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INTRODUCTION
I have often discussed this and related subjects but I still
find it difficult to call attention to all the relevant points points which we all should remember. Actually, in the first part
of the discussion, I would prefer to replace in the title, so kindly
suggested by Dr. Zichichi, the "Events" by "Initial Conditions".
The sharp distinction between Initial Conditions and Laws of
Nature was initiated by Isaac Newton and I consider this to be one
of his most important, if not the most important, accomplishment.
Before Newton there was no sharp separation between the two concepts.
Kepler, to whom we owe the three precise laws of planetary motion,
tried to explain also the size of the planetary orbits, and their
periods. After Newton's time the sharp separation of initial conditions and laws of nature was taken for granted and rarely even mentioned. Of course, the first ones are quite arbitrary and their
properties are hardly parts of physics while the recognition of the
latter ones are the prime purpose of our science. Whether the sharp
separation of the two will stay with us permanently is, of course,
as uncertain as is all future development but this question will
be further discussed later. Perhaps it should be mentioned here
that the permanency of the validity of our deterministic laws of
nature became questionable as a result of the realization, due initially to D. Zeh, that the states of macroscopic bodies are always
under the influence of their environment; in our world they can not
be kept separated from it.
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As to the invariances, they can be characterized as laws which
the laws of nature have to obey. If a certain behavior follows from
a set of initial conditions, from similar but displaced initial conditions, the same behavior but equally displaced behavior follows.
The three concepts, initial conditions, laws of nature, and
invariances, and their changes in the course of the development of
physics, will be discussed next in a bit more detail.
INITIAL CONDITIONS
The initial conditions of a system, together with the laws of
nature, are supposed to determine the behavior of the system as long
as this remains isolated, i.e. is not subject to the influence of
other systems. They are supposed to be independent from each other.
The initial conditions of Newton's mechanics are most easily defined
in this connection: they are the positions and velocities of all
the bodies of the system. This means, of course, that the "bodies"
are all point like, i.e. have no variable inner coordinates. This
is essentially true for the planets to which Newton applied his theory
principally, it could be, but is not generally, true of atoms. But
Newton's mechanics was greatly generalized rather soon after its
establishment and the basic idea remained unchanged. It may be of
some interest to observe in this connection that Aristotle's initial conditions involved only the positions - he assumed that the
velocities are proportional to the forces which the body experiences.
It may be worth reminding here already that Newton's laws are,
and were already known by him, to be valid only in a coordinate system which is "at rest", or is in uniform straight motion. And the
"rest" or "uniform motion" of the coordinate system can not be defined abstractly - the only simple and general definition is that
the coordinate system is such that Newton's laws are valid in connection therewith. This may appear to make his laws meaningless
but they become meaningful by the postulate that there
such coordinate systems and the validity of Newton's laws with respect to
it extends to the whole universe.
Perhaps I should mention also that even though the definition
of the initial conditions for Newton's mechanics is very simple,
their measurement was very difficult even for the system for which
its application was ground-breaking: the motion of the planets around
the sun. The full determination of the positions of the planets
was difficult, principally because we see only the projection of
their three coordinates on the plane perpendicular to the direction
at which we see it. But the full determination of the positions
is quite old - it seems to have been first carried out by the Greeks -
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Ptolemy's work is most often cited. But, of course, the coordinate
system in which he specified the position was not the one at rest
with the sun but at rest with respect to the Earth.
The next fundamental change in the definition of the initial
conditions, together with a fundamental extension of the area of
physics, came with Maxwell's equations. The initial conditions for
these are more complex mathematically and also, in principle, more
difficult to measure - they are functions of the three dimensions
of space. Only an infinity of numbers can identify a function, even
if this is arbitrarily differentiable and the determination 01 the
initial conditions is, therefore, in this case infinitely more difficult in principle than for the Newtonian system. But states with
definite properties can be, and have been, produced and the Maxwell
equations are well confirmed experimentally. It is perhaps good
to remark here that Newton's mechanics was also extended to continuous materials (liquids, gases, also solid bodies) and the same
