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Abstract  

 The Einsteinian revolution, which began around 1905, was one of the most remarkable 
in the history of physics. It replaced Newtonian mechanics, which had been accepted as 
completely correct for nearly 200 years, by the special and general theories of relativity. 
It also eliminated the aether, which had dominated physics throughout the nineteenth 
century. This paper poses the question of why this momentous scientific revolution 
began. The suggested answer is in terms of the remarkable series of discoveries and 
inventions which occurred in the preceding decade (1895–1904) and which were the 
result of technological developments in instrumentation. The paper gives a survey of 
these inventions and discoveries, which include X-rays, radioactivity (radium and alpha, 
beta and gamma rays), the electron, wireless transmissions across the Atlantic and the 
patenting of the first thermionic valve. An attempt is then made to show that it was these 
developments, which gave rise to special relativity.  
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1.  Possible Influences of Technology on Theoretical Physics  

In the last 10 to 15 years, some suggestions have been put forward regarding the possible 
influence of technology on theoretical physics. Galison has written a paper (2000), 
followed by a book (2003), in which he considers special relativity from this point of 
view. He argues that the concept of simultaneity introduced into the theory of special 
relativity had strong connections with the technology of clock synchronisation, which 
was being developed at the beginning of the [97] (Numbers in square brackets are the 
page numbers of the published version.) twentieth century. Carrier, in his 2006 paper, 
considers Galison’s example and comments on it as follows (2006, p. 28):  

“The conclusion to be drawn from the case study is that technological challenges need 
not have a deteriorating effect on science. It may happen that technology stimulates 
scientific inventiveness.”  

He also gives (2006, p. 29) a more recent example of this phenomenon:  

“High-temperature superconductivity is a case in point. The phenomenon was discovered 
in 1986 in the IBM research laboratory near Zurich, and its identification stimulated the 
development of new theoretical accounts of superconductivity.”  

In the present paper, I want to continue this line of investigation into the origins of 
the special theory of relativity, though from a rather different point of view. Then, in 
section 6, I will try to integrate Galison’s research with the approach presented here.  

Now the appearance of the theory of special relativity in 1905 occurred at the 
beginning of the Einsteinian revolution, one of the scientific revolutions, which Kuhn 
discusses. My interest in the role of technology here was in fact stimulated by a 
consideration of Kuhn’s theory of scientific revolutions. I will therefore discuss Kuhn’s 
general theory of scientific revolutions and how it might apply to the Einsteinian 
revolution in the next section.  

 

2.  Kuhn’s Theory of Scientific Revolutions and Its Application to the Einsteinian 
Revolution  

According to Kuhn’s model, in most branches of science for most of the time, the 
research scientists all accept the dominant paradigm of the field and carry out normal 
science within the framework of that paradigm. Occasionally, however, a few of these 
research scientists challenge the dominant paradigm and try to develop a new one. If they 
are successful, we have a scientific revolution. This raises the problem of why, in the 
midst of the usual normal science, these occasional challenges to the dominant paradigm 
occur? Kuhn himself proposes a solution to this problem, which uses his concept of 
anomaly.  



 3 

Regarding the concept of anomaly, Kuhn writes (1962/1970, pp. 52–53):  

“the awareness of anomaly, i.e. ... the recognition that nature has somehow violated the 
paradigm-induced expectations that govern normal science.”  

Presumably what Kuhn has in mind is something like this. From the assumptions of the 
paradigm, together with what seem to be plausible auxiliary conditions, a result is 
deduced which is contradicted by observation. This contradiction constitutes an anomaly. 
[98] 

Using this concept, Kuhn writes about the beginning of scientific revolutions as  

follows (1962, p. 6):  

“... normal science repeatedly goes astray. And when it does—when, that is, the 
profession can no longer evade anomalies that subvert the existing tradition of scientific 
practice—then begin the extraordinary ... episodes ... known in this essay as scientific 
revolutions.”  

I will characterise this idea of Kuhn’s as the ‘build-up of anomalies’ view. If an 
increasing number of anomalies occur in the dominant paradigm, this will lead to the 
paradigm being questioned, and a departure from normal science. This view, which has a 
slightly Popperian flavour, seems very plausible and in accordance with common sense. 
Let us next examine how it applies in the case of the Einsteinian revolution.  

First of all, we must give a Kuhnian analysis of the Einsteinian revolution. This is 
easily done. The old paradigm P1 was based on Newtonian mechanics. This consisted of 
the three laws of motion and the law of gravity. It assumed absolute time and space, and 
that the geometry of space was Euclidean. Newtonian mechanics came to be generally 
accepted by the scientific community early in the eighteenth century and continued to be 
accepted until the Einsteinian revolution, that is, for nearly 200 years. In the nineteenth 
century, the wave theory of light came to be generally accepted, and this led to the 
acceptance of the existence of the aether.1 After all, waves had to be oscillations in some 
medium, and this medium was the aether. Moreover, acceptance of the aether reinforced 
the dominance of Newtonian mechanics, since the aether appeared to provide a basis for 
Newton’s concept of absolute space. To sum up then, P1 consisted of Newtonian 
mechanics + the aether.  

The beginning of the Einsteinian revolution can appropriately be dated to 1905, 
which saw the publication of Einstein’s famous paper Zur Elektrodynamik bewegter 
Körper (On the Electrodynamics of Moving Bodies), which presented the special theory 
of relativity (Einstein 1905b). The revolution was quite a swift one, for, by the mid-
1920s, the majority of the scientific community had come to accept the new paradigm P2, 
which replaced Newtonian mechanics by the special and general theories of relativity, 
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absolute space and time by relativistic space-time, Euclidean geometry by non-Euclidean 
geometry, and which abandoned the aether. This was certainly a major upheaval in 
science and amply justifies the name of revolution. But was it preceded by a build-up of 
anomalies?  

To answer this question, let us look at the development of Newtonian normal 
science from the time of general acceptance of Newton’s theory early in the eighteenth 
century until the eve of the Einsteinian revolution. In fact, there was in the Newtonian 
normal science of this period a succession of anomalies which often remained unresolved 
for quite long periods of time. In 1746, for example,2 Clairaut found that the progress of 
the Moon’s apogee is twice what it should be according to Newton’s theory. It turned out 
that Clairaut had exaggerated the size of this anomaly owing to a mathematical mistake, 
[99] 

……………………………………………………………………………………………… 

1 ‘Aether’ is a problematic word since it is sometimes spelt ‘aether’ and sometimes 
‘ether’. I have decided in favour of the former spelling to distinguish the entity postulated 
by the nineteenth theoretical physics from the well-known organic chemical. To avoid 
confusion, I have altered the spelling to ‘aether’ in quotations where the author uses 
‘ether’.  

2 This example is discussed in Lakatos (1963–1964, p. 219). 
 

but there still remained the small anomaly of a ‘secular acceleration’. This was only 
successfully resolved within Newtonian theory by Laplace in 1787. The next anomaly to 
come to light concerned the planet Uranus which was discovered in 1781. The first to 
compute its orbit was Lexell, and he noticed that it had irregularities. In 1821, Bouvard 
made predictions using Newtonian theory of the future positions of Uranus, but 
subsequent observations revealed substantial deviations from Bouvard’s theoretical 
values. In 1846, this anomaly was triumphantly resolved by Adams and Leverrier. They 
explained the irregularities in the orbit of Uranus by postulating a hitherto unknown 
planet, and then used Newtonian theory to calculate where that planet should be. The new 
planet (Neptune) was duly observed on 23 September 1846 only 52’ away from the 
predicted position. Leverrier, having resolved one anomaly in Newtonian normal science, 
went on to discover another. In 1859, he showed that the rate of precession of the 
perihelion of Mercury differed from that predicted by Newtonian theory by 38” per 
century. Later his estimate of 38” was changed to 43”. Leverrier tried to explain this 
anomaly in the same way that he dealt with the irregularities in the orbit of Uranus. He 
postulated a hitherto unknown planet nearer the Sun than Mercury. This hypothetical 
planet was even given the name ‘Vulcan’, but no such planet was ever discovered. In 
fact, the anomaly of the rate of precession of the perihelion of Mercury was never 
resolved within the Newtonian paradigm. However, as the anomaly was a tiny one, and 
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as similar anomalies had been successfully resolved on earlier occasions, it is unlikely 
that this anomaly reduced confidence in the Newtonian paradigm to any significant 
extent.  

Our analysis of this example shows that anomalies can frequently arise in normal 
science and can, in some cases, remain unresolved for long periods without giving rise to 
a scientific revolution or significantly reducing confidence in the dominant para- digm. 
However, it is still possible that just before a scientific revolution, there is a build- up of a 
large number of anomalies, and it is this build-up which triggers the revolution. Let us 
next examine this hypothesis as applied to the Einsteinian revolution.  

As we have seen, before the Einsteinian revolution, the dominant paradigm P1, 
consisted of Newtonian mechanics and the aether. As far as Newtonian theory is 
concerned, the only anomaly was that concerned with the perihelion of Mercury which 
had been known since 1859 and which no one considered to be very serious. What about 
the aether? At the International Congress of Physics, held in Paris in 1900, Lord Kelvin 
gave an address in which he considered aether theory. He remarked that “the only cloud 
in the clear sky of the theory was the null result of the Michelson-Morley experiment.”3 

So, Lord Kelvin, one of the leading physicists of the time, only recognised one anomaly 
in the aether theory.  

