


THE TWO PARADIGMS 

T h e  other major development in twentieth-century physics was a 
consequence of the experimental investigation of atoms. At the turn of 
the century physicists discovered several phenomena connected with 
the structure of atoms, such as X-rays and radioactivity, which were in- 
explicable in terms of classical physics. Besides being objects of intense 
study, these phenomena were used, in most ingenious ways, as new 
tools to probe deeper into matter than had ever been possible before. 
For example, the so-called alpha particles emanating from radioactive 
substances were perceived to be high-speed projectiles of subatomic 
size that could be used to explore the interior of the atom. They could 
be fired at atoms, and from the way they were deflected one could 
draw conclusions about the atoms' structure. 

This exploration of the atomic and subatomic world brought scien- 
tists in  contact with a strange and unexpected reality that shattered the 
foundations of their world view and forced them to think in entirely 
new ways. Nothing like that had ever happened before in science. Rev- 
olutions like those of Copernicus and Darwin had introduced pro- 
found changes in the general conception of the universe, changes that 
were shocking to many people, but the new concepts themselves were 
not difficult to grasp. In the twentieth century, however, physicists 
faced, for the first time, a serious challenge to their ability to under- 
stand the universe. Every time they asked nature a question in an 
atomic experiment, nature answered with a paradox, and the more 
they tried to clarify the situation, the sharper the paradoxes became. In 
their struggle to grasp this new reality, scientists became painfully 
aware that their basic concepts, their language, and their whole way of 
thinking were inadequate to describe atomic phenomena. Their prob 
lem was not only intellectual but involved an intense emotional and 
existential experience, as vividly described by Werner,.Heisenberg: "I 
remember discussions with Bohr which went through many hours till 
vev late at night and ended almost in despair; and when at the end of 
the discussion I went alone for a walk in the neighboring park I re- 
peated to myself again and again the question: Can nature possibly be 
so absurd as it seemed to us in these atomic experiments?"' 

It took these physicists a long time to accept the fact that the para- 
doxes they encountered are an essential aspect of atomic physics, and 
to realize that they arise whenever one tries to describe atomic phe- 
nomena in terms of classical concepts. Once this wasperceived, the 
physicists began to learn to ask the right questions and to avoid con- 
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tradictions. As Heisenberg says, "They somehow got into the spirit of 
the quantum the~ry ,"~  and finally they found the precise and consis- 
tent mathematicaI formulation of that theory. Quantum theory, or 
quantum mechanics as it is also called, was formulated during the first 
three decades of the century by an international group of physicists in- 
cluding Max Planck, Albert Einstein, Niels Bohr, Louis De Broglie, 
Erwin Schrodinger, Wolfgang Pauli, Werner Heisenberg, and Paul 
Dirac. These men joined forces across national borders to shape one of 
the most exciting periods of modem science, one that saw not only 
brilliant intellectual exchanges but also dramatic human conflicts, as 
well as deep personal friendships, among the scientists. 

Even after the mathematical formulation of quantum theory was 
completed, its conceptual framework was by no means easy to accept. 
Its effect on the physicists' view of reality was truly shattering. The 
new physics necessitated profound changes in concepts of space, time, 
matter, object, and cause and effect; and because these concepts are so 
fundamental to our way of experiencing the world, their transforma- 
tion came as a great shock. To quote Heisenberg again, "The violent 
reaction to the recent development of modern physics can only be un- 
derstood when one realizes that here the foundations of physics have 
started moving; and that this motion has caused the feeling that the 
ground would be cut from ~cience."~ 

Einstein experienced the same shock when he was confronted with 
the new concepts of physics, and he described his feelings in terms very 
similar to Heisenberg's: "All my attempts to adapt the theoretical 
foundation of physics to this [new type of] knowledge failed com- 
pletely. It was as if the ground had been pulled out from under one, 
with no firm foundation to be seen anywhere, upon which one could 
have b ~ i l t . " ~  

Out of the revolutionary changes in our concepts of reality that were 
brought about by modem physics, a consistent world view is now 
emerging. This view is not shared by the entire physics community, 
but is being discussed and elaborated by many leading physicists whose 
interest in their science goes beyond the technical aspects of their re- 
search. These scientists are deeply interested in the philosophical im- 
plications of modern physics and are trying in an open-minded way to 
improve their understanding of the nature of reality. 

In contrast to the mechanistic Cartesian view of the world, the 
world view emerging from modern physics can be characterized by 
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words like organic, holistic, and ecological. It might also be called a 
systems view, in the sense of general systems theory.5 The universe is 
no longer seen as a machine, made up of a multitude of objects, but 
has to be pictured as one indivisible, dynamic whole whose parts are 
essentially interrelated and can be understood only as patterns of a 
cosmic process. 

