
SPACE, TIME AND ELEMENTARY
INTERACTIONS IN RELATIVITY
To express in a unified formalism all the interactions of matter,
ranging from the elementary particles to astronomical bodies, we should
begin with a simple study of the concepts of Einstein's space-time.

MENDEL SACHS

A REASONABLE COURSE of investigation
in fundamental physics should fully
exploit Einstein's approach to the
meaning of space-time; it would pro-
ceed by exploring, in a unified way,
the predictions of generalized equa-
tions of general relativity that would
encompass in one formalism all of the
domains of interaction—from fermis to
light years.

SEARCH FOR SIMPLICITY

When the theory of relativity was first
proposed and had attained some suc-
cess in its initial predictions, a rumor
started to circulate that throughout the
world only a very small number of
men actually understood this theory.
The general impression was thereby
created that this was so profound an
approach to the laws of nature that
most ordinary scientists should not
even attempt to understand the foun-
dations of this theory. But this im-
pression in the scientific community
was incompatible with one of Ein-
stein's prime motivations in his inves-
tigation. For he was very strongly
guided in this study, and indeed
throughout his scientific career, by the
heuristic value of simplicity.

Around the same time that relativity
theory started to develop, the other
revolution in 20th-century physics—
the quantum theory—was discovered to
reveal a formalism that explained

atomic phenomena. This theory even-
tually developed into its present form
of a nondeterministic theory of mea-
surement. It is my contention that the
quantum theory is much more difficult
to understand from the conceptual
point of view than is the theory of rela-
tivity. It is partly for this reason that
some of the original founders of the
quantum theory (in its old form),
such as Max Planck and Einstein, and
later Erwin Schrodinger, could not ac-
cept the notions that were proposed
by the Copenhagen school to underlie
the fundamental description of matter.
On the other hand, the mathematical
expression of the new quantum theory
—its equations and the rules for relat-
ing their solutions to observables—is
far more simple than is the general
mathematical expression of the theory
of relativity.

We see here that a distinction must
be made between conceptual simplic-
ity and mathematical simplicity.
When Einstein expressed the belief
that "God may be subtle but He is not
malicious," I believe that he was re-
ferring to his faith in the simplicity
of the conceptual content of the laws
of nature. On the other hand, if man
has thus far been unable to formulate
conceptually simple, though subtle,
natural laws in equally simple lan-
guage, this is not God's fault! It ap-
pears to me that this inability is rather
due to the relatively primitive stage of

man's intelligence. I should like, then,
to concentrate here on the conceptual
content of relativity theory, as I see it
and without writing down a single
equation, to see what this approach
implies with regard to the properties
of nature.

A REVOLUTIONARY CONCEPT

It is commonly admitted that the
theory of relativity brought a revolu-
tion in ideas to the 20th century.
Nevertheless, there seems to be some
controversy among physicists on pre-
cisely what it is that is revolutionary
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here. My contention is that Einstein's
original intention in the change that
he instigated had to do with an en-
tirely new view of space and time.
That is, except for the argumentation
of some of the preceding philosophers,
Einstein gave a view of space-time
that was different from all the previous
views in physical theories. This
change, in turn, implied an alteration
of the form of the laws of nature to a
more generalized expression that could
be tested by experimentation.

Pre-Einsteinian relativity

What, then, is the actual difference in
the view of space and time between
Einstein's approach and that of his
predecessors (and conservative con-
temporaries)? Consider first the ear-
lier theories. In all the previous in-
terpretations of the physical universe,
it was assumed that space and time
are just there, once and for all, inde-
pendent of any matter content. Mat-
ter is then supposed to be in the pre-
existing space and time, as a child
might be on a jungle gym in the play-
ground. One then describes how mat-
ter interacts with matter in terms of its
location in the fixed space-time. In
philosophical terms, this description
may be restated as the view that
space-time has objective significance,
that it is a thing in itself.

It is important at this point to note
that the relativity of coordinates within
an underlying fixed space-time in the
description of the natural laws is not
a new idea and that the idea of rela-
tivity in this sense is really not such a
revolutionary concept. Consider, for
example, the physical laws before the
time of Galileo. It would have been
claimed by most in that period that
"up" is "up" to anyone-independent

SPEED OF LIGHT

In my opinion it is not necessary to
assert the universality of the speed
of light as a separate postulate, as
is conventional in special-relativity
theory. The assertion appears
rather to follow as a logical conclu-
sion of the single underlying postu-
late of this theory—the principle ot
relativity (page 53)—as soon as the
coordinates of relatively moving sys-
tems are defined in a way that as-
signs the temporal as well as spatial
parameters to the language of one
observer relative to the others who
are comparing their respective de-
ductions about the form of the laws
of nature.

of his position or state of motion rela-
tive to anyone else. Similarly it would
have been claimed that "before,"
"present" and "after" have absolute
meaning in the sense of being inde-
pendent of the condition of motion or
the relative position of any observer.
On the other hand, it would have been
generally agreed that in the descrip-
tion of a physical law the location of a
point in a two-dimensional plane is
only significant in relation to some
other points in the plane-that is, phys-
ical laws depend on distances be-
tween things. For example, everyone
experienced the diminishing heat ef-
fect of a flame as he correspondingly
increased his distance from the loca-
tion of the fire.