However, it could be claimed that Lord Kelvin was wrong to consider this to be 
an anomaly because it had been successfully explained in terms of the dominant 
paradigm. In his 1892 and 1895, Lorentz had explained the null result of the Michelson-
Morley experiment of 1887 using the contraction hypothesis. As this hypothesis had been 
put forward independently by Fitzgerald, it became known as Lorentz-Fitzgerald contrac- 
tion (or LFC). Now for many years, LFC was dismissed as a purely ad hoc hypothesis, 
which did not satisfactorily explain the result of the Michelson-Morley experiment. This 
point of view is to be found in Popper (1934, section 20, p. 83). However, [100] 

 
3 Miller (1925, p. 618). This reference comes from Lakatos (1970, p. 72, footnote 6). 

…………………………………………………………………………………………….  

Grünbaum in his (1959) argued that the Lorentz-Fitzgerald contraction was not an ad hoc 
hypothesis. This criticism was accepted by Popper (1959) and Lakatos (1970, p. 75, 
Footnote 5). However, Holton in his (1969) continued to maintain that the LFC was an ad 
hoc hypothesis, though he used ad hoc in a different sense from Popper. Holton’s view 
was in its turn criticised very convincingly by Zahar (1989, pp. 5–10 and pp. 62–66). 
Zahar showed that the LFC was deduced by Lorentz from another deeper hypothesis—his 
molecular forces hypothesis, which Lorentz had introduced for reasons which had 
nothing to do with the Michelson-Morley experiment. Zahar concluded from this that the 
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LFC was not ad hoc in Holton’s sense of the term. However, if the LFC was not ad hoc, it 
provided a satisfactory resolution of the anomaly created by the null result of the 
Michelson-Morley experiment. It follows that in 1900, there was only one anomaly in the 
dominant Newton- aether paradigm (P1), namely the tiny anomaly of the rate of 
precession of the perihelion of Mercury, an anomaly, which had been known since 1859. 
In effect, there was no build-up of anomalies in 1900, only 5 years before the beginning 
of the Einsteinian revolution.  

In fact, Kuhn himself came to have doubts about his ‘build-up of anomalies’ 
theory. As Hoyningen-Huene points out in his 1993, pp. 232–233:  

“The thesis that all revolutions in theory are indicated by crises, triggered in turn by the 
appearance of significant anomalies in the relevant field, has, subsequent to being met 
with criticism, been somewhat weakened. Kuhn remains, as before, convinced that crises 
are usually the prelude to revolution, but he acknowledges that revolutions might also, 
albeit rarely, get started in other ways.”  

In the Postscript, written in 1969, to the second edition of The Structure of 
Revolutions, Kuhn writes (1962/70, p. 181): 

“A number of critics4 have doubted whether crisis, the common awareness that 
something has gone wrong, precedes revolutions so invariably as I implied in my original 
text. Nothing important to my argument depends, however, on crises’ being an absolute 
prerequisite to revolutions; they need only be the usual prelude, supplying, that is, a self-
correcting mechanism which ensures that the rigidity of normal science will not forever 
go unchallenged. Revolutions may also be induced in other ways, though I think they 
seldom are. ... crises need not be generated by the work of the community that 
experiences them and that some- times undergoes revolution as a result. New instruments 
like the electron micro- scope or new laws like Maxwell’s may develop in one specialty 
and their assimilation create crisis in another.”  

Here, Kuhn mentions the role of instruments, and he also refers to technology in another 
passage. He says (1962/70, p. xii):  

“I have said nothing about the role of technological advance or of external social, 
economic, and intellectual conditions in the development of the sciences. One need, 
however, look no further than Copernicus and the calendar to discover that external 
conditions may help to transform a mere anomaly into a source of acute crisis.” [101]  

  
4 Unfortunately Kuhn does not say who these critics were. 

 

Hoyningen-Huene develops this point by distinguishing between ‘mere’ and ‘sig- 
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nificant’ anomalies. He considers (1993, pp. 225–226) a number of factors which (1993, 
p. 225) ‘may prompt, though not force, the evaluation of an anomaly as a significant 
anomaly.’ For our purposes, the third of these factors is the most important, and 
Hoyningen-Huene describes it as follows (1993, p. 226): ‘an anomaly may become 
significant when, over a long period of time, its solution resists efforts be even the best 
specialists in the field. The reasons behind such protracted engagement with the problem 
may in this case be external to science, as when certain applications of theory are 
especially important on extrascientific grounds but are hindered by anomalies.’  

In these passages, we see that both Kuhn and Hoyningen-Huene are moving 
towards explaining the beginning of scientific revolutions at least in part by external 
factors such as new instruments and important practical problems like calendar reform. I 
have tried in Gillies (2014) to develop this approach and to give an account of why 
scientific revolutions begin which is compatible with the rest of Kuhn’s theory of 
scientific revolutions.  

In this theory, I use ‘tech’ as an abbreviation for technology and practical 
problems. There are, I claim, two different ways in which tech can give rise to a scientific 
revolution. Advances in technology can precede a scientific revolution. Usually, the 
relevant effect of the new technology is to enable better instruments for scientific use to 
be constructed. This enables new observations and experiments to be carried out, 
resulting in a number of significant discoveries, which involve new objects and new 
processes. These discoveries are what give rise to the scientific revolution. I call this 
pattern ‘tech first’, because the advances come before the scientific revolution and act as 
its efficient cause. The Einsteinian revolution, as I will argue in detail in what follows, 
was a tech first revolution. In Gillies (2014), I give another example of a tech first 
revolution, namely the chemical revolution.  

There are also, so I would claim, ‘tech last’ revolutions. The tech last pattern is 
quite different from the tech first pattern. A tech last revolution is not preceded by 
developments in technology, which produce new instruments and a buildup of new 
discoveries. What precedes the revolution is rather a major unsolved practical problem. 
Attempts to solve this problem have failed, and this encourages some researchers to seek 
a solution to the problem by changing the paradigm. In my (2014), I give as an example 
of a tech last revolution, the famous revolution in medicine which introduced the germ 
theory of disease. The major unsolved practical problem was that of wound suppuration 
which rendered most surgery very dangerous and ineffective. Lister reacted to this 
problem by abandoning the dominant miasma paradigm of disease and suggesting that 
wound suppuration was caused by microbes. This new approach led to his successful 
antiseptic surgery.  

As we are, here, dealing with the Einsteinian revolution, I will return to the ‘tech 
first’ pattern. Two important points should be made about this pattern. To begin with, 
‘tech first’ is a two-stage model. Stage 1 consists of advances in technology, which leads 
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to better instruments for scientific research. These better instruments then lead, in stage 2, 
to the discovery of new objects and processes and to the investigation of the properties of 
these new objects and processes using the improved instrumentation. It is not claimed 
that technological innovations directly affect high-level theory. Such innovations (stage 
1) lead to the discoveries of stage 2, and it is these which affect the high-level theory. The 
objects and processes just discovered may be quite new, and may never have been 
considered within the old paradigm. Moreover, these new objects [102]and processes 
may behave in new and unfamiliar ways. How such new objects and processes can be 
handled within the dominant paradigm, thus, becomes a very problematic matter. 
Moreover, new discoveries of a dramatic nature are bound to shift the mental attitudes of 
at least some researchers. The old paradigm, after all, was developed in complete 
ignorance of the new objects and phenomena. This is bound to suggest to some 
researchers (the revolutionaries) that a new paradigm is needed to deal with the new 
entities. Of course not all researchers will reason in this way. Other researchers (the 
conservatives) will try to explain the new discoveries in terms of the old paradigm. In this 
way, a buildup of new discoveries creates the conditions for the beginning of a scientific 
revolution.  

The second important point is that the tech first model does not attempt to explain 
the whole course of a scientific revolution, but only why such a revolution begins. The 
beginning of a revolution is said to occur, using our Kuhnian framework, when one or 
more scientists reject one of the component theories of the old paradigm and try to 
replace it by a new theory. Once a revolution has started, its course depends as much on 
theoretical problems and philosophical considerations as on technological advances. I 
will now try to illustrate this in the case of the Einsteinian revolution.  

The first step in my account will be to show in section 3 that the decade 
immediately preceding the beginning of the revolution (1895–1904) was one in which a 
remarkable number of new discoveries and inventions appeared. I will then show, in 
section 4, that all these discoveries and inventions were rendered possible by some quite 
specific technological developments. The key advance in technology here concerned 
what I will call ‘electrical evacuated tubes’. Finally, I will try to show in sections 5, 6 and 
7 that the developments described in sections 3 and 4 were indeed the key factor which 
gave rise to the Einsteinian revolution.  

 

3. Discoveries and Inventions 1895–1904  

Before we come to the remarkable advances of the decade 1895–1904, it is desirable to 
mention some developments earlier in the nineteenth century which were a necessary 
precondition. In the 1860s, Maxwell developed his view that light was an electromag- 
netic wave. His theory suggested that there should be electromagnetic radiations whose 
wavelength was longer than the infrared. In 1887–1888, Heinrich Hertz was able to 
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produce such electromagnetic radiations which were initially known as Hertzian waves, 
but which have now become known as radio waves. It was not for about another decade, 
however, that serious attempts began to use these waves to transmit messages.  

