be used to determine nebular masses
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accurately. He also suggested that a search ought to be
conducted among globular nebulae for images of globular
clusters. In 1964 a proposal was published in which a
supernova could be lensed by a galaxy. This would allow
very faint, distant objects to produce an image much
closer to the observer so measurements could be
extended to much greater distances. The wait was until
1979 when the 2.2 m telescope on Mauna Kea belonging
to the University of Hawaii recorded two images which,
from their identical properties such as the same redshift
z = 1.413, were intimated to be the twin QSO 0957 + 561
(Walsh et al., 1979). The galaxy causing the lensing was
soon directly recorded along with a third image (Stockton,
1980).

With the Advanced Camera for Surveys (ACS) aboard
the Hubble Space Telescope, the Sloan Lens ACS
(SLACS) Survey (Bolton et al., 2008) has provided a
2008 list of 131 strong gravitational lens candidates.
There are 70 systems with clear evidence for multiple
imaging and another 19 probable ones. Selection was
made from the spectroscopic database of an absorption
dominated galaxy continuum at one redshift and nebular
emission lines at a higher redshift. The lines incorporated
the Balmer series and O Il at 3.727 x 10** m and O Ill at
5.007 x 10 m.

An interesting gravitational lens system discovered in
1985 (Huchra et al., 1985) shows how it can add support
to the theory of general relativity. It has been resolved by
the Hubble Space Telescope to be four quasar images
with z = 1.695 surrounding a 15 magnitude spiral galaxy
2237 + 0305 with z = 0.039 4. The four images are
concentric but have different levels of brightness. From
the application of lens models based on the lensing
equation derived by Einstein along with the cosmological
interpretation of redshifts, all of the data collected can be
explained. The first discovery of an Einstein ring occurred
in 1988 (Hewitt et al., 1988) with the radio source
MG1131 + 0456 being surrounded by an elliptical ring of
emission.

Time Dilation

In 1964 Irwin Ira Shapiro (1929-) proposed that with
recent advances in radar astronomy, another test for
general relativity would be to measure the time delay
between emission and detection of radar pulses bounced
off Mercury or Venus when they were near superior
conjunction (Shapiro, 1964). The Doppler shift cancels on
a round trip. The time delay At is given by

_ 4GMs 1+y In R +R, +R

At= =
C 2 RE+RP-R (15)

where G, Ms, ¢ and y are as defined previously, Rg, Rp
and R are respective distances between the Earth and
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Sun, planet and Sun and Earth and planet (Reasenberg
et al., 1979). This increase in time amounted to 1.6 x 10"
s for Mercury when the beam passes by the Sun at two
radii from its centre.

Testing began in 1967 and after three years of 1 700
measurements by the Haystack and Arecibo
Observatories, Shapiro reported y = 1.03 £ 0.04 (Shapiro
et al.,, 1971). The first measurements made of time
dilation with spacecraft were at Mars in 1969. NASA sent
a dual mission of Mariner 6 and 7 and the echoes were
received with the 64 m telescope at Goldstone where the
accuracy of the ranging system was rated as 1 x 10" s.
The respective data were total time for round trip: 44.72,
42.87 min; distance of beam from centre of Sun: 3.58,
5.90 solar radii; angle Sun-Earth-spacecraft: 0°.95, 1°.56;
approximate time delay: 2.0 x 10*, 1.8 x 10™ s; y 1.003 +
0.04, 1.000 £ 0.012. The combined figure for y was given
as 1.00 + 0.03 (Anderson et al.,, 1975). This 3%
uncertainty was lowered to 2% for Mariner 9 in orbit of
Mars in 1971 (Reasenberg, op. cit.).

In 1975 NASA launched Viking 1 and Viking 2 which
arrived at Mars in 1976. Each spacecraft consisted of an
orbiter and lander with radio links to each other.
Receiving stations on Earth were the three of the Deep
Space Network. By having two set places on the Martian
surface, accuracy was reduced to 0.5% (Michael et al.,
1977). Two parameters from the two pulsars in a mutual
orbit relate to the shape of the time delay and its range.
They are given respectively followed by the Einstein
comparison and ratio of observed to predicted values:
0.999 74 [0.999 87, 0.999 87] and 6.21 x 10° s [6.153 x
10° s, 1.009] (Kramer, op. cit.).

Atomic Clocks

In 1967 time was defined by the International Union of
Pure and Applied Chemistry in terms of transitions
involving the caesium-133 atom. Calibration was initially
against ephemeris time where the motion of the Sun or
Moon could be the standard. However, tables of motion
of these bodies require many factors to be taken into
account. Nevertheless, programs now exist that do give
an accurate description of time.

Not long after, in 1971, four clocks containing caesium-
133 were calibrated against each other and compared
with the reference atomic scale at the United States
Naval Observatory. As an experiment to test time
changes within general relativity, they were flown on a
commercial jet firstly eastward around the world. Their
time losses amounted to 5.1, 5.5, 5.7 and 7.4 all x 10° s
to give a mean and standard deviation of — (5.9 + 1.0) x
10™ s against the relativistic prediction with estimated
uncertainty of — (4.0 + 2.3) x 10® s. The westward round
the world trip resulted in gains of 2.66, 2.66, 2.77 and
2.84 all x 107" s to result in + (2.73 + 0.07) x 10" s against
+(2.75+0.21) x 10" s (Hafele and Keating, 1972).

STRONG GRAVITY IMPLICATIONS
Nordtved Effect

A strong equivalence principle is known as the Nordtved
effect after Kenneth Leon Nordtvedt (1939). It treats
gravity as a geometric property of spacetime.
Measurements described at Appache Point Observatory
provide support for relativity to a few parts in 10°
(Murphy, op. cit.).

Potential Gravitational Waves

As general relativity has dealt with weak fields within the
solar system and stronger ones outside, it may be used
to see if it will elucidate the situation with exceptionally
strong fields. The conversion of rotational energy into
gravitational energy would result in orbital decay in a
binary pulsar. While decay has been measured, the
search for gravitational waves has begun in earnest. A
connection  between accelerating masses and
gravitational waves is hypothesised. However, compared
with electromagnetic radiation from accelerating charges,
the energy is extremely small. Thus, in their search for
gravitational waves, scientists will firstly need to look at
massive energy systems.

Towards the end of their existence, double neutron
stars spiral inwards, collide and merge with a predicted
enormous release of gravitational radiation. This is
suggested to be strong enough to identify at the Earth.
Detection is currently being attempted by VIRGO in lItaly,
GEO600 in Germany, TAMA in Japan and LIGO in the
USA (Heuvel, 2003). As an example, (Laser
Interferometer Gravitational Wave Observatory (LIGO) is
on two sites. Each contains two arms four km long with
weights suspended at the end of vacuum tubes. Laser
beams measure the distances between the loads. The
passage of a gravitational wave is expected to change
the distance between the weights which would be
detected with an interference pattern between the laser
beams.

DISCUSSION

A summary of all the previous material is listed in Table
2. The property includes the title in this paper, the
experiment performed relevant to that topic, the year of
publication (not the year of the experiment) arranged
chronologically for that section and percentage difference
from relativity as the difference divided by the general
relativity value. If there are two figures listed, the first one
uses the central figure of the result against the prediction
of general relativity. The second value uses the
uncertainty, if it exists in the literature, and takes the
larger of the difference from general relativity.
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Table 2. Percentage difference from relativity for experiments conducted listed under a section, property and year of publication.

% Difference from

Property Experiment Year of Publication relativity
Torsion balance 1890 5x10°
Torsion balance 1909 1x10°
Equivalence of Inertial and ~ Torsion balance 1935 2-5x 10"
Gravitational Mass Torsion balance 1964 1x10°
Lunar laser ranging 2005 1x10?
Lunar laser ranging 2009 1x10*
Gamma rays 1960 5,15
Gamma rays 1965 0.1,0.9
Hydrogen maser on rocket 1980 0.007
Gravitational Redshift Voyager 1 at Saturn 1990 0.44,1
Galileo spacecraft 1993 1
Cassini spacecraft 2004 0.002 3
Psr j0737 — 3039a/b 2006 0.36
Relativistic Perihelion Mercury 1943 0.19, 14
Advance of the Planets Venus 1956 2.3,58
Earth 1956 32,62
PSR 1913 + 16 orbital decay 1989 1
PSR 1913 + 16 periastron advance 1991 08,1
L . PSR 1913 + 16 orbital decay 1995 0.3
Relativistic Pgrlastron PSR 1913 + 16 orbital decay + galactic rotation 1995 0
Advance of Binary Pulsars )
PSR 1534 + 12 periastron advance 1998 1
PSR J0737 — 3039A/B orbital decay 2004 0.3
PSR 1913 + 16 orbital decay 2005 0.13,0.4
For Moon 1988 1.9,2
Geodetic Precession For Moon ) 1994 03,2
Planetary motions 2005 0.01, 0.03
Gravity Probe B in Earth orbit 2011 0.28
LAGEOS and LAGEOS Il in Earth orbit 2004 0.6,0.7
Lense-Thirring Effect Mars Global Surveyor in orbit 2006 6
Gravity Probe B in Earth orbit 2012 5,24
o . . Total solar eclipse 1953 29,4
Grawta_tlonal Optical Light Total solar eclipse 1976 46
Deflection -
Hipparchos 1997 0.3
3C279 owens valley observatory 1970 2,25
3C279 goldstone 1970 8, 38
o . 3 radio sources and interferometry 1975 3,6
Grawtaponal Radio 3 radio sources and interferometry 1976 14,4
Deflection due to the Sun ) .
74 radio sources and interferometry 1991 0.02,0.3
541 radio sources and interferometry 2004 0.02, 0.06
4 radio sources and interferometry 2009 2,5

Gravitational Lensing

Observations in accord with predictions




102 Int. J. Phys. Sci.

Table 2. Contd.

Radar ranging to Mercury and Venus 1971 3,7
Mariner 6 in Mars flyby 1975 0.3,0.7
Mariner 7 in Mars flyby 1975 0,2
Time Dilation Viking — 2 orbiters and 2 landers at Mars 1977 0.5
Mariner 9 in Martian orbit 1979 0,2
PSR J0737 — 3039A/B — shape of time delay 2006 0.013
PSR J0737 — 3039A/B — range of time delay 2006 0.9
. Flying eastwards around Earth 1972 48, 73
Atomic Clocks Flying westwards around Earth 1972 0.7,3
Nordtved Effect Lunar laser ranging 2003 (1) x 10

As seen from the table, the equivalence principle has
been tested to the 1 x 10 difference from relativity and
the Cassini spacecraft has a measure of difference of
0.002 3% for gravitational redshift. What is significant is
that from 10 properties with measurements, so many are
atthe 10" and 107 level.

CONCLUSION

This paper covers predominantly the period after 1928 to
the present. From the three classical astronomical tests
of general relativity (anomalous perihelion advance of the
perihelion of Mercury, gravitational light bending and
gravitational redshift), a plethora of other avenues has
developed historically. Even the term relativistic
astrophysics did not exist for the first 50 years following
Einstein’s publication of 1916. Topics covered are weak
equivalence principle (equivalence of inertial and
gravitational mass and gravitational redshift), orbital
precession of a body in gravitational fields (the relativistic
perihelion advance of the planets, the relativistic
periastron advance of binary pulsars, geodetic
precession and Lense-Thirring effect), light propagation
in gravitational fields (gravitational optical light deflection,
gravitational radio deflection due to the Sun, gravitational
lensing, time dilation and atomic clocks) and strong
gravity implications (Nordtved effect and potential
gravitational waves). Each subject has been plumbed to
determine the amount of measurement agreement with
general relativity. Three questions were proposed as a
guiding principle to this paper.

(i) How much evidence exists to support general
relativity?

Einstein originally proposed that his concept could be
tested by three astronomical tests. However, there was a
significant hiatus between his 1916 publication and
further experimentation. There was a need for technology

to be developed and experimental techniques both
invented and refined before more rigorous delving into
the theory could ensue. Torsion balance data existed
before 1916 but it continued to improve with better
equipment. Lunar laser ranging and radar echoes from
the inner planets improved the positioning of these solar
system bodies. Allied with computer programs, scientists
enhanced ephemerides and many of the perturbations
were teased out to ascertain the contribution of each. By
extending the reception of data from one station to
several with a long base, scientists were able to use
interferometry to tighten the uncertainty in their
measurements. The introduction of spacecraft in Earth
orbit and then venturing to the Moon and all the other
planets opened up another methodology for
experimentation. Precision was an essential requirement
for the operation of these vehicles and so
experimentation into relativity advanced. There promises
to a burgeoning of data as planned spacecraft are put
into service. However, with the myriad sets of results
outlined in this article along with many tight constraints on
the figures, general relativity has been tested well and not
shown to be incorrect.

(ii) Is general relativity a reasonable way of thinking?

General relativity contains a number of simple ideas.
From these, several predictions follow and these have
been shown to be acceptable to usually better than a 1%
level. It does not follow that general relativity is “correct”
as other ideas may lead to the same forecasts. A model
is judged by the fruitfulness of its operation. Against that
criterion, general relativity has been shown to be superb.
A difficulty is that it does not square with notions people
have, from their experience, of what reality is. However,
experience tells us that the Earth neither spins nor orbits
and that a body does not stay in constant motion. Yet,
these ideas eventually won the day. People perceive
space and time as absolute quantities and are more
familiar with the geometry of Euclid than any other. Even



though it is the province of scientists to understand the
way the Universe operates, it is a task of all in the field to
communicate these concepts to the public. Otherwise,
the popularity of astrological signs in magazines and the
reliance some people put on the ability of these to tell the
future act as a signal of minds not thinking scientifically.
General relativity is a successful concept and the public
needs to have some appreciation of what it says.

(iif) What is the niche that general relativity should
occupy?

Significant discussion abounds on the conflict between
parts of general relativity and quantum mechanics. As a
result, there is a search for a theory of everything. These
models ought to be viewed as two of the greatest pieces
of inspiration that have flowed from the mind of humans.
It is imperative to celebrate such great thought. They are
not reality but point to it. General relativity provides a
worldview when masses are large and speeds approach
that of the speed of light. Instead of seeing the
disagreement between the two concepts, one may use
whichever idea performs the role of explanation for each
situation. This may involve a tension with some but the
tension can be manageable. Light is light. On some
occasions, its properties are better explained with a
particle model and, at others, with a wave formulation.
Neither holds a complete explanation; both are necessary
to gain a perception of light. Perhaps, unification of
general relativity and quantum mechanics may occur. In
the meantime, Einstein’s worldview may continually be
applied to intriguing aspects of the Universe.

