
Physics around 1900





“When I was beginning to study physics 
and asked my venerable teacher Philip 
von Jolly for his opinion concerning the 
conditions and perspectives of my studies, 
he presented physics as a highly developed 
and almost fully mature science, which after 
its achievements had been crowned by the principle of 
conservation of energy, was shortly to assume its final 
form. True enough, in some corners there remained a 
speck or little bubble to be studied and removed, but the 
system itself was quite safe and theoretical physics was 
approaching perfection which since centuries was the 
attribute of geometry.” 

Max Planck, Munich lecture (1924)



”Peter Zeeman, who received the 
Nobel prize in physics for 1902, 
enjoyed telling that he had been 
warned not to study physics:  
‘Physics is no longer a promising 
subject; it is finished, there is no 
room for anything really new’. It must 
have been around 1883.”

Hendrik Casimir - Haphazard Reality



”The more important 
fundamental laws and facts of 
physical science have all been 
discovered, and these are so 

firmly established that the 
possibility of their ever being 

supplanted in consequence of 
new discoveries is exceedingly 

remote”

Albert A. Michelson (1894)



”Le monde est aujourd’hui sans mystère”  

Marcelin Berthelot (1885)

(”The world today is without mystery”) 



”Theory of light based on the works of Fresnel 
and his successors is the most perfect of all 

the theories of physics”

         Henri Poincaré - Teorie mathématique de la lumière,   
         Paris 1889



The original documents leave little doubt 
that the physicists active around 1900 were 

mostly satisfied with classical physics
and saw little need for ’new’ physics







”One word characterizes the most
strenuous of the efforts for the 
advancement of science that I have made
perseveringly during fifty-five years; 
that word is failure. I know no more 
of electric and magnetic forces or of 
the relation between ether, electricity, 
and ponderable matter, or of chemical 
affinity, than I knew and tried to teach 
to my students of natural philosophy 
fifty years ago in my first session 
as professor”.

Lord Kelvin's Jubilee, Nature 54, 173-181 (1896)



”Something of sadness must come of 
failure; but in the pursuit of science, 
inborn necessity to make the effort 
brings with it much of the certaminis 
gaudia - and saves the naturalist from 
being wholly miserable, perhaps even 
allows him to be fairly happy, in his 
daily work. And what splendid 
compensations for philosophical 
failures we have had in the admirable 
discoveries by observation and 
experiment on the properties of 
matter, and in the exquisitely 
beneficent applications of science to 
the use of mankind with which these 
fifty years have so abounded!”

Lord Kelvin's Jubilee, Nature 54, 173-181 (1896)



X rays and radioactivity



Heinrich Geissler 

Julius Plücker

Johann Wilhelm Hittorf – the rays 
emitted from the cathode (Glimmstrahlen) 
propagate along straight lines, may form 
shadows, but undergo deflection in the 
magnetic field

Cathode rays
1859

1869

discovery of radiation 
emanating from  
the cathode  
in ‘Geissler tubes’



Cathode rays

‘cathode rays’
(1876)

this radiation 
is corpuscular

(1871)

Cromwell Varley

Eugene Goldstein‘fourth state 
of matter’

(1879)

William Crookes



Geissler tubes

Cathode rays



Experiments with 
cathode rays (1892)

Cathode rays



Wilhelm Conrad Röntgen
(1845-1923)



Early X-ray photographs

Bertha Röntgen
22 XII 1895

prof. A. von Kölliker
23 I 1896



”...A kind of relationship between the new 
rays and light rays appears to exist; at least 
the formation of shadows, fluorescence and 
the production of chemical action point in this 
direction. Now it has been known for 
a long time, that besides the transverse 
vibrations which account for the phenomena 
of light, it is possible that longitudinal 
vibrations should exist in the ether, and, 
according to the view of some physicists, 
must exist. It is granted that their existence 
has not yet been made clear, and their 
properties are not experimentally 
demonstrated. Should not the new rays be 
ascribed to longitudinal waves in the ether?”

W. C. Röntgen, Über eine neue Art von Strahlen (December, 1895) 



Early X-ray photographs



Early X-ray apparatus and photographs



Early X-ray apparatus and photographs



Early X-ray photographs





Discovery of radioactivity 
was an accidental consequence 

of the discovery of X-rays



Academy of Science meeting in Paris, January 20, 1896

                Henri Poincaré:

”Emission of X rays may be      
connected with phosphorescence”



Academy of Science meeting on 
February 24, 1896

”Yes, my experiment confirmed 
Poincaré’s hypothesis”

Henri Becquerel

Accident no 1: 
Becquerel picked up uranium-potassium sulphide 

out of his rich collection of phosphorescent 
minerals



Academy of Science meeting on March 2, 1896

”I particularly insist on the following fact, 
which appears to me exceedingly important 
and not in accord with the phenomena 
which one might expect to observe: the 
same encrusted crystals placed with 
respect to the photographic plates in the 
same conditions and acting through the 
same screens, but protected from the 
excitation of incident rays and kept in the 
dark, still produce the same photographic 
effects. 
I may relate now how I was led to make this 
observation.”

Accident no 2: weather in Paris deteriorated

Henri Becquerel



Academy of Science meeting on March 2, 1896

”Among the preceding experiments some had 
been ready on Wednesday the 26th and 
Thursday the 27th of February and as on those 
days the sun only showed itself intermittently 
I kept my arrangements all prepared and put 
back the holders in the dark in the drawer of 
the case, and left in place the crusts of uranium 
salt. Since the sun did not show itself again for 
several days I developed the photographic 
plates on the 1th of March, expecting to find the 
images very feeble. The silhouettes appeared 
on the contrary with great intensity. I at once 
thought that the action might be able to go on 
in the dark.”

Henri Becquerel

Accident no 2: weather in Paris deteriorated



Why Becquerel went to his laboratory on Sunday 
morning (!) and decided to develop plates, 

although he knew that they had not been exposed 
to sunlight?

In 1867 Niépce de Saint Victor noticed that 
uranium salts cause ‘fogging’ of the photographic 
plates even when they are isolated from the salts 

by layers of paper

Did Becquerel know about it ???



2 III uranium emits radiation by itself                                right

9 III intensity of uranium radiation unchanged after 
 keeping it for a few days in darkness                  right
 uranium radiation is reflected and refracted         wrong 
 
23 III intensity of uranium radiation is much          right
 larger than that of the Crookes’ tube  

30 III uranium radiation undergoes double refraction     wrong
 in traversing a piece of tourmaline

23 V radiation of metallic uranium is more intensive       right 
 than that of its compounds  

Becquerel’s reports to the Academy of Science in 1896

24 II    uranium emits radiation after exposure to light      wrong



‘Discoveries’ of invisible penetrating radiation

27 I  Le Bon  ‘black light’ (lumiére noire) 
     from paraffin lamp
February Mau   radiation from the sun
          Egbert   radiation from the sun
9 III       Troost  zinc sulphate
March          McKissick various substances, e.g. ordinary chalk 
      
March          Arnold  fluorite, mixtures of sulphates and 
     tungstenites
11 V         Le Bon  ‘black light’ may be concentrated by 
     metals
6 VII          Colson  well polished zinc
13 VII          Pellat  steel
24 VIII     Henry  glow-worms
    (soon confirmed by Muraoka in Kyoto)



Becquerel decided to leave the field of 
radioactivity which seemed to be an 

”uninteresting” problem
and for two years, until March 1899, 

studied only the Zeeman’s effect 



J. J. Thomson, Rede Lecture “The Röntgen Rays”,
Cambridge University, June 10, 1896

“Since the discovery of the Röntgen Rays, 
Becquerel has discovered a new kind of light, 
which in its properties resembles the Röntgen 
rays more closely than any kind of light hitherto 
known...Becquerel has shown that the radiation 
from the uranium salts can be polarised, so that it is 
undoubtedly light; it can also be refracted. It forms a link 
between the Röntgen rays and ordinary light, it resembles 
the Röntgen rays in its photographic action, in power of 
penetrating substances opaque to ordinary light, and in the 
characteristic electrical effect, while it resembles ordinary 
light in its capacity for polarisation, in its liability to 
refraction... ” 



J. J. Thomson, Rede Lecture “The Röntgen Rays”,
Cambridge University, June 10, 1896

”The radiation from the uranium salts is of 
special interest from another point of view. 
Sir George Stokes has shown that in the case 
of phosphorescence caused by sunlight or the arc lamp, 
the light emitted by the phosphorescent body is of longer 
wave-length than the light causing the phosphorescence; 
in the case, however, of the phosphorescence discovered 
by Becquerel, the light emitted is of shorter wave-length 
than the incident light.”