After this short preliminary, we can now consider the discoveries and inventions 
of the decade 1895–1904.5 I will begin simply by listing these discoveries and inventions 
by year and then go on to make some general observations about the character of these 
discoveries and inventions and their significance.  

……………………………………………………………………………………………… 

5 My account in this section and the next is largely based on the following sources, all of 
which I have found very helpful: Andrade (1965), Bowers (1998), Hong (2001), and 
Darrigol (2000).  

 

1895 Wilhelm Conrad Röntgen, working at Würzburg discovers X-rays in November. 
[103] 

1896 Henri Becquerel discovers radioactivity. He shows that any compound of uranium 
emits radiation which has some resemblance to X-rays.  

1897 J.J. Thomson discovers the electron (see Fig. 1). The announcement is made in 
April, and the publication appears in October. In July, Marconi’s first patent on wireless 
telegraphy is accepted.  

1898 The Curies begin their investigation of radioactive substances which leads to the 
discovery of radium.  

1899 J.J. Thomson and Philipp Lenard show that the photoelectric effect is produced by 
the ejection of electrons when ultraviolet light falls on the metal’s surface. Rutherford 
begins his investigations of radioactive substances, and distinguishes between α- and β-
rays.  

1900 Becquerel shows that β-rays are streams of electrons. Villard discovers a new type 
of radioactive emissions, which are called γ-rays by Rutherford in 1903.  

1901 Marconi and Fleming6 succeed in transmitting a wireless signal across the Atlantic.  

1901−1903 Kaufmann carries out experiments on the mass of high-velocity electrons 
emitted by radium salts.  

1904 Fleming invents and patents the thermionic valve for radio.  
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The first thing to note is the number of entirely new things which were 
discovered, namely X-rays, γ-rays, electrons and radioactivity. However, we can make a 
further contrast between X-rays and γ-rays on the one hand, and electrons and 
radioactivity on the other. Although X-rays and γ-rays were new, there was a well-
established theory of electromagnetic waves into which they could be fitted. They were 
simply of shorter wavelength than the electromagnetic waves previously known. By 
contrast, there was no well-established theory of either electrons or radioactivity. Such 
theories had yet to be developed, and we can see at once why these discoveries gave a 
stimulus to theoretical physics.  

Of all the discoveries, perhaps the most central was that of the electron. 
Describing this discovery as made by J.J. Thomson in 1897 may seem a little naïve. J.J. 
Thomson actually used the term ‘corpuscle’, and the name ‘electron’ had been coined by 
Stoney in 1891. Lorentz used Stoney’s term ‘electron’ instead of Thomson’s corpuscle in 
1899, and this terminology became generally adopted. All this shows that J.J. Thomson 
was working within a community of scientists, who all, in some sense, contributed to the 
discovery of the electron. Yet, the importance of J.J. Thomson’s own work should not be 
underestimated.  

The scientific community accepted that J.J. Thomson had definitely established 
that cathode rays consisted of negatively charged particles and (Darrigol 2000, p. 309) 
“within a year or so, the aether wave theories of the cathode rays died away.” Moreover, 
the nature of these newly discovered electrons was very surprising. In his original 
experiments, J.J. Thomson measured e/m where e is the charge on the electron and m is 
its mass. The value he came up with was 770 times greater than that of a charged 
hydrogen ion in the electrolysis of a liquid. This meant either that the charge on the [104] 

 
6 This was John Ambrose Fleming, not to be confused with Alexander Fleming, the 
discoverer of penicillin. 

……………………………………………………………………………………………  
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Fig. 1 J.J. Thomson surrounded by his scientific apparatus  

electron was much greater than that of the hydrogen ion, or that its mass was much 
smaller. Not long afterwards, J.J. Thomson found a method for estimating the charge on 
the electron and found it to be comparable to that of the hydrogen ion. Thus, the 
conclusion could only be that the electron was a subatomic particle, 770 times lighter 
than the lightest atom. Even the figure of 770 proved to be too low, and not long after, 
Kaufmann found the more accurate value of 1840. The modern value is about 1822.  

We are now all so used to the existence of electrons that it is difficult to empathise 
with the shock which their discovery caused. Here was a new particle which was very 
much lighter than even the lightest atom. It seemed to be the bearer of negative 
electricity, but its general character and the laws which it obeyed were largely unknown.  

Going back to the general series of discoveries and inventions, it is noteworthy 
that they were strongly connected. Many were concerned with the interactions between 
electromagnetic waves and electrons. X-rays were produced when streams of electrons 
hit the glass wall of a cathode ray tube. Conversely, in the photoelectric effect, ultraviolet 
rays falling on some metals caused electrons to be emitted. Interactions between electrons 
and electromagnetic waves were crucial in the transmission and reception of radio 
signals. It also turned out that one of the new radioactive emissions (the β-rays) consisted 
of a stream of electrons. This was very important because it enabled Kaufmann to carry 
out his experiments on the mass of electrons moving with high velocities.  

Another noteworthy feature of the discoveries of 1895–1904 is their close link to 
practical applications. X-rays were applied in medicine. The photoelectric effect was 
used to create light meters for photography. In general, the discovery of the electron gave 
birth to electronics. Fleming claimed that his adoption of the electron theory in 1900 was 
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essential for his discovery of the thermionic valve (cf. Hong (2001) p. 143 and footnote 
40 on p. 221). Of course Fleming’s valve was only the beginning and Hong (2001, p. 
153) gives an impressive family tree of the numerous different types of thermionic valve 
which were developed in the next 30 or so years. As for the practical applications of 
radioactivity, these are too well-known to need comment.  

The appearance of all these new discoveries and inventions in the period 1895–
1904 was itself the result of some fundamental technological advances, which will be 
described in the next section. [105] 

 

4. Electrical Evacuated Tubes  

The new technology which led to the discoveries and inventions of 1895–1904 was that 
of creating evacuated glass tubes through which electricity could be passed (or electrical 
evacuated tubes). These were first developed by Johann Heinrich Geissler (1815–1879), a 
Bonn instrument maker, who sealed platinum wires through the glass of the tubes, taking 
advantage of the fact that platinum and ordinary soda glass have similar coefficients of 
expansion. He also invented a mercury vacuum pump in 1858 to evacuate the glass tubes. 
The mercury pump was improved by Hermann Sprengel in 1865 and further improved by 
Charles Stearn in the late 1870s. By the early 1880s, Geissler pumps could get down to 
10−6 atmospheres.  

There were two ways in which electricity could be passed through an evacuated 
tube. First of all, the anode and cathode could be placed in different positions which 
would create some kind of discharge, as in the familiar cathode ray tube. However, as a 
second possibility, a continuous wire, or filament, could be run through the evacuated 
tube. This second method gave rise to the filament electric bulb. The first practical lamps 
had carbon filaments, though tungsten was substituted for carbon later on. When Joseph 
Swan tried to create such a lamp in 1860, he found that when the filament was heated to 
incandescence, the inside of the glass became blackened in a few minutes with particles 
of carbon evaporated from the filament (Bowers 1998, p. 70). The problem could not be 
resolved until better mercury pumps had brought the pressure down to 10−6 atmospheres. 
This had been achieved by 1881 when Thomas Edison from the USA, Joseph Swan from 
Britain and some other inventors were able the exhibit the first practical electrical 
filament lamps at the International Electrical Exhibition held in Paris from August to 
November 1881. Joseph Swan produced the first commercial filament lamp in the same 
year (see Fig. 2).  

This is an interesting example of something originally developed as an instrument 
for scientific investigation being turned into a very successful commercial product—the 
electric light bulb.  
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Discharge tubes could also be used for lighting. In fact, Geissler tubes filled with 
different gases would produce light of different colours. According to Bowers (1998, p. 
115): ‘The first commercial application of this principle was a display of multi-coloured 
lights at Queen Victoria’s diamond jubilee in 1897.’  

Of course discharge tubes were mainly used for scientific investigations. Hittorf 
in Germany investigated some new rays produced in such tubes, and these were named 
‘cathode rays’ (Kathodenstrahlen) in 1874 by Eugen Goldstein. Crookes was able to 
obtain better vacua than the Germans, getting down to 10−7 atmospheres, and he devised 
his ‘Crookes tubes’ to investigate the cathode rays, showing that these rays cast shadows 
when their path was blocked by metal objects (see Fig. 3).  

The technology of electrical evacuated tubes continued to improve. Gimingham 
used a modified Sprengel pump of his own design to obtain a vacuum of 10−8 

atmospheres in 1884. We must now show how these electrical evacuated tubes led to 
many of the discoveries and inventions of 1895–1904.  

 

Fig. 2 An early swan filament lamp  
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Fig. 3 Crookes tube 

Röntgen discovered X-rays in 1895 while investigating cathode rays in a modified 
cathode ray tube. Becquerel did not use an electrical evacuated tube, but he was inspired 
by the discovery of X-rays. Since X-rays seemed to produce phosphorescence, he 
reasoned that phosphorescent substances might give out such rays. He therefore [106] 
investigated some compounds of uranium which were strongly phosphorescent. In fact, 
what he discovered in 1896 was that any compound of uranium emits radiation regardless 
of whether it was phosphorescent. J.J. Thomson used a very superior cathode ray tube in 
his discovery of the electron (see Fig. 4). [107] 
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 Fig. 4 J.J. Thomson’s cathode ray tube  

Moreover, in the photograph of J.J. Thomson with his scientific instruments in the 
Cavendish Laboratory (see Fig. 1), we can see a mercury vacuum pump to the left of the 
scientist.  