Formulated in 1916, general relativity was faced much
later with a rapid succession of findings. In 1954 Cygnus
A was a strong radio source associated with a distant
galaxy that could not be detected optically. X ray sources
entered the scene in 1962 followed by quasars in 1963,
the 3 K background radiation in 1965, pulsars in 1967
and later further exotic objects of the cosmos. These
features have been subsumed under the wing of general
relativity and a scientific understanding of these
phenomena would not currently exist without such a
model.
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After the final publication of the Theory of General Relativity by Albert Einstein in 1916, experimental
confirmation rested on three astronomical tests. These were the amount of bending of starlight at the
edge of the Sun, the change in frequency of light emanating from the gravitational field of the Sun and
an explanation in terms of the theory of a remnant quantity in the perihelion advance of Mercury which
had been calculated previously. The field of activity then was sparse and Quantum Mechanics attracted
many scientists to its realm. However, a proliferation of renewed interest emerged 50 years on from
1916 with new thinking, improved instrumentation, the advent of spacecraft and the discovery of a
number of exotic objects. The previous tests had been within the solar system. Now, there could be a
transition from a weak to strong gravitational field testing. Neutron stars and pulsars were proposed
based on ideas inherent within Einstein’s conjecture as explanations for otherwise mysterious radio
signals. In 2003, the advent of a two pulsars in mutual orbit allowed astrophysicists to delve into more
precise tests of Einstein’s theory. One of the parameters measured with this double pulsar has agreed
with General Relativity to the 0.05% level. Three others are different from predictions by 1.4, 0.68 and
5.5%. Testing of these other parameters over a longer period of time promises to distinguish the
accuracy between Einstein’s ideas and concepts from other scientists.

Key words: General Relativity, neutron star, pulsar, double pulsar.

INTRODUCTION

In a review paper on relativity in 1907 Albert Einstein Mercury (Einstein, 1915). In the following year he

(1879-1955) presented an equivalence of acceleration
and gravity (Einstein, 1907). From this connection, he
deduced that gravitation could influence light. In
particular, he submitted that light could be bent and also
its frequency altered in a gravitational field. However, it
was 1911 before he thought these two effects could be
detected experimentally near the Sun (Einstein, 1911).
Subsequently, during the development of his general
theory, he determined, from his equations in 1915, a
figure for the anomalous advance of the perihelion of

doubled his value for the amount of movement of light at
the limb of the Sun (Einstein, 1916).

These three outcomes of General Relativity -
gravitational deflection, the amount of Mercury perihelion
increase and gravitational redshift - became the early
classical tests for a new paradigm. The histories of these
have been covered by the writer in two previous papers
up to the year 1928 (Treschman, 2014a, b). Development
after this date depended on improved instrumentation,
the arrival of spaceflight and new applications from

E-mail: freschmankm@bigpond.com, Tel: 61-7-38562262.

Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution

License 4.0 International License



http://creativecommons.org/licenses/by/4.0/deed.en_US
http://creativecommons.org/licenses/by/4.0/deed.en_US
http://creativecommons.org/licenses/by/4.0/deed.en_US

different modes of thinking. The period 1928 to the
present has been treated by Treschman (2015) under the
topics:

(a) Weak equivalence principle (equivalence of inertial
and gravitational mass and gravitational redshift),

(b) Orbital precession of a body in gravitational fields
(the relativistic perihelion advance of the planets, the
relativistic periastron advance of binary pulsars,
geodetic precession and the Lense-Thirring effect),

(c) Light propagation in gravitational fields (gravitational
optical light deflection, gravitational radio deflection due
to the Sun, gravitational lensing, time delay and atomic
clocks) and

(d) Strong gravity implications (Nordtved effect and
potential gravitational waves).

The only double pulsar (two pulsars in mutual orbit)
discovered to date has provided a series of unique tests
for General Relativity and represents, within the
uncertainties, the smallest departure from predictions of
the Einstein theory. This paper will concentrate on an
analysis of data for this topic. This paper traverses the
proposal from the neutron in the atom onwards to a
forecast that stars could exist that would be composed
entirely of neutrons. Pulsars are then investigated. An
understanding of them is revealed as a result of
classifying them into three groups. While binary pulsars
(a pulsar in mutual orbit with an object not a pulsar) are
treated, the emphasis is on the only double pulsar yet
discovered, PSR J0737-3039 A and B. Observational
data on this pair with the Parkes Radio Telescope in
Australia in 2003 provide a highly precise test of the
General Theory of Relativity. This paper uses published
data to investigate what precision can be reached and
how well the General Theory is supported by these
observations.

NEUTRON STARS

James Chadwick (1891-1974) is credited with interpreting
his experiments on firing protons and alpha particles at
different elements in 1932 as evidence for a particle of
mass 1 and charge O, that is, a neutron (Chadwick,
1932). However, his former supervisor, Ernest Rutherford
(1871-1937), had proposed the existence of the neutron
12 years earlier. In a lecture Rutherford outlined his
radiation experiments to infer the presence in the atom of
a very small nucleus surrounded by electrons. He also
conjectured there were electrons within the nucleus
performing a different role from those outside the
nucleus. He suggested that an atom of helium consisted
of four hydrogen atoms and two electrons inside giving a
charge of +2 and a mass of 4, with two electrons outside.
‘...it may be possible for an electron to combine much
more closely with the H nucleus, forming a kind of neutral
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doublet.” (Rutherford, 1920).

Surprisingly, within two years of Chadwick’s
pronouncement, (Wilhelm Heinrick) Walter Baade (1893-
1960) and Fritz Zwicky (1898-1974) hypothesised that ‘a
super-nova [sic] represents a transition of an ordinary
star into a body of considerably smaller mass’ (Baade
and Zwicky, 1934a) and ‘a super-nova represents the
transition of an ordinary star into a neutron star,
consisting mainly of neutrons. Such a star may possess a
very small radius and an extremely high density’. (Baade
and Zwicky, 1934b)

Recent work has attempted to elicit an equation of state
for neutron stars. Theoretical models have been
proposed for their nature with a view to establishing limits
on their masses as well as a link between the mass and
radius. A typical 1.4 Mp (mass of Sun) object would have
a radius of approximately 11.5 km (Lattimer, 2012).

PULSARS
Angular momentum L is defined as
L=lw Q)

where | is the moment of inertia and w is the angular
velocity. For a sphere

| = 2/5 MR? 2)
For mass M and radius R. Thus,
L= 2/5 MR*w. )

Since angular momentum is conserved, as the radius of
an object, in this case a neutron star, decreases, the
angular velocity must increase. Hence, any neutron star
with an initial spin was predicted to have a rapid rotation
before any such object was even observed.

In addition, since the entity is expected to have a
conducting fluid, a magnetic flux ought to exist. At the
surface, the flux would be a product of the magnetic field
strength B and the area of the surface. Again, as the
neutron star shrinks resulting in a smaller surface area, B
would be expected to increase.

The forecasts of a rapidly spinning, compact object with
a high magnetic field became a reality in 1967 with the
discovery of the first pulsar (pulsating source of radio) by
(Susan) Jocelyn Bell (1943) (Hewish et al., 1968). In
1968, pulsars were connected with the Vela supernova
remnant (Large et al., 1968) and the Crab Nebula relic
(Staelin et al., 1968). The cause of the regular and rapid
pulses had three possibilities: binary stars, pulsating stars
or rotating stars. In 1969, Thomas Gold (1920-2004)
dispensed with binary stars on the basis that the periods
would decrease as energy was lost, contrary to the
observed increase; he eliminated pulsating stars on the



458 Int. J. Phys. Sci.

Number of Pulsars Each Year

200

150

100

Number of Pulsars

1974 =
1976
1978

1970 ==

1968 =
1972

. I
= I - T -~ T
S o o 2 & d4 d -4
S & & & & o o o
L I S I B R R N S

Figure 1. Number of pulsars per year of publication with later peaks due to Parkes.

foundation of the length of the period,; finally, the rotation
rate did not fit a white dwarf as it would fly apart at these
speeds, which left, he argued, a rotating neutron star
(Gold, 1969).

PULSAR SURVEYS

Large scale surveys using radio telescopes which led to
the discovery of many pulsars have been conducted
principally with the 100 m Green Bank Telescope in West
Virginia, USA the 305 m Arecibo Observatory in Puerto
Rico, the 76 m Jodrell Bank Observatory in England, the
two 778 m x 12 m cylindrical paraboloids of the Molonglo
Observatory Synthesis Telescope in Australia but more
than half of the currently known pulsars have been
identified at the 64 m CSIRO (Commonwealth Scientific
and Industrial Research  Organisation) Parkes
Observatory in Australia (Manchester et al., 2005). The
proliferation of the number of pulsars detected at Parkes
is due, firstly, to the installation in 1997 of a 13 beam
receiver. This multibeam pulsar survey commenced in
August 1997 with each pointing of the telescope
occupying 35 min duration (Manchester, 2001). In the
first year of surveillance, each hour of observing time
resulted in a new pulsar (Manchester et al., 2001).
Secondly, the centre of the Milky Way Galaxy where
pulsars are concentrated goes overhead in the Southern
Hemisphere. As of May 2015, the Australia Telescope
National Facility, that maintains a catalogue for the
discoveries from all observatories, had listed 2405
pulsars (ATNF). These are distributed in Figure 1 by the
number per year in which they were published. The peak
in 1978 is due mainly to a Molonglo survey (Manchester
et al., 1978) and the larger numbers in 2001, 2003, 2004,
2006 and 2013 represent surveys published principally
from Parkes.

BINARY PULSARS

While theories were being advanced associating the
origin of pulsars with supernovae, another development
in the pulsar story was made in 1974 by Russell Alan
Hulse (1950) and Joseph Hooton Taylor, Jr (1941). As
they conducted a survey at the Arecibo Observatory,
they detected the first binary pulsar where a pulsar and
another neutron star were in mutual orbit (Hulse and
Taylor, 1975). Since then, the total has reached 242
binaries where the companion may be a main sequence
star, a neutron star, a white dwarf, a low mass star or
another pulsar. These objects orbit each other where the
range in period in the ATNF Pulsar Catalogue is from 1.6
hto 23y.

One of the valuable outcomes from binary pulsars is
that the masses of neutron stars may be determined. In a
review paper by Lattimer, 33 calculated masses were
shown from X-ray — optical, neutron star — neutron star
and neutron star — white dwarf binaries. In this selection,
the span of masses encompassed 1.00 — 1.700 Mg
(Lattimer, 2012).

CLASSIFICATION OF PULSARS

In 1982 a very fast rotator was timed at 1.558 ms for one
spin (Backer et al., 1982). The term ‘millisecond pulsar’
was applied and encompassed any pulsar with a period
shorter than 10 ms (Bhattacharya and van den Heuvel,
1991). At the other end of the spinning scale, a seemingly
different type of object with pulses of 5.54 s was
uncovered with the Parkes radio telescope in 2006
(Camilo et al., 2006). It was actually connected with a
burst of X-rays previously detected by spacecraft in 2003.
This class contains the so called magnetars and comprises
anomalous X-ray pulsars and gamma ray bursters.
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Figure 2. Number of pulsars with periods 1-12°s.
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Figure 3. Number of pulsars with periods < 1 s.

From the ATNF catalogue of all known pulsars, the one
with the slowest spin has a period P of 11.8 s and the
fastest 1.4 ms, that is, over 700 times per second. Of the
2405 pulsars that have been logged, 2392 have their
measured period displayed. The 581 with a period > 1 s
are exhibited in Figure 2 where 1 s refers to the duration
> 1 s but <2 s and so on. For the 1811 pulsars with
periods < 1 s, 1406 have a spin > 0.1 s. From an analysis
of 815 pulsars, it has been estimated that perhaps 40%
are born in the range 0.1 to 0.5 s (Vranesevic et al.,
2004). Thus, the region 0.1 to 1.0 s has been further
subdivided into 0.1 s lots as in Figure 3.

“The pulse period is very predictable, but it is not
constant. ... Pulsars are powered by the kinetic energy of

rotation. They steadily lose energy, mainly in the form of
a high-energy wind of charged particles and magnetic-
dipole radiation, that is, electromagnetic waves at the
neutron star’s rotation frequency (Manchester, 2001)”.

The measure of this loss of energy may be gauged in the

slowdown rate of the period, Pin s s’ An interesting

pattern emerges if the logarithm of P is graphed against
the logarithm of P. The plots in Figure 4 are produced
from within the ATNF catalogue but here have been
teased apart into the majority of pulsars, the high energy
ones and the binaries respectively from left to right. The

product of P and P leads to a measure of the magnetic
field at the surface Bg as in the formula:
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Bs = (3¢’I/8°R° PP)%° in G (gauss) (4) ou ULS

=~ 3.2 x 10*° (PP)*° G for I = 10%® kg m? and R = 10* m
(Bhattacharya and van den Heuvel, 1991). For a typical
high energy pulsar in the centre Panel of Figure 4, 10" x
(10" s x 10" s sH)® = 10 G. From the surface
magnetic field data in the ATNF catalogue, the highest is
given as 2.22 x 10" G. This region embodies the
magnetars which have large magnetic fields, slower
rotations but faster rates of loss of energy. Also, the loss
is not always uniform and is often in the form of bursts of
X-rays or gamma rays. The decay of B powers the
emission of radiation predominately in the high energy
end of the spectrum. The bursts are believed to be
connected with two different situations: the collapse of a
star and the merger of neutron stars. From the left panel
of Figure 4, a central pulsar at 10" s and change at 10™*°
s s has Bs = 10" G from Equation (4). They are faster
rotators, have medium magnetic fields but lose their
energy more slowly than the magnetars. In contrast, the
binaries in the right panel of Figure 4 would have a typical
result of 107 s, loss at 10%° s s™ for Bs = 10° G. The
lowest value in the catalogue is 3.21 x 10’ G. These
binary pulsars are fast rotators, most reside in the
millisecond class, have lower magnetic fields by
comparison and lose their energy much more slowly.
More than half of them have been detected in globular
clusters (D’Amico et al., 2003). Their scenario is that they
were older, slow rotators and even though they probably
also formed from supernovae, each possessed a
companion which was not ejected by this mammoth
event. As the companion evolved, some of its matter
accreted to the other member. The rise in angular
momentum led to an increase in rotation rate of what
effectively became a recycled pulsar (Possenti et al.,
2004).

Where the term binary pulsar is applied to a pulsar and a
companion other than another pulsar, the term double
pulsar is used for two pulsars in mutual orbit. The only
double pulsar system discovered to date is PSR J0737-
3039A and PSR J037-3039B in the constellation Puppis,
referred hereafter as A and B. The data for A were
collected by Marta Burgay (1976) in April 2003 at Parkes
and processed at Jodrell Bank (Burgay et al., 2003). In
October of the same year, Duncan Ross Lorimer (1969)
was testing code at Parkes on the data of Burgay and
identified a second pulsar which was not detectable in the
original records as B was only strong for two short
intervals each orbit (Possenti et al., 2004). The saga is
articulately presented in chapter 14 of McNamara’s book
on pulsars (McNamara, 2008). It was decided by the
parties involved (Sarkissian, 2014) that as Burgay had
already submitted for publication, it would be followed
later by Andrew Lyne as principal author who was
supervising Burgay (Lyne et al., 2004). Some of the
physical parameters of the double pulsar are displayed in
Table 1. The digit/s in parentheses following the
measurement refer/s to the uncertainty in the last digit/s.
There are five orbital parameters, known as Keplerian
parameters, which are required to reference the time of
arrival of pulses to the barycentre of the binary system
(Kramer, 2004). They are based on Newton’s laws of motion
and his law of universal gravitation and are calculated as an
isolated two-body situation. These are shown in Table 2.
However, changes do arise due, in some situations, to
the presence of other masses and, in the case of the
double pulsar, to the effects of relativity. Departures from
the Keplerian descriptions are referred to as post-
Keplerian parameters (PKPs). Stairs explains: “The tests
of GR [General Relativity] that are possible through
pulsar timing fall into two broad categories: setting limits
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Table 1. Some physical parameters of the double pulsar (Kramer,

20064a).

