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SUMMARY 
! war- л")Гк i IM tor tv»n years with Bohr orbits ami finding it hopeless 

to ili-vi-Ьц' them into .1 .idnt'r.-il quantum mechanics. Then Heisenberg introduced 
his matrix iwdwnicK arid I suddenly realized that non-commutative algebra was 
the key to the problem. Soon after, Schrödinger introduced his wave mechanics 
and showed it:; ецш va lenre to Hciwnbcnj's theory. 

Krom these theories J nevelőied a general transformation theory which 
could be used to calculate probabi 1 i t i '•:, for any commuting dynamical variables, 
and was very plenseri with it. 

To get л relativistic theory for a particle there was t! у Klein-Gordon 
equation, which was a wave equation quadratic in '/ 't. Most physicists at that 
time were satisfied with it. I was not, because I was so attached to my trans
formation theory, which demanded a wave equation linear in ri/3t. This dissatis
faction led me to continue to seek a new relativistic wave equation. Eventually 
I found one, linear in >/>t and consistent with my transformation theory. 

It gave automatically a spin 1/2 h and the correct value for the mag
netic moment of the electron, results which I was not expecting at all. 

* НИОТЛЦНЯ 
Я n течение двух лег pa глотал с боровскими орбитами и нашел, что раз

вить их в общую кванточую теории безнадежно. Тогда Гейэенберг ввел свою матрич
ную механику и я вдруг осознал, что некоммутативная алгебра является ключем к 
решении проблемы. Вскоре после этого Шредингер ввел волновую механику и пока
тал, что она эквивалентна теории Геизсиб1ерга. 

Из этих теорий я развил общур теорию преобразований, позволяющую вы
числять вероятности лпя люгмх коммутирующих динамических переменных, и это до
ставило мне большое удовлетворение. 

Для построения релятивистской теории частицы имелось уравнение Клейна-
-Гордона, квадратичное по V;»t. 1* то время оно удовлетворяло большинство физи
ков. Меня же оно не удовлетворяло, потому что я был очень привязан к свое? те
ории преобразовании, которая требовала линейного по V'>t уравнения. Эта неудов
летворенность заставила меня продолжить поиски нового релятивистского волново
го уравнения. Наконец я нашел уравнение, линейное по "»/Г>t. и совместимое с моей 
теорией ггрео' разоганий. 

Оно автоматически привело к спину 1/2 h и к правильному значению 
магнитного момента электрона - результаты которых я совсем не ожидал. 

KIVONAT 
Két éven á t do l goz tam a Bohr p á l y á k k a l és remény te lennek t a l á l t a m , hogy 

egy á l t a l á n o s kvantummechanika a l a p j á u l s z o l g á l j a n a k . Ekkor H e i s e n b e r g b e v e z e t 
te a m a t r i x m e c h a n i k á t és én h i r t e l e n f e l f o g t a m , hogy a nem-kommutat iv a l g e b r a 
a p rob léma k u l c s a . Röv idde l ezu tán SchrödJnqer b e v e z e t t e a h u l l á m m e c h a n i k á t és 
m e g m u t a t t a , hogy az e k v i v a l e n s H e i s e n b e r g e l m é l e t é v e l . 

K / e k b ő l a / e l m é l e t e k b e 1 k i f e j l e s z t e t t e m egy á l t a l á n o s t r a n s z f o r m á c i ó -
- e l i n é l e t e t , melynek s e g í t s é g é v e ] k i l e h e t e t t s z á m í t a n i a v a l ó s z t n ü s é g e k e t a k á r 
hány kommutá ló d i n a m i k a i v á l t o z ó e s e t é n , és ez nagy örömömre s z o l g á l t . 