Gimingham, who had improved the mercury vacuum pump in 1884, went on to 
work for the new Edison-Swan Company, which manufactured the new electric filament 
lamps. However, he was friendly with Fleming and supplied Fleming with several special 
lamps during Fleming’s laboratory research which led to his invention of the thermionic 
valve. Hong writes (2001, footnote 15, pp. 219–220): ‘I believe Charles Gimingham’s 
contribution was essential to Fleming.’ Earlier, we saw how the development of scientific 
instrumentation provided commerce with a new product: the electric filament lamp. Here, 
we see the converse movement for the work of a commercial company provides material 
for a laboratory investigation. The influence was to swing the other way again when a 
scientific instrument (the cathode ray tube) was to change into a consumer product 
(television). All these show how fruitful the interactions between science and industry 
were in this period.  

I have now completed my account of the discoveries and inventions in the period 
1895–1904, and have shown how many of them were made possible by a key 
technological advance—namely the creation and improvement of electrical evacuated 
tubes. But what, if anything, has all this to do with the beginning of the Einsteinian 
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revolution in 1905? This is the question which I will try to answer in the next three 
sections.  

 

5. Connection with the Beginning of the Einsteinian Revolution. Physics 1900–1904  

I will now try to give a brief sketch of developments in physics in the period 1900– 1904, 
that is the period just before the beginning of the Einsteinian revolution. I will try to show 
how these developments were connected to the discoveries and inventions described in 
the two preceding sections.  

We are fortunate in studying physics in this period that a leading mathematical 
physicist has left us detailed accounts, written at different times, of how he saw the [108] 
situation in physics and of what he thought should be done about it. This was of course 
Henri Poincaré. In his 1902, Poincaré makes the following remark (pp. 179–180):  

“... phenomena long known are gradually being better classified, but new phe- nomena 
come to claim their place, ... we have the cathode rays, the X-rays, uranium and radium 
rays; in fact, a whole world of which none had suspected the existence. How many 
unexpected guests to find a place for!”  

Here, Poincaré describes a situation typical of what we earlier called ‘tech first’. 
He lists a series of new discoveries, and emphasises particularly that they constitute ‘a 
whole world of which none had suspected the existence’. He describes the problem these 
discoveries pose for physics by his brilliant metaphor of trying to find places for a large 
number of unexpected guests. We can continue this metaphor by introducing the notion 
of paradigm. One group of scientists (the conservatives) is likely to try to fit the new 
guests round the existing table (the old paradigm). Other scientists (the revolutionaries) 
will conclude that to fit in these unexpected guests, it will be necessary to replace the 
existing table by a new and larger one, i.e. to construct a new paradigm.  

Now which of these two groups did Poincaré belong to? The answer to this 
question is a surprising one. In 1902, he definitely belonged to the conservative camp. 
Yet, only 2 years later, in 1904, he had changed his mind and become a revolutionary. 
We will have to analyse why he changed his mind, and this will give us some precious 
information as to the factors which led to the beginning of the Einsteinian revolution.  

Let us start by considering Poincaré’s views in his 1902. In this volume, he 
developed his famous conventionalist theory and applied it to Newtonian mechanics. 
According to this conventionalism, experiments and observations were important in 
building up the laws of classical mechanics, but these laws were then turned into 
conventions and so will never be altered in the light of future observations and 
experiments. As he puts it (1902, p. 105):  
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“... experiment may serve as a basis for the principles of mechanics, and yet will never 
invalidate them.” (Poincaré’s italics)  

Poincaré sums up his conventionalist view regarding the principles of Newtonian 
mechanics as follows (1902, p. 136):  

“If these postulates possess a generality and certainty which was absent in the 
experimental truths from which they were derived, it is because they reduce in final 
analysis to a simple convention that we have the right to make, because we are certain 
beforehand that no experiment will come to contradict it. This convention, however, is 
not absolutely arbitrary; it is not the child of our caprice. We admit it because certain 
experiments and observations have shown us that it will be convenient, and thus is 
explained how experience has been able to build up the principles of mechanics, and 
why, nevertheless, it cannot overthrow them.”7    

[109]  

  
7 I have altered the standard English translation slightly to give a more accurate rendering 
of the French.  

 

This passage shows clearly that Poincaré belonged in 1902 to the conservative 
camp. If the principles of Newtonian mechanics are conventions which will never be 
altered in the light of any future experimental findings, then we must explain the 
existence of the ‘unexpected guests’ in terms of the old paradigm.  

Despite this strong declaration in favour of Newtonian mechanics, Poincaré does 
seem to express some doubts when he goes on later to discuss Lorentz’s theories. In a 
famous passage, Poincaré criticises Lorentz’s explanation of the null results of the aether 
drift experiments as follows (1902, p. 172):  

“I do not believe, in spite of Lorentz, that more exact observations will ever make evident 
anything else but the relative displacements of material bodies. Experiments have been 
made that should have disclosed the terms of first order; the results were nugatory. Could 
that have been by chance? No one has admitted this; a general explanation was sought, 
and Lorentz found it. He showed that the terms of the first order should cancel each other, 
but not the terms of second order. Then more exact experiments were made, which were 
also negative; neither could this be the result of chance. An explanation was necessary, 
and was forthcoming; they always are; hypotheses are what we lack least. But this is not 
enough. Who is there who does not think that this leaves to chance far too important a 
role? Would it not also be a chance that this singular concurrence should cause a certain 
circumstance to destroy the terms of the first order, and that a totally different but very 
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opportune circumstance should cause those of the second order to vanish? No; the same 
explanation must be found for the two cases, and everything tends to show that this 
explanation would serve equally well for the terms of the higher order, and that the 
mutual destruction of these terms will be rigorous and absolute.”  

Moreover, Lorentz’s theory contradicts Newton’s principle of the equality of 
action and reaction, which Poincaré has just claimed to be an irrefutable convention. As 
Poincaré says (1902, p. 171):  

“if the theory of Lorentz ... were true, Newton’s principle would not apply to matter 
alone” 

Poincaré does not abandon his conventionalist account at this point, but rather 
argues that Newton’s principle continues to hold for matter and aether. As he says (1902, 
p. 170):  

“Assume that Newton’s principle of the equality of action and re-action is not true if 
applied to matter alone, and that this can be proved. The geometrical sum of all the forces 
applied to all the molecules would no longer be zero. If we did not wish to change the 
whole of the science of mechanics, we should have to introduce the aether, in order that 
the action which matter apparently undergoes should be counterbalanced by the re-action 
of matter on something. “ [110] 

This would seem to be a satisfactory resolution of the difficulty, and yet, a few 
pages later, Poincaré, after summarising the view, says that it is very likely not correct 
(Poincaré 1902, p. 175):  

“The most satisfactory theory is that of Lorentz; it is unquestionably the theory that best 
explains the known facts, the one that throws into relief the greatest number of known 
relations, the one in which we find most traces of definitive construc- tion. That it still 
possesses a serious fault I have shown above. It is in contradic- tion with Newton’s law 
that action and re-action are equal and opposite—or rather, this principle according to 
Lorentz cannot be applicable to matter alone; if it be true, it must take into account the 
action of the aether on matter, and the re-action of the matter on aether. Now, in the new 
order, it is very likely that things do not happen this way.”  

Yet despite the expression of these doubts, Poincaré advocated a conservative 
methodology in 1902. He did not stick to this position for long, however. Just 2 years 
later in 1904, Poincaré was prepared to argue, in the light of some new experimental 
findings, that classical mechanics should be changed. I will analyse Poincaré’s 1904 
position in a moment, but first let us look at some of the developments in physics in the 
years 1902–1904.8  

The most significant events of those years were the experiments of Kaufmann on 
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electrons emitted by radium carried out in the years 1901–1903 and the attempts to 
explain Kaufmann’s experimental results by Abraham (1902–1903) and Lorentz (1904).9 

The stimulus for Kaufmann’s experiments came from Wien’s formulation in 1900 of 
what was called ‘the electromagnetic world-picture’. This was put forward in conscious 
opposition to the traditional mechanical world-picture, which had tried to explain 
electromagnetic phenomena in terms of mechanics. Wien’s idea was that one should try 
to do the opposite and explain mechanics in terms of electromagnetism. The hope was 
that matter would be ultimately reduced to electrical charges and the aether.  