The basic concepts underlying this world view of modern physics 
are discussed in the following pages. I described this world view in de- 
tail in The Tao of Physics, showing how it is related to the views held 
in mystical traditions, especially those of Eastern mysticism. Many 
physicists, brought up, as I was, in a tradition that associates mysticism 
with things vague, mysterious, and highly unscientific, were shocked at 
having their ideas compared to those of mystics.6 Fortunately, this at- 
titude is now changing. As Eastern thought has begun to interest a sig- 
nificant number of people, and meditation is no longer viewed with 
ridicule or suspicion, mysticism is being taken seriously even within 
the scientific community. An increasing number of scientists are aware 
that mystical thought provides a consistent and relevant philosophical 
background to the theories of contemporary science, a conception 
of the world in which the scientific discoveries of men and women 
can be in perfect harmony with their spiritual aims and religious 
beliefs. 

The  experimental investigation of atoms at the beginning of the 
century yielded sensational and totally unexpected results. Far from 
being the hard, solid particles of time-honored theory, atoms turned 
out to consist of vast regions of space in which extremely small parti- 
cles-the electrons-moved around the nucleus. A few years later 
quantum theory made it clear that even the subatm&c particle-the 
electrons and the protons and neutrons in the nucleus-were nothing 
like the solid objects of classical physics. These subatomic units of 
matter are very abstract entities which have a dual aspect. Depending 
on how we look at them, they appear sometimes as particles, some- 
times as waves; and this dual nature is also exhibited by light, which 
can take the form of electromagnetic waves or particles. The particles 
of light were first called "quanta" by Einstein-hence the origin of the 
term "quantum theory7*--and are now known as photons. 

This dual nature of matter and of light is very strange. It seems im- 
possible to accept that something can be, at the same time, a particle, 
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an entity confined to a very small volume, and a wave, which is spread . 
out over a large region of space. And yet this is exactly what physicists 
had to accept. The situation seemed hopelessly paradoxical until it was 
realized that the terms "particle" and "wave" refer to classical con- 
cepts which are not fully adequate to describe atomic phenomena. An 
electron is neither a particle nor a wave, but it may show particle-like 
aspects in some situations and wave-like aspects in others. While it acts 
like a particle, it is capable of developing its wave nature at the expense 
of its particle nature, and vice versa, thus undergoing continual trans- 
formations from particle to wave and from wave to particle. This 
means that neither the electron nor any other atomic "object" has any 
intrinsic properties independent of its environment. The properties it 
shows-particlelike or wave-like-will depend on the experimental sit- 
uation, that is, on the apparatus it is forced to interact with.' 

It was Heisenberg's great achievement to express the limitations of 
classical concepts in a precise mathematical form, which is known as 
the uncertainty principle. It consists of a set of mathematical relations 
that determine the extent to which classical concepts can be applied to 
atomic phenomena; these relations stake out the limits of human 
imagination in the atomic world. Whenever we use classical terms- 
particle, wave, position, velocity-to describe atomic phenomena, we 
find that there are pairs of concepts, or aspects, which are interrelated 
and cannot be defined simultaneously in a precise way. The more we 
emphasize one aspect in our description the more the other aspect be- 
comes uncertain, and the precise relation between the two is given by 
the uncertainty principle. 

For a better understanding of this relation between pairs of classical 
concepts, Niels Bohr introduced the notion of complementarity. He 
considered the particle picture and the wave picture two complemen- 
tary descriptions of the same reality, each of them only partly correct 
and having a limited range of application. Both pictures are needed to 
give a full account of the atomic reality, and both are to be applied 
within the limitations set by, the uncertainty principle. The notion of 
complementarity has become an essential part of the way physicists 
think about nature, and Bohr has often suggested that it might also be 
a useful concept outside the field of physics. Indeed, this seems to be 
true, and we shall come back to it in discussions of biological and psy- 
chological phenomena. Complementarity has already been used exten- 
sively in our survey of the Chinese yin/yang terminology, since the yin 
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and yang opposites are interrelated in a polar, or complementary, way. 
Clearly the modem concept of complementarity is reflected in ancient 
Chinese thought, a fact that made a deep impression on Niels ~ o h r ?  