Kqy r észecske r e l a t i v i s z t i k u s e l m é l e t e számára r e n d e l k e z é s ü n k r e á l l t 
а К le i n - G o r d o n e g y e n l e t , amely egy r>/ ; t t -ben k v a d r a t i k u s h u l l á m e g y e n l e t . Abban 
az idöhen л l e g t ö b b f i z i k u s t ez k i e l é g í t e t t e . Engem nem, m i v e l én nagyon r a 
gaszkodtam t r . i n s z f o r m á c i ó - e l m é l e t e m h e z , amely egy i / 3 t - b e n l i n e á r i s e g y e n l e t e t 
k ö v e t e l i . Kz az e l é g e d e t l e n s é g a r r a v e z e t e t t , hogy f o l y t a s s a m egy u j r e l a t i v i s z -
t i k u s hu I 1ámegyenlet k e r e s é s é t . Végül t a l á l t a m e g y e t , amolv ' / ' ' t - h e n l i n e á r i s 
v o l t és i" •'.••r,/i- f é r t a t r a n s z f o r m á c i ó - e l m é l e t t e l . 

!•'./. a / e g y e n l e t ,-iut om.it i kus , in 1/2 h s p i n r e és az e l e k t r o n mágneses mo-
пк-nlurnának h e l y e i é r i e k é t " v e z e t e t t , ami re e g y á l t a l á n nem s z á m í t o t t a m . 
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I would like to talk to you about events that hap
pened 50 years ago.lt was a period of qreat exitement in 
physics, and I would like to try to convey to you some of 
this feeling of exitement. Also I want particularly to tell 
you why it was that I thought of things rather differently 
from "ther physicists at that time and was led to follow a 
line of my own. 

Before this period that I want to talk about, that 
is to say in the early 1920-'s, we had a period of fustra-
tion. We had the theory of the Bohr orbits. These orbits 
worked very well for some simple problems, essentially for 
those problems where only one electron was playing an im
portant role. People were trying to extend the theory to 
deal with several electrons, Tor example to the spec
trum of helium , where two electrons are concerned, but they 
did not know how to do it. There were basic ambiguities in 
applying the rules of quantization and people did not know 
what to do. They could only proceed by making various ar
tificial assupmtions and these assumptions were not very 
successful. 

Now this frustration is something that one can 
understand again very well at the present time, because we 
have a similar situation with regard to the relativistic 
quantum theory for dealing with high erergy particles. Again 
we have this feeling we don't know the basic rules. We know 
some rules which work only with a limited degree of success 
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and essentially we are in a similar situation where we don't 
know what are the correct basic assumptions that we can hold 
fast to. 

Well, I spent two years in this period of frustration, 
and two years is long enough to appreciate it. I felt the 
basic helplessness Oii the situation and I was wondering if 
one would ever make any progress in getting a real under
standing of atomic mechanics. 

Then, the whole situation was suddenly changed by 
Heisenberg in 1925. He had a really brilliant idea. He was 
led to introduce the idea of noncommutating algebra into 
physics. This idea was most startling and most unexpected. 
And of course, Heisenberg was led to it only in an indirect 
way. 

The outline of Heisenberg's method was to set up a 
theory dealing with only observable quantities. These ob
servable quantities fitted into matrices, so he was led to 
consider matrices, and he had the idea of considering the 
matrix as a whole instead of just dealing with particular 
matrix elements. Dealing with matrices one is then directed 
to nopcommutative algebra. 

Now it was really very difficult for physicists to 
accept noncummutative algebra in those days. Heisenberg 
himself had very grave doubts when he first noticed that his 
algebra was actually noncommutative,and he wondered very 
much whether he wouldn't have to abandon the whole idea be
cause of the noncommutation. But still he found that it was 
unavoidable and he had to accept it. 

I learned about this theory of Heisenberg in early 
September of 1925 and again it was very difficult for me to 
appreciate it at first. It took about two weeks; then I 
suddenly realized that the nonconunutation was actually the 
most important idea that was introduced by Heisenberg. It 
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was the one drastic new idea which would provide the whole 
basis of any new theory which one was going to construct. 
Working with his matrices, Heisenberg was led to a new 
enuation of motion for them, namely 

ih |H = U l l - ни, (l) 

where u is some dynamical variable and H is a diagonal 
matrix which represents the energy. 

