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that  a theory which accounts for the results of all experi- 
merits-as quantum mechanics could-is complete. But Ein- 
stein contended that a theory which gives no account of the real 
world, but only of our imperfect (probabilistic) knowledge of 
that world, is incomplete. 

Partly for this reason, the world's most renowned scientist, 
during the last 20 years of his life, felt almost completely iso- 
lated in his scientific work and goals. The situation began to 
change, however, shortly before Einstein's death in 1955. Today, 
the subjects of Einstein's own scientific efforts-the general 
theory of relativity and the unification of the various physical 
forces (gravitation, electromagnetism, and so on) in a single 
field theory-have gradually become two of the most important 
foci of attention in physics. 

More to the point of Einstein's 1927 essay, physicists since 
the early 1950s have been less and less joyful about the indeter- 
minism of our most fundamental theory, more and more ready 
to declare this feature of quantum mechanics unsatisfactory. 

by Albert Einstein 

I t  is just two hundred years ago that  Newton 
closed his eyes. We feel impelled at  such a moment to 
remember this brilliant genius, who determined the 
course of Western thought, research, and practice like 
no one else before or  since. Destiny placed him at  a 
turning point in the history of the human intellect: 
Before Newton, there existed no self-contained system 
of physical causality that was somehow capable of 
representing any of the deeper features of the empiri- 
cal world. 

If' , '  .. .,- , - , - > , ,  , - 1 % :  
Newton's object was to answer the question: Is 

there any simple rule by which one can calculate the 
movements of the heavenly bodies in our  planetary 
system completely, when the state of motion of all 
these bodies a t  one moment is known? Kepler's empir- 
ical laws of planetary movement, deduced from Tycho 
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Brahe's observations, confronted him and demanded 
explanation.' These laws gave, it is true, a complete 
answer to the question of h o w  the planets move 
around the sun. But they do not satisfy the demand for 
causal explanation. More important, these laws are 
concerned with the movement as a whole, not with the 
question of how the state of motion of a system gives 
rise to that which immediately follows it in time. They 
are,  a s  we would say now, integral and not differential 
laws.? The differential law is the only form which 
completely satisfies the modern physicist's demand 
for causality. The clear conception of the differential 
law is one of Newton's greatest intellectual achieve- 
ments. 

Galileo had already made a significant beginning 
toward a knowledge of the law of motion. He discov- 
ered the law of inertia and the law of bodies fall- 
ing freely in the gravitational field of the earth (that 
is, that  a mass, o r  mass-point, unaffected by other 
masses, will move uniformly and in a straight line; the 
vertical speed of a free body in the gravitational field 
increases uniformly with time). It may seem to us 
today to be but a short step from Galileo's discoveries 
to Newton's law of m ~ t i o n . ~  But both of Galileo's 
statements are so formulated as to refer to motion as a 
whole, while Newton's law of motion provides an  an- 
swer to the question: How does the state of motion of a 
mass-point change in an  infinitely short time under the 
influence of an  external force? It was only by consider- 
ing what takes place during a n  infinitely short time 
(differential law) that  Newton reached a formulation 
that  applies to all motion. He took the concept of force 
from the science of statics, which had already reached 
a high stage of development; he was able to connect 
force and acceleration by introducing the new concept 
of mass. 

But a causal concept of motion was still far away, 
for the motion could only be determined from the 
equation of motion in cases where the force was given. 
Inspired no doubt by the laws of planetary motion, 
Newton conceived the idea that the force operating on 
a mass was determined by the position of all masses 
situated at  a sufficiently small distance from the mass 
in question. I t  was not until this connection was estab- 
lished that a completely causal concept of motion was 
achieved. How Newton, starting from Kepler's laws of 
planetary motion, performed this task for gravitation 
and so discovered that gravity and the moving forces 
acting on the stars were one and  the same is well 

' Kepler ' s  laws:  ( a )  
planets  move in  el- 
lipses, with the sun at 
one  focus; (b )  the  
r ad ius  d rawn  from 
the  sun  to a planet 
sweeps equal areas in 
equal times (see dia- 
gram); (c) the ratio of 
the cube of the major 
axis of a planet's el- 
l iptical orbi t  to  the 
square of the period 
of i t s  revolut ion 
around the sun is the 
same for every planet. 

in tegrat ion and clif- 
ferentiation, roughly 
speaking, are inverse 
operat ions .  That  is,  
where  differential 
ca l cu lus  can repre-  
sent motion over an 
infinitely short period 
of time, integral cal- 
culus represents the 
sum of those infinitely 
shor t  per iods  (i.e., 
total motion). 