The resolution of the particle/wave paradox forced physicists to ac- 
cept a n  aspect of reality that called into question the very foundation 
of the mechanistic world view-the concept of the reality of matter. At 
the subatomic level, matter does not exist with certainty at definite 
places, but rather shows "tendencies to exist," and atomic events do 
not occur with certainty at definite times and in definite ways, but 
rather show "tendencies to occur." In the formalism of quantum m e  
chanics, these tendencies are expressed as probabilities and are asso- 
ciated with quantities that take the form of waves; they are similar to 
the mathematical forms used to describe, say, a vibrating guitar string, 
or sound wave. This is how particles can be waves at the same time. 
They are not "real" three-dimensional waves like water waves or sound 
waves. They are "probability waves"~bstract  mathematical quanti- 
ties with all the characteristic properties of waves--that are related to 
the probabilities of finding the particles at particular points in space 
and at particular times. All the laws of atomic physics are expressed in 
terms of these probabilities. W e  can never predict an atomic event 
with certainty; we can only predict the likelihood of its happening. 

T h e  discovery of the dual aspect of matter and of the fundamental 
role of probability has demolished the classical notion of solid objects. 
At t h e  subatomic level, the solid material objects of classical physics 
dissolve into wave-like patterns of probabilities. These patterns, fur- 
thermore, do not represent probabilities of things, but rather probabil- 
ities of interconnections. A careful analysis of the process of observa- 
tion in atomic physics shows that the subatomic particles h o  
meaning as isolated entities but can be understood only as intercon- 
nections, or correlations, between various processes of observation and 
measurement. As Niels Bohr wrote, "Isolated material particles are a b  
stractions, their properties being definable and observable only through 
their interaction with other systems."9 

Subatomic particles, then, are not "things" but are interconnections 
between "things," and these "things," in turn, are interconnections 
between other "things," and so on. In quantum theory you never end 
up with "things"; you always deal with interconnections. 

This  is how modern physics reveals the basic oneness of the uni- 
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verse. I t  shows that we cannot decompose the world into indepen- 
dently existing smallest units. As we penetrate into matter, nature does 
not show us any isolated basic building blocks, but rather appears as a 
complicated web of relations between the various parts of a unified 
whole. As Heisenberg expresses it, "The world thus appears as a com- 
plicated tissue of events, in which connections of different kinds alter- 
nate or overlap or combine and thereby determine the texture of the 
whole."10 

The universe, then, is a unified whole that can to some extent be di- 
vided into separate parts, into objects made of molecules and atoms, 
themselves made of particles. But here, at the level of particles, the 
notion of separate parts breaks down. The subatomic particles-and 
therefore, ultimately, all parts of the univers-annot be understood 
as isolated entities but must be defined through their interrelations. 
Henry Stapp, of the University of California, writes, "An elementary 
particle is not an independently existing unanalyzable entity. It is, in 
essence, a set of relationships that reach outward to other things."" 

This shift from objects to relationships has far-reaching implications 
for science as a whole. Gregory Bateson even argued that relationships 
should be used as a basis for all definitions, and that this should be 
taught to our children in elementary scho01.'~ Any thing, he believed, 
should be defined not by what it is in itself, but by its relations to other 
things. 

In quantum theory the fact that atomic phenomena are determined 
by their connections to the whole is closely related to the fundamental 
role of probability.13 In classical physics, probability is used whenever 
the mechanical details involved in an went are unknown. For example, 
when we throw a die, we could-in principl+predict the outcome if 
we knew all the details of the objects involved: the exact composition 
of the die, of the surface on which it falls, and so on. These details are 
called local variables because they reside within the objects involved. 
Local variables are important in atomic and subatomic physics too. 
Here they are represented by connections between spatially separated 
events through signals-particles and networks of particles-that re- 
spect the usual laws of spatial separation. For example, no signal can 
be transmitted faster than the speed of light. But beyond these local 
connections are other, nonlocal connections that are instantaneous and 
cannot be predicted, at present, in a precise mathematical way. These 
nonlocal connections are the essence of quantum reality. Each event is 
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not always be defined with certainty. Just as electrons show tendencies 
to exist in certain places, they also show tendencies to spin about cer- 
tain axes. Yet whenever a measurement is performed for any axis of ro- 
tation, the electron will be found to spin in one or the other direction 
about that axis. In other words, the particle acquires a definite axis of 
rotation in the process of measurement, but before the measurement is 
taken, it cannot generally be said to spin about a definite axis; it merely 
has a certain tendency, or potentiality, to do so. 

With this understanding of electron spin we can now examine the 
EPR experiment and Bell's theorem. To set up the experiment, any 
one of several methods is used to put two electrons in a state in which 
their total spin is zero, that is, they are spinning in opposite directions. 
Now suppose the two particles in this system of total spin zero are 
made to drift apart by some process that does not affect their spins. As 
they go off in opposite directions, their combined spin will still be zero, 
and once they are separated by a large distance, their individual spins 
are measured. An important aspect of the experiment is the fact that 
the distance between the two particles at the time of the measurement 
is macroscopic. It can be arbitrarily large; one particle may be in Los 
Angeles and the other in New York, or one on the earth and the other 
o n  the moon. 