I was thinking over Heisenberg's ideas, concentrat
ing on the non-commutation, and it occurred to me rathe by 
accident that there was really a grea*- similarity between 
the commutator of two quantities that don't commute and the 
Poisson bracket which we have in classical mechanics. As a 
result of this similarity, the equations in the new mechanics 
with noncommutation appeared as analoguous to the equations 
in the old mechanics of Newton, when these old equations 
were expressed in the Hamiltonian form. On the strength of 
this analogy one immediately had a general connection be
tween the old mechanics and the new mechanics of Heisenberg. 

That was the start of my work. It gave me a rather 
different handle from Heisenberg because I had the noncom
mutation right as the essential new feature of my work. 

The idea of bringing in noncommutation proved to 
be the key to developing a new mechanics, which enabled one 
to escape from the frustration that had been holding us up 
during the previous years. The result was a period of great 
activity among theoretical physicists at that time. Great 
excitement together with great activity. There was so much 
work to do developing the new ideas and seeing how the equa
tions of the old mechanics could be translated into the new 
theory. One could get new results very easily and one had 
great confidence that one was really getting somewhere. One 
had the possibility of developing the new theory in a gener
al way and also of applying it to examples and working out 
equations. 
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These equations involved noncommuting quantities. 
Th< re wiu. the problem of getting some physical interpetation 
for the i '-suits that were obtained with the new equations. 
This problem of getting the interoetation proved to be 
rather more difficult than just working out the equations. 
it was not completely solved until two or three years after 
the original idea of noncommutation was introduced. 

I don't think it has ever happened in physics be
fore that one had equations before one has known the gen
eral way to interpret them. But that is what happened in 
this case. 

In the early examples one just had special rules 
for interpetation. For example, one had a matrix to represent 
the energy, a diagonal matrix, and one said its diagonal 
elements were the energy levels. That was just a special 
assumption giving us the energy levels, and it worked. 

To get a general interpretation one was helped by 
some other work that was done independently by Schrödinger. 
Schrödinger was working quite independently of Heisenberg, 
and to begin with he knew nothing about Heisenberg's work. 
Schrödinger v/as vorking from an equation of de Broglie. This 
was the wave equation 

c z » t ;ix^ tx2 ;)*з ti 

Do Broglie had proposed this wave equation simply 
because he noticed that there was an interesting connection 
between its solutions and the relativistic motion of a part
icle. If you assume that p stands for the three components 
of momontu'n with p =W/c, then p Ф corresponds to ih^W'>x . 

With this connection between the waves and the 
momentum variables of a particle one had a relativistic 
theory, do Brogue postulated these waves associated witr, 
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the motion o^ a particle. He did that before Heisenberg 
had introduced his quantum mechanics. He did it in 1924. 

I had read this paper of de Broglie, but did not 
take the waves seriously. I thought these waves were just 
a mathematical curiosity without any physical importance. 
There I was wrong. Schrödinger did take these waves seri
ously.He thought that they really would be associated with the 
motion of an electron in an atom, but one would have to 
modify the wave equation somewhat to take into account the 
electromagnetic field in which the electron was moving. 

He tried to guess a good way со modify this equa
tion (2) of de Broglie keeping to the requirements of rela
tivity Well, he was able to guess this equation: 

- (*£; - f*3>2 

This equation reduces to the previous equation (2) when you 

put the electromagnetic potentials A equal to zero. So far 

as I know it was just guesswork of Schrödinger to obtair 

this equation from de Broglie's equation. 

Now when Schrödinger had that equation, the first 

thing he did, of course, was to apply it to the electron in 

thfc hydrogen atom. He worked out the energy levels of hydro

gen, and he got a wrong result. The reason why he got a 

wrong result was that his equation did not take into account 

the spin of electron. 