Newton ' s  law: (a) 
a body will remain at 
rest or  in uniform mo- 
tion if no force acts on 
it; (b) force = mass X 
acceleration (F =ma); 
(c) for every force in 
Na tu re ,  there  i s  al- 
ways a n  equal  a n d  
opposite force. 
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N e w t o n  showed 
that Kepler's laws re- 
sul ted from planets  
being acted upon by 
the gravity of the sun. 
The resulting law of 
universal gravitation 
(a particle of matter 
a t t r ac t s  every other  
pa r t i c l e  of ma t t e r  
wi th  a force pro-  
po r t iona te  to the  
p roduc t  of their  
masses and inversely 
proportionate to the 
s q u a r e  of their  dis- 
tance) also accounts 
for the motion of the 
moon and the rate of 
fall of bodies to earth 
(see diagram). 

I f  light is propa- 
gated a s  a wave,  it 
w a s  though t ,  t hen  
space must be filled 
wi th  someth ing  to 
ca r ry  those waves.  
Hence  the a s sump-  
tion of a continuous 
m e d i u m ,  the hypo- 
thetical ether. 

known? It is the combination 
(Law of Motion) + (Law of Attraction) 

which constitutes that marvelous edifice of thought 
that makes it possible to calculate the past and future 
states of a system from the state obtaining a t  one par- 
ticular moment, insofar as the events take place under 
the influence of the forces of gravity alone. The logical 
completeness of Newton's conceptual system lay in 
this, that the only causes of the acceleration of the 
masses of a system are these masses themselves. On 
this foundation, Newton succeeded in explaining the 
motions of the planets, moons, and comets down to 
the smallest details, as well as the tides and the pre- 
cessional movement of the earth-a deductive 
achievement of unique magnificence. 

But the importance of Newton's achievement was 
not limited to the fact that it created a workable and 
logically satisfactory basis for the actual science of 
mechanics; up to the end of the 19th century, it 
formed the program of every worker in the field of 
theoretical physics. All physical events were to be 
traced back to masses subject to Newton's laws of mo- 
tion. The law of force simply had to be extended and 
adapted to the type of event under consideration. 
Newton himself tried to apply this program to optics, 
assuming light to consist of inert corpuscles. Even the 
wave theory of light made use of Newton's law of mo- 
tion after it had been applied to continuously distrib- 
uted masses5 Newton's equations of motion were the 
sole basis of the kinetic theory of heat, which not only 
prepared people's minds for the discovery of the law of 
the conservation of energy but also led to a theory of 
gases that has been confirmed down to the last detail, 
and to a more profound view of the nature of the sec- 
ond law of thermodynamics. The development of elec- 
tricity and magnetism has proceeded up to modern 
times along Newtonian lines. Even the revolution in 
electrodynamics and optics brought about by Faraday 
and Maxwell, which formed the first great fundamen- 
tal advance in theoretical physics since Newton, took 
place entirely under the aegis of Newton's ideas. 