Suppose now that the spin of particle 1 is measured along a vertical 
axis and is found to be "up." Because the combined spin of the two 
particles is zero, this measurement tells us that the spin of particle 2 
must be "down." Similarly, if we choose to measure the spin of parti- 
cle 1 along a horizontal axis and find it to be "right," we know that in 
that case the spin of particle 2 must be "left." Quantum theory tells us 
that in a system of two particles having total spin zero, the spins of the 
particles about any axis'will always be correlated-will EG3pposite- 
even though they exist only as tendencies, or potentialities, before the 
measurement is taken. This correlation means that the measurement 
of the spin of particle 1, along any axis, provides an indirect measure- 
ment of the spin of particle 2 without in any way disturbing that parti- 
cle. 

The paradoxical aspect of the EPR experiment arises from the fact 
that the observer is free to choose the axis of measurement. Once this 
choice is made, the measurement transforms the tendencies of the 
particles to spin about various axes into certainties. The crucial point is 

that we can choose our axis of measurement at the last minute, when 
the particles are already far apart. At the instant we perform our mea- 
surement on particle l, particle 2, which may be thousands of miles 
away, will acquire a definite spin-"up" or "down" if we have chosen 
a vertical axis, "left" or "right" if we have chosen a horizontal axis. 
How does particle 2 know which axis we have chosen? There is no 
time for it to receive that information by any conventional signal. 

This is the crux of the EPR experiment, and this is where Einstein 
disagreed with Bohr. According to Einstein, since no signal can travel 
faster than the speed of light, it is therefore impossible that the mea- 
surement performed on one particle will instantly determine the di- 
rection of the other particle's spin, thousands of miles away. According 
to Bohr, the two-particle system is an indivisible whole, even if the 
particles are separated by a great distance; the system cannot be ana- 
lyzed in terms of independent parts. In other words, the Cartesian view 
of reality cannot be applied to the two electrons. Even though they are 
far apart in space, they are nevertheless linked by instantaneous, non- 
local connections. These connections are not signals in the Einsteinian 
sense; they transcend our conventional notions of information transfer. 
Bell's theorem supports Bohr's interpretation of the two particles as an 
indivisible whole and proves rigorously that Einstein's Cartesian view 
is incompatible with the laws of quantum theory. As Stapp sums up 
the situation, "The theorem of Bell proves, in effect, the profound 
truth that the world is either fundamentally lawless or fundamentally 
in~e~arable."'~ 

The fundamental role of nonlocal connections and of probability in 
atomic physics implies a new notion of causality that is likely to have 
profound implications for all fields of science. Classical science was 
constructed by the Cartesian method of analyzing the world into parts 
and arranging those parts according to causal laws. The resulting de- 
terministic picture of the universe was closely related to the image of 
nature as a clockwork. In atomic physics, such a mechanical and deter- 
ministic picture is no longer possible. Quantum theory has shown us 
that the world cannot be analyzed into independently existing isolated 
elements. The notion of separate parts--like atoms, or subatomic par- 
t icleeis an idealization with only approximate validity; these parts 
are not connected by causal laws in the classical sense. 
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In quantum theory individual events do not always have a well- 
defined cause. For example, the jump of an electron from one atomic 
orbit to another, or the disintegration of a subatomic particle, may 
occur spontaneously without any single event causing it. We can never 
predict when and how such a phenomenon is going to happen; we can 
onIy predict its probability. This does not mean that atomic events 
occur in completely arbitrary fashion; it means only that they are not 
brought about by local causes. The behavior of any part is determined 
by its nonlocal connections to the whole, and since we do not know 
these connections precisely, we have to replace the narrow classical no- 
tion of cause and effect by the wider concept of statistical causality. 
The laws of atomic physics are statistical laws, according to which the 
probabilities for atomic events are determined by the dynamics of the 
whole system. Whereas in classical mechanics the properties and be- 
havior of the parts determine those of the whole, the situation is re- 
versed in quantum mechanics: it is the whole that determines the be- 
havior of the parts. 