Now, at that time the spin of the electron was un-

- < % % - §*2> 

- m 2c 2}ф = О 
(3) 
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known. Some physicists had thought about it, in particular 
Kronig had thought about it and had suggested it to Pauli. 
Kronig was then working in Pauli's school. Pauli said: oh 
no, the spin of the electron is quite impossible. Pauli of
ten first had a wrong impression about a new idea. Well, 
poor Kronig was completely crushed by the authoritative 
opinion of Pauli. 

The idea of the spin of an electron occured inder 
pendently to Goudsmit and Uehlenbeck, who were working 
in Leyden. They wrote up a little paper about in and pre
sented it to their professor, Ehrenfest. Ehrenfest liked the 
idea very much. He was quite excited about it. He told 
Goudsmit and Uehlenbeck to go and talk it over with 
Lorentz in Haarlem. Well, they went to Haarlem and spoke 
about it to Lorentz, and Lorentz said no, it isn't possible. 
I have myself worked on the idt?a of the electron having a 
spin, and I found that the surface of the electron would 
have to move faster than light, and so the whole idea is 
quite impossible. Lorentz was making the mistake of taking 
the classical model of the electron too seriously. 

Goudsmit and Uehlenbeck wert completely crushed 
by Lorentz. They went back to Enr^nfest and asked to with
draw their paper. Ehrenfest said it is too late, I have 
already sent it in for publication. In that way the idea of 
the spin of the electron got published. We really owe it to 
Ehrenfest's enthusiasm and impetuousity that it got pub
lished. 

Schrö linger knew nothing about this. He found his 
wave equation gave results in disagreement with observa
tion and he was very depressed about it. He abandoned the 
work for the time being. 

He went back to Jt a f'!w months later and then 
noticed that if he v/as loss ambitious <ind just wrote his 
nouation in ;i non-relriti vi stic way and then appiied it, he 
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got results in agreement with observation apart from the 
fine structure of the hydrogen spectrum, which depends on 
the relativistic corrections. In the non-relativistic ap
proximation Schrödinger's equation reads like this, in the 
absence of a magnetic field: 

With this non-relativistic approximation, one had results in 
agreement with observation for the energy spectrum of hydro
gen. One had both a discrete spectrum giving the spectrum 
lines of hydrogen, and a continuous spectrum corresponding 
to the electron being scattered by the hydrogen nucleus. 

After this success, this limited success, of 
Schrödigner, one had two quantum theories. The one based on 
the wave equation of Schrödinger and the Heisenberg one. 

I know when I first heard about these two quantum 
theories, I felt a bit annoyed. If we have one good theory, 
that is all we really want. This was rather too much, an 
excess of richness. But it was very soon shown by Schrödinger 
that the two theories are really equivalent to one another. 
You may write the Schrödinger equation 

in j|Ф = H ф (5) 

and then this H corresponds to the matrix H in the Heisenberg 
theory. It was then just a question of a mathematical trans
formation to pass from the Heisenberg theory to the Schrödinger 
theory. They were two mathematically equivt'ilent theories for 
the same underlying physics. That underlying physics is what 
we now call quantum mechanics. 

We then had a satisfactory situation of one good 
theory. The result of Schrödinger's work was to introduce a 
new concept, b.he wave function ф , which was a great help for 
the physical interpetation of the theory. It was found, that 
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if you take ф , and suitably normalize it, then |ф| gives 
the probability of finding the particle in any place. 

One had to get used tc the idea that the new me
chanics-: only gave one probabilities and did not give one the 
determinism of the previous classical mechanics. That was a 
feature which a lot of physicists found very hard to accept, 
but which turned out to be unavoidable when one had more 
power for understanding the results of calculations with the 
noncommutative algebra. 

I was workinq on this and considering the problem 
of getting the probability for other dynamical variables to 
have specified values. I worked out a general theory for 
these probabilities. This general theory enabled one to trans
form the Schrödinger wave function to other forms. One then 
had the possibility of calculating the probability of any 
dynamical variable having a specified value, or of several 
variables simultaneously having specified values, provided 
they commute with each other. The method was to transform the 
Schrödinger function to refer to these variables that one is 
interested in, and again, to form the square of its modulus. 