Summary on the new rays in the middle of 1896
(unchanged until the spring of 1898)

 Property      Röntgen rays     Uranium rays

Penetration through paper    Yes  Yes
 and aluminium
Penetration through heavier metals  No  No
Action on photographic plates  Yes  Yes
Ionization of air    Yes  Yes
Reflection     No  Yes*
Refraction     No  Yes*
Polarization     No  Yes*

Nature     ?      Very short 
           ether waves

* Erroneous Becquerel’s results of March, 1896 



Oscar M. Stewart, Phys. Rev. No. 4, April 1898

“Becquerel rays occupy a unique position, 
inasmuch as far more is definitely known about 
them than any of the other ‘new’ “rays”. With X-rays 
nothing has been proven one way or the other 
about their character, save that if they are ultra-
violet rays their wave-length must be extremely 
small, so small that the refractive index for nearly 
all bodies is practically unity. With the rays of 
Becquerel there can be no reasonable doubt that 
they are short transverse ether waves.”



      Summary on the new rays in the spring of 1898

 Property   Röntgen   Uranium  Thorium
       rays     rays      rays

Penetration through paper     Yes     Yes      Yes
 and aluminium
Penetration through       No      No       No
 heavier metals
Action on photographic plates   Yes     Yes      Yes
Ionization of air     Yes     Yes      Yes
Reflection       No     Yes*      Yes (?)**
Refraction       No     Yes*      Yes**
Polarization       No     Yes*       No**
 
Nature       ?  Very short        ?
      ether waves

 * Erroneous Becquerel’s results of March, 1896 
           ** Schmidt’s results of February, 1898



Born in Warsaw on November 7, 1867 in this house at 16, Freta Street 

Maria Sk!odowska-Curie



1891   in November left for Paris (with a Russian passport)                                  

 1895 July 26, marriage with Pierre Curie
 (became French citizen)           

 1883   graduated from a high school in Warsaw (first place)

 1896 August 15, came out first in the examination for teachers; 

undertook a study of magnetic properties of tempered steel

A few facts about the first steps of Maria Sk!odowska-Curie

July 28, graduated as "licenciée des sciences 
mathématiques" (second in her class)

1894

July 28, graduated as "licenciée des sciences physiques" (first in 
a class of thirty)

1893



12 August 1897 – daughter Irène is born

18 June 1898           – discovery of polonium
26 December 1898  – discovery of radium

7 November 1897 – Maria is 30 years of age 
27 December 1897 – first publication (on tempered steel)

Maria Sk!odowska-Curie

12 April 1898 – publication of the ground-breaking article

”I had decided on a theme of my doctorate. My attention 
had been drawn to the interesting experiments of Henri 
Becquerel on the salts of the rare metal uranium.”
Maria Sk!odowska-Curie - Autobiographical Notes



Maria Sk!odowska-Curie, April 12, 1898 

“I have studied the conductivity of air under the 
influence of the rays from uranium, discovered by 
Mr. Becquerel, and I have sought whether any 
other bodies than those composed of uranium are 
able to render air a conductor of electricity.”



”I used for this study a plate 
condenser; one of the plates was 
covered with a uniform layer of 
uranium or another substance 
pulverised. 
A difference of potential of 100 Volts 
was established between the plates. 
The current, which passed through 
the condenser, was measured in 
absolute value by means of an 
electrometer and a piezo-electric 
quartz.”



Maria Sk!odowska-Curie, April 12, 1898 

”I have examined a great number of metals, salts, oxides 
and minerals...All the compounds of uranium studied are 
very active and they are, in general, the more active the 
more uranium they contain. 
The compounds of thorium are very active. The oxide of 
thorium even exceeds metallic uranium in activity. 
It should be noted that two most active elements, 
uranium and thorium, are those which have the greatest 
atomic weight.”



”Two ores of uranium, pitchblende (uranium oxide) 
and chalcolite (phosphate of copper and uranium) are 
much more active than uranium itself. This fact is 
very remarkable and leads to the belief that these 
minerals may contain an element much more 
active than uranium... 
I have produced chalcolite by the process of Debray 
from pure materials, this artificial chalcolite is no more 
active than any other salt of uranium.”

Maria Sk!odowska-Curie, April 12, 1898



”To interpret the spontaneous radiation of uranium 
and thorium one might imagine that all space is 
constantly traversed by rays analogous to 
Röntgen rays but much more penetrating and able 
to be absorbed only by certain elements of high 
atomic weight, such as uranium and thorium.”

Maria Sk!odowska-Curie, April 12, 1898



" Good quantitative method of detection
" Large number of investigated substances
" Discovery of thorium radiation
" Intensity of radiation in general found proportional to the    
 contents of uranium in various minerals
" Radiation is an atomic property of uranium
" Chalcolite and pitchblende radiation stronger than uranium
" Synthesis of chalcolite from its components
" Bold hypothesis about the existence of a new strongly 
 radioactive chemical element
" Analysis of absorption of uranium and thorium radiation 
" Comparison of the effects of uranium and thorium radiation
 with that of Röntgen rays
" Bold hypothesis about possible source of energy of  uranium          
and thorium radiation

Synopsis of the paper of April 12, 1898



Emilio Villari studied the discharge of an 
electroscope by uranite (same as pitchblende!) – 
he did not think about quantitative measurements

Gerhardt Schmidt did not attempt 
measurements of the intensity of radiation of 
various minerals containing uranium – he 
obviously considered it to be a loss of time

Maria Sk!odowska-Curie made a great discovery 
by looking for answers to very simple questions

Maria Sk!odowska-Curie and others



”It appeared that the results 
of my work were so interesting 

that Monsieur Curie 
interrupted his crystallographic 

work and joined me to take 
part in the experiments. Since 

then we worked together 
trying to extract and 

investigate new radioactive 
bodies.”

Maria Sk!odowska-Curie, 
Ph.D. Thesis (1903)



Discovery of polonium (July 18, 1898)

    “Certain minerals containing uranium 
    and thorium (pitchblende, chalcolite, 
uranite) are very active from the point of view of emission of 
Becquerel rays. In earlier work, one of us has shown that their 
activity is even greater than that of uranium and thorium, and 
has made the statement that this effect must be due to some 
other very active substance contained in a very small quantity in 
these minerals...
We believe therefore that the substance, which we have 
recovered from pitchblende contains a metal not yet described, 
related to bismuth in its analytical properties. If the existence of 
this new metal is confirmed, we propose to call it polonium, after 
the native country of one of us.”





Nature, 28 VI 1898



William Crookes, September 1898

”Quite recently M. and Mdme. Curie have announced 
a discovery which, if confirmed, cannot fail to assist the 
investigation of this obscure branch of physics. They 
have brought to notice a new constituent of uranium 
mineral pitchblende, which in a 400-fold degree 
possesses uranium’s mysterious power of emitting a form 
of energy capable of impressing a photographic plate and 
of discharging electricity by rendering air a conductor. It 
also appears that the radiant activity of the new body, to 
which the discoverers have given the name of Polonium, 
needs neither the excitation of light nor the stimulus of 
electricity; like uranium, it draws its energy from some 
constantly regenerating and hitherto unsuspected store, 
exhaustless in amount...”



“The reduction of the speed of the quick moving 
molecules would cool the layer of air to which they 
belong; but this cooling would rapidly be compensated 
by radiation and conduction from the surrounding 
atmosphere; under ordinary circumstances the difference 
of temperature would scarcely be perceptible, and the uranium 
would thus appear to perpetually emit rays of energy with no 
apparent means of restoration.
The total energy of both the translational and internal motions of the 
molecules locked up in quiescent air at ordinary pressure and 
temperature is about 140000 foot-pounds in each cubic yard of air. 
Accordingly the quiet air within a room 12 feet high, 18 feet wide, 
and 22 feet long contains energy enough to propel a one-horse 
engine by more than twelve hours. The store drawn upon naturally 
by uranium and other heavy atoms only awaits the touch of the 
magic wand of science to enable the twentieth century to cast into 
the shade the marvels of the nineteenth.”

William Crookes, September 1898



Ernest Rutherford, Phil. Mag. 47, 109, January 1899

It is possible that the apparently very powerful radiation 
obtained from pitchblende by Curie may be partly due to 
the very fine state of division of the substance rather than 
to the presence of a new and powerful radiating 
substance.”