Applying these ideas to the electron, it seemed possible to explain at least part of 
its mass as originating from the electromagnetic field. This ‘electromagnetic mass’ as it 
was called has rather curious properties. Traditional mechanical mass obeys the equation 
F=ma, where F is the force acting on a body of mass m, and a is the resulting 
acceleration. Here m is a scalar quantity which has the same value no matter what the 
direction of a. In the case of electromagnetic mass, the value of m varies depending on 
the direction of a. If a is in the same direction as the body’s velocity v, then we get what 
is called longitudinal mass. If a is perpendicular to the body’s velocity v, then we get 
what is called transverse mass. Now, longitudinal mass need not have the same value as 
transverse mass. Another curious feature of electromagnetic mass was that it varied with 
the particle’s velocity, whereas traditional Newtonian mechanical mass of course 
remained the same, whatever the velocity of the particle.  [111] 

……………………………………………………………………………………………… 

8 I have discussed the theme of ‘Poincare: Conservative Methodologist but 
Revolutionary Scientist’ in Gillies (1996), and also in the chapter of my book: 
‘Philosophy of Science in the Twentieth Century’ which deals with Poincaré (Gillies 
1993, pp. 75-97). For a rather different view of Poincaré, see Giedymin (1982). 

 9 My account of these developments is based on Miller (1981), pp. 40–121. Zahar in his 
1989 gives a useful detailed analysis of a later experiment of Kaufmann’s (pp. 201–226). 

 

The electromagnetic world-picture naturally suggested that the mass of the 
electron might be entirely electromagnetic in character, and it was this hypothesis which 
Kaufmann set out to investigate using electrons emitted from radium.  

Let us now pause to observe that Kaufmann’s experiments were completely 
dependent on some of the key discoveries described in section 3. Obviously, he was only 
able to investigate some of the properties of electrons because the existence of electrons 
had been established 4 years previously. As for radioactive emissions, Rutherford had 
distinguished β-rays in 1899, and in 1900, only a year before Kaufmann started his 
experiments, Becquerel had shown that β-rays were streams of electrons. For his 
experiments in 1902–1903, “Kaufmann borrowed from the Curies an extremely active 
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radium chloride source that was only 0.2 mm thick ...” (Miller 1981, p. 62). Moreover, 
Kaufmann did need to use the electrons emitted by radioactive substances for his 
experiments. As Miller says (1981, p. 48):  

“Since for the same magnetic field strength the β-rays were deflected less than cathode 
rays, then β-rays moved faster than cathode rays. Cathode rays had been accelerated to 
0.3c, and β-rays were measured to move at velocities exceeding 0.9c.”  

Now Kaufmann wanted to investigate the effect of velocity on the mass of the 
electron, and this effect was much more pronounced at higher velocities approaching the 
velocity of light. This was why the electrons emitted by radium were much better suited 
to his purpose than cathode rays. Another point is that the variation in the velocity of 
electrons in β-rays was much greater than in cathode rays, and this again was helpful for 
investigating the dependence of the electron’s mass on velocity.  

Miller, whose account of Kaufmann’s experiments we are following here, has an 
interesting autobiographical remark about his feelings when preparing this account. He 
says (1981, p. 65):  

“Eager at last to see the empirical curves that had the physicists of 1901–1903 so in a 
tizzy, I hurriedly leafed through the installment of the Göttingen Proceedings containing 
Kaufmann’s (1903).”  

Miller is quite right to say that Kaufmann’s results put the physicists of the time 
in a tizzy. I will argue later that Kaufmann’s experimental results were the key trigger for 
the beginning of the Einsteinian revolution. As we have seen, these results could have 
been obtained only after the discovery of electrons and radioactivity. Moreover, the 
discovery of electrons and radioactivity was only possible as a result of the technological 
development of electrical evacuated tubes. This traces one path, which leads from 
advances in technology to the onset of revolution in high-level abstract theory.  

Kaufmann’s experiments were difficult both to perform and to interpret. It 
required long and complicated mathematical calculations to get from his raw data to the 
quantities, which interested him—the masses and velocities of the electrons. Luckily, 
Kaufmann had a colleague at Göttingen (Max Abraham) who assisted him in 1902, 
sorting out the problems of transverse and longitudinal mass. Later in 1903, another 
Göttingen colleague (Carl Runge) corrected and improved Kaufmann’s data analysis. 
[112] After his collaboration with Abraham, Kaufmann was able to conclude in 1902, on 
the basis of his results, that the electron’s mass is purely electromagnetic in nature.  

Once Kaufmann’s experimental results became known, they posed the problem of 
developing a theoretical account of the electron which would explain them. Kaufmann’s 
colleague Abraham was the first to make the attempt. In the years 1902–1903, he 
developed a model in which the electron was a rigid sphere, and, using this assumption, 
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derived formulas for the electron’s longitudinal and transverse mass. The next attempt 
was made by Lorentz, who published his theory in 1904. In contrast to Abraham, 
Lorentz’s electron was deformable. Lorentz needed to have a deformable electron so that 
it would be subject to the Lorentz-Fitzgerald contraction, and so explain the null results 
of the various aether drift experiments. As well as the original Michelson-Morley 
experiment of 1887, a number of new aether drift experiments had been carried out in the 
years 1902–1904 (see Miller 1981, pp. 68–70). Lord Rayleigh had investigated whether 
an isotropic crystal might exhibit double refraction owing to its motion through the 
aether. He found to an accuracy of one part in 1010 that no such effect could be observed. 
His experiment was repeated by Brace in 1904 who found the same null result—this time 
to an accuracy of one part in 1013. Trouton and Noble in 1903 investigated a quite 
different phenomenon, namely whether the motion through the aether of a parallel-plate 
capacitor should generate a turning moment when the capacitor was charged. Once again, 
they found nothing. As we would expect, Lorentz tried to develop his theory of the 
electron in such a way that it would explain these null results. He obtained formulas for 
the longitudinal and transverse mass of an electron moving with velocity v, which 
differed from those derived by Abraham.  

Abraham admitted that, because in his theory the electron was rigid, it predicted 
double refraction well within the limits of accuracy of Rayleigh and Brace. However, he 
was dissatisfied with Lorentz’s theory for various reasons. To begin with, he thought that 
(Miller 1981, p. 76): ‘The deformable electron was not in the spirit of the electromagnetic 
world-picture, since it required non-electromagnetic forces in order to maintain its 
equilibrium.’ Interestingly, Abraham also objected to Lorentz’s theory on the grounds 
that it did not allow electrons to move at velocities equal to or greater than the velocity of 
light.  

After that brief survey of developments in physics in the years 1900–1904, let us 
return to Poincaré and see how he reacted to these new results in 1904, 2 years after the 
publication of his book: Science and Hypothesis in 1902. On 24 September 1904, 
Poincaré gave a lecture to the International Congress of Arts and Science at St. Louis, 
Missouri. The lecture was entitled: ‘L’État actuel et l’avenir de la physique 
mathématique’ (The present state and future of mathematical physics). The lecture was 
published the same year in the Bulletin de sciences mathématiques. In this lecture, 
Poincaré repeats some of the doubts he had expressed in 1902 concerning Lorentz’s 
treatment of the null results of the aether drift experiments, and whether Lorentz’s theory 
was compatible with Newtonian mechanics. However, under the heading ‘Lavoisier’s 
Principle’ he introduces some new material. This is what he says (Poincaré 1904, p. 102):  

“I arrive at the principle of Lavoisier on the conservation of mass. Certainly, this is one 
not to be touched without unsettling all mechanics. And now certain persons [113] think 
that it seems true to us only because in mechanics merely moderate velocities are 
considered, but that it would cease to be true for bodies animated by velocities 
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comparable to that of light. Now these velocities, it is believed at present, have been 
realized ...”  

Poincaré goes on to mention radium rays formed of electrons, and the possibility 
that these electrons have both mechanical mass and electrodynamic mass. He then con- 
tinues (1904, p.103):  

“The calculations of Abraham and the experiments of Kaufmann have then shown that 
the mechanical mass, properly so called, is null, and that the mass of the electrons, or, at 
least, of the negative electrons, is of exclu- sively electrodynamic origin. This is what 
forces us to change the defini- tion of mass; we cannot any longer distinguish mechanical 
mass and electrodynamic mass, since then the first would vanish; there is no mass other 
than electrodynamic inertia. But in this case the mass can no longer be constant; it 
augments with the velocity, and it even depends on the direction, and a body animated by 
a notable velocity will not oppose the same inertia to the forces which tend to deflect it 
from its route, as to those which tend to accelerate or to retard its progress.”  

Poincaré next considers the following possible way of avoiding the difficulty and 
retaining the law of conservation of mass (1904, p. 103):  

“There is still a resource; the ultimate elements of bodies are electrons, some charged 
negatively, the others charged positively. The negative electrons have no mass, this is 
understood; but the positive electrons, from the little we know of them, seem much 
greater. Perhaps they have, besides their electrodynamic mass, a true mechanical mass. 
The real mass of a body would, then, be the sum of the mechanical masses of its positive 
electrons, the negative electrons not counting; mass so defined might still be constant.”  

However, Poincaré state this possibility only to reject it, for he immediately adds: 
‘Alas! This resource also evades us.’ To show why this approach will not work, Poincaré 
refers back to an earlier discussion of the principle of relativity and of Lorentz. This 
shows, he claims, that it is necessary that ‘the masses of all the particles be influenced by 
a translation to the same degree as the electromagnetic masses of the electrons.’ (1904, 
p. 104, Poincaré’s italics) Poincaré is thus led to the following striking and dramatic 
conclusion (1904, p. 104):  

“So the mechanical masses must vary in accordance with the same laws as the 
electrodynamic masses; they can not, therefore, be constant.  