I was able t^ work out this general transformation 
theory and I felt very pleased with it, I think that is the 
niece of work which has most pleased me of all the works that 
I've done ir my life. It pleased me because it did not come 
from some lucky accident; it came from logical thinking step 
by step, seeing each step giving rather more detailed know
ledge and leading on to the next question to examine and 
resolve. And in this step by step way I was able to pass to a 
general theory. 

As a result, one had a pretty powerful method of 
interpetinq the new mechanics. One then had a really satis
factory theory in many respects. One was able to deal with all 
dynamical variables and one saw that the most one could cal
culate about them was nrobabilities for variables that commute 
wi th each other. 
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There was just one bad feature of this new theory. 
That is the feature that it was not relativistic. It would 
not apply to particles moving with speeds comparable with 
the velocity of light, because it was based on the Newtonian 
pre-relativity mechanics. The operator on the right hand side 
oF (4) corresponds to the energy in Newtonian mechanics and 
not according to Einstein. This expression has to be modified 
for particles moving with high speeds. 

According to Einstein a theory should be basically 
symmetrical between the time and the three space coordinates. 
Now, you see that we do not have that symmetry. In (l) we 
have 5/3t, but no corresponding З/Эх,, З/Зх-, Э/Эх... In the 
Schrödinger equation (4) or (5) we again have 9/3t and no 
corresponding operators of differentiation with respect to 
the space coordinates. So we had the problem to modify the 
theory to make it relativistic. 

The way most physicists tackled that- was to go back 
to equation (3), the extended de Broglie equation. This is a 
relativistic equation. It was first discovered by Schrödinger 
and was not published by him because it gave results not in 
agreement with observations for the hydroren spectrum. It was 
rediscovered independently by Klein and Gordon and they did 
publish it. They v/ere not deterred by its disagreement with 
observation. So this equation is now known as the Klein-
Gordon equation. It should be, of course, the Schrödinger 
equation, but Schrödinger was not bold enough to publish it. 

Now, this is a relativistic equation and one can 
develop it relativistically. One can set up the expression 

[(in •£- -г еА0)ф]1р + conjugate complex 

and can interprete it as the charge density associated with 
any solution of the wive equation. And one can put down cor
responding expressions for the current uensity to satisfy the 
recuiráments of relativity, and one finds that charge is con-



- Ю -

served. Kurther, one can put down expressions for the епэгуу 
density and momentum density and ior the stress. Those ex
pressions are a]1 relativistic . .d in agreement with the con
servation lav/s. 

Now most physicists were very happy wit!, this de
velopment of the Klein-Golden equation. They said, here you 
have a gcod relativistic quantum theory. But I was most un
happy with it, because you cannot apply the transformation 
theory to it. For the transformation theory you need this 
equation (b) of Schrödinger, involving just the operator 
d/at, and not the square of this operator, such as occurs in 
(3). 

The transformation theory had become my darling, 
I wasn't iterested in considering any theory which would 
not fit in with my darling. I remember a discussion about it 
with Bohr at the Solvay Conference in 1927 in the autumn. 
Bohr seemed to be pretty satisfied with the Klein-Gordon 
theory, I didn't have time to explain my objections fully to 
Bohr on that occasion, hut I could see where his opinion lay, 
and that was the opinion of most physicists of that time, 
nerhaps of all of them. 

I just had to worry over the problem of getting a 
relativistic theory which should be linear in the operator 
3/9t. The linearity in 3/9t was absolutely essential for me, 
I just couldn't face giving up the transformation theory. 
You see with the transformation theory you could work out 
also the probability of the particle having given momentum 
values. You couldn't do that at all with the Klein-Gordon 
equation. You could only wr-k out the- charge density, you 
could not even work out the probability of the electron being 
anywhere. You could not use the expression for the charge 
density, because that would sometimes give you negative 
values for this probability. If you wanted to find the prob
ability of the momentum having specified values yoi cannot 
answer the question at all. Similarly for other dynamical 



- 11 -

variables, yen cannot get any information at all about their 
orobabi1i ties. 