observation applies to these expensions as was made to the electromagnetic field equations.
One other remark should be made concerning the initial conditions of Maxwell's equations. They can be given in terms 01 the
three components of the electric and of the magnetic field strengths
at a given time - but the magnetic field's divergence is zero, so
these are not free variables. The other description, by means of
the four components of the vector potential and their time derivatives, is even less perfect because an arbitrary four dimensional
gradient can be added to the vector potential without changing its
physical content, i.e. without changing the electric and magnetic
field strengths derivable from them. If it is postulated that the
divergence of the vector potential be zero, the situation is not
better than with the description by means of the electric and magnetic field strength. These are epistemological difficulties but,
in practioe, do not impair the usefulness and applicability of the
equations.
The last fundamental change in the description of the state
of a system, and hence of the initial conditions, came with the establishment of quantum mechanics. As you know, this also increased
the area of physics, even more than the establishment of Maxwell's
equations. The states of quantum mechanics are described by complex
so called state vectors in the infinite dimensional Hilbert space
which does not give a greater complexity than the electromagnetic
field specifications of Maxwell's theory. In fact the vectors in
Hilbert space can be replaced, in most practical applications, by
"wave functions" which are complex :functions in 3n dimensional space
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where n is the number of particles. The correspondence between the
physical stat and the state vector describing it is almost one-toone - two state vectors characterize the same state only if all their
components differ by the same factor, i.e. if they have the same
direction in Hilbert space.
In this regard, the description of the states, hence also of
the initial conditions, of quantum mechanical theory comes closer to
the ideal described originally than that of Maxwell's theory. But
whereas the determination of the state can be done at least approximately for the electromagnetic field, the microscopic state, that
is the state vector, of the quantum state can not be determined from
the outside even approximately. Every measurement undertaken on
the system is very likely to change its state fundamentally. It
is true, on the other hand, that many of the possible states of a
microscopic system can be produced, i.e. that, particularly systems
consisting only of one, two, or perhaps three or even more particles
can be pushed into a variety of states. Not into all states which
can be described by a state vector - some of these can be proved
to be absolutely unproducable (superselection rules). Many, in fact
most, can be produced only approximately by a finite apparatus.
But, of course, the apparatus producing it has to be large only from
a microscopic point of view - not necessarily large as compared with
our own bodies.
In sum, the true initial conditions, describing the full microscopic structure of a system, are very difficult to determine
difficult even for microscopic systems. Some such states can be
produced and the theory can be tested on them but we must admit that
states of most "state vectors" are impossible to create. Just the
same, the confirmation of the theory for the obtainable state vectors
convinces us of the validity of the theory and its actual significance is, of course, overwhelming. I trust it is unnecessary for
me to give evidence for this.
Let me just summarize by admitting that the nature of the initial conditions, that is also the description of the states of the
systems in which physics is interested, has changed fundamentally
from the old theory, where it was straightforward and simple, to
Maxwell's field theory where it remained straightforward but ceased
to be simple, then again to quantum mechanics for which it is neither
simple nor straightforward. It is remarkable that relativity theory
did not introduce such drastic changes - this is perhaps because
it did not fundamentally expand the area of physics which, as you
know, is now able to describe the properties of all common bodies
and indeed contains, in principle, all of chemistry. But, of course,
only in principle.
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Let me mention, finally, one effect which the theory of relativity should have introduced into the description of the initial
conditions and perhaps also into the description of all states.
The state vectors, as we use them, describe the properties of the
states which they assume at a definite time. But these are unobservable - we can not get signals instantaneously from a distance.
It would be, therefore, more reasonable for the state vector, or
the wave function, to describe the state on the negative light cone
from the points of which signals may reach the observer. I have
proposed this and tried to do it also but with very little success,
at least so far. Let me now go over to the discussion of the laws
of nature.
LAWS OF NATURE
It is not necessary to explain the nature of the laws of nature