Physical parameter

Values

right ascension
declination

spin frequency A
spin frequency B
inclination i

07"37™51°.249 27(3)
-30°39'40".719 5(5)
44.054 069 392 744(2) s™
0.360 560 355 06(1) s
88°.69(-76, +50)

Table 2. Keplerian parameters of the double pulsar (Kramer et al., 2006a).

Parameter

Pulsar A Pulsar B

orbital period Py
eccentricity e

projected semi-major axis x = a/c sin i for a, semi-major axis
longitude of periastron from the ascending node w

the epoch of periastron passage (MJD)

0.102 251 562 48(5) d
0.087 777 5(9) -
1.415032(1)s  1.5161(16)s
87°.0331(8)  87°.033 1 + 180°.0
53 156.0

on the magnitudes of the parameters that describe
violations of equivalence principles, often using an
ensemble of pulsars, and verifying that the measured
post-Keplerian timing parameters of a given binary
system match the predictions of strong-field GR better
than those of other theories (Stairs, 2003)”.

Measurements are performed on the time of arrival of
the pulse energy. As this signal travels through
interstellar space, the presence of electrons along the
path interferes differently with the frequencies so that the
higher the frequency the earlier the arrival. The pulse
dispersion is thus an approximate measure of distance.
‘The observational parameters ... are obtained from a
least-squares solution of the arrival-time data ... (Will,
2006).

ANALYSES OF DOUBLE PULSAR PARAMETERS

Stairs lists the following five equations of PKP in terms of
the stellar masses (Stairs, 2003).

o =3 (Py2m)*? (ToM)™? (1 — €)™ (5)
Y = e(Py/2m)*To*M™**Mg(M4 + 2Mg) (6)
P, = -192m/5 (Py/2m)>" (1 + 73/24 € + 37/96 e*)(1 — &%)’
712 TOS/S MAMB M—l/3 (7)
r=ToMg (8)

s = X(Pblz7_,_)—2/3To—l/3M2/3MB—l (9)

The symbol Tq stands for the time for light to cross the
radius of the Sun and is a term that allows the resultant
pulsar masses to be given in terms of Me. To = GMo/c® =
6.673 x 10 N m? kg™ x 1.989 1 x 10°° kg/(2.997 924 58
x 10° m s™1)° = 4.926 x 10° s. This compares closely with
the literature value of 4.925 490 947 x 10° s. x is the
projected semi-major axis of the binary orbit.

In Equation (5), wis the time rate of change of the
longitude of periastron from the ascending node. It is the
relativistic advance of periastron and is analogous to the
relativistic perihelion advance of Mercury (or any other
planet) in the solar system. This equation may be
rearranged to provide a solution for M, the mass of the
system which equals the sum of the individual masses Ma
+ Mg.

M = [@/3 (Py2m)™ To? (1 - €32 (10)

Since @ = 16.899 47° yr', it needs to be changed into
radian s*, and P, to s. This resultant value and
subsequent ones are taken from Kramer et al. (2006a). M
= 2.587 08(16) Mo. Thus,

Ma + Mg = 2.587 08 or Mg = - M, + 2.587 08. (11)

A graph of Mg versus Ma may then be drawn. As further
PKPs are derived in terms of masses, these are added
as graphs on the original plot. The intersection gives
specific values for the masses of A and B. General
Relativity may then be judged as to how constrained the
guantities of the masses are. This method has an appeal
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Table 3. Post-Keplerian parameters and other results of the double pulsar (Kramer, 2006a).

Parameter Value Equation
. ° -1
advance of periastron @ 16.899 47(68) * yr >
gravitational redshift Y’ 0.385 6(26) x 10°s 6
. -12 -1
orbital period derivative Py -1.252(17) x 107" s s !
Shapiro delay r 6.21(33) x 10° s 8
Shapiro delay s 0.999 74(-39,+16) 9
mass of system 2.587 08(16) Mo
mass of A 1.338 1(7) Mo
mass of B 1.248 9 Mo
mass ratio 1.071 4(11)
distance based on dispersion measure = 500 pc (1020 m)
visually. Alternatively, two equations give two unknowns R = Ma/Mg = ag/an (12)

of the masses which may be solved mathematically.
Then, further parameters are derived from the masses
and the difference between the new parameter and its
observational value provides a percentage variation for
the theory of General Relativity.

Equation (6) contains the gravitational redshift
parameter Y and is a combination of time delay and
gravitational redshift. The frequency change is predicted
by Einstein in that time runs differently in the region of a
mass and a volume somewhat removed. It corresponds
to the average amplitude of delays in arrival time due to
changes in speed of the pulsars and the distance
between them as they traverse their elliptical orbit. For
the measured Y = 0.385 6(26) x 10° s, Equations (5) and
(6) yield

Ma = 1.338 1(7) Mo and Mg = 1.248 9 Mo.

The time derivative of the orbital period change P.b is

caused by gravitational wave damping. Equation (7)
produces a result of -1.252(17) x 10*? s s™*. Due to the
fortuitous circumstance of the double system being
almost edge on to the line of sight, the two parameters
representing the Shapiro delay may also be determined
(Kramer et al., 2006b). From Equation (8) the Shapiro
delay r due to the medium of transmission is calculated
as 6.21(33) x 10° s. In reverse, it is the range of the
Shapiro delay that provides an estimate of the companion
mass as the signal from A passes through the spacetime
of B (van Straten et al., 2001).

To conclude the calculations of the PKPs, Equation (9)
derives the shape of the Shapiro delay s = sin i (Burgay
et al., 2005) as 0.999 74(-39, +16). A further parameter
which is possible with the double pulsar is to obtain a
mass ratio R of the components by measuring the semi-
major axes a of the elliptical orbits from the equality in the
following subsequent equation.

This gives 1.071 4(11). The measurements of the PKPs
from Equations (5) to (9) and data on masses and
distance are summarised in Table 3. The advance of the

periastronw has been measured to a precision
approaching 107®. If this and R are used to solve for Ma
and Mg, the values of the other four PKPs mentioned
here may be calculated. This then gives tests of General
Relativity as shown in Table 4 (Kramer et al., 2006a).
Departures from General Relativity are calculated here
as the uncertainty in the ratio of 1.0 as a percentage. For
example, for s the uncertainty is 0.000 50 which is 0.05%.

Hence, differences from GR are 1.4% for p,, 0.68% for
Y, 5.5% for r and 0.05% for s. This result for s is the
most precise test ever of any technique used for

comparison with Einstein’s theory. The parameters @, Y,
r and s were obtained within seven months of

observation. This level of precision of |5b followed 2.5
years of timing.

FURTHER DATA

The distance datum based on the dispersion measure is
claimed to be in error by a factor of two. With
measurements between 2006-2008 of the annual
geometric parallax with the Australian Long Baseline
Array, the figure has been given as 1 150 (+220,-160) pc
(Deller et al., 2009). From the separation between the

pulsars of 8 x 10° m, the precision of Py is such as to be
able to deduce a decreasing separation between the
pulsars of 7 mm d* (Kramer et al., 2006a). After 10 more
years of timing, this parameter may reach the 0.01%
level.
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Table 4. PKP comparisons of observed and GR predictions for the double pulsar.

PKP observed value GR value ratio observed/GR
|5b sst 1.252(17) 1.247 87(13) 1.003(14)
Yx10%s 0.385 6(26) 0.384 18(22) 1.003 6(68)
rx10®%s 6.21(33) 6.153(26) 1.009(55)

S 0.999 74(-39,+16) 0.999 87(-48,+13) 0.999 87(50)

The supernova which caused the two pulsars did not
throw the binary system apart but would be expected to
result in a misalignment between the pulsar spin axes
and their orbital axis. Geodetic precession would lead to
relativistic spin-orbit coupling so that the pulsar spin axes
would precess about the total angular momentum axis
(Kramer, 2004; Manchester, 2010). The angular
frequency period , for this is embedded in the
relationship

Q, =% (Po/2m) ™ To™® Mg(4M, + 3Mg)/(1 — e)M™.  (13)

The calculated period for pulsar B around the total orbital
angular momentum axis is 70.95 year (Manchester,
2015a). 360°/70.95 yr = 5°.074 yr'*. Within an uncertainty
of 13%, the precessional rate obtained of 4°.77 (+0.66,-
0.65) yr™* is consistent with a General Relativity prediction
of 5°.073 4 + 0°.000 7 yr" (Breton et al., 2008). From a
study of eclipses of pulsar A by the magnetosphere of
pulsar B, it has been inferred that the inclination of the
rotation axis of pulsar B to the normal of the orbital plane
is = 60° and its angle to the magnetic axis 75° (Lyutikov
and Thompson, 2005). Pulse profile analysis points to =
90° for the difference between the spin and magnetic
axes of pulsar A but only 3°.2 difference between its spin
and orbital angular momentum axes (Ferdman et al.,
2013). As a result, no secular change has been pursued
for a measurement of the precessional period of pulsar A.
Some further data given in Table 5 (Lyne et al., 2004), on
the rotational periods P of pulsars A and B together with

their time rates of change P may be used to calculate
their surface magnetic fields and time rate of energy loss

E.

From Equation (4), B = 6.3 x 10° G and Bg = 1.2 x 10*
G (Yuen et al., 2012). Also,

E =-4r?1P /P® (Manchester, 2001) (14)

EA=59x10°Wand Eg=1.6 x 10° W where 1 W =
10" erg st (Yuen et al., 2012). Some concept of the
dense nature of a pulsar may be gauged by comparison
with the atomic nucleus. With the masses of pulsar A and

Table 5. Parameters for spin periods and their time
rates of change.

Parameter Observed value
Pa 0.022 699 378 556 15(6) s
|5 1.74(5) x 10"® s s*
A
Ps 2.773460 747 4(4) s
. -15 -1
P. 0.88(13)x 1077 s s

a neutron being respectively 1.338 1 Mg and 1.674 928 6
x 10%" kg, on the assumption that pulsar A were
comprised totally of neutrons, there would be of the order
of 10°" neutrons present. The density of pulsar A, takin%
the radius as 1.15 x 10* m, would be 4.2 x 10*" kg m’
compared with that of an atomic nucleus of 2.3 x 10 kg
m. The designation neutron star is truly appropriate.

FUTURE

As a result of the dynamic changes in the double pulsar
system PSR J0737-3039A/B, the beam of pulsar B
ceased sweeping across Earth in 2008. However, it is
expected to again intersect Earth in the near future
(Manchester, 2015b). The longer the time span of
observations, the more precise the measurements of this
system become. This places tighter constraints on the
parameters and provides a more stringent test of General
Relativity or competing theories.

Radio receivers are the instruments which provide
accurate measurement of timing for pulsars.
Nevertheless, other realms of the electromagnetic
spectrum may elucidate data that give a more detailed
picture of the operation of the double pulsar. In 2006, the
Chandra X-ray Observatory collected data on the system
at this high energy end and the interpretation was that it
showed that the emission was due to the shock from
pulsar A interacting with the interstellar medium (Granot
and Mészaros, 2004). Later, in 2012, the Hubble Space
Telescope acquired images in the far ultraviolet region
(Durant et al., 2014).

A 500 m radio telescope is slated for first light in China
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in 2016. A stated objective of this project is an emphasis
on collecting information on more distant pulsars (Nan et
al., 2011). When the Square Kilometre Array begins its
operation, it also has targeted pulsar surveys with an
emphasis on the millisecond variety (Carilli and Rawlings,
2004) with improved timing precision (Shao et al., 2014).

As a larger collection of pulsar, binary pulsar and
double pulsar samples increases, measurements of
moments of inertia will allow a deeper insight into the
nature of superdense matter (Kramer et al., 2006a).

One of the pursuits in pulsar investigation is the
detection of gravitational waves which are predicted by
General Relativity. The amount of release of energy is
consistent with the theory but the instrumentation
available today is not sensitive enough to detect and
measure it. When a figure was forthcoming for the
merger rate of the double pulsar of 85 x 10° yr (Burgay,
2011), the expected rate of binary pulsar collisions
increased dramatically. This gave greater impetus to the
likelihood of detecting this far greater amount of energy.
The Laser Interferometric Gravitational-Wave
Observatory (LIGO) in the United States of America, the
Japanese TAMA project, German-British GEO detector in
Germany and the European Gravitational Observatory in
Italy have embarked on the quest to discovery such a
phenomenon (Abbott et al., 2009).

This prominence given to increasing the precision of
measurements is not just about discriminating between
rival theories for understanding the Universe. General
Relativity has passed with flying colours any test thrown
at it. However, it started in 1915 as a theoretical construct
without any experimental support. Scientists “did not
dream that transition to a relativistic system would have
observational consequences (Kuhn, 1962, 2012)”. The
situation morphed when it was realised that there were
three ‘classical’ predictions upon which its mettle could
be judged. Even then, the field was quite dormant.
Interest was piqued 50 years after the formulation of the
theory as new thinking was applied, instrumentation
progressed, the space era had begun and more exotic
objects started presenting themselves in the cosmos. Up
to this point, it could be seen that Newton’s laws could
still be applied with Einstein filing in when speeds
increased into the regime of the speed of light or masses
became somewhat larger than that of the Sun. However,
the application of General Relativity in the confines of the
solar system, known as the weak field situation,
completely trumps Newtonian theory in the strong fields
of, for example, pulsars. A paradigm shift ensued. Where
might General Relativity lead us? Just as the extent of its
applicability was not predictable, the theory needs to be
mined for what else it may elucidate. As one sign of the
dramatic change, one may look at a criterion for a
paradigm shift in conferences held specifically in a field.
The first international convocation completely devoted to
General Relativity was in 1955, a few months subsequent
to Einstein’s death. These are now held each three years,

with 21 having occurred. Now, at the 100 vyear
anniversary of General Relativity, the field is still
providing promise for many scientists.

CONCLUSION

The prediction of superdense forms of matter predated
the recognition of neutron stars. With the arrival on the
scene of pulsars in 1967, an entire new field emerged
and General Relativity was the guiding post to scientific
understanding. Entering the scene in 1974, binary
pulsars extended the possibilities and precision of
measurement. In 2003, the discovery of a double pulsar
has provided scientists with a unique gamut of prospects
in the strong field arena. Astronomical tests of General
Relativity have included inertial and gravitational
equivalence, gravitational redshift, relativistic perihelion
and periastron advance, geodetic precession, light
propagation in gravitational fields and implications in
strong gravity regimes. Of all of these, the most accurate
figure to date of 0.05% for the departure between
observation and General Relativity comes from a
parameter of the double pulsar PSR J037-3039A/B.
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General Relativity in Australian Newspapers: The 1919
and 1922 Solar Eclipse Expeditions
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In 1922 there was a total solar eclipse with the central track traversing the Australian continent from
Western Australia, through South Australia and across Queensland. Local and overseas astronomers
mounted major observing campaigns to verify the amount of gravitational light bending predicted by
the Theory of General Relativity. This paper looks at how the media reported the results from previous
expeditions in 1919, which were conducted by the British, and the necessity for the 1922 measurements
in Australia. It was this latter local eclipse that was the impetus for Australian correspondents to
report on General Relativity. In general, the Australian newspapers chronicled informatively and
accurately, they provided a good coverage of the eclipse parties and stressed the significance of the
1922 investigations.
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Relativity, gravitational deflection, gravitational redshift, Mercury anomaly.