So I continued to worry about this question till 
the end of 1927, and eventually the solution came rather by 
accident, just by playing with the mathematics. I noticed 
that if you take the matrices a,, o 2, c, describing the three 
components of spin for a spin of half a quantum as described 
by the general transformation theory, then if you form 

( o l P l + a 2p 2 + o 3p 3) , 

you get a very interesting result, just 

2 2 2 
P1 + P 2

 + P 3 • 

2 2 2 You had thus a sort of square root for p, + p 2 + p,. 

Now I needed a corresponding expression for the square 
root of the sum of four squares. One had to have the sum of 
these three squares plus a mass term. One could not get an 
expression for the square root of the sum of four squares 
just by working with these three о matrices, (v/hich are call
ed the Pauli matrices because he had built up the theory 
of electron spi: in terms of them). That was a serious dif
ficulty for me for some weeks, until I noticed that there is 
really no need to keep to two-by-two matrices like the o's. 
One can go to four-by-four matrices, nnd then one can easily 
get an expression for the square root of the sum of four 
squares. 

That led me to a new wave equation 

W e l t - " l ^ - 2̂3̂ 2 " '1ЗЩ> + %4mc) * " ° ' ( 6 ) 

involving these a-s, which are four-by-four matrices. Thcv 
are required to satisfy certain algebraic conditions, as a 
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re-nilt. >)f which the square of this operator is just 
2 2k 2L 2 2 

"l p2 ' i C * 
Hero we ha\c a wave equation which satisfies the 

requirement of being linear in the operator Э/Dt, and there
fore one can anr>ly the general transformation theory to it, a 
feature which I consider essential. Also, one can show that 
it is really a relativistic equation. It's not obvious that 
it is so. You see it is linear in 3/3t and similarly linear 
in i)/ эх 1 # э/ Ъ*-2> Э/ äx^. Rut even so one has to make a certain 
calculation to check that one can apply Lorentz transforma
tions to it and bring it back to its original fjim. One sees 
in that way that it is really a relativistic equation. 

One can modify this equation (б) to bring in the 
electromagnetic field in the same way that Schrödinger brought 
in the electromagnetic field to the de Broglie equation (2). 
The result is an equation for the electron moving in the 
electromagnetic field, in agreement with the basic require
ments of relativity and quantum mechanics. 

It was found that this equation gave the particle a 
spin of a half a quantum. And also gave it a magnetic moment. 
It gave just the properties that one needed for an electron. 
That was really an unexpected bonus for me, completely unex
pected. 

At that time I only wanted a quantum theory which 
would satisfiy the general requirements that one could apply 
the transformation thery to it, and the requirements of rela
tivity. It turned out that the simplest particle satisfying 
those requirements is a particle with a spin of a half. That 
was a great surprise to me, I thought that the simplest parti
cle would naturally have a zero spin, and that a spin of a 
half would have to be brought in later as a complication, after 
one had solved the problem of a particle with no spin. But it 
turned out otherwise. 
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I apDlied this equation to the electron in a hydrogen 
atom in the first aDproximation and got results in agreement 
with observation. This equation automatically gives the cor
rect magnetic moment, and that's why it did not have the error 
which the Klein-Gordon equation had in giving the wrong re
sults for the spectrum of hydrogen. 

There was one further difficulty left with this 
equation , namely, it was quite possible for che particle to 
have states of negative energy. I was well aware of this neg
ative-energy difficulty right at the beginning, but I thought 
it was a less serious difficulty than the others, less 
serious than our not being able to apply the transformations 
of the general transformation theory. 

This negative-enerqy difficulty was solved a little 
while later by my idea of bringing in the exclusion principle 
of Pauli for electrons, the principle that one cannot have 
more than one electron in any state, and making the rather 
bold assupmtion that all the negative energy states in the 
vacuum are filled up, and when there is a hole in the negative 
energy states it appears as a physical particle. It would be 
a particle with a spin similar to that of* the electron and 
it would have a positive charge instead of the negative charge 
of the electron, and it would have a positive energy. 