to this audience. If the initial conditions are given for a system,
they predict its future as long as the system is isolated and does
not receive signals from outside its negative light cone. The formulation of the laws of nature depends naturally on the type of initial conditions that they receive - in fact one can say that they
give the initial conditions which describe the system at times later
than the time of the original initial conditions.
Naturally, all our laws of nature are approximate. But there
are conditions under which their accuracy is marvelous. Elementary
quantum
the energy levels of H or He with an accuracy of about 10
and the present theory improves this further.
Newton's law of gravitation, as applied to the planets, gives their
positions with a truly surprising accuracy - in the worst case, that
of the Mercury, the error is less than 1/20.000 after one circulation around the sun. As you know, even this deviation from Newton's
laws was eliminated by the general theory of relativity and we hope
that other deviations from the present laws of nature will be also
eliminated, or at least decreased, by future laws of nature. And
that the validity of the present laws of nature will be further extended, surely to high energy phenomena, but perhaps also to the
phenomenon of life. But it is truly wonderful that we are provided
with situations in which the present laws of nature have such high
accuracy. It would have been much more difficult to create science
if these situations were not available.
The laws of nature we know are both very interesting and most
useful. But, we must admit, they are not perfect, in many cases
not consistent. In particular the macroscopic and microscopic theories are not united - we can measure times and distances almost so-
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lely macroscopically and we use macroscopic instruments also for
quantum mechanical measurements. In fact, the Russian physicist
V. Fock declared that the measuring apparata must be described classically, that is not quantum - mechanically, the systems on which
the measurement is undertaken are quantum objects. S. Ludwig's
defense of quantum mechanics is based on the same demand: measuring
and registering apparata must be treated classically but - I must
admit - he does not admit that this is a limitation of the validity
of quantum mechanics, the hiding of its inability to describe macroscopic objects. But surely, we must realize that the quantum mechanical measurement process, the outcome of which is probabilistic,
is not describable by the present quantum mechanical equations which
are deterministic. It is natural to try to attribute the probabilistic outcome of the measurement to the uncertainty of the initial
state of the measuring apparatus but it is easy to prove that this
is impossible, impossible at least if there is no a priori relation
betweem the pre-measurement states of system and measuring apparatus.
Perhaps I should mention that this suggested to me a modification of the quantum mechanical equations as applied to macroscopic
bodies. This was stimulated by the article of D. Zeh (1970) according to which a macroscopic body can not be isolated from the interaction of the environment - not even in intergalactic space. This
means that the present deterministic equations of quantum mechanics
do not strictly apply to it and I suggested (in 1979) the addition
of a term to these equations which should take care of the interaction with the environment. This interaction renders the microscopic
state (i.e. the wave function) of macroscopic bodies to be subject
to probability laws and would account also for the probabilistic
outcome of the measurement process assuming that the measuring apparatus is macroscopic. Although the proposed equation is surely
not the final one, it is surely true that the present deterministic
equations of quantum mechanics are not strictly valid for macroscopic
bodies.
Another conflict between the present microscopic and macroscopic theories, that is between quantum mechanics and general relativity, stems from general relativity's fundamental concept: the spacetime distances between space-time points - the basis of the gik.
A point in space-time can be defined only as the crossing
of
two world lines, that is by the position and time of a collision.
But quantum mechanic's collision theory does not specify the position of the collision precisely and also attributes an extended timeinterval thereto. Hence, according to the microscopic point of view
space-time points can not be defined with absolute accuracy. Of
course, the actual applications of the general theory of relativity
do not require the measurement of truly microscopic distances - the
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distances of the planets from the sun are not microscopic. But the
virtual non-existence of such distances shows that the general theory
of relativity, that is our present theory of gravitation, is not
in harmony with quantum mechanics.
Actually, the postulate of the definability of infinitely small
space-time points underlies also the quantum field theories and,
in the opinion of some of us, is responsible for the infinities and
for the need of renormalization. There are, therefore, attempts