“All the results that have been obtained point to 
the conclusion that uranium gives out types of 
radiation which, as regards their effect on gases, 
are similar to Röntgen rays and the secondary 
radiation emitted by metals when Röntgen rays 
fall upon them. 
If there is no polarisation or refraction the 
similarity is complete... 



Discovery of radium 
(December 26,1898)

”The different reasons which we have enumerated lead 
us to believe that the new radio-active substance 
contains a new element to which we propose to give 
the name of radium... The new radio-active substance 
certainly contains a very great proportion of barium; in 
spite of that, the radioactivity is considerable. The 
radio-activity of radium must therefore be enormous...”



M. Sk!odowska-Curie, Rev. Gen. des Sciences (January 1899)

First hypotheses concerning the source of energy of 
radioactive elements:

   • A kind of phosphorescence with very long decay time    
(an improbable hypothesis)
   • Emission of matter accompanied by a loss of mass of 
radioactive substances   
   • Energy of radioactive bodies continuously decreases; 
this hypothesis could be connected with Crookes’ ideas on 
the evolution of elements
   • Heavy atoms have the property of absorption of energy 
from outside sources and its emission in a form of 
penetrating radiation



Becquerel, full of shame and chagrin, 
returned to his experiments and soon 
retracted erronenous results which he 
published in March, 1896. 

He tried to make up for lost time and 
very frequently visited Curie’s laboratory, 

 In March 1902  Pierre Curie wrote to 
his friend Georges Gouy that 
”...Becquerel is most obtrusive, we have 
him constantly breathing down our 
necks”  
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The Curie’s laboratory in which polonium 
and radium have been discovered



    Summary on the new rays in the spring of 1899

         Property    Röntgen uranium, thorium, 
       polonium, radium 
        rays   rays

Penetration through paper      Yes                          Yes
 and aluminium
Penetration through heavier metals    No    No
Action on photographic plates   Yes   Yes
Ionization of air     Yes   Yes
Reflection       No    No
Refraction       No    No
Polarization       No    No

Nature        ?          ?



Hypotheses concerning the source of energy of the 
radioactive elements:

Their heavy atoms can absorb energy from external sources 

    • the fastest gas particles
 - Crookes (1898)
    • invisible radiation which fills the universe      
 - M. Curie (1898), P. Curie (1903), Mendelejew (1903), 
  Kelvin (1905)
and its emission in the form of a penetrating radiation



Lawrence Badash 
(1965)

“In early 1898, radioactivity was something of 
a ‘dead horse’ - it was there, but no one knew what 
to do with it. It took not only the discovery 
of thorium’s activity, first by Gerhard C. Schmidt 
and then by Marie Curie, but the subsequent 
discoveries of polonium and radium by the Curies 
to produce a sustained renewal of interest. For then 
it became apparent that this was an atomic 
phenomenon of great significance.”



{based on Max Iklé, Jahrbuch der Radioaktivität und Elektronik, 1, 413-442 (1904)}

Papers on radioactivity



Maria Curie drawing (1903)
Paul Villard

1899 Rutherford    the two components #, $, of uranium radiation 
   differ in ability of penetrating matter
1899 Geisel,   uranium rays deflected in a magnetic field
         Meyer, Schweidler 
1900 Villard  discovery of ! rays, which are not deflected in 
    a magnetic field
1900 Dorn  deviation of beta rays in an electric field
1900 Rutherford radiation of thorium emanation decreases
   exponentially with time as I = Ioexp(-"t)
1902 Rutherford, Soddy  theory of radioactive transformations



Rutherford and Soddy (1902)
Measurement of the life-time of thorium emanation

Alpha particles 
are ionized helium

(1908)Frederic Soddy



Hans Geiger (1882-1945) and 
Ernest Rutherford (1871-1937)

in Manchester (1908) 



From the cathode rays 
to 

the electron



”J. J. Thomson discovered the electron. Numerous are 
the books and articles in which one finds it said he did so 
in 1897. I cannot quite agree.”
Abraham Pais - Inward Bound

”It is often said that the electron was discovered shortly 
before the turn of the century by J. J. Thomson. That is an 
oversimplification."
Hendrik Casimir  - Haphazard Reality 



Who discovered the electron ?
     1871 Varley  cathode rays are corpuscles
     1874 Stoney first estimate of elementary charge
     1881 Helmholtz ”atoms of electricity”
     1891 Stoney term ”electron” coined
     1892 Lorentz electron theory of matter
                   (1892 charged particles, 1895 ions,1899 electrons)
XI 1896 Lorentz e/m for ”electrons” from Zeeman effect
   I 1897 Wiechert e/m for cathode rays
    (perhaps Helmholtz atoms)
IV 1897 Kaufmann e/m for cathode rays
    (not corpuscles)
IV 1897 Thomson e/m for cathode rays (corpuscles)



Who discovered the electron ?
     1871 Varley  cathode rays are corpuscles
     1874 Stoney first estimate of elementary charge
     1881 Helmholtz ”atoms of electricity”
     1891 Stoney term ”electron” coined
     1892 Lorentz electron theory of matter
                   (1892 charged particles, 1895 ions,1899 electrons)
XI 1896 Lorentz e/m for ”electrons” from Zeeman effect
   I 1897 Wiechert e/m for cathode rays
    (perhaps Helmholtz atoms)
IV 1897 Kaufmann e/m for cathode rays
    (not corpuscles)
IV 1897 Thomson e/m for cathode rays (corpuscles)

1899  Lorentz electrons = cathode rays = beta rays



J. J. Thomson studying the 
cathode rays



“The experiments discussed in this paper were undertaken in 
the hope of gaining some information as to the nature of the 
Cathode Rays. The most diverse opinions are held as to 
these rays; according to the almost unanimous opinion of 
German physicists they are due to some process in the 
aether to which - inasmuch as in a uniform magnetic field 
their course is circular and not rectilinear - no phenomenon 
hitherto observed is analogous: another view of these rays is 
that, so far from being wholly aetherial, they are in fact wholly 
material, and that they mark the paths of particles of matter 
charged with negative electricity. It would seem at first sight 
that it ought not to be difficult to discriminate between views 
so different, yet experience shows that this is not the case, 
as amongst the physicists who have most deeply studied the 
subject can be found supporters of either theory.
The electrified-particle theory has for purposes of research 
a great advantage over the aetherial theory, since it is 
definite and its consequences can be predicted; with the 
aetherial theory it is impossible to predict what will happen 
under any given circumstances, as on this theory we are 
dealing with hitherto unobserved phenomena in the aether, of 
whose laws we are ignorant.“ 



”I regard the atom as containing 
a large number of small bodies 
which I shall call corpuscles; 
these corpuscles are equal to 
each other; the mass of the 
corpuscle is the mass of 
a negative ion in a gas at low 
pressure, i.e. about 3 x 10-26 of 
a gramme. In the normal atom, 
this assemblage of corpuscles 
forms a system which is 
electrically neutral.”



"Among the branches of physical investigation that have recently 
shown especial activity, few occupy a more prominent position at 
the present time than those that are related to the electrical 
discharge in rarefied gases. This is true not only because of the 
rapid development of the subject, but also because of the far 
reaching importance of the results, and the influence which they 
seem destined to exert upon widely different branches of 
physics...
The most serious reason for doubting the correctness of the 
values obtained for e/m ratio arises from the almost incredible 
velocity of the kathode rays. What right have we to suppose that 
ordinary electrical and mechanical laws are applicable to 
a particle moving at one-third the velocity of light? It appears to 
me that we have before us the most stupendous piece of 
extrapolation in the whole history of physics."
Ernest Merritt (Cornell): Address of the Vice-president of the American Association for the 
Advancement of Science at the New York meeting (1900).
Science, XII, No. 289, July 13, 1900.



A. Mayer, Am. Journ. Sci., 116, 248 (1878)







”The corpuscular theory of matter with its 
assumptions of electrical charges and the forces 
between them is not nearly so fundamental
as the vortex theory of matter...”