T h e  concepts of nonlocality and statistical causality imply quite 
clearly that the structure of matter is not mechanical. Hence the term 
"quantum mechanics7' is very much a misnomer, as David Bohm has 
pointed out.19 In his 1951 textbook on quantum theory Bohm offered 
some interesting speculations on the analogies between quantum pro- 
cesses and thought processes,2° thus carrying further the celebrated 
statement made by James Jeans two decades earlier: "Today there is a 
wide measure of agreement . . . that the stream of knowledge is head- 
ing towards a non-mechanical reality; the universe begins to look more 
like a great thought than like a great machine."21 

T h e  apparent similarities between the structure of matter m&k 
structure of mind should not surprise us too much, since human con- 
sciousness plays a crucial role in the process of observation, and in 
atomic physics determines to a large extent the properties of the ob- 
served phenomena. This is another important insight of quantum the- 
ory that is likely to have far-reaching consequences. In atomic physics 
the observed phenomena can be understood only as correlations be- 
tween various processes of observation and measurement, and the end 
of this chain of processes lies always in the consciousness of the human 
observer. The crucial feature of quantum theory is that the observer is 
not only necessary to observe the properties of an atomic phenomenon, 
but is necessary even to bring about these properties. My conscious 
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decision about how to observe, say, an electron will determine the 
electron's properties to some extent. If I ask it a particle question, it 
will give me a particle answer; if I ask it a wave question, it will give me 
a wave answer. The electron does not have objective properties inde- 
pendent of my mind. In atomic physics the sharp Cartesian division 
between mind and matter, between the observer and the observed, can 
no longer be maintained. We can never speak about nature without, at 
the same time, speaking about ourselves. 

In transcending the Cartesian division, modem physics has not only 
invalidated the classical ideal of an objective description of nature but 
has also challenged the myth of a value-free science. The patterns sci- 
entists observe in nature are intimately connected with the patterns of 
their minds; with their concepts, thoughts, and values. Thus the scien- 
tific results they obtain and the technological applications they investi- 
gate will be conditioned by their frame of mind. Although much of 
their detailed research will not depend explicitly on their value system, 
the larger paradigm within which this research is pursued will never be 
value-free. Scientists, therefore, are responsible for their research not 
only intellectually but also morally. This responsibility has become an 
important issue in many of today's sciences, but especially so in phys- 
ics, in which the results of quantum mechanics and relativity theory 
have opened up two very different paths for physicists to pursue. They 
may lead us-to put it in extreme term-to the Buddha or to the 
Bomb, and it is up to each of us to decide which path to take. 

The conception of the universe as an interconnected web of rela- 
tions is one of two major themes that recur throughout modern phys- 
ics. The other theme is the realization that the cosmic web is intrinsi- 
cally dynamic. The dynamic aspect of matter arises in quantum theory 
as a consequence of the wave nature of subatomic particles, and is even 
more central in relativity theory, which has shown us that the being of 
matter cannot be separated from its activity. The properties of its basic 
patterns, the subatomic particles, can be understood only in a dynamic 
context, in terms of movement, interaction, and transformation. 

The fact that particles are not isolated entities but wave-like proba- 
bility patterns implies that they behave in a very peculiar way. When- 
ever a subatomic particle is confined to a small region of space, it reacts 
to this confinement by moving around. The smaller the region of con- 
finement, the faster the particle will "jiggle7' around in it. This behav- 
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ior is a typical "quantum effect," a feature of the subatomic world 
which has no analogy in macroscopic physics: the more a particle is 
confined, the faster it will move around.22 This tendency of particles to 
react to confinement with motion implies a fundamental "restless- 
ness" of matter which is characteristic of the subatomic world. In this 
world most of the material particles are confined; they are bound to the 
molecular, atomic, and nuclear structures, and therefore are not at rest 
but have an inherent tendency to move about. According to quantum 
theory, matter is always restless, never quiescent. To the extent that 
things can be pictured to be made of smaller constituent~molecules, 
atoms, and particles-these constituents are in a state of continual 
motion. Macroscopically, the material objects around us may seem 
passive and inert, but when we magnify such a "dead" piece of stone 
or metal, we see that it is full of activity. The closer we look at it, the 
more alive it appears. All the material objects in our environment are 
made of atoms that link up with each other in various ways to form an 
enormous variety of molecular structures which are not rigid and mo- 
tionless but vibrate according to their temperature and in harmony 
with the thermal vibrations of their environment. Inside the vibrating 
atoms the electrons are bound to the atomic nuclei by electric forces 
that try to keep them as close as possible, and they respond to this con- 
finement by whirling around extremely fast. In the nuclei, finally, pro- 
tons and neutrons are pressed into a minute volume by the strong nu- 
clear forces, and consequently race about at unimaginable velocities. 

Modern physics thus pictures matter not at all as passive and inert 
but as being in a continuous dancing and vibrating motion whose 
rhythmic patterns are determined by the molecular, at-and nu- 
clear configurations. We have come to realize that there are no static 
structures in nature. There is stability, but this stability is one of dy- 
namic balance, and the further we penetrate into matter the more we 
need to understand its dynamic nature to understand its patterns. 