to abandon the concept of the classical and absolutely precise spacetime point concept and Dr. T.D. Lee presented to us such an attempt
which I hope will be fully successful. My own attempts in that direction were not and we must admit that the departure from the ideas
of standard geometry would be as fundamental as Einstein's departure
from the idea of absolute simulataneity.
The last part of my discussion points to the lack of absolute
consistency of the present laws of physics and their weaknesses. I
could have mentioned in this connection also that they do not yet
give a truly satisfactory description of nuclear structure and even
less of the very high energy phenomena which we heard about a great
deal. What bothers me even more is that they make absolutely no
reference to the phenomenon of life except for the vague admission
that there is an observer behind each measuring apparatus. But we
should not forget how amazingly successful they are in the description of certain phenomena, how much further they went than
Heisenberg's original postulate of giving the energy levels of atoms
and the transition probabilities between then. Their influence was
not only scientific, they also had technical applications and changed
our mode of life greatly.
Let me mention finally the wonderful property of the laws of
nature, not postulated by their definition which is, in Einstein's
words that they are "simple and mathematically beautiful". They
are given by equations which use only mathematical symbols (though
we must admit that some of these were originated by physicists) and
use them in a simple way. This is truly remarkable - it could be
very, very different and this would reduce the power of man, and
his interest in science. We admit that our present laws of nature
are approximate and have validity only under certain conditions but
these conditions were furnished to us and we recognized at least
approximate laws, and this is wonderful. Whether man will ever recognize the true laws of nature is questionable - I hope he will
come closer and closer to them but always remain very far. If he
recognized them, science could not be developed further and this
would deprive man of an important source of pleasure and a deflection from the quest for power. I hope this will not happen.
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I will give now a short description of the invariance principles
and this will be followed by some reservations which, I hope, describe the limitations of the discussions preceding it.
INVARIANCE PRINCIPLES
As was mentioned before, the invariance principles are laws
which the laws of nature must obey. Surely, if the laws of nature
were different at different locations, or if they depended irregularlyon time, it would not be possible to recognize them and, in fact,
they would not be laws of nature. That the laws of nature are the
same in coordinate systems which are uniformly moving with respect
to the one defined at the discussion of Newtonian mechanics' initial
conditions - and hence uniformly moving with respect to each other
is much more surprising and even some of the greatest scientists
originally did not believe it - they questioned Einstein's theory
of special relativity. Aristole's theory also contradicts it, as
was implied before.
Of course, when we speak about the invariance of the laws we
should not forget that the laws apply only to isolated systems and,
here on the Earth we are subject to its gravitational attraction.
This removes most invariances from everyday experience. It was,
therefore, not so easy to recognize all the invariances. But the
magnitude of the outside influences can often be judged and their
effect taken into account or, under better conditions, such as the
Earth's gravitational attraction on fast moving particles, neglected.
As was said before, the initial and most important function
of the principles of invariance is to serve as necessary conditions
on the validity of laws of nature and hence in establishing, or at
least proposing, such laws. But the invariance principles do have
other, less obvious applications. The oldest one of these is the
establishment of conservation laws. This is usually credited to
E. Noether but was proposed even earlier by Hamel. It is far most
easily obtained from the quantum mechanical formalism: the commutability of the spatial displacement operators, and of the infinitesimal operators of rotation with the time displacement operator leads
at once to the conservation laws of momentum and angular momentum.
The commutability of the infinitesimal time displacement operator
with the finite such operators establishes the energy conservation
law. In pre-quantum mechanical theories the connection is much less
obvious and the works of Hamel and Noether do deserve respect.
But the invariance principles have also other, and even more
effective consequences in quantum mechanics. If we consider a system at rest - originally an atom was the subject of this cons ide-
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ration - the discrete energy levels' states' state vectors (or wave
functions) are all linear combinations of a finite number of state
vectors. Naturally it is best to choose these orthogonal to each
other. If we subject these states to a rotation, the resulting state
vectors can be expressed as linear combinations of the original ones.