J. J. Thomson (1906)



Alfred Daniell, A Text-book of the Principles of physics (1884)

”The most interesting hypothesis is that of Sir William Thomson, 
who supposes each Atom of matter to be a Vortex-ring in the 
universal Ether. The ether itself we do not directly perceive; but 
this hypothesis would render our perception of matter 
a phenomenon of exactly the same order as that of light or 
radiant heat, viz., a perception of Matter as a Mode of Motion of 
the Ether.
If one looks at a smoke-ring blown from a cannon, from 
a locomotive-engine chimney, from a tobacco-pipe, the lips of 
a smoker, or from an exploded bubble of phosphuretted 
hydrogen, it will be seen that the whole of the matter of the ring is 
in a state of rotation round an axis disposed in a circular form, 
and having no free ends. This is a Vortex-Ring; and such is that 
motion in the ether which is supposed to constitute a vortex-
atom.”



Alfred Daniell, A Text-book of the Principles of physics (1884)

”A rotating ring of this kind in an imperfect fluid such as air must 
be the result of friction; but in a perfect fluid it could only originate 
by a special creation of some kind. Such a vortex-atom in 
a perfect fluid would have the following properties: it could move 
about in the fluid; its volume would be invariable; it would be 
indestructible; if struck by another it would be indivisible, but 
would present perfect elasticity, for though for the moment 
distorted, it would recoil and oscillate through its mean form: it
would thus be capable of harmonic vibration, as the spectroscope 
shows the particles of matter to be; it would be capable of 
changes of form, becoming narrow and thick, or wide and thin; 
and it is practically the only form of motion in the ether which 
could remain in or near the same mean position, and at the same 
time be capable of being compounded with movements of 
translation.”



”The electron thus appears to be the smallest
definite unit of mass with which we are 
acquainted. The view has been put forward that 
all matter is composed of electrons. On such 
a view an atom of hydrogen for example is 
a very complicated structure consisting possibly 
of a thousand or more electrons. The various 
elements differ from one another in the number 
and arrangement of electrons, which compose 
the atom.”

Ernest Rutherford, Trans. Royal Soc. Canada, 1902



1906 Nobel Prize in physics for 
Joseph John Thomson

”in recognition of the great merits of his
theoretical and experimental investigations
on the conduction of electricity by gases.”



"At first there were very few who believed 
in the existence of these bodies smaller than 
atoms. I was even told long afterwards by 
a distinguished physicist who had been 
present at my lecture at the Royal Institution 
that he thought I had been 'pulling their legs'. 
I was not surprised at this, as I had myself come to this 
explanation of my experiments with great reluctance, and 
it was only after I was convinced that the experiment left 
no escape from it that I had published my belief in the 
existence of bodies smaller than atoms."

J. J. Thomson, Recollections and reflections (1936)



H. A. Bauer, Grundlagen der Atomphysik, Wien 1938



The state of physics 
in 1900







Science Abstracts 
1900

one third of papers 
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Abstracts 1900 
technology
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Number of active physicists in 1900

1. Direct ”head counting”                     > 1083

 2. Adressbuch der lebender Physiker, 
     Mathematiker und Astronomer                  < 1290

3. Science Abstracts for 1900             0.7 x 1658 = 1200

the three idenpendent estimates give similar result





Best known physicists of 1900
Germany: Max Abraham, Paul Drude, Friedrich Kohlrausch, 
   Philip Lenard, Otto Lummer, Walther Nernst, Max Planck, 
   Ernst Prinsgheim, Wilhelm Conrad Röntgen, Heinrich Rubens, 
   Emil Warburg, Wilhelm Wien
Great Britain: William Crookes, James Dewar, Joseph Larmor, 
   Oliver Lodge, John Poynting, George Stokes, William Strutt 
   (Lord Rayleigh), John Joseph Thomson, William Thomson (Lord Kelvin)
France: Emil Amagat, Henri Becquerel, Marcel Brillouin, Alfred Cornu, 
   Pierre Curie, Marie Sk!odowska-Curie, Gabriel Lippmann, 
   Eleuthere Mascart, Jean Perrin, Henri Poincaré
United States: Josiah Gibbs, Samuel Langley, Albert Michelson,
   Henry Rowland, Robert Wood
Netherlands: Heike Kamerlingh-Onnes, Hendrik Lorentz, 
   Johannes Van der Waals, Pieter Zeeman
Austro-Hungary: Ludwig Boltzmann, Roland Eötvös
Russia: Piotr Lebedev 
Sweden: Johannes Rydberg



Short tradition of international congresses

First International Congress of Chemists   140
Karlsruhe, 1860

First International Congress of Mathematicians         <100
Zurich, 1894

First International Congress of Physicists          ~800
Paris, 1900



"The committee deliberately rejected the method of simply presenting
personal memoirs, or notes on limited subjects, and concentrated all its 
efforts upon the preparation of a well-arranged summary of the actual 
state of physical science, in the branches in which, within the last few 
years, the greatest progress has been made, and the actual stage of 
progress of which at the end of the nineteenth century it was 
considered most important to investigate. Once the list of subjects was 
completed, the work was divided among the physicists who seemed 
best qualified to give a complete representation of their special 
subjects. This plan gave rise to a series of reports, many of which are 
works of a very high value, and which, in their entirety, constitute the 
most complete representation of any science at a given epoch yet 
made.”

  Ch. E. Guillaume,
  Secretary of the Organizing Committee









I International Congress of Physics
Paris, 6 -12 August, 1900 

Sections of Congress :

1. General problems and metrology
2. Mechanics and molecular physics
3. Optics and thermodynamics
4. Electricity and magnetism
5. Magnetooptics, cathode rays, uranium rays etc.
6. Cosmic physics
7. Biological physics



Problems discussed in Section 1:

Mathematical physics and experimental physics (H. Poincaré) 
Accuracy of measurements in metrology (Benoit)
National laboratories (Pellat)
Review of proposed systems of units (Guillaume)
Interferometric measurements in metrology (Macé de Lépinay)
Velocity of sound (Violle)
Thermometric scales (Chappuis)
Advances in pirometry (Barus)
Mechanical equivalent of heat (Ames)
Specific heat of water (Griffiths)
Standard of electromotive force (Gouy)
Electrochemical equivalent of silver, copper and water (Leduc)
Studies of level surface on earth and changes of gravity in a magnetic 
 field (Eötvös)
Distribution of gravity on earth’s surface (Bourgeois)
Gravitation constant (Boys)



Problems discussed in Section 2:
Symmetry and elasticity of crystals (Voigt)
Deformations of solids (Mensager)
Solids under pressure (Spring)
Constitution of alloys (Roberts-Austen)
Formation of crystals at constant temperature (Van’t Hoff)
Calorimetry of liquids (Battelli)
Statics of liquids (Amagat)
Statics of mixed fluids (Van der Waals)
Rigidity of liquids (Schwedoff)
Determination of critical constants (Mathias)
Critical refractive index (Galitzin)
Osmosis (Perrin)
Diffusion of gases (Brillouin)
Capillarity (Van de Mensbrugghe)
Melting and cristallisation (Weinberg)
Migratory deformations in solids (Guillaume)
Hydrodynamical actions at a distance (Bjerknes)
Specific heat of gases (Battelli)



Problems discussed in Section 3:

Ether waves (W. Thomson)
Distribution of spectral lines (Rydberg)
Dispersion (Carvallo)
Radiation of black bodies (Lummer)
Radiation of gases (Pringsheim)
Theoretical laws of radiation (Wien)
Optical properties of metals (Drude)
Velocity of light (Cornu)
Radiation pressure (Lebedev)
Kinetic theory of gases and Carnot principle (Lippmann)
Advances in the theory of heat engines (Witz)



Problems discussed in Section 4:

Propagation of electrical energy in electromagnetic field  (Poynting)
The ratio of electromagnetic and electrostatic units (Abraham)
Velocity of electric waves (Blondlot and Gutton)
Hertz waves (Righi)
Radioinductors (Coherers) (Branly)
Gaseous dielectrics (Bouty)
Electrolysis and ionisation (Arrhenius)
Hysteresis (Warburg)
Contact electricity (Christiansen)
Magnetic properties of matter (Du Bois)
Magnetostriction (Nagaoka)
Modifications caused by magnetisation (Hurmuzescu)
Transformations of carburised iron (Van’t Hoff)
Registration of variable currents (Blondel)
Theory of electric cells (L. Poincaré)
Electric arc (Lang)
Polyphase currents (Potier)



Problems discussed in Section 5:

Theory of magnetooptical phenomena (Lorentz)
Theory of dispersion in metals (Drude)
Actinoelectric phenomena (Bichat and Swyngedauw)
Ionised gases (Villari)
Information on the structure of matter from studies of electric 
 discharges in gases (J. J. Thomson)
Cathode rays (Villard)
Uranium rays (Becquerel)
New radioactive elements and their radiation (M. & P. Curie)