Newton's fundamental principles were so satis- 
factory from the logical point of view that the impetus 
to overhaul them could only spring from the demands 
of empirical fact. Newton himself was better aware of 
the weaknesses inherent in his intellectual edifice 
than the generations of learned scientists that fol- 
lowed him. This fact has always aroused my deep ad- 
miration, and I should like, therefore, to dwell on it for 
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a moment. 
I .  Newton's endeavor to represent his system as 

necessarily conditioned by experience, and to intro- 
duce the smallest possible number of concepts not di- 
rectly referable to empirical objects, is everywhere 
evident; in spite of this, he set up the concept of abso- 
lute space and absolute time. For this, he has often 
been criticized in recent years. But in this point, 
Newton is particularly consistent. He had realized 
that observable geometrical quantities (distances of 
material points from one another) and their course in 
time do not conlpletely characterize motion in its 
physical aspects. In addition to masses and tempo- 
rally variable distances, there must be something else 
that  determines motion. That "something" he takes to 
be relation to "absolute space." He is aware that space 
must possess a kind of physical reality if his laws of 
motion are to have any meaning, a reality of the same 
sort a s  material points and their distances. 

The clear realization of this reveals both Newton's 
wisdom and also a weak side to his theory. For the 
logical structure of the latter would undoubtedly be 
more satisfactory without this shadowy concept; in 
that  case, only things whose relations to perception 
a re  perfectly clear (mass-points, distances) would 
enter into the laws. 

11. Forces acting directly and instantaneously a t  a 
distance, as introduced to represent the effects of grav- 
ity, are not in character with most of the processes 
familiar to us from everyday life. Newton meets this 
objection by pointing to the fact that his law of gravi- 
tational interaction is not supposed to be a final ex- 
planation but a rule derived by induction from experi- 
ence. 

111. Newton's theory provided no explanation for 
the highly remarkable fact that the weight and the 
inertia of a body are determined by the same quantity 
(its mass). Newton himself was aware of the peculiar- 
ity of this fact. 

None of these three points can rank as  a logical 
objection to the theory. In a sense, they merely repre- 
sent unsatisfied desires of the scientific mind in its 
struggle for a complete and uniform conceptual grasp 
of natural phenomena. 

Newton's theory of motion, considered as a pro- 
gram for the whole of theoretical physics, received its 
first blow from Maxwell's theory of electricity. It be- 
came clear that the electric and magnetic interactions 
between bodies were effected, not by forces operating 

James Clerk Maxwell 
(1831-79). 

Michael Faraday 
(1791-1867) 
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B y  field, Faraday 
nieant "lines of force" 
capable of generating 
action a t  a distance. 
The  most famil iar  
e x a n ~ p l e  would be 
produced by a mag- 
net. 

E i n s t e i n  a l ludes  
here  to the electro- 
magnetic world view 
tha t  arose  a m o n g  
physicists after dis- 
covery of the electron 
( 1897). 

RIn  the  General  
Theory of Relativity, 
a s  originally forrnu- 
lated by Einstein: (a) 
Newton's concept of a 
force acting at a dis- 
tance was superseded 
by a descr ipt ion of 
how a massive body 
warps  space-time in 
its neighborhood; ( b )  
Newton's first law of 
mot ion ,  which de- 
termined the path o f a  
particle under the ac- 
t ion of the gravi ta-  
tional field, went over 
into a postulate that 
such a particle moved 
not  uniformly in a 
s t r a igh t  l ine ,  bu t  
along a geodesic, the 
shortest possible line 
in  warped space-time. 

instantaneously a t  a distance, but by processes which 
are  propagated through space at  a finite speed. In ad- 
dition to the mass-point and its motion, there arose 
according to Faraday's concept a new kind of physical 
reality, namely, the "field.'I6 At first, people tried, 
adhering to the point of view of mechanics, to inter- 
pret the field a s  a mechanical state (of motion or 
stress) of a hypothetical medium permeating space 
(ether). But when this interpretation refused to work 
in spite of the most obstinate efforts, people gradually 
got used to the idea of regarding the "electromagnetic 
field" a s  the final irreducible constituent of physical 
reality. By the time this point was reached, nobody 
any longer believed in immediate momentary action 
a t  a distance, not even in the realm of gravitation, 
although no field theory of the latter was clearly indi- 
cated owing to lack of sufficient factual knowledge. 

The development of the theory of the electro- 
magnetic field led also to the attempt to explain the 
Newtonian law of motion along electromagnetic lines 
or  to replace it with a more accurate law based on 
field t h e ~ r y . ~  Even though these efforts did not meet 
with complete success, the fundamental concepts of 
mechanics had ceased to be looked upon as  fundamen- 
tal constituents of the physical cosmos. 