Introduction

The General Theory of Relativity of 1916 pro-
vided an advance in Physics by Albert Einstein
(1879-1955)! on the Universal Law of Gravi-
tation by Isaac Newton (1642—-1727). While the
application of Newton’s laws had connected the
motion of the planets with that of objects on the
Earth and provided great predictive power from
his mathematics, it suffered from not providing
a structure for the concept of force at a distance.
Einstein now provided a mechanism whereby
gravity could be understood as a property of
space itself.

However, the theory needed evidence for its
support. Early on, there arose three astronomical
tests against which General Relativity could be
tested. First, in 1907, Einstein was of the opinion
that light could be bent in a gravitational field,>
butit was 1911 before he realized that the amount
of displacement was sufficient to be detected in
the presence of the Sun.> He revised his figure
upwards in a 1916 paper and proposed that the
transposition would be 1".7 at the limb of the
Sun and that this would decrease in proportion
to the square of the distance from the centre of
the Sun.*

Second, in 1915, Einstein deduced another
possible supporting concept. For a two body
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problem in Newtonian physics, such as a single
planet and the Sun, the planet would be expected
to trace an elliptical orbit with its perihelion
returning to the same point in space. However, in
the presence of other planets, the point of perihe-
lion would move in the direction of the motion,
that is, advance in space. Yet, the mathematics
that incorporated all the forces that were thought
to be involved resulted in a small, unexplained
difference. For the planet closest to the Sun, this
became known as an anomalous advance of the
perihelion of Mercury. The experimental figure
had stood at 43" century~! since 1882.5 Ein-
stein derived from his field equations a figure of
45" 4 5" century~! for this residual amount.®
For the third astronomical test, Einstein pro-
posed in the same 1907 paper’ that atoms on
the surface of the Sun would be affected by the
gravitational field surrounding it. He reasoned
that as light left the Sun, it would expend energy
working against gravity. Since the energy of a
photon is proportional to its frequency, a lower
frequency would be expected. The speed of light
is constant in the work of Einstein. As the speed
of light is the product of frequency and wave-
length, a lower frequency would necessitate a
longer wavelength. In the optical region of the
spectrum, red light has a longer wavelength than
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blue. This phenomenon was called gravitational
redshift. Einstein postulated that this change
expressed as a ratio of the difference between the
observed wavelength and the wavelength of the
source divided by the source wavelength would
amount to 2.12 x 1076,

The scientific literature of the time produced
argument and counterargument with regards
to these three tests of General Relativity.
A significant public attempt to measure light
deflection, the first of the tests mentioned
above, took place with two British expeditions
at the total solar eclipse of 29 May 1919. This
required photographing stars near the Sun during
the eclipse and comparing their positions with
photographs of the same region of the sky with-
out the presence of the Sun. For the latter to
occur at night, the time period needed to be six
months either before or after the eclipse. Debate
ensued whether this eclipse was sufficient to sup-
port General Relativity. Thus, it was considered
by many scientists that further experimentation
was necessary. Hence, the next measurement was
effected in Australia at the total solar eclipse on
21 September 1922.

During the time that General Relativity was
attempting to obtain a foothold among scien-
tists, the main method of communication to the
general population was vianewspapers. Lectures
were also delivered to the public and the content
of these were often reported in the news media.
Journalists were also in attendance at the pub-
lic welcome given for overseas astronomers in
1922 as they traversed the continent. Speeches
from those being feted were part of the occa-
sion. So, the reporters heard first-hand from
those involved in the measurements what was
anticipated and also some of the preliminary
accomplishments.

This article analyzes Australian newsprint to
show how the Australian public, through the
media, were informed of one of the key predic-
tions of Einstein’s theory, that is, the gravitational
bending of light. It also ascertains how the
attempted verification in 1919 was regarded and
why the observations at the September 1922 Aus-
tralian eclipse were needed. The second and third
tests, that is, the Mercury anomaly and grav-
itational redshift, were not the subject of the
eclipse expeditions. Nevertheless, any mention
of these topics was noted in the inspection of the
newspapers throughout this period.
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Methodology

An online search was made of Australian news-
papers via the website Trove, which is provided
by the National Library of Australia. The input
was ‘Einstein’ AND ‘relativity’. The articles
were then arranged chronologically from the ear-
liest to more recent. Each article was classified
into the year of publication, analyzed for its main
theme, the eclipse party to which it referred,
differentiated into the three classical tests of rel-
ativity, if mentioned, and the words of support or
otherwise for the proposed theory.

The earliest record was January 1911 and the
span was to 31 December 1928. The reason for
this finishing date will be explained later. Sev-
eral of the newspapers were syndicated and so
sometimes the same article appeared in several
of them or a story would be picked up by one
and copied by another. Where an article was the
same or substantially so, only the first record was
included in the tally. The study period spanned
18 years and included 266 separate newspaper
articles on General Relativity.

The Major Interest Regarding General
Relativity

Of'the 266 newspaper articles, the number refer-
ring to General Relativity in each year is shown
in Table 1.

The year 1922, when the eclipse was observed
in Australia, encompassed 52% of the 266 dis-
tinct newspaper pieces. The preceding year was
devoted to many of the preparations for the total
solar eclipse and the year following included sev-
eral results of the 1922 parties. These three years
(1921-3) accounted for 81% (82% from the table
is due to rounding) of the featured articles over
the time period 1911-28.

Within the eclipse year of 1922, the 137 sto-
ries are subdivided into the month of publication
in Table 2.

For the month in which the eclipse occurred,
September, the proportion for the year was the
largest at 37%. Thus, the eclipse in Australia was
a major focus of newspaper space devoted to
General Relativity. This is shown further if the
articles are analyzed by their major subject mate-
rial. Sometimes more than one topic was covered
in some pieces. If so, the crux of the message
was distilled either by referring to the number
of words devoted to a subject or by selecting the
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Table 1. Number of newspaper articles per year 1911-28

Year 1911 1912 1913 1914 1915 1916 1917 1918 1919
Number 1 0 2 1 0 0 4 0 11
% 0.4 0 0.8 0.4 0 0 1.5 0 4
Year 1920 1921 1922 1923 1924 1925 1926 1927 1928
Number 24 36 137 43 6 2 4 0 3
% 9 14 52 16 2 0.8 1.5 0 1
Table 2. Number of newspaper articles per month in 1922

Month January February March April May June
Number 13 5 8 3 6 10
% 9 4 6 2 4 7
Month July August September October November December
Number 10 14 51 12 3 4
% 7 10 37 9 2 3

Table 3. Number and % of newspaper articles by main theme
Main theme Number % Main theme Number %
1922 total solar eclipse 134 50 Gravitational redshift 5 2
Relativity 72 27 Ether 4 2
Einstein 23 9 Perihelion advance of Mercury 3 1
1919 total solar eclipse 14 5 Energy-mass 2 1
Gravitation 9 3 Total 266 100

central idea that was portrayed. The main theme
is recorded in Table 3.

One half of the articles concentrate on the
1922 total solar eclipse as this was perceived as
being the major interest of the Australian public.
With the next highest percentage of 27% for rel-
ativity, it could be inferred that the education of
the audience was also a priority.

The Three Astronomical Tests

As it was the property of gravitational light
deflection that was being measured at this
eclipse, it is not surprising then that this would
be the most pronounced of the three astronom-
ical tests. However, some space was devoted to
the other two tests as some interest was being
generated about this new theory of Einstein. The
proportion of each astronomical point of evi-
dence in the newspaper presentations is shown
in Table 4.

The 1919 and 1922 Total Solar Eclipses

The paths of the 1919 and 1922 eclipses are
shown in Fig. 1.

The British sent two parties to the 1919 total
solar eclipse. Charles Rundle Davidson (1875-
1970) of the Royal Greenwich Observatory was
the leader to Sobral in Brazil. With two tele-
scopes, the resulting deflections at the limb of
the Sun were 0".93 and 1".98 £0.12 compared
with the then current calculation from rela-
tivity of 1".75. Opting for Principe, an island
oftf the west coast of Africa, Arthur Stanley
Eddington (1882—1944), Director of Cambridge
Observatory, obtained a figure of 1".61 & 0.30.
Presenting the outcome, the Astronomer Royal
Frank Watson Dyson (1868—1939) eliminated
the lower value from Brazil and concluded
that the remaining two encompassed Einstein’s
quantity.® The experimental uncertainties made
measurements at these eclipses quite difficult.
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Table 4. Number and % of newspaper articles for the three astronomical tests

Property Number Percentage

Gravitational light deflection 52 50

Perihelion advance of Mercury 33 32

Gravitational redshift 19 18

1919 May 29

A H-w/

Dur. = 06m51s

1922 Sep 21
i R
o .\
/ﬁ‘ . '-;\"—,;}:, '\\I
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Figure 1. Paths of 1919 (left) and 1922 total solar eclipses. (Eclipse Predictions by Fred Espenak,

NASA/GSFC).

Differing interpretations of the 1919 results
required further attempts and this is what
led some groups to Australia for the 1922
eclipse.

The path of the 1922 total solar eclipse
from west to east in the Australian region cut
across Christmas Island (transferred as territory
from the UK to Australia in 1957), passed over
Wallal on the coast of Western Australia near
Broome, sliced into the north-eastern part of
South Australia, and crossed into Queensland
through Goondiwindi and Stanthorpe, 160 km to
its east (Fig. 2).

There were eight parties that attempted a
measurement of the amount of light deflection
in 1922. These are listed with the name of the
leader, his lifespan, the affiliation of that person
and the place of observation:

1. William Wallace Campbell (1862-1938), Lick
Observatory, California, USA to Wallal,
Western Australia

2. Harold Spencer Jones (1890-1960), Royal
Observatory, Greenwich, England to Christ-
mas Island

Figure 2. Path of 1922 eclipse across Australia’.
(Argus (Melbourne), 14 January 1922, p. 7).

3. ErwinFinlay-Freundlich (1885-1964), Berlin
Observatory, Germany, joint German-Dutch
party to Christmas Island

4. John Evershed (1864-1956), Kodaikanal
Observatory, India to Wallal

5. Clarence Augustus Chant (1865—-1956), Uni-
versity of Toronto, Canada to Wallal
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6. George Frederick Dodwell (1879-1963),
Adelaide Observatory to Cordillo Downs,
South Australia

7. William Ernest Cooke (1863—-1947), Sydney
Observatory to Goondiwindi, Queensland

8. Joseph Mason Baldwin (1878-1945),
Melbourne Observatory to Goondiwindi

Another five groups carried out investigations
that did not include light displacement in their
operation:

9. J. Hargreaves, England to Wallal

10. Alexander David Ross (1883—-1966), Perth
Observatory to Wallal

11. Oscar Ulrich Vonwiller (1882-1972), Uni-
versity of Sydney to Goondiwindi

12. Donald G Coleman, Carnegie Institution of
Washington to Coongoola, Queensland

13. Walter Francis Gale (1865—1945), New South
Wales Branch of the British Astronomical
Association to Stanthorpe, Queensland

A more comprehensive description of the
British odysseys and the 13 groups above is
given in another paper by the author.'? For these
13 excursions, the number of articles in which
the leader or group is mentioned is displayed
in Table 5. Here, the top set of rows displays
the eight parties involved in attempts to measure
light deflection. The second set contains the five
gatherings that did not attempt to measure any
possible displacement of light.

There were 232 articles out of a total of 266
(87%) where a leader or group is mentioned.
It could be interpreted that the newspaper pre-
sented the events as human interest stories. The
8 of the 13 groups that were devoted to a light
displacement attempt comprised 78% (180) of
the references. Campbell with his party from
the Lick Observatory is at the top of the list
with 23%. The Lick Observatory was a well-
financed institution. Its personnel had experi-
ence in 11 eclipses before the 1922 occasion
and Campbell had been the leader of six of
these. He had already established himself as
a noted astronomer in world circles. On his
train trip from Sydney to Perth he was feted at
many localities where he responded in speeches
to welcomes extended to the astronomers. On
some of these occasions he outlined the work
that was being attempted and the importance
to Einstein’s theory of obtaining measurements.

There were journalists present on each of these
occasions.

To emphasize that Campbell was seen as the
hub of activity in 1922, statistics for the six
localities where eclipse groups gathered were
collected. The place Wallal was the site for five
groups including Campbell’s, Goondiwindi for
three, Christmas Island for two and one each at
Cordillo Downs, Stanthorpe and Coongoola. The
number of articles where these are referred to at
least once is shown in Table 6.

The locality is mentioned in 113 of 266 arti-
cles, a proportion of 42%. Wallal figures as the
most prominent place comprising 40% of arti-
cles that make mention of an eclipse site in 1922.
The other four groups at Wallal viewed Campbell
as the central person. There was high expectation
that if any worthwhile result were to be obtained,
it would be delivered by Campbell and the Lick
Observatory.

Simplification of General Relativity to
the Australian Public

There is no doubt that a complete understand-
ing of General Relativity requires a thorough
grounding in specialized mathematics. Aus-
tralian newspapers made no attempt at this but
rather stressed the level of difficulty in compre-
hending Einstein’s ideas. Einstein was quoted
as saying that ‘only he and 12 other scien-
tists can understand’ the theory.!! The reason
for not providing a detailed explanation was
well summarized as ‘... for it embraces prob-
lems which the greatest intellects of the universe
have not yet solved, and, as a fact, one has
to be thoroughly grounded in such sciences as
mathematical physics and astronomy to have an
appreciable conception of what it is all about.
Indeed, an explanation worthy of being termed
one has yet to be forthcoming.’!?

Nevertheless, consequences of the theory
were presented. In some instances, the technical
words used suggest that the writer of the news-
paper piece would have received details from
an astronomer or other scientist. One attempt
described matter as having ‘length, breadth,
height and time’, ‘size and mass’ were depen-
dent ‘on the velocity of movement’ and ‘mass
increased at very high velocities’.!> Another
scribe took this further by presenting all motions
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Table 5. Number of newspaper articles recorded for each of 13 expeditions in 1922
Spencer  Finlay-
Leader Campbell Jones Freundlich  Evershed Chant Dodwell Cooke Baldwin
Number 53 14 4 28 30 26 18
% 23 6 2 12 13 11 8
Leader Hargreaves  Ross Vonwiller Coleman  Gale Total
Number 9 19 12 9 232
% 4 8 5 4
Table 6. Number of newspaper articles per locality in 1922
Christmas Cordillo
Location Wallal Goondiwindi Island Downs Stanthorpe Coongoola Total
Number 45 24 20 12 8 4 113
% 40 21 18 11 7 4

asrelative to others and that everything was mov-
ing. Time was described as being different on two
moving bodies and that ‘space and time do not
exist as distinct things’. Without a connection
to any understanding, it was stated that ‘a body
shortens a fraction of its length when in motion
in the direction of its motion’, that the ‘shape or
mass of bodies changes according to their veloc-
ity’, that ‘light rays deflected’, space was curved
and ‘light returns to the same point’.!4

The three astronomical consequences in the
early years of General Relativity were presented
as outlined previously in Table 4.

For gravitational light deflection, some per-
tinent writing pieces were ‘gravitation is also
incorporated in the union of space and time, a
gravitational field being regarded as in a way
equivalent to a curvature in the four dimen-
sional space time system’'®; ‘The fundamental
part played by gravitation in the generalised the-
ory of relativity is due to the impossibility of
discriminating between a gravitational field and
an acceleration of the framework of reference’'®
and a ‘ray of light has a curved path in an intense
gravitational field”.!”

With regard to the anomalous advance of the
perihelion of Mercury, the coverage that gives a
detailed history of this puzzle follows:

For a long time astronomers have been puzzled

by an unexplained discordance in the motion

of Mercury in its revolution round the sun.