When I first thought of the idea T thought that this 
particle would have to have the same mass as -he electron, 
because of the symmetry between positive and negative masses 
and energies which occurs all the way through this theory. 
But at that time the only elementary particles that were known 
were the electron and the proton. I didn't dare to postulate 
a new particle. The whole climate of opinion in those days 
was against postulating new particles, quite different from 
what it is .low. So T. published my work as a theory of electrons 
and protons/hoping that in some unexplained way the Coulomb 
interaction between the particles would lead to the big dif
ference in mass between the electron and the proton. 
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Of course; I was unite wrong there and the mathemati
cians soon r>o in tod out that it was impossible to have such a 
dissymetry between the positive and negative energy states. 
It was Woyl who first published a categorical statement that 
the new particle would have to have the same mass as the 
electron. The theory with equal masses was confirmed a little 
later uy observation when the positron was discovered jy 
Anderson. 

At that staqc we had a satisfactory theory, not for 
a single particle, but really for several particles, because 
with this theory one could have electrons jumping between 
positive and negative energy states and such jumps would cor
respond either to the simulteneous annihilation of an elec
tron and a positron or the simultaneous creation of an elec
tron and a positron. The number of particles was no longer 
conserved. This was a physical development which was quite 
acceptable at that time and the final result was a theory in 
agreement with the transformation laws and with relativity. 

It was pointed out by Pauli and Weisskopf that one 
could get a similar theory of several particles by working 
from the KioLn-Gordon equation and taking the expression for 
the energy density, wnich is 

* K-ibf*- * ?Art)(itá- + |A I) • m V Й. 
r r " ' r 

Pauli and Weisskopf had the idea of changing the ф and ф here 
into dvnamical variables referring to emission and absorption 
of particles, and using the total energy, which is the integ
ral of this exprobsion over three dimensional space, as the 
Hamiltonian, and then putting down the standard Schrödinger 
equation in terms of a big "JT referring to the whole assembley 
of particles. With this development of the Klein-Gordon equa
tion one has a theory referring to several particles which al 
have positive energy, and which have to be bosons now, not 
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fermions as one had previously. This theory is also relativ
ist ic and in aqrcemnnt with the transformation theory. 

Thus there were two possible theories for particles, 
both relativistic, both in agreement with the requirements 
of the transformation theory, one of them for particles of 
zero spin satisfying the Bose statistics, the other for par
ticles of spin 1/2, satisfying che Fermi statistics. These 
theories were in a sense equally good. The Fermi theory ap
plies to electrons and to other particles of spin 1/2, like 
protons. The Klein-Gordon theory may apply to certain kinds 
of mesons with zero spin. 

For both of these theories we have the electromag
netic potentials coming in. These electromagnetic potentials 
have to refer to an external field. Now, the next step which 
wé would like to do would be to make these potentials into 
quantum variables satisfying suitable commutation relations, 
so as to refer to a quantized field of radiation interacting 
with the assembly of particles. 

Now, when you do that, you get into trouble. You can 
put down a Schrödinger equation for the whole assembly, par
ticles and electromagnetic field. When you try to solve that 
Schrödinger equation, you find you cannot do it. You can ap-
nly standard perturbation methods and you then run into in
finities. You cannot find any solution. You cannot even get 
a simple solution referring to the vacuum state. 

The only sensible conclusion to be drawn is that 
it's a bad theory. That I have insisted on all along, but most 
physicists are inclined to be rather satisfied with it and to 
work with it. There is some justification for doing so, be
cause at the present day one doesn't have a better theory. 