Need I point out that the fall of Lavoisier’s principle involves that of Newton’s? ... From 
all these results, if they were confirmed, would arise an entirely new mechanics, which 
would be above all, characterized by this fact, that no velocity could surpass that of light 
…” [114]  

The change in Poincaré’s views between 1902 and 1904 is indeed striking. In 
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1902, he was still in the conservative camp, arguing that Newtonian mechanics will never 
be given up. By 1904, he has joined the revolutionaries, and is speaking of ‘an entirely 
new mechanics’ coming into existence. Moreover, we can locate very precisely the devel- 
opments which led him to change his mind. Already in 1902, he was expressing doubts 
about Lorentz’s treatment of the null results of aether drift experiments and also 
wondering whether Lorentz’s theory was compatible with Newtonian mechanics. These 
doubts, however, did not lead him to alter his conservative attitude to Newtonian 
mechanics. It is clear that Poincaré’s change of opinion was brought about by the results 
of Kaufmann’s experiments on the high velocity electrons emitted by radium. This is my 
argument for suggesting that Kaufmann’s experiments were the trigger, which led to the 
beginning of the Einsteinian revolution.   

Poincaré in 1904 also implicitly abandoned the conventionalist account of 
mechanics, which he had given in 1902. According to that account, the principles of 
mechanics were a convention which had been adopted on the basis of observation and 
experiment. However, as this convention had shown itself to be so convenient, it would 
never be overthrown by future experiments. In the light of this, it is somewhat ironical 
that it was the new experimental results of Kaufmann, which led Poincaré himself to 
conclude that Newtonian mechanics must be changed.  

Poincaré did not sit back as a spectator to observe the rise of a new mechanics. On 
the contrary, he set to work himself to develop ‘an entirely new mechanics, which would 
be above all, characterised by this fact, that no velocity could surpass that of light’, and 
the results of his efforts were published as his (1905) and (1906). What Poincaré did not 
know was that a young researcher, who did not even have an academic job, but worked at 
the Swiss Patent Office in Bern, had independently reached the same conclusion 
concerning the need to change mechanics. The very next year this young researcher 
would publish “an entirely new mechanics, which would be above all, characterised by 
this fact, that no velocity could surpass that of light”. I turn in the next section to 
considering the work of Albert Einstein, and from now on I will concentrate mainly on 
Einstein’s work. A more complete treatment would require an account also of Poincaré’s 
work on this topic from 1905 till his death in 1912, and a comparison of his work with 
that of Einstein. However, this is a complicated topic and would require a separate paper 
for an adequate treatment. The two main views on the subject are (i) that special relativity 
was discovered simultaneously, but independently, by Einstein and Poincaré, which is 
argued by Giedymin (1982) and Zahar (1989) and (ii) that Poincaré’s contribution fell 
short of the discovery of special relativity because he lacked some crucial insights to be 
found in Einstein, which is argued in Miller (1981). The issue is also discussed by Pais 
(1982, pp. 128–130, 167–168 and 169– 172). More recent discussions are to be found in 
Galison (2003, pp. 294–321) and in Gray (2013, pp. 367–378).  

It should be stressed that my claim that Poincaré became a revolutionary is not 
equivalent to saying that Poincaré discovered special relativity. In my Kuhnian 
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framework, becoming a revolutionary is equivalent to abandoning a component of the old 
paradigm and trying to replace it with something new. The texts show that Poincaré 
undoubtedly did so in the period 1904–1905 as regards Newtonian mechanics. It does not 
follow from this, however, that Poincaré succeeded in developing a new mechanics 
equivalent to special relativity. Whether he did or not is discussed in the debate just [115] 
described. It is not essential for our purposes to give an opinion on this, since this paper is 
concerned with the beginning of the Einsteinian revolution, and that beginning is 
signalled by one or more leading researchers in the field becoming revolutionaries.  

 

6. 1905. Einstein’s Annus Mirabilis  

1905 is known as Einstein’s Annus Mirabilis because in that year, he published four 
different papers which concerned with different topics in physics. Each paper made a 
brilliant and lasting contribution to the subject, and their appearance marked the real 
beginning of the twentieth century revolution in physics. A feat of this sort is unpar- 
alleled in the history of physics, and indeed of any other science. What makes it still more 
remarkable is that Einstein researched and wrote these papers while he was working full 

time in a job, which did not officially allow him any research time.10  

As our concern is with Einstein’s introduction of the theory of special relativity, 
we will concentrate mainly on the paper dealing with the electrodynamics of moving 
bodies [Einstein (1905b)]. However, two of the other three 1905 papers contain material 
which is relevant to special relativity. These are Einstein’s (1905a) and (1905c).  

Einstein’s 1905 paper on the electrodynamics of moving bodies is clearly written 
and logically compelling. Yet it remains enigmatic, both because of the novelty of the 
conceptions which are introduced and also because the paper contains no references to 
other papers and books in the field. I think that Einstein’s paper can be understood better 
if we set it against the background of the developments in physics between 1900 and 
1904, which we have sketched in the previous section. As we saw, the key events were 
the experiments of Kaufmann on the masses of high-velocity electrons emitted by radium 
and the attempts to explain these results by Abraham and Lorentz. Now, the final section 
of Einstein’s 1905b paper (§10) is entitled: Dynamics of the (Slowly Accelerated) 
Electron. In this section, Einstein derives formulas for the longitudinal and transverse 
mass of an electron moving with velocity v. These formulas are equivalent to those of 
Lorentz, but differ from the formulas of Abraham.  

We see then that Einstein is presenting a solution to one of the leading problems 
of contemporary physics. At first sight, his solution might not seem very original since it 
is the same as the one produced by Lorentz in 1904. However, such a reaction would be a 
misunderstanding, because Einstein’s originality consists in the fact that he derives the 
result in a way which is completely different from that adopted by both Abraham and 
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Lorentz.  

The problem was to derive formulas for the mass of an electron moving with 
velocity v. The most obvious way of tackling this problem, which was the approach 
adopted by both Abraham and Lorentz, would be to make some assumptions about the 
nature of the electron from which the required results could be obtained. So Abraham 
assumed that electrons are rigid spheres, while Lorentz assumed that electrons are 
deformable spheres. Einstein, however, did not make any assumptions of this kind about 
the electron, but rather derived the required formulas from deeper theoretical [116] 

……………………………………………………………………………………………  

10 A good recent account of Einstein’s Annus Mirabilis and the four papers which he 
published that year is to be found in Renn and Hoffmann (2005).  

…………………………………………………………………………………………… 

considerations. Indeed, as we shall see, Einstein’s ‘electron’ was not specifically the 
charged particle investigated by Kaufmann in his experiments, but rather any charged or 
even uncharged particle. So Einstein not only derives his formulas for longitudinal and 
transverse mass in a much simpler way than either Abraham or Lorentz, but his results 
are much more general and apply to any particle. They are in effect formulas of ‘an 
entirely new mechanics’.  

In §§7 & 8 of his paper, Einstein derives formulas for other phenomena in 
physics, namely Doppler’s principle, aberration, and radiation pressure. I will leave aside 
these results, interesting though they are, and concentrate in what follows in giving a 
sketch of the general development which enables Einstein to obtain his results concerning 
the moving electron.  

Einstein bases his development of a new mechanics on just two postulates. The 
first is the principle of relativity, which he states as follows (1905b, p. 395):  

“The laws by which the states of physical systems undergo changes are independent of 
whether these changes of state are referred to one or the other of two coordinate systems 
moving relatively to each other in uniform translational motion.”  

The second postulate Einstein calls (1905b, p. 394): ‘the principle of the 
constancy of the velocity of light.’ He states it as follows (1905b, p. 395):  

“Any ray of light moves in the ‘resting’ coordinate system with the definite velocity c, 
which is independent of whether the ray was emitted by a resting or by a moving body.”  

He had remarked earlier that this second postulate is (1905b, p. 392): “only 
apparently irreconcilable with the former”, and also made the following claim (1905b, p. 
392):  
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“These two postulates suffice in order to obtain a simple and consistent theory of the 
electrodynamics of moving bodies taking as a basis Maxwell’s theory for bodies at rest. 
The introduction of a ‘luminiferous aether’ will prove to be superfluous ...”  

Einstein’s development of his new mechanics is thus a very successful application 
of the axiomatic-deductive method. Although he overthrows Newtonian mechanics, his 
method of exposition is very like that of Newton in Books I and II of the Principia. Here, 
Newton starts from his three axioms or laws of motion and goes on to deduce many 
results concerning the motion of bodies. Einstein starts with his two postulates and 
deduces many results concerning the motion of bodies. A difference is that Newton uses 
very complicated mathematics to reach his conclusions, whereas Einstein’s mathematics 
is always very simple and straightforward.  