Leverrier, in 1859, from a discussion of all the

observed transits of Mercury, found that its per-

ihelion has a movement of nearly 38 seconds

of arc per century over and above what can
be accounted for by the action of the known
planets.

The journalist goes on to give a history of
the search for a planet or ring of planets closer
to the Sun than Mercury but states that this
pursuit had drawn a blank at both total solar
eclipses and transits. Even suggestions of a slight
change to the inverse square law of Newton were
described.'®

Receiving the smallest number of references
of the three earliest astronomical tests, gravita-
tional redshift was nowhere presented as due to
the way the gravitational field of the Sun was
connected to an alteration of the frequency of
light. There is mention that the ‘rates of clocks
depend on their gravitational fields’.!® A very
brief number of words refers to the ‘displace-
ment of lines in the solar spectrum™® and just
as fleeting a reference is ‘displacement of dark

lines to red end of solar spectrum’.2!

Correct and Misleading Information

General Relativity was still in its infancy. Many
scientists had not been exposed to its concepts
or did not possess a firm grasp of the theory. Yet,
the journalists wrote several articles that were
surprisingly accurate.

One mistake that did the rounds was an
attempt at an explanation that time was relative.
The example given was ‘that a day on Earth is not
the same as that of Mercury or Neptune’ where
the former is one quarter as long and the latter
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164 times.?? Another strange comment was that
‘he [Einstein] contends there is no difference
between a year and a century’.??

There were some words used where a pedant
might take the writer to task. Any mass curves
space in its vicinity and it is this that results in
the straight line path of light appearing to curve
in this region. One could argue about the state-
ment that ‘rays of light are attracted towards
a heavy gravitating body’.* However, ‘attrac-
tion between two bodies is modified when the
speed approaches the speed of light” does not
have much support scientifically.2>

Results of the British Eclipse
Expeditions of 1919

There was a series of articles that described sup-
port for the British expeditions of 1919. Ata joint
meeting of the Royal Society and Royal Astro-
nomical Society on 6 November 1919 in London,
Dyson declared that the ‘photographs demon-
strated the accuracy of the physicist Einstein’s
theory’.?® He “expressed the conviction, that the
results of the recent experiments were definite
and conclusive’.?’ In a cable message from Lon-
don after the announcement, Dodwell, who was
the Government Astronomer of South Australia
and the leader of one of the 1922 eclipse parties,
indicated that the results were a ‘direct test of the
truth of a remarkable ... theory of relativity ...
[of] Professor Einstein’.28

This thread of confirmation was evident
through many Australian newspaper reports,
some of which referred to the bending of light.
Eddington and Dyson were at the forefront of
supporters.?® Other articles backing the 1919
results couched their espousal in words such
as verification, vindication, agreement, concor-
dance, triumph or favourable.>® However, as
the 1922 eclipse approached, voices were raised
questioning the adoption of the 1919 conclu-
sions. There was some disquiet with the patron-
age that had been displayed. Objections were
raised because of the technique of using a mir-
ror to reflect the sky into the telescope as well
as the distortion caused by the mirror at one
of the two sites. It was even suggested that
physicists were in favour but astronomers were
divided. A distinction was made between coun-
tries, with England for and America split in their
opinions.>3!

There were 107 newspaper references in this
time period to whether measurements of light
bending had supported, not supported or required
more evidence in regard to Einstein’s theory.
The numbers are differentiated in Table 7.

The scientific community was still debating
the merits of General Relativity. Most revolu-
tions in Science follow a similar pattern. From
the newspapers, 47% reflect the stance of those
referred to as early adopters of a paradigm shift.
20% display the opinions of a group who are
unconvinced that the result of the 1919 eclipse
was sufficient to marshal support. New ideas
often follow a slow process where more and more
data are necessary before a group of scientists are
prepared to move from their tentative stance to
one of reasonable acceptance and this is shown
in the 33% of articles devoted to more evidence
required.

Purpose of 1922 Measurements

Some examples of the gamut of reasons given
for the importance of measurements at the
1922 total solar eclipse were that better equip-
ment now existed, more experience in what had
been gained, additional evidence was necessary
and there was even a suggestion that while
the best photographs of 1919 confirmed Ein-
stein’s prediction, the poorer ones did not. Also,
the unfavourable sky in Africa at the previous
attempt was mentioned.>? Tellingly, Dyson now
questioned the technique of the use of a coelo-
stat in 1919 so that in 1922 an equatorial mount
would replace the necessity of employing a mir-
ror. He acknowledged there had been a partial
failure of the astrographic telescope at Sobral
and the results were not entirely satisfactory.>>
He went further by commenting that the sought
after measurement was as low as 1/10 the diam-
eter of a dot and that further verification was
desirable.>* Ross summarized the situation that
the ‘1919 eclipse on the whole confirmed Ein-
stein’s theory but certain measurements did not
conform to it. ... from instruments not perform-
ing satisfactorily.

Results of 1922 Eclipse Measurements
The first proclamation of results from the 1922
eclipse was publicised in the press in 1923.

C. A. Chant, professor of astronomy at Univer-
sity of Toronto, ... announced [the]correctness
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Table 7. Decision on General Relativity from 1919 eclipse

Decision Support More evidence Not support Total

Number 50 22 107

Percentage 47 20 100

of Einstein’s theory of relativity. More than
30 stars on photographic plate but 23 sub-
mitted for measurement, eight later rejected.
... [deflection] approximately that required.

To this, both Gale and Cooke cautioned
judgement and said that it was necessary to await
Campbell’s declaration as he had photographed
more stars and possessed superior equipment.>’
Even though the Lick Observatory measure-
ments were not completely finished by 1923,
Campbell summarized his

results of photographs are in exact accord with
the requirements of the Einstein theory. One
and seventy-five hundredths seconds of arc is
as close as the most ardent proponent of the
Einstein theory could hope for. It is so close that
the Lick Observatory will not repeat the test at
the solar eclipse in Mexico in September.33

He indicated that he and Trumpler who
were carrying out duplicate analyses were in
agreement ‘...the extremely exact measurements
made by these two scientists of photographic
plates, is absolutely phenomenal. 84 stars aver-
age 1".74’ 3

Results of the Canadian party and Lick
Observatory continued to appear in the news-
papers and to these were added figures from the
South Australian expedition.*? Finally, in 1928,

Professor AD Ross received from the Lick

Observatory [the news] that measurement from

Wallal 1922 now completed. Results are in com-

plete harmony with the predictions of the theory.

April 1923 figure was given for 15 foot (4.6 m)

plates. Six plates from five foot (1.5 m) more

laborious as [there were] smaller displacements.

Stars far out ...[had] no deviation so com-

parison could be made. 1".75 at edge £ 0".09,

Newton 0".87, Einstein 1".74, Lick Observatory

1".66-1".84. Result appeared conclusive.*!

There was a tendency in several commen-
taries to view the eclipse measurements as
a showdown between proof and disproof or
truth versus otherwise of General Relativity.*?
One example was ‘The test for the truth or
otherwise of this theory was the principal object

of the research at the recent eclipse.”* Gleaned
from the reading, 22 formulations of this type
emerged, an 8% subset of the 226 accounts.

Mercury Anomaly

While Australian newspaper articles were pre-
dominantly devoted to the gravitational deflec-
tion that was being measured at the eclipse,
there were some snippets linking General Rel-
ativity with the anomalous advance in the peri-
helion of Mercury. Some accounts indicated that
Mercury was the first success for the theory**
whereas another opined that the result was not
satisfactory.45 Further, it was deemed necessary
to search for alternative explanations. Two of
the positive contributions were that ‘Mercury’s
orbit [of] 43 s per century [was] accounted for
by general theory of relativity.”*® and Einstein
‘was also the first to give a rational solution to the
long-standing puzzle of the rotation of Mercury’s
orbit. ™4

Gravitational Redshift

It was necessary to take photographs of the spec-
trum of the Sun or other stars to examine the
third of the early astronomical tests. In addition
to Evershed and Eddington, the other major con-
tributors were Charles Edward St John (1857—
1935) and Walter Sydney Adams (1876—1956)
both at the Mount Wilson Observatory. Up to
1922, newspapers reported that the results were
uncertain, no success occurred, not yet verified,
not yet detectable or indeterminate.*® A shift in
opinion was evident in 1923. In a letter from
Evershed to Ross he remarks that ‘line shifts
[are] favourable to Einstein interpretation.’*’
The mood is summed up in ‘...and the spectro-
scopic enquiries, although not yet brought to a
decisive issue, grow steadily more favourable.”?

By 1924, Dyson was convinced that Evershed
and St John had placed the matter ‘beyond doubt’
for Einstein.>! “Dr Charles St John ... experimen-
tally confirmed Einstein’s third prediction, the
gravitational displacement of the solar spectrum
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... [to] the exact degree predicted by Einstein.’>?
Once Eddington’s measurements on Sirius B
were compiled in 1925 the larger displacements
due to a much larger mass strengthened the case
for General Relativity.>?

Many contributing factors involved in solar
frequency displacements had been ironed out by
1928 and the contributions of Evershed and St
John were now convergent.

‘By the use of the most powerful spec-
trographs available, St John has measured the
wavelengths of 1,500 colors in solar light with
an error ... estimated at less than one part in five
million. ... prediction of theory is verified not
only to the existence of the effect, but also to its
precise amount,”*

Discussion of Results

In the coverage of Australian newspapers 1911—
28 examined in this article there were 266
distinct articles where Einstein and relativity
were mentioned. However, the interest shown in
the General Theory of Relativity in the years
1915-16 of the publications of Einstein was
nil (Table 1). Einstein wrote in German from
Berlin and there was little scientific communi-
cation from Germany to the English speaking
world during the years of the 19148 world war.
At this time the Netherlands remained neutral
and Willem de Sitter (1872-1934) of the Lei-
den Observatory communicated with Einstein.
He was the conduit in 1916 of linking with
Britain via Eddington who was then secretary
of the Royal Astronomical Society.>> In the four
articles in 1917 (2% of total), the three astro-
nomical consequences are firstly discussed. The
outcome of the two British eclipse expeditions
in May 1919 to attempt to measure the grav-
itational deflection of light was announced in
November of the same year. Yet publications in
1919 amounted to a mere 4% attention of all
the articles covered. While these results were
important for Science, they had limited interest
to Australian readers. Most publications (52%
of the entirety) were recorded in 1922, the year
of the total solar eclipse across Australia. If the
previous and subsequent years are added, as the
topics dealt with were predominantly the lead up
to and results from this eclipse, these three years
account for 81% of publications. In the calendar
year of 1922, the highest proportion of written

pieces (37% of the 137) came out in the eclipse
month of September (Table 2). Each of the 226
articles was classified according to one of nine
major themes (Table 3). The 1922 event occu-
pied 50% coverage with the topic of relativity
next at 27%, followed by Einstein the man at
9% and the 1919 occurrence with 5%. The con-
clusion reached from the foregoing analyses is
that it was the occurrence of the 1922 eclipse
that brought General Relativity to the attention
of the Australian public.

Only a small number of efforts was made to
explain General Relativity theory in Australian
newspapers and journalists obviously decided
it was simpler for the public to be treated to
its astronomical consequences. They seemed to
have assumed that the concept of the displace-
ment of light was easier to comprehend than
an unaccounted for amount of the perihelion
advance of Mercury or a change in frequency
of light in the region of a massive body. This is
borne out in the statistics (Table 4) where gravi-
tational deflection commands 50% of these three
outcomes and Mercury and gravitational redshift
32% and 18% respectively. Apart from the rela-
tive simplicity of the idea of the bending of light,
this was the only criterion of the three that was
measured at the 1922 eclipse.

From a total of 232 times the 13 groups
on eclipse duties in Australia and Christmas
Island are mentioned at least once in a newspaper
account, the eight that were devoted to gravita-
tional deflection (top line in Table 5) had 78%
coverage. Individually, Campbell tops the cita-
tion at 23%, followed by Dodwell with 13% and
Chant at 12%. Campbell was seen as the promi-
nent person and the one most likely to obtain a
useful measurement.

There would be expected to be interest in
the Australian contingents as newspapers rely on
local interest angles to attract readers and these
six entities (Dodwell, Cooke, Baldwin, Ross,
Vonwiller, Gale) comprised 49% exposure. Of
these, the first three were part of the group of
eight with a focus on light deflection.

As Campbell occupied the epicentre of activ-
ity, his sphere of operation was given importance.
There were 5 of the 13 parties conducting investi-
gations at this site in Western Australia (Table 6).
Of the 226 printed articles, Wallal is referenced
in 20% of them. This could increase to 21% if
two entries for Ninety Mile Beach, which
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describes the same locality, were included.
Goondiwindi, with three groups all Australian,
achieved 9%. If this total of 113 for place names
is used, Wallal comprised 40%.

From the section titled ‘Simplification of
General Relativity to the Australian Public’, it
may be summarized that the public were told that
General Relativity was too complicated for other
than mathematical scientists. However, some of
the consequences were specified with partic-
ular emphasis on light bending. The Mercury
situation was given some detail but, while grav-
itational redshift was referenced, no connection
to General Relativity was established. For all the
stress on how complicated General Relativity
was, the deduction from the segment ‘Correct
and Misleading Information’ is that the news-
paper accounts were remarkably accurate with
only one major discrepancy, that is, giving an
example of the relativity of time as a difference
in daylength on Earth, Mercury and Neptune as
previously mentioned.

The newspapers of this period carried com-
ments on the interpretation of the results from the
British eclipse sojourns in 1919. One hundred
and seven accounts were divided into those that
supported the conclusions, ones that described
that more evidence was required and those that
indicated that the results were insufficient to
declare for the predicted amount of light bend-
ing (Table 7). Respectively, the proportions were
47%, 33% and 20%. For a two-way division of
for: not for, the shares were thus 47%: 53%.

These figures were indicative of the divisions
within the scientific community at the time. In
1919, Dyson, in commenting on the British suc-
cess, became the major driver of the view that
the measurements were a success. It is possi-
ble that a psychological effect may have been
in play.®® Since the British had couched their
hypothesis in wanting to distinguish between a
deviation of zero, 0".87 derived from Newton or
1".75 of Einstein,” they knew their target before
they started. Without deliberately manipulating
the data, they may have displayed a psychologi-
cal functional fixedness>® and eliminated one of
the three sets of data so that the average of the
other two would favour Einstein.

There were three strands taken in the way the
newspapers reported the purpose of such inter-
est in the 1922 total solar eclipse as shown in the
division ‘Purpose of the 1922 Measurements’.
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As a standard part of the scientific method, any
experiment must be repeated before agreement
is reached so 1922 would reinforce the case
established in 1919. On another tack, the pre-
sentation was that the 1919 results were not
satisfactory. Finally, the situation expounded was
that there was a serious enterprise with many
institutions present and they carried superior
equipment and some experienced personnel. In
this diverse range of text, it may be seen that the
situation is a mirror of the differing views of the
1919 results as discussed above.

For the 1922 explorations in the sector
‘Results of the 1922 Eclipse Measurements’, the
final calculations from Campbell were not pub-
lished until 1928. This is one reason that this
investigation screens the newspapers until that
year. It is argued in the author’s paper previously
mentioned®® that General Relativity was prema-
turely accepted in 1919. Further, it is contended
that 1928 would have been a more appropriate
date for accepting the gravitational displacement
measurement as being in line with Einstein’s
prediction.