Problems discussed in Section 6:

Physical structure of the sun (Birkeland)
Solar constant (Crova)
Comparison of light of the sun and the stars (Dufour)
Atmospheric electricity (Exner)
Study of northern lights (Paulsen)
Ice and glaciers (Hagenbach)
Oscillations of lakes (Forel and Sarasin)

Problems discussed in Section 7:

Transmission of energy in organisms (Broca)
Retina phenomena (Charpentier)
Accomodation (Tscherning)
Molecular phenomena caused by electricity in inorganic and living matter 
 (Bose)
Applications of spectroscopy in biology (Hénocque)



The origin and reception 
of quantum theory



1860 Gustav Kirchhoff – idea of the (perfect) black body with 
   universal distribution of emissive power e(!,T)
1879 Josef Stefan - # e(!,T)d! $  T4  from experiments
1884 Ludwig Boltzmann - theoretical derivation of Stefan’s law
1886 Samuel Langley – measurement of the spectral distribution 
   of sun’s radiation
1887 Vladimir Aleksandrovich Michelson – first formula for e(!,T)
   e(!,T) = a T3/2!-6 exp(-b/!2T)
1888 Heinrich Weber - e(!,T) = a !-2 exp(cT - b/!2T2)
1893 Wilhelm Wien - !maxT = constans
1896 Wilhelm Wien - e(!,T) = a !-5 exp(-b/!T)
1896 Friedrich Paschen - e(!,T) = a !-5,6 exp(-b/!T)

Black body radiation



Gustav Kirchhoff
(1859)

Emissive power of every 
body is proportional to its 

absorptive power

Black body radiation



Perfect black body



A model of black body

One can thus measure emission of black body 
and try to find a formula describing it



A proposal by Wilhelm Wien (1896)

Black body radiation



A proposal by John William Strutt (Lord Rayleigh)
(1900)

Black body radiation



Otto Lummer Ernst Pringsheim

The first precise measurements of the 
black-body radiation for large 

wavelengths (1899)



Sunday, October 7, 1900
 

Planck and his wife invited friends for an afternoon 
tea party. During this gathering Rubens told Planck 
that the newest results of measurements which he 
performed with Kurlbaum showed deviations from the 
Wien’s radiation formula. After the guests have left, 
Planck sat at his desk and still the same evening 
found an improvement of Wien’s formula.
He presented his phenomenological formula for black 
body radiation intensity on October 19, 1900, at 
a meeting of the German Physical Society in Berlin. 



Planck’s lecture  
19 X 1900 

Max Planck 
(1858-1947)



A modest conclusion of Planck’s article:

“…one is led to a formula for radiation intensity, 
  e(%,T) = [C%-5] / [exp (c/%T) – 1], 
which includes two constants. I can see that this formula 
describes available results of measurements as precisely as 
the best of published spectral formulas, that is, those of 
Thiesen*, of Lummer and Jahnke**, and of Lummer and 
Pringsheim***...  For that reason I dare to draw your attention 
to this new formula, which – as far as the electromagnetic 
theory of radiation is concerned – I regard as being the 
simplest after Wien’s formula.” 

*    Thiesen M., Verhandlungen Deutsch. Phys. Ges., 2, 67 (1900),
**   Lummer O., Jahnke E., Ann. Phys. 3, 288 (1900),
*** Lummer O., Pringsheim E., Verhandlungen Deutsch. Phys. Ges., 2, 174, 900).



Parameterizations of e(%,T) for black bodies

Wien 1896

Rayleigh 1900

Lummer, Pringsheim 1900

Lummer, Jahnke 1900

Thiesen 1900

Planck 19 X 1900 

Planck 14 XII 1900



“The very next morning, I received a visit from my colleague 
Rubens. He came to tell me that after the conclusion of the 
meeting he had that very night checked my formula against 
the results of his measurements, and found a satisfactory 
concordance at every point. Also Lummer and Pringsheim, 
who first thought to have discovered divergences soon 
withdrew their objections; for, as Pringsheim related it to me, 
the observed divergences turned out to have been due to an 
error in calculation. Later measurements, too, confirmed my 
radiation formula again and again – the finer the methods of 
measurements were used, the more accurate the formula was 
found to be… For this reason, on the very day when 
I formulated this law, I began to devote myself to the task of 
investing it with a true physical meaning.”

Max Planck



Ferdinand 
Kurlbaum

Heinrich
Rubens



Planck’s conclusion:

Emission and absorption of light 
is not a continuous process 

but occurs in portions equal h!



14 XII 1900 
The birth of quantum physics

Max Planck

[Ann. d. Physik 4 (1901) 564-566] 



Planck

Wien

Rayleigh

ec



Planck

Rayleigh

Wien

ec



Authors of papers on the quantum theory

Authors of papers
on the quantum 

theory Authors of papers 
on the theory of 

black body



On the need 
of time perspective 

in history





The number of important discoveries 
listed for 1899 and 1900

Geschichtstafeln der Physik  "#$%&'(#' (#)#*# 
Felix Auerbach    %.&.'()*+, 
Leipzig 1910     Kiev 1983

1899 1900     1899 1900
  44       69       17    16 



The number of important discoveries 
listed for 1899 and 1900

Geschichtstafeln der Physik  "#$%&'(#' (#)#*# 
Felix Auerbach    %.&.'()*+, 
Leipzig 1910     Kiev 1983

1899 1900     1899 1900
  44       69       17    16 

The number of important discoveries included in both lists

1899  1900
   7          7



The seven items, recognized as important by both 
Auerbach and Khramov: 

 
1. Planck's formula for blackbody radiation (his theory was not 
 mentioned by Auerbach !), 
2) verification of this formula by Rubens and Kurlbaum, 
3) discovery of gamma rays by Villard, 
4) discovery of the deflection of beta rays by electric field 
 (Dorn, Becquerel), 
5) discovery that beta rays are negatively charged particles 
 (Pierre Curie and Marie Sk!odowska-Curie), 
6) measurement of the e/m ratio for beta rays which yielded 
 result very similar to that for cathode rays (Becquerel), 
7) discovery by Lebedev of light pressure predicted by 
 Maxwell's theory.



14 III 1879 Born in Ulm
1896-1900 Studied at the ETH Zürich
1902-1909 patent office in Bern
  III 1905 Über einen die Erzeugung und Verwandlung 
  des Lichtes betreffenden heuristischen Gesichtpunkt
  V 1905 Über die von der molekularkinetischen Theorie
  der Wärme geforderte Bewegung von in
  ruhenden Flüssigkeiten suspendierten Teilchen
 VI 1905 Zur Elektrodynamik bewegter Körper
 IX 1905 Ist die Trägheit eines Körpers von seinem 
  Energieinhalt abhängig
1909-1914 Professor in Prague and Zürich
1914-1933 Professor in the Emperor Wilhelm Institute (Berlin)
 XI 1915 Die Grundlage der algemeinen Relativitätstheorie
1916  Zur Quantentheorie der Strahlung
1922  Nobel Prize for physics (for 1921)
1924  Quantentheorie des einatomigen idealen Gases
from X 1933 Institute for Advanced Studies (Princeton)
1935  Can Quantum-Mechanical Description... (EPR)
18 IV 1955 Died in Princeton

Albert Einstein



   17 III   Über einen die Erzeugung und 
   Verwandlung des Lichtes betreffenden 
   heuristischen Gesichtpunkt

  
 11 V   Über die von der molekularkinetischen 
   Theorie der Wärme geforderte 
   Bewegung von in ruhenden 
   Flüssigkeiten suspendierten Teilchen

 
 30 VI   Zur Elektrodynamik bewegter Körper

 
 27 IX   Ist die Trägheit eines Körpers von 
   seinem Energieinhalt abhängig

Albert Einstein -1905



E = h+ - P

Annalen der Physik 17, 132-148 (1905)



”A profound difference exists between the theoretical concepts 
that physicists have formed about gases and other ponderable 
bodies, and Maxwell’s theory of electromagnetic phenomena in 
so-called empty space. While we consider the state of a body to 
be completely determined by the positions and velocities of an 
indeed very large yet finite number of atoms and electrons, we 
make use of continuous spatial functions to determine the 
electromagnetic state of a volume of space, so that a finite 
number of quantities cannot be considered as sufficient for the 
complete determination of the electromagnetic state of space. 
According to Maxwell’s theory, energy is considered to be 
a continuous spatial function for all purely electromagnetic 
phenomena, hence also for light, whereas according to the 
present view of physicists, the energy of a ponderable body 
should be represented as a sum over the atoms and electrons.”