In  this penetration into the world of submicroscopic dimensions, a 
decisive point is reached in the study of atomic nuclei in which the ve- 
locities of protons and neutrons are often so high that they come close 
to the speed of light. This fact is crucial for the description of their in- 
teractions, because any description of natural phenomena involving 
such high velocities has to take the theory of relativity into account. To 
understand the properties and interactions of subatomic particles we 
need a framework that incorporates not only quantum theory but also 
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relativity theory; and it is relativity theory that reveals the dynamic na- 
ture of matter to its fullest extent. 

Einstein's theory of relativity has brought about a drastic change in 
our concepts of space and time. It has forced us to abandon the classi- 
cal ideas of an absolute space as the stage of physical phenomena and 
absolute time as a dimension separate from space. According to Ein- 
stein's theory, both space and time are relative concepts, reduced to 
the subjective role of elements of the language a particular observer 
uses to describe natural phenomena. To provide an accurate descrip 
tion of phenomena involving velocities close to the speed of light, a 
"relativistic" framework has to be used, one that incorporates time 
with the three space coordinates, making it a fourth coordinate to be 
specified relative to the observer. In such a framework space and time 
are intimately and inseparably connected and form a fourdimensional 
continuum called "space-time." In relativistic physics, we can never 
talk about space without talking about time, and vice versa. 

Physicists have now lived with relativity theory for many years and 
have become thoroughly familiar with its mathematical formalism. 
Nevertheless, this has not helped our intuition very much. We have no 
direct sensory experience of the fourdimensional space-time, and 
whenever this relativistic reality manifests itself-that is, in all situa- 
tions where high velocities are involved-we find it very hard to deal 
with it at the level of intuition and ordinary language. An extreme ex- 
ample of such a situation occurs in quantum electrodynamics, one of 
the most successful relativistic theories of particle physics, in which 
antiparticles may be interpreted as particles moving backward in time. 
According to this theory, the same mathematical expression describes 
either a positron-the antiparticle of the electron-moving from the 
past to the future, or an electron moving from the future to the past. 
Particle interactions can stretch in any direction of fourdimensional 
space-time, moving backward and forward in time just as they move 
left and right in space. To picture these interactions we need fourdi- 
mensional maps covering the whole span of time as well as the whole 
region of space. These maps, known as space-time diagrams, have no 
definite direction of time attached to them. Consequently there is no 
"before" and "after" in the processes they picture, and thus no linear 
relation of cause and effect. All events are interconnected, but the con- 
nections are not causal in the classical sense. 

Mathematically there are no problems with this interpretation of 
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particle interactions, but when we want to express it in ordinary lan- 
guage we run into serious difficulties, since all our words refer to the 
conventional notions of time and are inappropriate to describe relativ- 
istic phenomena. Thus relativity theory has taught us the same lesson 
as quantum mechanics. It has shown us that our common notions of 
reality are limited to our ordinary experience of the physical world and 
have to be abandoned whenever we extend this experience. 

The  concepts of space and time are so basic for our description of 
natural phenomena that their radical modification in relativity theory 
entailed a modification of the whole framework we use in physics to 
describe nature. The most important consequence of the new relativis- 
tic framework has been the realization that mass is nothing but a form 
of energy. Even an object at rest has energy stored in its mass, and the 
relation between the two is given by Einstein's famous equation 
E = m c2, c being the speed of light. 

Once it is seen to be a form of energy, mass is no longer required to 
be indestructible, but can be transformed into other forms of energy. 
This happens continually in the collision processes of high-energy 
physics, in which material particles are created and destroyed, their 
masses being transformed into energy of motion and vice versa. The 
collisions of subatomic particles are our main tool for studying their 
properties, and the relation between mass and energy is essential for 
their description. The equivalence of mass and energy has been veri- 
fied innumerable times and physicists have become completely famil- 
iar with it--so familiar, in fact, that they measure the masses of parti- 
cles in the corresponding energy units. 

- 
The discovery that mass is a form of energy has had a pro&d in- 

fluence on our picture of matter and has forced us to modify our con- 
cept of a particle in an essential way. In modem physics, mass is no 
longer associated with a material substance, and hence particles are not 
seen as consisting of any basic "stuff," but as bundles of energy. En- 
ergy, however, is associated with activity, with processes, and this im- 
plies that the nature of subatomic particles is intrinsically dynamic. To 
understand this better we must remember that these particles can be 
conceived only in relativistic terms, that is, in terms of a framework 
where space and time are fused into a fourdimensional continuum. In 
such a framework the particles can no longer be pictured as small bil- 
liard balls, or small grains of sand. These images are inappropriate not 
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only because they represent particles as separate objects, but also b e  
cause they are static, three-dimensional images. Subatomic particles 
must be conceived as fourdimensional entities in space-time. Their 
forms have to be understood dynamically, as forms in space and time. 
Particles are dynamic patterns, patterns of activity which have a space 
aspect and a time aspect. Their space aspect makes them appear as o b  
jects with a certain mass, their time aspect as processes involving the 
equivalent energy. Thus the being of matter and its activity cannot be 
separated; they are but different aspects of the same space-time reality. 