In the same section, which discusses the pop-
ular and scientific acceptance of a theory, there
is some tendency to display Science in black
and white tones. Philosophical notions of how
Science operates by Karl Popper propose that
experiments need to rest on falsification.®® An
idea needs to be expressed such that it may be
discredited. If, however, it stands that test, then
it is held in a tentative state. Should it withstand
a barrage of trials, it becomes more and more
acceptable to a larger number of scientists. The
newspapers led the public along a two-choice
selection procedure. In Science, ‘Rather than
a single group conversion, what occurs is an
increasing shift in the distribution of professional
allegiances.”!

The eight per cent of print articles mentioning
proof or truth clearly show a popular notion of a
theory. Yet, the musings of much of the print at
the time was about producing a definitive answer
to gravitational displacement. Some of the scien-
tists were also quoted along these lines. Science
is not often displayed in its manner of operation.
This point is lacking.

Few philosophers of science still seek absolute

criteria for the verification of scientific theo-

ries. Noting that no theory can be exposed to
all possible relevant tests, they ask not whether
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a theory has been verified but rather about its
probability in the light of the evidence that actu-
ally exists ... compare the ability of different
theories to explain the evidence at hand.%

Rather than concentrating on how the news-
papers may have given a differentiated view
between the popular and scientific acceptance of
a theory, one could analyse how effectively sci-
entists themselves correctly use the language of
their discipline and how well they communicate
their modus operandi to the public.

When space was devoted to the three clas-
sical astronomical tests of General Relativity, it
has been shown that 50% covered gravitational
light deflection. However, 32% made mention
of the Mercury anomaly in the component of
this name. Some unrest existed concerning the
acceptance of spacetime being an explanation
for the behaviour of Mercury but the articles are
generally supportive of acceptance even as early
as 1917. In Science, there was a difficulty that
not a single experiment could be performed to
test this idea with Mercury. It was 1956 before
the anomalous advances of Venus and Earth
were published and modern computer programs
were required before the long-term variations in
planetary orbits had a better foundation.®>

With only 18% of the three astronomical tests
allocated to the effect of mass on the frequency
of light (section on ‘Gravitational Redshift’), it,
nonetheless, became an interesting story in its
association with very dense stars. The reports
were mainly in the latter phase of these experi-
ments. There was still no piece which attempted
to connect the influence of spacetime with a
wavelength change but there was mention made
of how this was easier to measure with the
spectrum of more dense stars than with that
of the Sun. The conclusive statement (and the
last article referenced) was in 1928. This is
another reason why this year has been selected
as completing the time span of scanning the
newspapers.

Conclusion

The Australian newspapers made a valiant
attempt to describe to their readers what has since
become a revolution in physics. As for previous
upheavals ‘Copernicanism made few converts
for almost a century after Copernicus’ death.
Newton’s work was not generally accepted,

particularly on the Continent, for more than
half a century after the Principia appeared’.%*
The transformation continues today. Many more
tests of General Relativity have surfaced and
the theory continues to be tested with improved
equipment and increasing accuracy.®® Not many
people today could describe what Einstein pro-
posed. Thus, the media of the earlier time period
had a difficult task in hand.

However, the newspapers performed an
admirable task of informing the Australian pub-
lic in areas that were considered understandable.
The focus of the 1922 total solar eclipse was
to measure the deflection of light. Thus, this
consequence of General Relativity was where
the media concentrated even if, at times, grav-
itational deflection was taken as being almost
synonymous with General Relativity.

The attempted verification in 1919 resulted in
adherents and sceptics within the scientific com-
munity. The newspapers displayed this conflict
and, on balance, promoted that the results were
inconclusive. There was certainly much interest
in the 1922 total solar eclipse among Aus-
tralians as most expeditions set up in this country.
The newspapers played to this attentiveness by
emphasizing the importance of measurements
on this occasion as crucial to making a judge-
ment on Einstein’s theory of General Relativity.
Hence, the Australian public, through the media,
were fully informed that one of the key predic-
tions of Einstein’s theory was the gravitational
bending of light, that the attempted verification
in 1919 was inconclusive and that as a result
observations at the September 1922 Australian
eclipse were crucial. Less emphasis was given to
the Mercury anomaly and gravitational redshift.

This article has looked at how the news-
papers informed the Australian public on the
development of General Relativity up to 1928.
Future analysis in the post-1928 period could
reveal whether tests other than the three of light
defection, anomalous planetary advance or grav-
itational redshift covered here were presented in
the newspapers or was it the 1922 local occur-
rence of the total solar eclipse that gripped the
interest of people of this continent?
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Discussion

The hypotheses are:

1. Australia played a key role in the acceptance and verification of General Relativity from the 1922
total solar eclipse across the continent as well as the discovery in 2003 at Parkes Radio Telescope of
the first, and to this date only, pair of pulsars in mutual orbit.

2. The Theory of General Relativity was accepted prematurely.

Paper 1: Early astronomical tests of General Relativity: the gravitational deflection of light

There were three classical astronomical tests of General Relativity [Introduction 1-2]. One of the
three was the bending of light as it passed a massive object. From Einstein’s first mention of this in
1907, he realised in 1911 that this could be implemented by measuring any change in the position of
stars during a total solar eclipse. His calculation in 1911 for the amount of shift at the edge of the
Sun was increased in 1916 to 1".75 and he established that there would be a proportional decrease
in the deflection as the distance from the Sun’s centre increased [146].

In 1919 the British undertook expeditions to Brazil [147-8] and the west coast of Africa [148]
to photograph the positions of stars near the Sun and compare them with the same part of the night
sky several months apart. While the results were commendable in being a first attempt at a
measurement of gravitational deflection and paved the way for future endeavours, the
interpretation of the data of those involved is criticised. Firstly, it is suggested that their hypothesis
ought not to have been couched in trying to determine which of three possibilities of zero
deflection, 0".87 which could be derived from Newton’s laws [145-6] or 1".75 of Einstein would
eventuate [147]. The investigation would have been better served if the aim were to find a measure
of deflection, if any, on this occasion. An argument is mounted that, from the outset, this proposal
may have held a psychological bias which may have influenced what the scientists were measuring.
The deflection predicted by Einstein is such a small amount for the instrumentation that existed in
1919. With some of the photographic equipment, the Einstein displacement amounted to 1/60 mm
on some plates and this figure would be even smaller for stars further from the Sun. Also, plates of
the sky with and without the Sun were not compared directly but made via an intermediary scale
plate [148]. The Astronomer Royal Frank Dyson made some dubious decisions to eliminate certain
data [149]. In Brazil the superior telescope took short exposures to counter some oscillation in the
drive chain of the movable mirror which reflected light into the fixed telescope. From the 19
photographs obtained with this telescope, 12 stars gave an average displacement at the limb of
0".93. For the other telescope at Brazil, seven of the eight exposures were useable and seven stars
were calibrated to yield a value of 1".98 + 0.12. The device used in west Africa was similar to the
superior one at Brazil. Of the 16 plates from Africa, 10 were eliminated because of cloud cover. For
the remaining six photographs, 11 stars provided a measurement. The quality of images was poor
and a weighting was applied to each star to account for the diffuseness of some of the images.
Eventually, only two plates were considered good enough to use and five stars were recorded. These
were placed against two comparison plates with a range of 1".94 to 1".44 for one plate and 1".55 to
1".67 for the other. These were averaged to 1".65 at the time but with later comparison plates to
1".61 £ 0.32. So, for the three telescopes the central readings were 0".93, 1".98 and 1".61. The
lowest value was eliminated with the questionable argument that there were systematic errors even
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though shorter exposures were used to lessen these effects. Dyson stated that the images at Brazil
were far superior to those with a similar instrument in west Africa. There were 12 stars in the former
against five in the latter and Brazil was almost cloud free during the eclipse whereas west Africa was
troubled by the weather. In spite of these factors, Dyson still favoured the two figures which
surrounded the Einstein value of 1".75. A more telling result is that the seven stars with the lower
grade telescope at Brazil yielded an inverse relationship between displacement and distance from
the centre of the Sun with a correlation coefficient of 0.93. Given all the foregoing discussion, the
conclusions ought to have been more tentatively presented than the definitive statement that
ensued in 1919.

The experiment was repeated at the 1922 total solar eclipse in Australia. There were 13
parties that congregated in the Australian region for the eclipse, eight of which were intending to
determine a measure of light deflection. For these eight, representatives from Royal Greenwich
Observatory [155] and a German-Dutch party [156] set up stations on Christmas Island in the Indian
Ocean between Western Australia and Indonesia. At a remote station called Wallal near Broome in
Western Australia there was a group from Kodaikanal Observatory in southern India [156-7], a
Canadian troupe from the University of Toronto and Dominion Astrophysical Observatory [157] and
members of Lick Observatory from the USA [152-5]. In a remote part of South Australia, an assembly
from Adelaide Observatory trained their telescope [158-61]. Further east at Goondiwindi in
Queensland, personnel under the banners of Sydney Observatory [162-3] and Melbourne
Observatory [163] each set up a station. Another five groups were involved in matters other than
light deflection. These were an English party [157-8] and Perth Observatory [158] both at Wallal, the
University of Sydney camped at Goondiwindi [161-2], the Carnegie Institution of Washington at
Coongoola in the far south west of Queensland [163] and the New South Wales Branch of the British
Astronomical Association at Stanthorpe in southern Queensland [163-4].

The adventures of the eight parties devoted to measurements of light deflection show the
difficulties inherent in the procedure. The two companies on Christmas Island were clouded out
during the eclipse and no results were obtained [155-6]. The Indian contingent obtained five sets of
images but the attempt was beset by glitches in the equipment, fog on some plates, movement of
the stellar images and poor definition. No useful measurement ensued [156-7]. By 1923 the
Canadians had whittled their results to two plates with 15 star images. The outcome was that the
displacement did indeed decrease with distance. By comparison with a graph based on Einstein’s
values, the 16 stars were within 0".1 to 0".6 of the prediction of General Relativity. At the limb, the
guantities were 1".30 and 2".17 for the two plates, giving an average of 1".73. This was claimed to
vindicate the Einstein value of 1".75. However, there is a significant variation between 1".30 and
2".17 [157).

Enter Wallace Campbell of Lick Observatory. His institution had been involved with 11 total
solar eclipse expeditions before the 1922 one and, of these excursions, Campbell had been in charge
six times. He was a meticulous planner and his previous experience, superior equipment and strong
financial support allowed a greater number of stellar displacements to be ascertained. In 1923 his
colleague Robert Trumpler had measured between 69-85 stars on four plates from a pair of longer
focal length cameras and obtained measurements that ranged from 1".62 + 0.22 to 1".91 + 0.19,
giving an average of 1".78 + 0.11 for the limb displacement. By the same time Campbell had
obtained measurements from three of the four plates. He used 62-80 stars, had a range of 1".35 %
0.22 to 1".78 £ 0.22, with a mean of 1".60 + 0.14. With a slightly lower weight placed on one plate
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relative to the other three, their combined results were 1".72 + 0.11 against the Einstein figure of
1".75. They also agreed with the inverse relationship away from the Sun [164-5]. However, it was
1928 before the final results were published. This time, Trumpler alone measured 145 stars on six
plates from the shorter focal length cameras. In addition, this time he made a direct comparison of
plates, that is, without an intermediary plate so that accuracy was improved. When all the results
were combined, the announcement in 1928 was that the 1923 figure of 1".72 + 0.11 was given a
weighting of two and it was decided to weight the pair of shorter focal length cameras which
produced 1".82 + 0.15 as one. Support was given to the inverse relationship and the final value was
1".75 £ 0.09 against General Relativity of 1".75 [164-5]. There was now strong support for Einstein
based on this classical astronomical test.

The four plates taken on borrowed equipment for the South Australian expedition were sent
to Greenwich for analysis. Two plates only were measured with 11-14 stars compared against 16.
The results pronounced in 1924 were spread at 2".36 and 1".18. While the average of 1".77 was
close to the Einstein value, the wide distribution did not make a strong case for General Relativity
[160-1].

At Goondiwindi, atmospheric conditions were not conducive to good outcomes. The fates of
the Sydney Observatory [162-3] and the Melbourne University parties [163] were sealed with poor
performance of equipment for both contingents.

In this vein, the 1919 results are herein contested. It is claimed that there was too early an
acceptance by scientists of General Relativity. It is suggested that the 1919 British results were
tentative, at the least, and that decisions about which results to include were contentious. It is
concluded that the 1922 total solar eclipse across Australia was a necessary follow up to the 1919
measurements. Yet, this does not appear in popular accounts of the narration of General Relativity.

This presentation has attempted to attach much more significance to the 1922 endeavours.
There is a need to address the currently held historical record. Of local interest, the crucial role
played within Australia of the development of this theory is not part of the national awareness and
yet these events were a crucial contribution to the unfolding of a new view of the Universe. The
input of Walter Campbell of the Lick Observatory has been stressed in these pages. His 1922 trip to
Wallal in Western Australia secured measurements during a total solar eclipse but his final
publication was not until 1928. The theme in this thesis is of an ongoing development of a scientific
theory. The conclusion proposed is that the results of Campbell, as opposed to those of the 1919
excursion, were more decisive. So, based on evidence from gravitational light bending, 1928 and not
1919, was the year that General Relativity should have become acceptable.

Conclusions from history of gravitational deflection of light

o The results from the 1922 total solar eclipse in Australia finally published in 1928, rather
than those from the 1919 eclipse, was the year in which sufficient evidence existed to
proclaim that General Relativity was supported by the classical astronomical test of
gravitational light deflection. Against the criterion of gravitational light deflection, General
Relativity was prematurely accepted.

e Australia played a key role in the acceptance and verification of General Relativity
from the 1922 total solar eclipse across the continent.
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Paper 2: Early astronomical tests of General Relativity: the anomalous advance in the perihelion of

Mercury and gravitational redshift

From the first predicted transit of Mercury by Kepler for the year 1631 [172], a total of 52 have been
observed [173]. The simplicity of an elliptical orbit of the planet rested on only a Sun-Mercury
interaction. Perturbations due to the other planets would swing the perihelion point in space. The
contributions from each other planet had to be applied to obtain an orbit of Mercury that was
consistent with observations. To this end, the masses of Mercury and the other planets needed to be
ascertained. The timing of first, second, third and fourth contacts during a transit of Mercury and the
meridian passages of this innermost planet continued to be recorded. In the 1859 publication of
Urbain Le Verrier, he obtained a remaining discrepancy which became known as the anomalous
advance in the perihelion of Mercury [174]. There were a number of explanations proposed to
account for this and the one that caught the public’s attention was the search for a planet even
closer to the Sun. Monumental work on 62 000 meridian passages for Mercury, Venus and Earth was
compiled by Simon Newcomb by 1895 [174]. So, by the time of Einstein, there was an unaccounted
value of 42".95 per century.

In 1915, Einstein produced a value of 45" + 5 per century from his equations [175]. Even
though Einstein was excited that he could account for the Mercury anomaly, other interpretations
needed to be explored.

This is a convenient point to comment on the philosophy of scientific knowledge.
Hypotheses are proposed in the language that ‘If A exists, then B follows.” It is necessary to be
presented in a form where A could exist and B would be shown to be false. Thus, according to Karl
Popper, the possibility of the falsification of an idea is important in the manner in which the
hypothesis is couched.! However, in going from B to A, the situation is not clear cut. There may
another factor or other factors which might be proposed to predict the existence of B. So, in spite of
the ecstasy of Einstein?, correlation does not necessarily indicate causation. Other avenues needed
to be explored. If competing proposals could be falsified, the argument for General Relativity
proposal would become more favoured.