On a Heuristic Point of View Concerning the Production and Transformation of Light
Annalen der Physik 17, 132-148 (1905)



From Wien’s formula for ”black body radiation”: 
the dependence of the entropy of monochromatic radiation 

on the volume it occupies

From Boltzmann’s formula for the entropy of a gas:

Formal similarity of the two formulas is obvious



”Indeed, it seems to me that the observations of ‘black-
body radiation’, photoluminescence, production of 
cathode rays by ultraviolet light, and other related 
phenomena associated with the emission or 
transformation of light appear more readily understood 
if one assumes that the energy of light is 
discontinuously distributed in space. According to the 
assumption considered here, in the propagation of 
a light ray emitted from a point source, the energy is not 
distributed continuously over ever-increasing volumes 
of space, but consists of a finite number of energy 
quanta localized at points of space that move without 
dividing, and can be absorbed or generated only as 
complete units...”



”If the formula derived is correct, then &, when plotted in 
Cartesian coordinates as a function of the frequency of the 
incident light, must give a straight light whose slope is 
independent of the nature of the substance under study. As far 
as I can tell, this conception of the photoelectric effect does 
not contradict its properties as observed by Mr. Lenard. If each 
energy quantum of the incident light transmits its energy to 
electrons, independently of all others, then the velocity 
distribution of the electrons, i.e., the nature of cathode rays 
produced, will be independent of the intensity of the incident 
light; on the other hand, under otherwise identical 
circumstances, the number of electrons leaving the body will 
be proportional to the intensity of the incident light.”



Photoelectric effect

1888 Aleksandr Stoletow – light of 
 wavelength above 285 nm does not 
 give effect; first photocell constructed

1888  Wilhelm Hallwachs – illuminated     
  metal plate becomes positively   
  charged

1899-1902 Philipp Lenard – the energy of 
 photoelectrons does not depend on 
 the intensity of illumination  

1887 Heinrich Hertz (discovery)



Photoelectric effect



Photoelectric effect



Photoelectric effect



Photoelectric effect

E



 Lenard’s experimental findings (1902)

Number of photoelectrons is proportional to the intensity of light

Energy of photoelectrons does not depend on the intensity of light

Energy of photoelectrons depends on the colour of incident light



1907 Ladenburg   

1911 Kunz      

1911 Lindemann    

1913 Cornelius     

1913 Richardson & Compton  

1913 Pohl & Pringsheim   

Conflicting results of experimental attempts to 
determine the dependence of E on '

Experimental studies of the photoeffect



Many present textbooks of physics maintain 
that these experimental facts could not be in 

any way explained by classical physics

This is not correct!!!



Explanations of the photoelectric effect
(classical !)

1902 Lenard – ”trigger” hypothesis

1910 Thomson – another ”trigger” hypothesis

1911 Sommerfeld – ”resonance emission” of electrons

1912 Richardson – ”evaporation” of electrons



”It appears therefore that the confirmation 
of the above equation... by experiment would 
not necessarily involve the acceptance of the 
unitary theory of light.”

Owen W. Richardson, 
The Theory of Photoelectric Action, 
Phil. Mag. 24, 570 (1912)

”Einstein-Richardson equation”

In 1912 Richardson derived the formula E = h+ – P 
from classical considerations of an electron gas



Lorentz speculations on light quanta (1910)

• interference experiments of Lummer and Gehrcke 
 which involved path differences up to roughly 
 80 cm proved that that distance represented 
 a lower limit on the longitudinal extension of 
 quanta
• The then largest telescope on Mt. Wilson had 
 a mirror of 150 cm diameter – it represented 
 a lower limit on the lateral extension of quanta

How could a quantum this monstrously large pass through 
the pupil of an eye without being subdivided?



In 1909 Johannes Stark first wrote explicitly h!/c
for the momentum of a light quantum

Zur experimentellen Entscheidung zwischen Atherwellen und Lichtquanten-
hypothese, Physikalische Zeitschr. 10, 902 (1909)



”If one considers the complete experimental 
confirmation which Maxwellʼs 
electrodynamic theory obtained by means 
of the most delicate interference 
phenomena, and if one considers the 
extraordinary difficulties which its 
abandonment would entail for the entire 
theory of electric and magnetic phenomena, 
then one senses a certain repugnance in 
ruining its very fundamentals. For this 
reason, we shall leave aside the hypothesis 
of light quanta, especially since it is still 
quite early in the development of this 
notion.”

Max Planck, Solvay Congress 1911



”It seems to me that we should renounce the 
supposition that the energy of the oscillator 
should be an integral multiple of the element of 
energy ! = h' and we should accept, on the 
contrary, that the phenomenon of the absorption 
of free radiation is essentially continuous. From 
this point of view, one could preserve the 
fundamental hypothesis of quantum theory, by 
supposing that the emission of thermal radiation 
of frequency ' by an oscillator is discontinuous, 
and that energy can be emitted only 
in integral multiples of energy ! = h'.”

Max Planck, Solvay Congress (1911)



"That he sometimes have missed 
the target in his speculations, as for 
example, in his hypothesis of light 
quanta, cannot really be held too 
much against him, for it is not 
possible to introduce really new 
ideas, even in the most exact 
sciences, without sometimes taking 
a risk."
Planck, Nernst, Rubens and Warburg, 
recommending Einstein for membership 
in the Prussian Academy of Sciences 
(1913)



Millikan’s results [Phys. Rev. 7, 355 (1916)]



”It was in 1905 that Einstein made the first coupling 
of photo effects with any form of quantum theory by 
bringing forward the bold, not to say, the reckless, 
hypothesis of an electromagnetic light corpuscle of 
energy h+, which energy was transferred upon 
absorption to an electron. This hypothesis may well 
be called reckless first because an electromagnetic 
disturbance which remains localized in space seems 
a violation of the very conception of an 
electromagnetic disturbance, and second because 
it flies in the face of the thoroughly established facts 
of interference...
Despite the apparent complete success of the 
Einstein equation, the physical theory of which it 
was designed to be the symbolic expression is 
found so untenable that Einstein himself, I believe, 
no longer holds to it."
   Robert Millikan, Phys. Rev. 7, 355 (1916)



The Nobel Prize in Physics
1921 

was awarded to professor 
Albert Einstein of Berlin 

”for his services to Theoretical 
Physics, 

and especially for his 
discovery of the laws of the 

photoelectric effect”

1922



”...a short step leads directly to the hypothesis of ‘light-quanta’, according 
to which all radiation consists of indivisible packets or ‘atoms’ of 
monochromatic light, each of which travels through space like a bullet from 
a rifle until it hits a material target by which it is completely absorbed. This 
view was put forward as a working hypothesis by Einstein in 1905, and at 
once enabled him to formulate the true law of photo-electric action.
In spite of this success it appears fairly certain that the view must be 
regarded merely as a working hypothesis and not as a literal 
expression of actual fact. Against the supposition that radiation actually 
travels in indivisible quanta must be set practically all the evidence of the 
undulatory theory of light, and, in particular, that of the phenomena of 
diffraction and interference...
The general opinion of physicists seem 
to be that the theory cannot be regarded 
as an expression of physical reality.”

Jeans, The Dynamical Theory of Gases, 
4th ed., p. 378 (1925)
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Annalen der Physik 
17, 549 (1905)

Annalen der Physik 
21, 755 (1906)

Brownian motion - the final proof of the kinetic theory of heat 
(and of atomic structure of matter)

Albert Einstein and Marian Smoluchowski have proved independently 
that irregular movement of particles suspended in a liquid results from 
their bombardment by molecules of the liquid. They derived formula 
for the mean-square displacement of the suspended particle in 
a given direction (Einstein-Smoluchowski equation) 



Einstein-Smoluchowski equation has been verified 
experimentally by Jean Perrin

who proved that the mean square displacement in a given direction is 
proportional to time; he also determined the Avogadro’s number



In 1917 Smoluchowski was elected rector of the Jagiellonian University, but he 
did not take office; he contracted dysentery and died on September 5.
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Annalen der Physik 17, 891-921 
(1905)



”It is well known that Maxwell’s electrodynamics - as 
usually understood at present – when applied to 
moving bodies, leads to asymmetries that do not 
seem to be inherent in the phenomena. Take, for 
example, the electrodynamic interaction between 
a magnet and a conductor. The observable 
phenomenon here depends only on the relative 
motion of conductor and magnet, whereas the 
customary view draws a sharp distinction between 
the two cases, in which either the one or the other of 
the two bodies is in motion.”