The relativistic view of matter has drastically affected not only our 
conception of particles, but also our picture of the forces between 
these particles. In a relativistic description of particle interactions, the 
forces between the particles-their mutual attraction or repulsion- 
are pictured as the exchange of other particles. This concept is very 
difficult to visualize, but it is needed for an understanding of s u b  
atomic phenomena. It links the forces between constituents of matter 
to the properties of other constituents of matter, and thus unifies the 
two concepts, force and matter, which had seemed to be fundamen- 
tally different in Newtonian physics. Both force and matter are now 
seen to have their common origin in the dynamic patterns that we call 
particles. These energy patterns of the subatomic world form the stable 
nuclear, atomic, and molecular structures which build up matter and 
give it its macroscopic solid aspect, thus making us believe that it is 
made of some material substance. At the macroscopic level this notion 
of substance is a useful approximation, but at the atomic level it no 
longer makes sense. Atoms consist of particles, and these particles are 
not made of any material stuff. When we observe them we never see 
any substance; what we observe are dynamic patterns continually 
changing into one another-the continuous dance of energy. 

I 

ii The two basic theories of modern physics have thus transcended the 
1 principal aspects of the Cartesian world view and of Newtonian phys- 
L ics. Quantum theory has shown that subatomic particles are not is@ 

i lated grains of matter but are probability patterns, interconnections in 
r an inseparable cosmic web that includes the human observer and her* 
h 

* The feminine pronoun is used here as a general reference to a person who may be h a woman or a man. Similarly, I shall occasionally use the masculine pronoun as a gen- 
eral reference, including both men and women. I think this the best way to  avoid + 
being e i ~ e r  sexist or awkward. 
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consciousness. Relativity theory has made the cosmic web come alive, 
so t o  speak, by revealing its intrinsically dynamic character; by showing 
that its activity is the very essence of its being. In modern physics, the 
image of the universe as a machine has been transcended by a view of 
it as one indivisible, dynamic whole whose parts are essentially interre- 
lated and can be understood only as patterns of a cosmic process. At the 
subatomic level the interrelations and interactions between the parts of 
the whole are more fundamental than the parts themselves. There is 
motion but there are, ultimately, no moving objects; there is activity 
but there are no actors; there are no dancers, there is only the dance. 

Current research in physics aims at unifying quantum mechanics 
and relativity theory in a complete theory of subatomic particles. We 
have not yet been able to formulate such a complete theory, but we do 
have several partial theories, or models, which describe certain aspects 
of subatomic phenomena very well. At present there are two different 
kinds of "quantum-relativistic7' theories in particle physics that have 
been successful in different areas. The first are a group of quantum 
field theories which apply to electromagnetic and weak interactions; 
the second is the theory known as S-matrix theory, which has been suc- 
cessful in describing the strong  interaction^.^^ Of these two ap- 
proaches, S-matrix theory is more relevant to the theme of this book, 
since it has deep implications for science as a whole.24 

T h e  philosophical foundation of S-matrix theory is known as the 
bootstrap approach. Geoffrey Chew proposed it in the early 1960s~ and 
he and other physicists have used it to develop a comprehensive theory 
of strongly interacting particles, together with a more general philoso- 
phy of nature. According to this bootstrap philosophy, n a t u h n o t  
be reduced to fundamental entities, like fundamental building blocks 
of matter, but has to be understood entirely through self-consistency. 
All of physics has to follow uniquely from the requirement that its 
components be consistent with one another and with themselves. This 
idea constitutes a radical departure from the traditional spirit of basic 
research in physics which had always been bent on finding the funda- 
mental constituents of matter. At the same time it is the culmination 
of t he  conception of the material world as an interconnected web of 
relations that emerged from quantum theory. The bootstrap philoso- 
phy not only abandons the idea of fundamental building blocks of 
matter, but accepts no fundamental entities whatsoever-no funda- 
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mental constants, laws, or equations. The universe is seen as a dynamic 
web of interrelated events. None of the properties of any part of this 
web is fundamental; they all follow from the properties of the other 
parts, and the overall consistency of their interrelations determines the 
structure of the entire web. 

The fact that the bootstrap approach does not accept any funda- 
mental entities makes it, in my opinion, one of the most profound sys- 
tems of Western thought, raising it to the level of Buddhist or Taoist 
philosophy.25 At the same time it is a very difficult approach to phys- 
ics, one that has been pursued by only a small minority of physicists. 
The bootstrap philosophy is too foreign to traditional ways of thinking 
to be seriously appreciated yet, and this lack of appreciation extends 
also to S-matrix theory. It is curious that although the basic concepts 
of the theory are used by all particle physicists whenever they analyze 
the results of particle collisions and compare them to their theoretical 
predictions, not a single Nobel prize has so far been awarded to any of 
the outstanding physicists who contributed to the development of 
S-matrix theory over the past two decades. 