The matrix which transforms the original state vectors into the rotated ones is, apart from a constant factor, uniquely determined.
The matrices so obtained for the various rotations form, apart from
a constant, a "representation" of the rotation group, i.e. the product of two such matrices gives a matrix which corresponds to the
product, that is successive application, of the two rotations. It
follows that a representation of the rotation group corresponds to
each discrete energy level. These representations describe then
several properties of the underlying states - they give, for instance, their total angular momentum. But they give many other properties of these states, the selection rules for optical transitions,
the ratios of these transition probabilities between the various
states of one energy level to another one, and so on. This is an
application of the symmetry principles which is available only in
quantum mechanics and is based on the linear nature of the description of the states in that theory. It was first established by the
present writer and given in a book in 1931.
Perhaps even more interesting consequences can be derived if
one uses an approximate Hamiltonian. In the case of atomic spectra
it is natural to assume that the velocities of the electrons are
small, hence the magnetic forces also small and that this applies
also to the spin interaction. This leads to the L-S coupling theory of spectra. Another assumption leads to the J-J coupling theory in nuclear physics and we have heard of many other approximate
symmetry applications in high energy physics. Perhaps it is good
if I mention that the weak interaction is neglected as a rule and
this leads to the assumption of reflection symmetry and hence to
the parity concept.
In summary, in quantum mechanics the symmetry principles lead
to an easy establishment of several consequences of the theory and
are very useful in this connection also. But the prime function
of the symmetry principles remains in my opinion to help in the establishment of the laws of nature and to control the validity of proposed laws.
I will now try to give a critical, very critical, review of
the concepts considered to be fully valid in the preceding discussion and allude to the consequences of their possible violations.
According to the great philosopher-physicist E. Mach all laws of
nature and all concepts have only limited validity and he may be
right in this regard.
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RESERVATIONS
As to initial conditions, it is not clear that they can be obtained in the microscopic sense for all systems. A macroscopic body's energy levels are so close to each other that it appears infinitely difficult to determine its exact state. In addition, as will
be mentioned next, the difficulty is increased by its vigorous interaction with the environment. If the initial state can not be determined, not even in principle, the concept of "initial state", as
we now use it, loses universal validity.
The same is true of the "law of nature" concept if it is impossible to retain the system in an isolated state. As was mentioned
before, the difficulty to maintain the isolated state of a macroscopic body was first pointed out by D. Zeh in 1970 and his argument
was further strengthened by the present writer around 1979. It was
pointed out, in particular, that even if a macroscopic body, such
as a cubic centimeter of tungsten, even if it is taken out into intergalactic space, far from all bodies which could influence it much
more, the cosmic radiation would affect it so much that it would
remain "isolated" only for about a thousandth of a second. Of
course, this fact does not reduce the practical usefulness of solid
state physics, even though this treats even macroscopic systems as
isolated, but it does attack the basic principles of our physics.
Another point which was emphasized by various colleagues is
the probability that the coordinate system which is at rest with
respect to the center of mass of the universe has simpler laws of
nature than moving coordinate systems, that is that the GalileoNewton theory of the invariance with respect to a uniform motion
of the coordinate system is not exactly valid. We have, at present,
no clear evidence for this, but the arguments denying the absolute
validity of this invariance, which is incorporated into the Lorentz
transformation and the theory of relativity, are quite reasonable.
What the "reservations" just made mean is that our physics will
be fundamentally modified also in the future, as it was several times
in the past. And we may hope that it will be also extended further,
perhaps even to the phenomenon of life which is not described by
our present physics. To finish with an optimistic remark, let me
mention one extension of the area of physics which describes properties of objects such as solids - or liquids and gases. The extension
resulted from the acceptance of the atomic and molecular structure
of bodies - an acceptance opposed by the first physics book I read.
It said "atoms and molecules may exist but this is irrelevant from
the point of view of physics". It now seems relevant I Physics developed and extended its area greatly in our century! We can hope
that it will extend it further.
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DIS C U S S ION