Einstein first gives his definition of simultaneity in terms of clock synchronisation 
and then shows from his postulates that the concept of simultaneity is relative rather than 
absolute. He goes on in §3 to derive from his postulates what is now known as the 
Lorentz transformation. This standard terminology is not completely accurate. In his 
[117] 1906,11 Poincaré showed that the transformation which Lorentz had used in 1904 
did not in fact render his equations invariant. Poincaré, therefore, introduced a correction 
and obtained the transformation which Einstein had independently derived in his 1905b. 
So this transformation might be referred to as the Einstein-Poincaré transformation. 
However, as Lorentz had made a big contribution to the emergence of this crucial 
transformation, the standard terminology is not altogether unjust.12  

 From the Lorentz transformation, Einstein goes on to derive in §4 the Lorentz- 
Fitzgerald contraction (though he does not call it by that name) and time dilation, i.e. the 
result that moving clocks run slow. In connection with the Lorentz-Fitzgerald 
contraction, Einstein remarks (1905b, p. 401):  

“For velocities greater than that of light our deliberations become meaningless; we shall, 
however, find in what follows that the velocity of light in our theory plays the role, 
physically, of an infinitely great velocity.”  

Einstein keeps this promise in the very next section (§5) where he derives the law 
of addition of velocities from the Lorentz transformation. He shows from the equation for 
addition of velocities that (1905b, p. 403): “from a composition of two velocities which 
are less than c, there always results a velocity less than c”, and then that “the velocity of 
light c cannot be altered by composition with a velocity less than that of light.” §5 
concludes what Einstein calls the ‘kinematical part’ of the paper, and he then goes on to 
the ‘electrodynamical part’.  

Here, in §6, Einstein, by considering the Maxwell-Hertz equations in empty 
space, shows how the electric-force and magnetic-force vectors transform under the 
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Lorentz transformation. Then in §9, he applies the Lorentz transformation to the 
Maxwell-Hertz equations when convection currents are taken into account. He remarks 
(1905b, p. 411):  

“If we imagine the electrical substances to be coupled in an unchanging manner to small 
rigid bodies (ions, electrons), these equations are the electromagnetic basis of Lorentz’s 
electrodynamics and optics of moving bodies.”  

Having given the mathematical results of applying the Lorentz transformation to the 
equations, Einstein goes on to say (1905b, p. 412):  

“Consequently we have proved that, on the basis of our kinematical principles, the 
electrodynamics foundation of Lorentz’s theory of the electrodynamics of moving bodies 
is in agreement with the principle of relativity.”  

In effect, Einstein has shown that Lorentz’s theory is covariant under the modified 
Lorentz transformation. This was also shown by Poincaré in his 1906. [118] 

…………………………………………………………………………………………….. 

11 It should be pointed out that, despite the seeming difference in dates, Poincaré (1906) 
was completed at almost exactly the same time as Einstein (1905b). In fact Poincaré 
(1906) was submitted in July 1905, but published in 1906; while Einstein (1905b) was 
submitted on 30 June 1905 and published on 26 September of that year. See Giedymin 
(1982, Footnote 13, pp. 191–192).  

12 Contributions to what is now known as the Lorentz transformation were also made by 
Voigt and Larmor. For details, see Pais (1982, pp. 120–126).  

……………………………………………………………………………………………. 

After these developments, Einstein is now in the position in §10 to deal with the 
dynamics of the electron. Einstein does not, however, use the term ‘electron’ in the usual 
sense. He is quite explicit about this, writing (1905b, p. 412):  

“Let there be in motion in an electromagnetic field a point particle possessing an electric 
charge ε (in the sequel this electrically charged particle is called an ‘electron’).”  

So, in effect, Einstein is using the term ‘electron’ to denote a particle with any 
arbitrary electric charge ε. His problem is to give the equations governing the motion of 
an electron (in this sense) moving with velocity v. This is easily done. Einstein has only 
to introduce a frame in which the electron is at rest, write down its equations of motion 
and then transform them back to the original frame. A few simple manipulations yield 
formulas for the electron’s longitudinal and transverse mass. Not only are these formulas 
obtained much more easily than in previous treatments, but the result is more general. As 
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we have seen, it applies to any charged particle, and Einstein goes on to say (1905b, p. 
414):  

“We remark that these results as to the mass are also valid for ponderable material points, 
because a ponderable material point can be made into an electron (in our sense of the 
word) by the addition of an arbitrarily small electric charge.”  

In this almost casual fashion, Einstein shows that he has produced a general 
mechanics applying to any moving body, but different from Newtonian mechanics. He 
has made no assumptions about the nature of the electron, and has not even raised the 
question of whether the mass of particular bodies is wholly, or partly, electromagnetic in 
origin. Everything follows by rigorous but mathematically quite simple steps from his 
two postulates.  

Einstein now calculates the energy of motion W of his ‘electron’, and remarks 
(1905b, p. 414):  

“Thus, when v=c, W becomes infinite. Velocities greater than that of light have—as in 
our previous results—no possibility of existence.  This expression for the kinetic energy 
must also, by virtue of the argument stated above, apply to ponderable masses as well.”  

Einstein has developed in a short and elegant paper “an entirely new mechanics, 
which would be above all, characterised by this fact, that no velocity could surpass that of 
light”.  

That concludes my brief analysis of Einstein’s 1905b paper. I will next try to trace 
how these very abstract theoretical ideas are connected to technology. I have argued that 
one of the aims of the paper is to provide an explanation of the results of Kaufmann’s 
experiments on the high-velocity electrons emitted by radium. This at once links the 
paper to two of the major discoveries of the period 1895–1904—the electron and 
radioactivity. In so doing, it links the paper to the technological advances concerning 
electrical evacuated tubes and mercury pumps, which made these discoveries possible. 
[119]  

Another quite different link to technology has been explored by Galison. Einstein 
bases his definition of simultaneity on clock synchronisation, and Galison shows in detail 
that clock synchronisation was a major technological issue of the time. I will conclude 
this section by showing that this technological issue was in turn closely connected to one 
of the major inventions of the period 1895–1904, namely wireless telegraphy. As we 
mentioned in section 3, Marconi’s first patent on wireless telegraphy was accepted in 
1897. In 1901, Marconi and Fleming succeeded in transmitting a wireless signal across 
the Atlantic, while in 1904, Fleming invented and patented the thermionic valve for radio.  

In 1920, Max Born, a friend of Einstein’s wrote a book entitled Einstein’s Theory 
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of Relativity. When introducing Einstein’s definition of simultaneity, he describes the 
need to synchronise two clocks A and B at different places and remarks that (Born 1920, 
p. 193): “We may use time-signals to compare the clocks.” He then observes that this 
process is adopted in practice, since (Born 1920, p. 193): “A ship at sea ... receives time-
signals by wireless telegraphy.” There is a problem here that, as Carrier points out (2006, 
p. 25): “The only difference is that he (i.e. Einstein – D.G.) referred to light rays whereas 
... radio waves were in general use in his period.” Perhaps light rays were more natural to 
consider for time in astronomy, whereas radio waves were used for time on Earth. As 
light and radio waves are both electromagnetic waves which travel at the same velocity, it 
is indifferent which is used for clock synchronisation.  

As regards the use of wireless telegraphy for clock synchronisation, Galison has 
this to say (2000, pp. 378–379):  

“It is even in this period that preparations were being made to send the time coordination 
signal out by radio waves. There was an intense burst of activity on such radio 
coordination systems in 1904 both in Switzerland and in France as workers tested, 
developed and began deploying the new radio time system. The director of La Nature 
himself took up his pen to record new developments in the distribution of time by 
wireless methods. Reporting on experiments conducted at the Paris Observatory, he noted 
that with the aid of a chronograph distant synchronization now appeared to be possible to 
within two or three hundredths of a second ... freed from the constraints of physical wire, 
time could be broadcast out to boats at sea ... By 1905 the American navy was using 
radio- controlled clocks ... According to one leading radio time worker in 1911, planning 
for radio simultaneity had begun with radio itself, presumably sometime around 1901.”  

Einstein must have known of these developments. As Galison remarks (2000, pp. 367–
368):  

“There were patents on ... wireless ... transmission of time. ... All these chrono- metric 
patents ... had to pass through the Swiss patent office in Bern, and no doubt many of them 
crossed Einstein’s desk.”  

Here, then we have another connection between Einstein’s 1905b paper and some of the 
striking technological developments of the time. [120] 

 

7. Elimination of the Aether and E=mc2  

I have already quoted Einstein’s remark (1905b, p. 392):  

“The introduction of a ‘luminiferous aether’ will prove to be superfluous ...”  
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This is another instance of the almost casual fashion in which Einstein introduces 
his revolutionary ideas. Einstein here suggests that the aether be eliminated from physics, 
and yet the majority of those working in the field not only accepted the existence of the 
aether, but used it as an essential explanatory tool. We can illustrate this by considering 
the work of Joseph Larmor.13  

Joseph Larmor (1857–1942) was a leading applied mathematician at Cambridge. 
He graduated from Cambridge as senior wrangler in mathematics in 1880. J.J. Thomson 
was second wrangler in the same year. Larmor became a lecturer in mathematics in 
Cambridge in 1885 and went on to become Lucasian professor of mathematics at 
Cambridge in 1903. He was knighted in 1909. His main area of research was electro- 
dynamics. In this field, he made some important contributions. He was one of those 
involved in developing the Lorentz transformation, and he seems to have been the first to 
recognise the phenomenon of time-dilation for orbiting electrons. However, these 
researches were based entirely on assuming the existence of the aether. We have already 
quoted William Thomson’s praise for aether theories in 1900. Larmor was a follower of 
Thomson and developed one of Thomson’s numerous aether models. This consisted of an 
assemblage of gyrostats, and enabled the aether to show resistance to rotation without 
resistance to translation. Larmor’s aether had to be at least as dense as ordinary matter, 
which Larmor himself found ‘somewhat startling’. Larmor carried out his researches 
involving the aether in the period 1890–1897, and he won the Adams Prize at Cambridge 
for them in 1898. He published his results in a book entitled Aether and Matter in 1900. 
Lamb satirised this book by renaming it Aether and no Matter.  