The theory of Maxwell and Lorentz led inevitably 
to the special theory of relativity, which, since it 
abandoned the notion of absolute simultaneity, ex- 
cluded the existence of forces acting a t  a distance. It 
followed from this theory that mass is not a constant 
quantity but depends on (indeed, is equivalent to) the 
energy content. I t  also showed that Newton's law of 
motion was only to be regarded as a limiting law valid 
for small velocities; in i ts  place it set u p  a new law of 
motion in which the speed of light in vacua figures as 
the limiting velocity. 

The general theory of relativity formed the last 
step in the development of the program of the field 
theory.* Quantitatively it modified Newton's theory 
only slightly, but  for that all the more profoundly 
qualitatively. Inertia, gravitation, and the metrical 
behavior of bodies and clocks were reduced to a single 
field quality; this field itself was again postulated as 
dependent on bodies (generalization of Newton's law 
of gravity or  rather the field law corresponding to it,  
a s  formulated by Poisson). Space a n d  t ime were 
thereby divested not of their reality but of their causal 
absoluteness. The generalized law of inertia takes over 
the function of Newton's law of motion. 
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This short account is enough to show how the 
elements of Newtonian theory passed over into the 
general theory of relativity, whereby the three defects 
above mentioned were overcome. It looks a s  if. in the 
framework of the theory of general relativity, the law 
of motion could be deduced from the field law corre- 
sponding to the Newtonian law of forccY Only when 
this goal has been completely reached will it be possi- 
ble to talk about a pure field theory. 

The whole evolution of our ideas about the proc- 
esses of nature, with which we have been concerned so 
far, might be regarded as an  organic development of 
Newton's ideas. But while the process of perfecting 
the field theory was still in full swing, the facts of 
heat-radiation, the spectra, radioactivity, and so on 
revealed a limitation of the applicability of this whole 
conceptual system, which today still seems to us vir- 
tually impossible to overcome notwithstanding im- 
mense successes in many instances. 

Many physicists maintain-and there are weighty 
arguments in their favor-that in the face of these 
facts not merely the differential law but the law of 
causation itself-hitherto the ultimate basic postulate 
of all natural science-has collapsed. Even the possi- 
bility of a spatio-temporal construction, which can be 
unambiguously coordinated with physical events, is 
denied. That a mechanical system can have only dis- 
crete permanent energy-values or  states-as experi- 
ence almost directly shows-seems a t  first sight 
hardly deducible from a field theory that operates 
wi th  differential  equat ions .  The d e  Broglie- 
Schrodinger method, which has in a certain sense the 
character of a field theory, does indeed deduce the 
existence of only discrete states, in surprising agree- 
ment with empirical facts.I0 It does so on the basis of 
differential equations applying a kind of resonance- 
argument, but it has to give up the localization of par- 
ticles and strictly causal laws. Who would presume 
today to decide the question whether the law of causa- 
tion and the differential law, these ultimate premises 
of the Newtonian view of nature, must definitely be 
abandoned? 

'Einstein sensed ,  
a n d  20 years  l a t e r  
would prove,  t h a t  
equations of motion 
in General Relativity 
were  unnecessary:  
The  field equat ions  
contain not only the 
laws of force but also 
the laws of motion. 

nPhys ic i s t s  Louis 
de Broglie and Erwin 
Schrodinger  sought  
t o  re ta in  cont inui ty  
and causality by as- 
sociating a wave field 
with  every material 
particle. Max Born, a 
l eade r  of the  an t i -  
causalists, challenged 
the i r  conclusions ,  
showing that such a 
field describes not the 
behavior  of indi-  
vidual particles but  
the statistical distri- 
bu t ion  of a large 
number  of identical 
particles under idcn- 
tical conditions. 

EDITOR'S NOTE: The fullest biography of Albert Einstein is Ronald 
Clark's Einstein: The Life and Times (1971). Interested readers may also 
wish to consult Einstein's own Ideas and Opinions (1954). 