On the electrodynamics of moving bodies, 
Annalen der Physik 17, 891-921 (1905)



”For if the magnet is in motion and the conductor is at 
rest, an electric field with a definite energy value 
results in the vicinity of the magnet that produces 
a current wherever parts of the conductor are located. 
But if the magnet is at rest while the conductor is 
moving, no electric field results in the vicinity of the 
magnet, but rather an electromotive force in the 
conductor, to which no energy per se corresponds, but 
which, assuming an equality of relative motion in the 
two cases, gives rise to electric currents of the same 
magnitude and the same course as those produced 
by the electric forces in the former case.”



”Examples of this sort, together with the unsuccessful 
attempts to detect a motion of the earth relative to the ”light 
medium”, lead to the conjecture that not only the phenomena 
of mechanics but also those of electrodynamics have no 
properties that correspond to the concept of absolute rest...
We shall raise this conjecture (whose content will hereafter 
be called ”the principle of relativity”) to the status of 
a postulate and shall also introduce another postulate, which 
is only seemingly incompatible with it, namely that light 
always propagates with a definite velocity V that is 
independent of the state of motion of the emitting body. 
These two postulates suffice for the attainment of a simple 
and consistent electrodynamics of moving bodies based on 
Maxwell’s theory for bodies at rest.” 



”The introduction of a “light ether” will prove to be 
superfluous, inasmuch as the view to be developed here 
will not require a “space at absolute rest” endowed with 
special properties, nor assign a velocity vector to a point in 
empty space where electromagnetic processes are taking 
place.
Like all electrodynamics, the theory to be developed here is 
based on the kinematics of a rigid body, since the 
assertions of any such theory have to do with the relations 
among rigid bodies (coordinate systems), clocks, and 
electromagnetic processes. Insufficient regard for this 
circumstance is at the root of the difficulties with which the 
electrodynamics of moving bodies currently has to 
contend.”



Einstein’s paper On the electrodynamics of moving bodies:
A. Kinematic Part
1. Definition of simultaneity
2. On the relativity of length and time
3. Theory of transformations of coordinates and time from the rest system to 
 a system in uniform translational motion relative to it
4. The physical meaning of the equations obtained as concerns moving rigid      

bodies and moving clocks
5. The addition theorem for velocities
B.     Electrodynamical Part
6. Transformation of the Maxwell-Hertz equations for empty space. On the    

nature of the electromotive forces arising due to motion in a magnetic 
field

7. Theory of Doppler’s principle and of aberration
8. Transformation of the energy of light rays. Theory of radiation pressure 

exerted on perfect mirrors
9. Transformation of the Maxwell-Hertz equations when convection currents 

are taken into account
10. Dynamics  of the (slowly accelerated) electron



"After ten years of reflection such a principle 
resulted from a paradox upon which I had already 
hit at the age of sixteen: If I pursue a beam of light 
with the velocity c (velocity of light in a vacuum), 
I should observe such a beam of light as an 
electromagnetic field at rest though spatially 
oscillating. There seems to be no such thing, 
however, neither on the basis of experience nor 
according to Maxwell's equations. From the very 
beginning it appeared to me intuitively clear that, 
judged from the standpoint of such an observer, 
everything would have to happen according to the 
same laws as for an observer who, relative to the 
earth, was at rest. For how should the first 
observer know, or be able to determine, that he is 
in a state of fast uniform motion?”   

Albert Einstein, Autobiographisches



”One sees that in this paradox the 
germ of the special relativity theory is 
already contained. Today everyone 
knows, of course, that all attempts to 
clarify this paradox satisfactorily were 
condemned to failure as long as the 
axiom of the absolute character of 
time, or of simultaneity, was rooted 
unrecognized in the unconscious. To 
recognize clearly this axiom and its 
arbitrary character already implies the 
essentials of the solution of the 
problem. "

Albert Einstein, Autobiographisches



1. The laws of physics are the same for all 
observers, who are in a uniform rectilinear 
motion with respect to each other

 Special relativity theory (1905)

2. Velocity of light in a vacuum c is constant

Einstein’s postulates



Very strange conclusions of 
Einstein’s theory

Time and space are not 
absolute



Simultaneity of events is not 
absolute

May be illustrated by the following animation of ”Einstein’s train”

















Ouch! 



Ouch!



Time passes differently 
for various observers



ż  ż  ż  ż  ż  ż
! !  

When Mister RED 
compares his clock with clocks synchronized 

in the GREEN system, which he passes 
with velocity V, he finds that 
his clock is running late 
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The same is observed by Mister GREEN 
who compares his clock 
with clocks synchronized 

in the RED system, which he passes 
with velocity –V
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In both cases a single clock in one 
system is being compared 

with a series of clocks 
synchronized in the other system

The effect of time dilation is reciprocal 
as are other effects of kinematic origin



Kinematic dilation of time 
is of the order of (v/c)2 

and is hard to be noticed 
in everyday life

 For the „Apollo” ships v/c ( 0,0001
 

This would give a difference in clocks of 
about 0,00000001



Lorentz factor !



Lorentz factor !

Length contraction



Experimental checks of 
kinematic time dilation almost 

always involve also time 
dilation predicted by the 

general theory of relativity

part 4



   17 III   Über einen die Erzeugung und 
   Verwandlung des Lichtes betreffenden 
   heuristischen Gesichtpunkt

  
 11 V   Über die von der molekularkinetischen 
   Theorie der Wärme geforderte 
   Bewegung von in ruhenden 
   Flüssigkeiten suspendierten Teilchen

 
 30 VI   Zur Elektrodynamik bewegter Körper

 
 27 IX   Ist die Trägheit eines Körpers von 
   seinem Energieinhalt abhängig

Albert Einstein -1905



“If a body emits the energy L in the form 
of radiation, its mass decreases by L/V". Here it is obviously 
inessential that the energy taken from the body turns into 
radiant energy, so we are led to the more general conclusion:
The mass of a body is a measure of its energy content; if the 
energy changes by L, the mass changes in the same sense 
by L/9 • 1020 if the energy is measured in ergs and the mass 
in grams. 
It is not excluded that it will prove possible to test this theory 
using bodies whose energy content is variable to a high 
degree (e.g. radium salts). If the theory agrees with the facts, 
then radiation carries inertia between emitting and absorbing 
bodies.” 

Annalen der Physik 18, 639-641 (1905)
Does the inertia of a body depend on its energy content?



E = m c 2 

Checked experimentally firstly in 1932
Newest check (2005) has precision of 0,00004%



Einstein, Lorentz, Poincaré, 
and the others



Edmund Whittaker – A History of the Theories 
of Aether and Electricity, 
Vol. 2, The Modern Theories 1900-1926 (1954)

Chapter 2. The relativity theory of Poincaré and Lorentz

”In the autumn of the same year, in the same volume of 
the Annalen der Physik as his paper on the Brownian 
motion, Einstein published a paper which set forth the 
relativity theory of Poincaré and Lorentz with some 
amplifications, and which attracted much attention.”



Hendrik Lorentz

George FitzGerald

In order to explain the result of Michelson-Morley 
experiment Lorentz assumed that in motion 
through the elastic immobile ether 
the dimension of a body in the direction of motion 
is contracted by a factor
1 - 2v2/c2           (1892)
(1 - v2/c2)1/2     (1895)

In 1899 Lorentz analysed the change of time 
scale in a transformation (‘local time’). In the 
same year FitzGerald independently conceived 
the idea of contraction. 
Contraction was regarded as real and resulting 
from the properties of molecular forces.
(hence the name FitzGerald-Lorentz contraction)
In 1904 Lorentz, developing his electron 
hypothesis, proved the invariance of Maxwell’s 
equations with respect of postulated [Lorentz]
transformation



Joseph Larmor

In 1900 Larmor announced his electron 
theory of matter (”Aether and Matter”). He 
used ”Lorentz transformation” for x, y, z, t
and derived the FitzGerald-Lorentz 
contraction. He also gave transformations 
of electric and magnetic fields. 
He stressed that the results are exact only 
to order v2/c2



Einstein’s relativity paper of 1905 did not 
contain anything new, because the formulae of 

relativistic transformation [Lorentz 
transformation] were already used by Voigt in 
1887, and then by Lorentz in 1892-1904 and 

Larmor in 1900, while the relativity principle was 
given by  Poincaré in 1904. 