In the framework of S-matrix theory, the bootstrap approach at- 
tempts to derive all properties of particles and their interactions 
uniquely from the requirement of self-consistency. The only "funda- 
mental" laws accepted are a few very general principles that are re- 
quired by the methods of observation and are essential parts of the sci- 
entific framework. All other aspects of particle physics are expected to 
emerge as a necessary consequence of self-consistency. If this approach 
can be carried out successfully, the philosophical implications will be 
very profound. The fact that all the properties of particles are deter- 
mined by principles closely related to the methods of observation 
would mean that the basic structures of the material world are deter- 
mined, ultimately, by the way we look at this world; that the observed 
patterns of matter are reflections of patterns of mind. 

The phenomena of the subatomic world are so complex that it is by 
no means certain whether a complete, self-consistent theory will ever 
be constructed, but one can envisage a series of partly successful 
models of smaller scope. Each of them would be intended to cover 
only a part of the observed phenomena and would contain some unex- 
plained aspects, or parameters, but the parameters of one model might 
be explained by another. Thus more and more phenomena could grad- 
ually be covered with ever increasing accuracy by a mosaic of inter- 
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ogy of a hologram, in which each part, in some sense, contains the 
whole.29 If any part of a hologram is illuminated, the entire image will 
be reconstructed, although it will show less detail than the image o b  
tained from the complete hologram. In Bohm's view the real world is 
structured according to the same general principles, with the whole 
enfolded in each of its parts. 

Bohm realizes that the hologram is too static to be used as a scien- 
tific model for the implicate order at the subatomic level. To express 
the essentially dynamic nature of reality at this level he has coined the 
term "holomovement." In his view the holomovement is a dynamic 
phenomenon out of which all forms of the material universe flow. The 
aim of his approach is to study the order enfolded in this holomove- 
ment, not by dealing with the structure of objects, but rather with the 
structure of movement, thus taking into account both the unity and 
the dynamic nature of the universe. To understand the implicate order 
Bohm has found it necessary to regard consciousness as an essential 
feature of the holomovement and to take it into account explicitly in 
his theory. He sees mind and matter as being interdependent and cor- 
related, but not causally connected. They are mutually enfolding pro- 
jections of a higher reality which is neither matter nor consciousness. 

Bohm's theory is still tentative, but there seems to be an intriguing 
kinship, even at this preliminary stage, between his theory of the im- 
plicate order and Chew's S-matrix theory. Both approaches are based 
on a view of the world as a dynamic web of relations; both attribute a 
central role to the notion of order; both use matrices to represent 
change and transformation, and topology to classify categories of 
order. Finally, both theories recognize that consciousness may* 
an essential aspect of the universe that will have to be included in a 
future theory of physical phenomena. Such a future theory may well 
arise from the.merging of Bohm's and Chew's theories, which repre- 
sent two of the most imaginative and philosophically profound con- 
temporary approaches to physical reality. 

My presentation of modern physics in this chapter has been in- 
fluenced by my personal beliefs and allegiances. I have emphasized 
certain concepts and theories that are not yet accepted by the majority 
of physicists, but that I consider significant philosophically, of great 
importance for the other sciences and for our culture as a whole. Every 
contemporary physicist, however, will accept the main theme of the 
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presentation-that modern physics has transcended the mechanistic 
Cartesian view of the world and is leading us to a holistic and intrinsi- 
cally dynamic conception of the universe. 

This world view of modern physics is a systems view, and it is con- 
sistent with the systems approaches that are now emerging in other 
fields, although the phenomena studied by these disciplines are gen- 
erally of a different nature and require different concepts. 111 tran- 
scending the metaphor of the world as a machine, we also have to 
abandon the idea of physics as the basis of all science. According to the 
bootstrap or systems view of the world, different but mutually consis- 
tent concepts may be used to describe different aspects and levels of 
reality, without the need to reduce the phenomena of any level to 
those of another. 

Before I describe the conceptual framework for such a multidisci- 
plinary, holistic approach to reality, we may find it useful to see how 
the other sciences have adopted the Cartesian world view and have 
modeled their concepts and theories after those of classical physics. 
The limitations of the Cartesian paradigm in the natural and social sci- 
ences can also be brought to light, and their exposure is intended to 
help scientists and nonscientists change their underlying philosophies 
in order to participate in the current cultural transformation. 