Admittedly, Larmor’s enthusiasm for the aether may have been extreme even for 
the time. He was conservative by temperament, and in 1920 opposed the installation of 
baths in his Cambridge college (St. John’s) on the grounds that ‘We have done without 
them for 400 years, why begin now?’ However, the aether played an important role even 
in the radical electromagnetic world picture proposed by Wien in 1900. Indeed, the aim 
of the electromagnetic world picture was to reduce matter to electrical charges and the 
aether.  

In view of the general acceptance of the aether, what led Einstein to dismiss it in 
such a summary fashion? I think we can find part of the answer to this question by 
considering another of the papers, which he published in 1905. This was his paper on 
quantum theory (1905a).14 

……………………………………………………………………………………………. 

13 In this account of Larmor, I have made use of Darrigol (2000, pp. 332–343).  

14 The interconnectedness of Einstein’s papers published in 1905 is discussed in Miller 
(1981, p. 137). 
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Einstein’s 1905a paper deals with the emission and transformation of light. He begins by 
making a general observation to the effect that while the usual optical effects are 
explained by the wave theory of light, which assumes continuity, phenomena [121] 
concerned with the emission and transformation of light seem to be better explained by 
assuming discreteness rather than continuity. This is how he puts it (1905a, p. 368):  

“The wave theory of light, which operates with continuous spatial functions, has worked 
well in the representation of purely optical phenomena and will probably never be 
replaced by another theory. It should be kept in mind, however, that the optical 
observations refer to time averages rather than instantaneous values. In spite of the 
complete experimental confirmation of the theory as applied to diffraction, reflection, 
refraction, dispersion, etc., it is still conceivable that the theory of light which operates 
with continuous spatial functions may lead to contradictions with experience when it is 
applied to the phenomena of emission and transformation of light.  

It seems to me that the observations associated with blackbody radiation, fluorescence, 
the production of cathode rays by ultraviolet light, and other related phenomena 
connected with the emission or transformation of light are more readily understood if one 
assumes that the energy of light is discontinuously distributed in space.”  

Einstein goes on to consider in turn blackbody radiation, fluorescence and the emission of 
electrons when ultraviolet light falls on particular metals. The most famous part of the 
paper is section 8, which deals with the last of these three, namely the photoelectric 
effect. Here, Einstein says (1905a. p. 373):  

“The usual conception, that the energy of light is continuously distributed over the space 
through which it propagates, encounters very serious difficulties when one attempts to 
explain the photoelectric phenomena, as has been pointed out in Herr Lenard’s 
pioneering paper.”  

Einstein gives, in a footnote a reference to Lenard’s paper, which was published 
in the Annalen der Physik in 1902.  

Einstein goes on to explain the photoelectric effect by assuming that the incident 
light consists of energy quanta and that a light quantum delivers its entire energy to a 
single electron. Using this model, he derives his equation for the photoelectric effect, 
which in modern notation is  

E = hν−A  

where ν if the frequency of the incident light, h is Planck’s constant, A is the work which 
needs to be done for the electron to overcome the forces which hold it to the metal’s 
surface and E is the kinetic energy of the emitted electron. Einstein goes on to say that 
this equation is in agreement with the results reported in Lenard’s 1902 paper.  



 32 

The title of Einstein’s 1905a paper is ‘On a heuristic viewpoint regarding the 
emission and transformation of light’. The quantum theory of light was indeed a good 
heuristic for Einstein as it enabled him to derive his equation for the photoelectric effect. 
Yet the title suggests that even such a daring thinker as Einstein was reluctant to regard 
the quantum theory of light as anything more than a heuristic. There are obvious enough 
reasons for this. The quantum theory of light contradicted the wave theory of [122] light, 
which, as Einstein had just pointed out was very strongly confirmed experimentally as 
applied to diffraction, reflection, refraction, dispersion, etc. Moreover, the wave theory of 
light was a consequence of Maxwell’s equations. It must have seemed then that the 
quantum theory of light was ruled out by these considerations and could only be a 
heuristic device.   

Einstein in effect introduces the wave-particle duality in his 1905a paper, and this 
extremely paradoxical feature of the twentieth century physics only gained a general 
acceptance after much more experimental evidence in its favour had been collected. Yet, 
despite his caution, there is no doubt that his explanation of the photoelectric effect must 
have raised some doubts in Einstein’s mind about the correctness of the wave theory of 
light. As long as light was regarded as unequivocally a wave motion, it made sense to 
postulate a medium in which the waves occurred. This brought about the acceptance of 
the luminiferous aether. Once, however, light was regarded as in some sense consisting of 
discrete quanta as well as continuous waves, it would seem sensible to eliminate the 
aether if this could be done. This, I think, is part of the explanation of Einstein’s attitude 
to the aether in his 1905b.  

Returning to the theme of technological influences, it is worth noting that the 
revolutionary introduction of the wave-particle duality was based on Lenard’s 1902 
investigation of some properties of the electrons, which had been discovered in 1897. 
Once again, it is a study of the properties of a newly discovered entity which leads to a 
revolutionary change in theory.  

Let us now turn to the last of the papers which Einstein published in 1905, i.e. his 
(1905c) Does the Inertia of a Body Depend on its Energy-Content? Einstein’s paper on 
the Electrodynamics of Moving Bodies (1905b) had been received by the Annalen der 
Physik on 30 June. However, Einstein then thought of a further consequence of his new 
theory and had sent his (1905c), which is sort of addendum to his (1905b), to the Annalen 
der Physik by September. Einstein begins his (1905c) by quoting a formula from section 
8 of his earlier paper (1905b) which relates light energy E measured in a stationary 
system to its value E’ measured in the corresponding moving system. Einstein does a 
calculation using this formula and concludes (1905c, p. 71): “If a body give off the energy 
L in the form of radiation, its mass diminishes by L/c2.” (Einstein’s italics). This is in 
effect the famous equation E=mc2. Einstein goes on to generalise, from the example 
which he has analysed, as follows (1905c, p. 71):  
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“The fact that the energy withdrawn from the body becomes energy of radiation evidently 
makes no difference, so that we are led to the more general conclusion that  

The mass of a body is a measure of its energy-content ...”  

In order to relate this new theoretical insight to technological considerations, we need to 
quote the next paragraph, which runs (1905c, p. 71):  

“It is not impossible that with bodies whose energy-content is variable to a high degree 
(e.g. with radium salts) the theory may be successfully put to the test.” [123] 

So once again, a theoretical advance of Einstein’s is closely linked to one of the new 
entities discovered a few years before and whose properties were being investigated 
experimentally. In this case, the new entity was radium.  

Poincaré, in his 1904 St. Louis Address on the present state and future of mathe- 
matical physics, had spoken of the problems which radium posed a concerning energy. 
This is what he said (1904, pp. 104–105):  

“... when the Curies had discovered radium, it was seen that every radioactive body was 
an inexhaustible source of radiation. Its activity seemed to subsist without alteration 
throughout the months and the years. This was in itself a strain on the principles; these 
radiations were in fact energy, and from the same morsel of radium these issued and 
forever issued. ... when Curie bethought himself to put radium in a calorimeter; it was 
then seen that the quantity of heat incessantly created was very notable.  

The explanations proposed were numerous; but in such case we can not say the more the 
better. ... we can not be sure there is a good one among them.”  

Darrigol points out that Poincaré came very close to discovering the principle of mass-
energy equivalence. Darrigol writes (2000, p. 383):  

“In 1900 Poincaré had shown that in Lorentz’s theory the application of energy 
conservation to the emission of radiation by two different observers, one attached to the 
source, the other moving with the velocity u in the direction of emission, led to an 
apparent violation of the relativity principle. ... Poincaré later seems to have forgotten this 
paradox.”  

So it was Einstein who discovered the fateful equation E=mc2.  

 

8. Conclusions  

We all know that Einstein was working at the Swiss Patent Office in Bern in 1905, and 
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yet his papers published that year appear at first sight to be works of a pure theory. I have 
tried to show that this first appearance is misleading and that there are strong links to the 
striking inventions and discoveries of the preceding decade. The paper on the 
Electrodynamics of Moving Bodies (1905b) is connected to Kaufmann’s experiments of 
1901–1903 and so to the key discoveries of the electron and radioactivity. Einstein’s 
rejection of the aether is connected to his discovery of the wave-particle duality of light, 
and this arose from Einstein’s analysis (1905a) of Lenard’s experiments on the role of the 
newly discovered electron in the photoelectric effect. Einstein’s discovery of the equation 
E=mc2 (1905c) is connected to the problems which the newly discovered radium posed 
for the conservation of energy. Another connection is from Einstein’s definition of 
simultaneity to the method of clock synchronisation by wireless telegraphy, which was 
being introduced at that time. [124] 
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