CHAIRMAN
Scientific Secretaries

E.P. WIGNER
G. Heise and F. Lamarche

MILOTTI :
At the end of your talk you said that life is substantially
different from ordinary matter.

WIGNER :
The most obvious evidence for this is that quantum mechanics is
based on the theory of observations, and observations the outcome of
the observer is indeterminant, i.e. subject to probability laws.
It can be thought that this is attributable to the fact that
the original state of the observer is undetermined, and that being
in some states he finds one result, and that if in another state he
finds another result, so that the probabilistic nature of the outcome of the observation is due to the uncertainty of the original
state of the observer. But it is easily proved that this is not a
valid explanation, no matter in what state
the observer was originally, if the object is in a state
in which the outcome of the
measurement is uniquely given, we have
(observation of a definite state)
where
is the state in which the observation result is k. It then
follows from the linearity of the equation for the interaction that
if the original state of the object was a linear combination Zak¢k
then
k
L

x

+

k

Z ak

x

(observation of a linear comb.)
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From the linearity, and the assumption that the state of the observer
is independent of that of the object, it follows that, after the
measurement, the observer is in a combination of states, which is
obviously unreasonable. If I look at the Stern-Gerlach experiment,
I see the flash either up or down, but I am not in a superposition
of seeing it up and down. This shows that the process of observation
cannot be described by present quantum mechanics. Macroscopic objects are subject to probabilistic laws, they cannot be given a wave
function, for they cannot be isolated. This is particularly evidenced in the process of measurement.

MILOTTI :
It seems to me that if you adopt Bohr's interpretation of
quantum mechanics, there is no such contradiction.

WIGNER
I doubt that the process of observation can be described by
linear quantum mechanics. Many other people have published articles
on this.

LAMARCHE
Do you think that "initial conditions" are all located in the
past or that they may be spread in space and time, i.e., do you
believe in determinism ?

WIGNER :
The concept of determinism is not simple. I don't believe
that man is able to give a wave function to a macroscopic object,
for such an object cannot be isolated, as illustrated by my example
of the cube of tungsten in intergalactic vacuum. If you could obtain
a wave function for the whole universe, perhaps the deterministic
interpretation would be all right, but it does not seem possible to
do so.

LEE
Maybe a very cold neutron star could be an isolated system?

WIGNER :
The neutron star also receives cosmic radiation. To give a
wave function to a star is much beyond my imagination. It would
need a configuration space of such dimension that I could hardly
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write it out in decimal system in this room.

TAVANI :
Have you comments to make on the "EPR-paradox" and the property
of non-locality emerging from J.S. Bell's inequalities?

WIGNER :
In my opinion the so-called EPR-paradox is not really a paradox.
Similar phenomena can be created also within the range of classical
theory.
As to the J.S. Bell inequalities, I consider them truly important, inasmuch as they prove that in the case considered by him, one
cannot define a non-negative probability function which describes
the state of his system in the classical sense, i.e., gives nonnegative probabilities for all possible events. He considers two
particles in a certain quantum mechanical state, and the probability
that the spin of one has a given direction, and the measurement of
the spin component of the other in two other directions has a positive or negative value.
He shows that if none of these probabilities is negative, the probabilities of the outcomes of quantum
mechanically possible measurements contradict the postulates of
quantum mechanics which have been, incidentally, confirmed experimentally. It follows that the true states of the system considered
by him, cannot be described classically. It is not possible to
give a single distribution function which gives the correct probabilities for the outcomes of all possible measurements.
This is a very interesting and very important observation and
it is truly surprising that it has not been made before. Perhaps
some of those truly interested in the epistemology of quantum mechanics took it for granted but they did not demonstrate it.
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