People have done an enormous amount of work with 
this quantum electrodynamics, as it is called. They have no
ticed that, although attempts to solve the wave equation al-
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way;; ЬмЛ to infinites, those infinites can be managed in a 
certain way. In particular, it was shown by Lamb that the 
infinites could be removed by a process of renorm.lization. 
Unnormalization means that you assume that your parameters e 
and m occurring in the original equations are not the same 
as the physically observed quantities. The general idea of 
renormalization is quite sensible physically, but the way it 
is applied here is not sensible, because the factor connect
ing the original parameters with the new one is infinitely 
great. It is then not a mathematically sensible process at 
all! 

But still, people have worked with it, in particular 
Lamb. The surprising thing is that with the infinities dis
carded by these artificial renormalization rules, you get 
results in agreement with observation. The agreement holds 
to a very high degree of accuracy. 

Mosr. physicists are very satisfied with that result. 
Thev say that all that a physicist needs is to have some 
theory giving results in agreement with obser/ation. I say, 
that is not all that a physicist needs. A physicist needs 
that his equations should be mathematically sound, that in 
working with his equations he should not neglect quantities 
unless they are small. You certainly should not neglect quan
tities which are infinitely great just on the ground that 
you don't like to have them present. 

Well, here again I find myself i:i disagreement with 
the great body of theoretical physicists. They are complacent 
about the difficulties of quantum electrodynamics, and I feel 
that kind of complacency is similar to the complacency which 
people at one time had with the original Klein-Gordon equation. 
It is a complacency which blocks further progress. 

Any substantia] further progress, I feel, must come 
from some drastic changes in the basic equations. Just where 
thev should be С don't knov/, but I feel that this chanqe will 
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be rather similar to the change that Heisenberg introduced 
in 1925. It is a change which people will probably come to 
eventually only by an indirect íuute. The only feature of 
the new theory which one can be sure of is that it must be 
based on sound and beautiful mathematics. 

Most of my later work has been on such lines, try
ing to look f r mathematical ideas which may help one in 
getting a better quantum electrodynamics. I have had several 
ideas on these lines, but none of them has been very sucess-
ful. One of the early ones, as you know, led to the idea of 
magnetic monopoles. People have searched for monipoles but 
haven't found them with certainty to date, but still the 
monopolé theory is, I would say, an alive theory. Monopoles 
might be discovered sometime in the future. 

I have found other equations rather simxx \r to my 
original electron wave equation with some more complicated 
kind of internal freedom for the electron. These equations 
are beautiful mathematicc.lly, but so far they have not led 
to anything of physical importance. I believe that one must 
continue on these lines trying to guess at some suitable 
mathematics which will lead to a good theory cf the future. 

You might ask, should one not be pretty well satis
fied with the present quantum electrodynamics on account of 
its great successes in accounting for observations? Well, I 
feel that these successes are essentially coincidences. There 
may be some reason underlying them, a reason of the nature 
of a good deal of similarity between various features of the 
new theory which is not yet discovered and the present quan
tum electrodynamics. Presumably there are such features of 
similarity which lie at the basis for the success of the ex
planation of the Lamb shift. 

One can compare the situation with the successes of 
the Bohr theory. The Bohr theory did very well for certain 
single electron problems,in spite of the concepts of the Bohr 
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theory being basically wrong. It seems that one does get 
coincidences of this sort in the search for understanding 
Nature. My own belief is that the successes of the exsiting 
quantum electrodynamics in explaining the Lamb shift are 
coincidences of that neture. It is nothing that one should 
really be complacent about. 

I'll conclude at this point.I really spent my life 
mainly trying to find better equations for quantum electro
dynamics, and so far without success, but I continue to work 
on it. Any work that one does on these lines must be based 
on sound mathematics. Presumably it will involve representa
tions of the Lorentz group. So one must study the representa
tions of the Lorentz group, find out more about them, and 
hope that one will eventually think of those representations 
which are physically important. Of course the mathematicians 
have worked out all the irreducible representations of the 
Lorentz group, but the irreducible representations don't 
take one very far. Physicists are not concerned very much 
with irreducible representations, but with representations 
which are very far from being irreducible, and chere is an 
enormous field for further investigation in searching for 
these general representations. Thank you. 
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