It was 1956 before the experimental discrepancies in the perihelion advance for Venus and
Earth could be matched against the theory [176]. So, now there were more cases than Mercury
where the results at least did not negate the predictions of General Relativity. It was into the 1980s
before long term orbital predictions requiring numerical integration were calculated and these
depended on refined values for say the shape, mass and composition of Mercury. Furthermore, the
variations are not smooth [177-8]. Many influences needed to be teased out before definitive
statements could be made about this particular classical test.

Similar to the unfolding of the first classical test of gravitational deflection, this paper
refutes the immediate acceptance of another classical test, the Mercury anomaly, calculated by
Einstein from his equations in 1915. The mechanics of planetary motion relies on many factors. A
reasonable description of the orbital behaviour of Mercury required later developments in
ascertaining, for example, better values of the mass of Mercury as well as the use of integral
mathematics with computer algorithms. Since, the latter did not occur until the 1980s, it was this
time period when acceptance resting on this particular test should have secured its first significant
foothold.
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Conclusion from history of the anomalous advance in the perihelion of Mercury

e 1915 was too early an acceptance of General Relativity based on the classical astronomical
test of the perihelion advance of Mercury. A more appropriate time was the 1980s.

Within this same second paper the historical observations of gravitational redshift are
outlined. Before the 1919 total solar eclipse, the contributors to measurements of the wavelengths
of the solar spectral lines were Henry Rowland, Lewis Jewell and William Humphrey of Johns Hopkins
University, John Mohler of Dickinson College, J Halm, Maurice Fabry of the University of Marseille,
another French scientist Henri Buisson, R Rossi, Walter Adams and Charles St. John both from Mount
Wilson Observatory, Karl Schwarzchild of Astrophysical Observatory in Potsdam and John Evershed
and Thomas Royds both from Kodaikanal Observatory in India [179-80]. At this time, no clear opinion
was noted as some results seemed to contradict others and the discrepancies between experiment
and theory were too wide for a positive pronouncement for General Relativity [180-1].

It is interesting that after the 1919 eclipse results, believed by some to confirm General
Relativity based on gravitational light deflection, some spurious work found evidence for
gravitational redshift that supported Einstein [181]. Nevertheless, the 1919 result did provide an
impetus for a concentrated effort for solar wavelength measurements principally by Evershed and
St. John [181-2]. In 1924, Arthur Eddington of Royal Greenwich Observatory presented both theory
and measurements for the existence of white dwarf stars. With these very dense objects, he applied
the theory of Einstein to predict a much larger frequency shift of spectral lines than were calculated
for the Sun [182]. Here, now were larger displacements which could more easily be measured and
Adams obliged with a very large telescope [182-3]. Experimentalists could now return to the Sun
with somewhat more confidence. In a 1928 monumental work, St. John provided a wealth of data
and interpretations of factors involved in previous solar measurements [183]. He was able to deliver
a convincing argument that the solar research did indeed lend great support to the Einstein
prediction of gravitational redshift. Thus, the year 1928 marked a watershed for General Relativity as
it is argued in these first two papers that both gravitational light deflection and gravitational redshift
reached a position which was consistent with theoretical predictions.

Conclusion from history of gravitational redshift

e The year 1928, not 1923, was when sufficient experimental evidence emerged to support
General Relativity with the classical astronomical test of gravitational redshift.

Paper 3: Recent astronomical tests of General Relativity

This paper traces more astronomical tests from 1928 to the present. An explanation of each
development is presented and the published departure between the experimental values and
predictions from General Relativity are displayed as a % departure from the Einstein value. There are
13 sets of investigation.

(1) In 1907, Einstein declared that acceleration and gravitation were identical [90] and
experiments were conducted to test the equivalence of inertial and gravitational mass. The torsion
balance research of the Hungarian Lorand EGtvGs predated the announcement of this equivalence
principle. With improvements to equipment, investigations by E6tvés and his co-worker Janos Pekar
as well as by 1964 Robert Dicke, Peter Roll and R Krotkov increased the accuracy from 10°% to 10°%
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[91]. Consequent on the age of spacecraft, reflectors placed on the Moon beginning in 1969 allowed
measurements via laser pulses sent from and received on the Earth to measure the Earth-Moon
distance [91-2]. Both of these bodies accelerate in the gravitational field of the Sun and the
measurements could establish if these were different. Accuracy with these lunar ranging data also
increased over time with larger light gathering telescopes, a higher altitude station to lessen Earth
atmospheric effects, upgraded equipment to capture more photons, an improved timing mechanism
and development in laser technology to the extent that the difference from the predictions of
General Relativity by 2009 was quantified at 0.1%.

(2) The topic of gravitational redshift has been covered in the second paper up to 1928 from
measurements of the wavelengths of solar and white dwarf spectral lines. Another tack was taken
by Robert Pound, Glen Rebka, Jr and Joseph Snider by computing any changes to the frequency of
gamma rays, rather than optical ones, with and against gravity in an experiment at Harvard
University [92]. By 1965, they claimed 0.1% deviation from Einstein. The first spacecraft employed
for this factor was in 1976 when the frequency of a hydrogen maser on board was compared to that
of one on Earth and the result published in 1989 was with an agreement of 0.007%.

In this new age of spacecraft, other possibilities were envisaged. One or several specific
frequencies could have any change detected and a Voyager 1 frequency shift at Saturn in 1990
resulted in an accord of 0.44%, Galileo, on its way to Jupiter, near Venus in 1990 of 1% and Cassini
sent to Saturn which in 2004 provided an unprecedented value of 0.0023% for solar redshift.

After the discovery of a double pulsar in 2003, the modification of frequency of one pulsar in
the gravitational field of another could be attained. This amounted to a relativistic difference in a
2006 publication of 0.23% [93].

(3) The topic of relativistic perihelion advance of Mercury was covered in the second paper.
With more meridian observations and transits of Mercury, Gerald Clemence established in 1943 a
0.19% deviation from General Relativity [93-4]. By 1956 Raynor Duncombe had gathered data for
over 20 000 meridian passages of Venus and his conclusion was 2.3% for the relativistic perihelion
advance of Venus [94]. From studies of the Sun, H Morgan along with the previous two researchers
produced a large discrepancy of 32% in 1956 for the relativistic advance of the perihelion of Earth
[94]. On its own, this calculation for Earth is quite discordant but the values for the other two
planets provide confidence to gather more data on solar phenomena to refine the situation for the
Earth.

(4) Extending the principle involved in the perihelion advance of the planets, one may apply
the same Physics to the periastron advance of a pulsar in a binary system. As the change per year is
over 1000 times that for Mercury, greater precision is possible. In 1991 one binary system agreed
with Einstein to 0.8% and in 1998 another to 1% [95].

The first binary pulsar was discovered in 1974 by Russell Hulse and Joseph Taylor, Jr and
designated PSR 1913 + 16. In 1918 Einstein had proposed that any binary system would radiate
gravitational wave energy and he provided a calculation for the orbital decay that would ensue.
From a monitoring of the radio frequency of a pulsar in a double system over time, the change may
be detected. For this system, the proximity to General Relativity has narrowed from 1% in 1989,
through 0.3% in 1995 to 0.13% in 2005. With a galactic rotation correction in 1995, the difference
was 0% [94-5]. In 2003 PSR J0737 — 3039A/B was the first system detected where both binary
objects were pulsars. Its orbital decay is within 0.3% of the predicted value [95-6].
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(5) Einstein completed his Theory of General Relativity in 1916 and his revolutionary ideas
had depended on astronomical support from gravitational light deflection, the anomalous perihelion
advance of the perihelion of Mercury and gravitational redshift. However, his theory was
subsequently mined by others whose insight provided potential experimental applications. In 1916
Willem de Sitter recognised the Earth-Moon system as freely falling in the gravitational field of the
Sun. Therefore, he reasoned that the Moon ought to undergo a relativistic orbital precession which
became known as geodetic precession. Analysing the lunar ranging data from 1970-86, Irwin Shapiro
provided a difference of 1.9% in 1998 [96]. By extending the data set to 1993, J Dickey tapered the
discrepancy to 0.3% [96].

From 1961-2003 a quarter of a million high precision radar measurements have been
executed for the inner planets and spacecraft by the USA and Russia. Perturbations due to 301 larger
asteroids and some smaller ones were extracted so that in 2005 the geodetic precession of the
Moon agreed to 0.01% [96]. There were now satellites operating in Earth’s orbit and the
precessional rate change of Gravity Probe B concurred with General Relativity in 2011 to 0.28% [96].

(6) In the footsteps of de Sitter, in 1918 Josef Lense and Hans Thirring perceived that a
massive rotating body would be expected to drag its spacetime around with it. This secular
precession of an orbiting body known as frame dragging was a much smaller effect than geodetic
precession. However, measurements on planetary orbiting spacecraft yielded agreements with
General Relativity of 0.6% for LAGEOS and LAGEQS Il in Earth orbit in 2004, 6% for Mars Global
Surveyor in 2006 and 5% for Gravity Probe B in 2011.

(7) The classical astronomical test of gravitational deflection in the optical realm was the
subject of the first paper. The inherent difficulties of photographing and measuring such a small
deflection during a total solar eclipse as was accomplished in 1919 and 1922 were highlighted when
further attempts were made. These were more for historical reasons as other techniques were
delivering more accurate results. In 1953 a team returned 2.9% [97] and in 1976 another group
produced a highly discordant difference of 46% [97-8]. Nevertheless, by 1997 Hipparcos had
measured the position of over 10° stars to a precision of the order of 10 arcsecond. With such data,
measurements of solar deflection could be effected outside an eclipse and taken over a larger part
of the sky so that solar coronal effects could be eliminated. Consonance with Einstein reached 0.3%
[98].

(8) While the earlier attempts at light propagation were concerned with the optical region,
the later extension to the radio spectrum and interferometric techniques allowed an improvement
in angular resolution. Thus, more precise measurements with radio emitters and daylight
observation were possible. The position of radio sources in the sky could be gauged as the Sun
passed by them. From a single radio emitter published in 1970, departures of 2% and 8% were
recorded by two different stations [98]. With a baseline of 35 km and three radio objects, 3% was
the outcome in 1975 and 1.4% in 1976 [98]. As the baseline increases, accuracy is enhanced. With 74
radio sources, 29 collection antennae, large baselines with the largest reaching 10 000 km and over
300 000 observations, 0.02% discrepancy was published in 1991 [98-9]. Still further, in 2004 an
analysis of 20 years of data on 541 radio sources by 87 collectors with long baselines generated
0.02% [99]. By 2009, the precision of these experiments had proceeded to such an extent that by
2009, Jupiter and Saturn could be used as intervening masses for three quasars and this netted a
difference of 2% [99].
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(9) From a 1912 notebook of Einstein, he calculated how much a background star would be
deflected by an intermediate one but did not hold hope, even in 1936, of this being observed.
Instances of input from others have been shown previously. In this case, an augmentation was
made, this time by Fritz Zwicky in 1937, that if stars were replaced by nebulae, there might be more
chance of witnessing this gravitational lensing effect. In 1979, twin quasars were lensed by a galaxy.
By 2008, 70 different systems with multiple images were collected by a camera on board the Hubble
Space Telescope. While the property is in accord with Einstein, measurements are yet to be effected
[99].

(10) Yet another application was tabled in 1964 by Irwin Shapiro who hypothesised that
there would be a time delay in radar signals echoed from the planets due to relativity. Following
three years of measurements, Shapiro obtained in 1971 a difference of 3% [99, 101]. As has been the
case with General Relativity throughout its 100 years, new ideas have been applied at certain
junctures to continue research. Spacecraft became targets from the 1970s. In 1975 Mariner 6 flew
by Mars and this resulted in 0.3% and in the same year with a Mariner 7 Mars flyby the outcome was
0%. In 1977 a Viking program with two orbiters and two landers on Mars produced 0.5% and the
result for Mariner 9 in Martian orbit in 1979 was 0.2% [101]. The double pulsar previously
mentioned has given a wealth of precise data as the pulse frequency of each is influenced by the
mass of the other. The pulse profile has a characteristic shape and range and when observed in the
context of time delay yielded, in 2006, deviations from Einstein to the values of 0.013% and 0.9%
respectively [101].

(11) Atomic clocks provide extremely precise measures of time. In order to test Einstein’s
conjecture that time would alter with the speed of an observer relative to a stationary one, four
devices based on caesium 133 were flown eastwards and westwards around the Earth in 1971 and
the respective deviations were 48% and 0.7% [101]. The large discrepancy in the former result had
one clock about 40% different from the other three.

(12) In 1939 Kenneth Nordtvedt, in treating gravity as a geometric property, saw that since
the Earth and Moon were both under the influence of the gravitational field of the Sun, there ought
not to be any difference between their accelerations as relativity suggested that these were
independent of their masses. This strong equivalence principle was gauged to 0.001% in 2003 from
lunar ranging data.

(13) Within the solar system, weak gravitational fields exist compared with the potential of
stronger fields elsewhere such as the much larger masses of neutron stars. At the end of the lifetime
of a double neutron star system, the release of predicted gravitational waves on their collision is
expected to be prodigious in energy at the source but very faint by the time they reach Earth.
Observatories have been built and more are in the pipeline to attempt to capture such energy [101].

In general, with but a few exceptions, the results in the third paper (which dealt with
astronomical tests after 1928) display small departures from figures predicted by Einstein’s Theory
of General Relativity. In some of the areas of investigation, a convergence between the experimental
and theoretical figures ensues as explorations occur over quite a period of time. This theory may
have commenced in the early part of the 20" century but research into it is still ongoing. Scientists
are always interested in delving even deeper into the wonders of a scientific paradigm. General
Relativity has not been shown to be incorrect over the last 100 years. However, because of the
nature of the logic of Science where speculation is better served by falsifiability than verifiability as
proposed by Karl Popper, the word ‘proof’ should not be used. There may be other reasons for the
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values obtained for the physical Universe. Refinements of earlier experiments may be performed as
the quality and precision of equipment improves. Novel thinking presented avenues that were not
originally part of the theory. In addition, more exotic objects with large gravitational fields were
discovered and the gathering of data over much longer periods provided a larger amount of data.
Also, spacecraft are now routinely employed in measurements. A greater sharing of the output of
observatories as in a larger baseline in interferometry allowed more precise observations and the
progression of technology permitted a larger scope for experimentation. As the separation between
experimental results and theoretical predictions narrowed, some competing explanations to General
Relativity were dismissed and Einstein’s concept received increasing support. Even though a critical
mass of scientists now believes there is enough evidence to favour General Relativity as the best
explanation of the data, the scientific establishment continues in its quest for closer approximations.
This is how Science operates. Disproof of any idea may ensue but proof is not a pronouncement that
ought ever made by the scientific community.

Results from recent astronomical tests of General Relativity

e In addition to the three classical tests of General Relativity, another 13 areas of research
continue to explore the differences between predicted values and observational data.

e The smallest percentage departure between predicted values and observational data for the
13 areas of research are listed.