Einstein is only a plagiarist?!

Baseless internet claims



Woldemar Voigt

In 1887 Voigt published his results on 
the propagation of deformation waves 
in an elastic medium. He found that 
the results are invariant under the  
transformation

(" phase velocity)

It is easily seen that Voigt’s formulae 
are different from Lorentz transformation



Electromagnetic theory 
of matter



Wilhelm Wien

”Über die Möglichkeit einer 
elektromagnetischen Begründung 

der Mechanik” (1900)

Electromagnetic theory of matter



Max Abraham

Max Abraham was one of the chief  
propagators of a program of 

replacing the laws of newtonian 
mechanics by the laws of 

Maxwell’s electrodynamics, which 
were to be recognized as 

fundamental laws of physics.
All mass was believed to be of 

electromagnetic origin

Electromagnetic theory of matter



In 1901 Kaufmann began 
measurements of e/m ratio of 

beta rays from radium chloride. 
The mass of electrons was 

indeed found to depend on their 
velocity 

Walter Kaufmann

Electromagnetic theory of matter



”It is now confidently affirmed that the mass of 
the electron is wholly of the nature of 

electromagnetic inertia, and hence, as Abraham 
(1902), utilizing Kaufmann’s data (1902) on the 

increase of electromagnetic mass with the 
velocity of the corpuscle, has shown, the 

Lagrangian equations of motion may be recast 
in an electromagnetic form.”

Carl Barus, The progress of physics in the nineteenth   century, 
St. Louis Congress (1904)



Three models of the electron

Abraham (1902) – charge distributed 
uniformely over the surface of a rigid 
sphere

Lorentz (1904) – charge distributed 
uniformely over the surface of a sphere, 
which undergoes deformation in motion 
through the ether

Bucherer (1904), Langevin (1905) – charge 
distributed uniformely over the surface of 
a sphere which is deformed in motion through 
the ether, such that its volume remains 
constant



Abraham

Lorentz

Bucherer

Electron mass as function of its velocity

The formula obtained by Einstein in special relativity was 
formally identical to that of Lorentz, although derived 

under completely different assumptions



Electron mass as function of its velocity



”Approaching Maxwell’s 
equations with the 
concept of the rigid 

electron seems to me the 
same thing as going to 
a concert with your ears 
stopped up with cotton 

wool”Hermann Minkowski



Bucherer, LangevinAbraham Lorentz, Einstein

Paul Langevin – The relation of physics of electrons to 
other branches of science (St. Louis Congress, 1904)

”The experimental points... given by Kaufmann... correspond 
equally well with the three theoretical curves.”



The British Association for the Advancement of Science meeting at 
Winnipeg (Canada) in August, 1909

Ernest Rutherford  
Address of the President of the Mathematical and Physical Section, 
Science 30, 289-302 (1909)

”Experiment has shown that the apparent mass of 
the electron varies with its speed, and, by 
comparison of theory with experiment, it has been 
concluded that the mass of the electron is entirely 
electrical in origin and that there is no necessity to 
assume a material nucleus on which the electrical 
charge is distributed.”



Kaufmann (1902-1905) – Abraham’s model confirmed 

Guye & Lavanchy (1915) – Lorentz-Einstein better

Bestelmeyer (1907) –  all models equally good

Bucherer (1909)     – Lorentz’s model better

Neumann (1914)    – Lorentz-Einstein’s formula better

Electromagnetic theory of matter

”The results ...speak against the correctness of Lorentz’s, and also 
consequently of Einstein’s, fundamental hypothesis. If one considers 
this hypothesis as thereby refuted, then the attempt to base the whole 
of physics, including electrodynamics and optics, upon the principle of 
relative motion is also a failure.”
Kaufmann, Sitzungsber. K. Preuss. Akad. Wiss. 2, 949 (1905)



Neumann’s results of 1914



Guye & Lavanchy (1915)

Velocity of electrons ! = v/c
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Guye & Lavanchy (1915)

Velocity of electrons ! = v/c
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Einstein and Lorentz



   Lorentz’s paper of 1904 contained eleven ad hoc hypotheses

  • restriction to small velocities, v << c
  • postulation a priori of the [Lorentz] transformation equations
  • assumption of a stationary ether 
  • stationary electron is spherical
  • electron’s charge is uniformly distributed
  • all mass is electromagnetic
  • the moving electron is contracted by (1 – v2/c2)1/2 
  • forces between uncharged and charged particles  
 have the same transformation properties as electrostatic 
 forces in the electrostatic system
  • all charges in atoms are in a certain number of ‘electrons’
  • each of these ‘electrons’ is acted on only by other ‘electrons’ 
 of the same atom
  • atoms in motion as a whole deform as electrons do



 Einstein used only two postulates

• velocity of light in empty space c is the same in 
 all inertial frames independently of the 
 relative motion of an observer and a source
• principle of relativity: the laws of physics are 
 identical in all inertial frames
        and in addition:

• postulate of isotropy and homogeneity of space
• logical postulates concerning synchronization of 
 clocks 

(if the clock at A runs synchronously with the clock at B, then   
the clock at B runs synchronously with the clock at A, etc.)



On the basis of these two postulates Einstein 
derived [Lorentz] transformation equations 

for the coordinates, time and fields, 
and also

derived the formula for addition of velocities, 
derived the formula for the Lorentz force 
(which Lorentz only postulated in 1895)



“I introduced the conception of local time... but I never 
thought that this had anything to do with real time. This 
real time for me was still represented by the older classical 
notion of absolute time... There existed for me only one 
true time. I considered my time transformation only as 
a heuristic working hypothesis. So, the theory of relativity 
is really solely Einstein's work.”

Hendrik Lorentz (1927)



Einstein and Poincaré



”The principle of relativity, according to which the laws of physical phenomena 
should be the same, whether for an observer fixed, or for an observer carried 
along in a uniform movement of translation; so that we have not and could not 
have any means of discerning whether or not we are carried along in such a 
motion...
The most remarkable example of this new mathematical physics is, beyond 
contradiction, Maxwell’s electro-magnetic theory of light.
We know nothing of the ether, how its molecules are disposed, whether they 
attract or repel each other; but we know that this medium transmits at the same 
time the optical perturbations; we know that this transmission should be made 
conformably to the general principles of mechanics, and that suffices us for the 
establishment of the equations of the electromagnetic field...
Perhaps, likewise, we should construct a whole new mechanics, of which we 
only succeed in catching a glimpse, where inertia increasing with the velocity, 
the velocity of light would become an impassable limit. The ordinary mechanics, 
more simple, would remain a first approximation, since it would be true for 
velocities not too great, so that we should still find the old dynamics under the 
new.”
The 1904 St. Louis Congress of Arts and Science

Henri Poincaré – The principles of mathematical physics



H. Poincaré, Sur la dynamique de l’electron (June 1905)

Thus, there could be no doubt that Poincaré still upheld old 
concepts of the ether and deformable electron, despite his 

insistence on the principle of relativity.

”The deformable and compressible electron may be 
subject to a sort of constant external pressure 
proportional to the volume; it might be a possible 
cause of electron's contraction during its motion 
through the ether.”



Henri Poincaré

In 1909 Poincaré lectured in Goetingen on 
”La Mécanique Nouvelle”
He based this new mechanics on three 
hypotheses:
1. The velocity of light in empty space is a limit 
 which cannot be crossed by any body
2. The laws of physics are the same in all 
 inertial frames
3. A body in translatory motion undergoes 
 a deformation in the direction of motion.
 

”However strange this hypothesis may seem, 
we must admit that this third hypothesis is very 
well confirmed.”

Thus, four years after Einstein’s paper, 
Poincaré still did not understand that length contraction  

is a consequence of the two Einstein’s postulates



Einstein met Poincaré at the Solvay Council in 1911. Then 
he wrote to his friend Zangger:

”Poincaré was altogether simply negative about 
the relativity theory and, in spite of his acumen, 
showed little understanding for the situation”



Lorentz (b. 1853), Poincaré (b. 1854) and other 
eminent physicists realized the need of a new 

physics. They have discovered some important facts, 
but were convinced that ether must exist. That’s why 

their results had little connection with the 
revolutionary ideas of Einstein who belonged to 

a younger generation