(1) equivalence of inertial and gravitational mass .........cc.ccc........ 1x10°

(2) gravitational redshift .........ccooeeininieccce e, 0.0023

(3) relativistic perihelion advance of the planets .........ccceeeeuune. 0.19

(4) relativistic periastron advance of binary pulsars .................... 0.13

(5) EE0MELIC PreCESSION ...ccveeeeeeeteeteeee ettt et st s s naaenes 0.01

(6) Lense-Thirring effect .......cccceveveevevverirece e 0.6

(7) gravitational optical light deflection .........ccccceeeeeeeeieierininnne. 0.3

(8) gravitational radio deflection due to the Sun ..........c.ccuu..e.. 0.02

(9) gravitational [ENSING ........cccceveririireicece ettt accords with predictions
(20) tIME dilatioN ..veeveeverieeee et e e 0.013

(12) atomMIiC ClOCKS ..oceveveeee ettt et vt 0.7

(12) NOTAtVed EffECt wuuvvvvvirrivrerivesisess s s sss e 1x10°

(13) potential gravitational Waves ...........ceceveeeeereeecrenecererecerenenes not yet observed

Paper 4: General Relativity support from the double pulsar

This paper is devoted entirely to the double pulsar PSR J0737 — 3039A/B and its discovery in 2003 at
Parkes Radio Telescope as it represents the possibility of unprecedented accuracy.

Pulsar A has a spin frequency of 44 s* and B 0.4 s™. There are five orbital parameters
(Keplerian) which are used to define the orbit of any object, namely, orbital period, eccentricity,
projected semi-major axis, longitude of periastron from the ascending node and the epoch of
periastron passage. The orbital period is 0.1 d and the eccentricity of the pair in orbit is 0.09 [461].
However, departures from the Keplerian description are postulated due to relativistic effects as the
frequency of the pulse of one of the pair is influenced by the gravitational field of the other.
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Observational measurements are made on the time of arrival of the data. Differences are referred to
as post-Keplerian parameters.

Ingrid Stairs, Professor of Astronomy and Physics at the University of British Columbia, has
presented five equations of these post-Keplerian parameters based on General Relativity [461]. Each
equation incorporates either the mass of the binary system or the individual pulsar masses. Each
equation is independent from the others. A derived solution of two of these equations yields the
masses of the pulsars. Further solutions with the other equations also produce masses of the
pulsars. The results from each equation are compared for consistency. The masses of A and B
respectively are given as 1.4 and 1.3 times the mass of the Sun. The five post-Keplerian parameters
are approximately advance of periastron 17° yr, gravitational redshift 0.4 s, the derivative, that is,
change of the orbital period -1.3 s s, the range of delay due to the medium of transmission 6.2 s
and the shape of this delay 1.0 [462].

After two and a half years of the measurement of the orbital period, the precision of the
measurements are such that the 8 x 10® m distance between the pulsars is stated to be decreasing
by 7 mm d™. If the equation for the advance of periastron is the first one used to commence
solutions to the other four, then the observed value of these post-Keplerian parameters may be
divided by their calculated values and the closer the ratios are to unity, then the closer they
approximate the Einsteinian framework. Any uncertainty in these ratios may be expressed as a %
departure from General Relativity.

Results from the double pulsar
e Percentage departures of parameters for double pulsar from Einstein prediction are listed

[462].

orbital period 1.4
gravitational redshift 0.68
range of the time delay 5.5
shape of the time delay 0.05

Even though these results are impressive, scientists continue to seek more precise results
which may ensue from longer periods of observation. An antenna of effective 500 m diameter is
slated to search for more double pulsars to extend this very valuable tool to probe General Relativity
further [463-4].

The double pulsar provides a unique test of General Relativity in the strong field regime.
With both signals received at Earth from these two pulsars in mutual orbit, this unprecedented
condition allowed for much greater precision of measurements. The value for the shape of the time
delay is the most precise test that has been applied to forecasts of the theory.

Conclusion from the double pulsar
e The case for the support of General Relativity was significantly enhanced by investigations of
the double pulsar system. Australia played a key role in the acceptance and verification
of General Relativity from the discovery in 2003 at Parkes Radio Telescope of the
first, and to this date only, pair of pulsars in mutual orbit.
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Paper 5: General Relativity in Australian Newspapers: The 1919 and 1922 Solar Eclipse Expeditions

From an online search of Australian newspapers that were found with an input of “Einstein” AND
“relativity”, the earliest was January 1911. The span was closed at 31 December 1928 to fit the
statements that 1928 ought to have been a defining year for acceptance of Einstein based on
gravitational light deflection (first paper) and gravitational redshift (second paper). In this 18 year
time span, there were 266 distinct newspaper articles [151].

For the year 1922 in which the total solar eclipse occurred across Australia, there appeared
137 of the 266 articles (52%) [152]. The three years 1921-23 also contained preparations for and
results from the eclipse and these years covered 216 (81%) of the 266 pieces [152]. Of the 137
stories in 1922, 51 (37%) were printed in the month of September, the time of the eclipse [152].
Newspapers aim to appeal to their readers by emphasising community news so that the local
interest in the eclipse in Australia is reflected in these figures. When each of the articles was
analysed for its main emphasis, nine themes emerged. 134 (50%) were devoted to the 1922 total
solar eclipse, followed by 72 (27%) about relativity and 23 (9%) with its focus on Einstein [152].
There were 104 commentaries which encompassed at least one of the three classical astronomical
tests for General Relativity. Of these 52 (50%) were devoted to the test of gravitational light
deflection. This was the only test being conducted at the eclipse sites in 1922 and so this was to be
expected. Indeed, at times the phrase ‘gravitational light deflection” was taken to be equivalent to
General Relativity. The other tests discussed were 33 (32%) for the perihelion advance of Mercury
and 19 (18%) about gravitational redshift [153].

Of the total of 226 separate coverages, 232 (87%) made mention of a leader or group
involved in the 1922 total solar eclipse in Australia or Christmas Island [155]. In the first paper are
the stories of the 13 groups that intended to attempt some measurements during the eclipse. Of
these, eight were specifically seeking a result for gravitational light deflection and these comprised
180 (78%) of the stories [155]. Walter Campbell of the Lick Observatory topped the list with 53 (23%)
of the mentions. He was the most noted of the astronomers in Australia and he and his institution
had extensive experience in eclipse expeditions. In addition, he lectured or gave after dinner
speeches at many of the localities on his way between Sydney and Perth where journalists were in
attendance. Next in order to Campbell were George Dodwell of Adelaide Observatory 30 (13%),
Clarence Chant 28 (12%) leading a Canadian party and William Cooke of Sydney Observatory 26
(11%). These four leaders were all involved in taking light deflection photographs [155]. The six
groups that comprised the Australian contingent were written about in 104 (45%) of the pieces
[155]. In terms of localities, there were five groups at Wallal and of the 113 pieces which referred to
a place, it occupied 45 (40%) of the total. This was the site chosen by Campbell [155].

In the first paper criticism is directed towards the ready acceptance in some quarters of
General Relativity following the British total solar eclipse expeditions of 1919. The Australian
newspapers in the fifth paper performed a commendable public service by informing readers about
this difficult to understand area. In spite of the level of complexity, the newspaper writers were
generally accurate in their presentation of the theory. In particular, they gave a flavour of the
disagreement in Science between those scientists that said that the 1919 results were sufficient on
their own to support Einstein and those scientists who believed they were insufficient. They outlined
the necessity of the 1922 investigations as the 1919 results were regarded as inconclusive by
important members of the scientific community. From an analysis of the 107 newspaper articles
which gave an opinion with regard to any conclusion from the 1919 event, 50 (47%) supported
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General Relativity, 35 (33%) believed more evidence was required and 22 (20%) were in the non-
supporting camp [157].

The tentative nature of accepting a theory was borne out by the newspapers in mentioning
proof or truth in only 8% of what was written [157]. While there were some articles among the 8%
which purported to be a showdown between proof and disproof, the newspapers generally
presented a balanced commentary.

Results from the Australian newspapers

e A majority of the 266 articles in Australian newspapers referring to General Relativity
between 1911 and 1928 were in 1922, the year of the total solar eclipse in Australia and
most were covered the years 1921-23.

e Of the articles in Australian newspapers referring to General Relativity in 1922, the peak was
in September, the month of the total solar eclipse in Australia.

e One half of the articles in Australian newspapers referring to General Relativity between
1911 and 1928 had the 1922 total solar eclipse as their main theme.

e Of the articles in Australian newspapers referring to any of the three classical astronomical
tests of General Relativity between 1911 and 1928, the order of importance was
gravitational light detection, the perihelion advance of Mercury and gravitational redshift.

e Of the articles in Australian newspapers between 1911 and 1928 which referred to any of
the thirteen expeditions in 1922, the maximum number concerned Walter Campbell of Lick
Observatory. A larger component was on the eight of the thirteen groups attempting a light
displacement measurement. There was also local interest for the six groups of the Australian
contingent where three attempted a gravitational light displacement measurement and
three did not.

e  Where a site is mentioned between 1911 and 1928, Wallal had five groups and carried the
major coverage.

e Between 1911 and 1928 the Australian newspapers performed admirably in their accurate
presentation of the issues in General Relativity, their use of language was scientifically
precise and they reflected the different stances among scientists to the public.

e Of the articles in the Australian newspapers between 1919 and 1928 which interpreted the
results from the 1919 total solar eclipse, a larger proportion favoured the combination of
more evidence required and not supported over support. Thus, this showed why the 1922
results were important and necessary.

Remarks

The astronomical tests of General Relativity followed a circuitous path from 1907 to the present.
This historical development is an indication of the manner in which Science operates. The fantasy of
one defining moment popularised in some accounts of scientific ideas is far from reality. A new
paradigm results from a steady accumulation of experimental results which are best interpreted
with an idea that is eventually adopted by scientists. The theory so far has not been shown to be
wrong. It is the best that is available to answer the evidence. Nonetheless, experiments continue to
be performed to plumb its depths. Investigations have not come to a stop in 2015. The theory has
stood the test of both weak and strong gravity regimes. It has yet to be examined in exceptionally
strong fields which may surround an object approaching the dimensions predicted for a black hole.
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There still remains an incompatibility between Quantum Mechanics and General Relativity. One
writer contemplating quantum gravity opined that “The consistent implementation of the
gravitational interaction into the quantum framework is considered to be the outstanding problem

in fundamental physics.”?

It will be interesting to follow this path to see if some unification is
possible or if one becomes subsumed under the other or if General Relativity breaks down at some

point. The future still looks a fascinating one for the Theory of General Relativity.

However, even though Einstein’s pronouncements were 100 years ago and a number of
technological developments such as the global positioning system are dependent on General
Relativity, it could be argued that this view of the Universe has still not become part of the fabric of
public thinking. What is fair to say is that scientists and educators still have a mammoth task in
bringing the public with them on both an understanding of this paradigm and, just as importantly, an
appreciation of the scientific method. From the point of view of the public today, no longer is the
view of scientists accepted in their field of expertise as witnessed in some current debates
concerning climate change. The education of the public has not progressed sufficiently to
understand how Science operates. If the consequences are inconvenient politically, economically or
socially, a more educated populace in general terms and one now receptive to information from so
many other forms of communication may refuse to accept the Science. Sometimes, unfortunately,
the public equates the tentativeness of acceptance of a theory with a lack of surety that they
demand. It is not the Science that is at issue but a public misunderstanding of how Science operates.
It behoves scientists to be more skilful at representing the Nature of Science.

Conclusion Concerning Hypotheses

This excursion through history for General Relativity supports the hypotheses:

1. Australia played a key role in the acceptance and verification of General Relativity from the 1922
total solar eclipse across the continent as well as the discovery in 2003 at Parkes Radio Telescope of
the first, and to this date only, pair of pulsars in mutual orbit.

2. The Theory of General Relativity was accepted prematurely.

It also points to its future application to provide an insight into how other scientific
revolutions generally occur. A number of major scientific revolutions have strong similarities with
the story told within these pages. This presentation may be used as a template for following the
acceptance of Heliocentrism, Evolution, Atomic Theory, Plate Tectonics and Dark Matter/Energy.
These have also taken vast stretches of time and, in some cases, continue to unfold. Thus, this
coverage of General Relativity has the potential to act as an example.

Findings

This thesis has contributed to knowledge in the history of General Relativity in a number of ways.
The 1922 total solar eclipse across Australia was a significant event in this nation’s history. Yet, little
is known of its significance. The 1919 eclipse expeditions continue to receive the kudos for “proving”
Einstein’s work. This work has sought to address this situation. Based on the classical astronomical
test of gravitational light deflection, it is concluded that General Relativity was prematurely
accepted. Insufficient evidence existed in 1919 to support this theory and the result was tentative.
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One of these papers brings together for the very first time the history of the 13 parties that gathered
in 1922 across Australia and Christmas Island to perform scientific work. The results and
contributions of each are presented to perceive the value from each of them, particularly of the
eight groups that attempted a measurement of light deflection. The story of Walter Campbell of Lick
Observatory is instructive. Even though photographs were obtained in 1922, it was 1928 before the
results were finally published. It is thus Campbell in this latter year who should receive accolades for
his experimental work which supported General Relativity. This thesis demonstrates how Australia
played a key role in the acceptance and verification of General Relativity from the 1922 total solar
eclipse across the continent.

Similarly, it is highlighted in these papers how another classical astronomical test, the
advance in the perihelion of Mercury, had not run the gauntlet of scientific scrutiny sufficiently by
1915. It has been shown that a pronouncement on this criterion should have waited until the 1980s.
Also, for the third classical astronomical test, gravitational redshift, it is argued here that 1923 was
too early a proclamation. The factors involved with an analysis of spectral line frequency shifts from
the Sun were not completely understood until the year 1928. So, for the three classical astronomical
tests, the theory of General Relativity was accepted prematurely.

Again, in many books and articles, only these three astronomical tests are presented. The 13
strands of further tests for General Relativity presented here are not new. However, they have been
gathered in this thesis to provide a sweep of history to see that this scientific revolution continues.
Each of these tests is placed against a background, not of proof but against the question of how
much evidence exists to support General Relativity. It has been shown that General Relativity has
been the guiding light through discoveries in 1954 of Cygnus A, a strong radio source associated with
a distant galaxy not detected optically, in 1962 of X-ray sources, in 1963 of quasars, in 1965 of the 3
K background radiation, in 1967 of pulsars, in 1974 of a binary pulsar, of subsequent discoveries of
exotic objects and, in particular, in 2003 with the first double pulsar discovered with Parkes Radio
Telescope where Australia played a key role in the acceptance and verification of General Relativity
from the discovery in 2003 at Parkes Radio Telescope of the first, and to this date only, pair of
pulsars in mutual orbit.

In these papers is the first analysis of Australian newspapers of General Relativity in the early
years of its development up to 1928. They were instructive in providing a flavour of the time,
particularly with regard to how scientists differed in whether there was sufficient evidence following
the 1919 total solar eclipse. The papers provided the public with an understanding of why the 1922
measurements were considered necessary. They are a valuable tool in viewing what was occurring in
Science, how Science operates and how the public received information about an area in which
many did not have the necessary mathematical skills for a complete understanding.

References
1. K. Popper, The Logic of Scientific Discovery, (London 2005, 1935 first publication).

2. Referenced in A. Pais, ‘Subtle is the Lord’: The Science and the Life of Albert Einstein (1982),
Oxford University Press, 253.

3. C. Kiefer, Quantum Gravity: General Introduction and Recent Developments, Annalen der
Physik, arXiv: gr-qc/0508120 (2005) 15: 129-48.

108