Then a time came, with the appear-
ance of Copernicus and Galileo, when
the natural philosopher was forced to
incorporate the "up" and the "down"
with the surface coordinates to yield a
three-dimensional space where, for
example, "up" to one observer might
be "down," "sideways" or "oblique"
to another observer of the same phe-
nomena. Finally, more than 300 years
after Galileo, Einstein recognized that
the time coordinate must also neces-
sarily be incorporated with the three
spatial cobdinates in one relativistic
space-time to describe the laws of na-
ture correctly. This discovery was
made when Einstein recognized that
the laws of electrodynamics, in the
form that they were originally discov-
ered by Michael Faraday and James
Clerk Maxwell, have the same form to
all observers, independent of their
states of motion relative to each other,
only if it can be assumed that the time
coordinate is included with the spatial
coordinates in the relativistic sense
that to describe an observation, all four
coordinates must be specified relative
only to the space-time point of a given
observer. At this stage, the theory of
special relativity was born.

Unification of space-time

Incorporation of the time coordinate
with the spatial coordinates implied
some interesting consequences, not
predicted previously. First, to be able
to convert the time coordinate of one
observer to a combination of time and
space coordinates of another (who is
in motion relative to the first) one
must express time and length in the
same units—in all frames of reference.
Thus the time coordinate had to be
multiplied by a universal constant with
the dimension of length divided by

GALILEO

time—a constant speed. Indeed, the
identification of the laws of electrody-
namics with this number revealed it to
be the speed of propagation of the
electromagnetic interaction between
matter and matter in a vacuum-nu-
merically determined from the speed
of light in a vacuum. This determina-
tion of the universal speed c then fixed
it for all other applications (see box
on this page). A further implication
here was that the speed of light in a
vacuum is independent of the speed
of its source. That is, according to
this theory, if light is emitted from a
moving train or from a fixed position
next to the tracks, a fixed observer
will measure the same speed in each
case.

Another new consequence of rela-
tivity theory was that no longer could
we speak of the absolute simultaneity
of events. If two events are simul-
taneous to one observer, they are not
generally so to a different observer in
motion relative to the first one. A
third interesting consequence of spe-
cial relativity came from the modifica-
tion that results when we pass from
classical mechanics of point particles
(where time is absolute) to relativis-
tic mechanics of point particles (where
the time, along with the spatial coor-
dinates, is relative to the point of ob-
servation). It turns out in this gen-
eralization that although the inertial
mass of an interacting body is con-
stant when the body is at rest, it in-
creases in a definite way as the body
moves relative to a fixed observer.
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Further, when at rest, the body has an
intrinsic energy that depends on the
product of its rest mass and the square
of the speed of light—an explosively
large amount of energy that was not
suspected until relativity theory ap-
peared! These and other implications
of special-relativity theory in regard to
wave motion, for example, that were
not predicted by the preceding the-
ories were impressively substantiated
by experimental facts.

Thus we see that the rules of spe-
cial-relativity theory refuted the previ-
ous laws of mechanics by requiring
that the time coordinate must be in-
corporated with the three spatial co-
ordinates as a fourth parameter, to be
specified only relative to the observer.
But this change was not too much of a
revolution! It was rather a natural ex-
tension to a more general way of ex-
pressing the laws of nature with a
space-time eooordinate system. In
this case, then, what was the real revo-
lution that came with Einstein's the-
ory? It was the abandonment of the
idea that the space-time coordinate
system has objective significance as a
separate physical entity. Instead of
this idea, relatively theory implies that
the space and time coordinates are
only the elements of a language that is
used by an observer to describe his en-
vironment. However, the convention-
alist view is not fully adopted since
it is further asserted with this theory
that the relation between the points
of the space-time language of any
observer is in fact a representation of
the intrinsic interaction within the
matter distribution that comprises the
physical system. It then follows that
if there should be no matter in the uni-
verse, there would be no space-time
to talk about! It implies that if the
matter distribution should be variable,
then the relation between the points of
the space-time (that is, the geometry)
that is used, to describe the environ-
ment of any point would be corre-
spondingly variable. This view takes
space-time as a passive entity that is
used to describe nature—perhaps for
want of a better language!

THE PRINCIPLE OF RELATIVITY

The fundamental starting point of rela-
tivity theory—the principle of relativity
-asserts that, if the laws of nature that
are substantiated by one observer's
data are indeed bona fide natural laws,
their form cannot change when they
are deduced by any other observer

". . . the theory of relativity introduced

a revolutionary concept into physics by relegating

space and time to the subjective role of the

elements of a language that one observer or another

may use to describe the natural laws."

who may be at any other space-time
point and in arbitrary relative motion
with reference to the first observer.
Let us examine this assertion a little
closer. It means that after the natural
laws have been deduced and substan-
tiated in one space-time frame of ref-
erence, with the language (x,y,z,t) of
one observer (who need not be a hu-
man or his equipment; it may also be
an electron!) then in any other frame
of reference, with the language
(x'y',z',t') of the different observer
who is in arbitrary relative motion
compared with the first observer, the
derived natural laws must be identi-
cal in form. (See box on page 52).

Of course, the observer who uses
the language (x,y,z,t) and the other
observers who use the languages
(x",y",z",t"), (x",y",z",t"), . . . would
never be able to check that their
respective laws of nature for the

same sorts of phenomena are actually
the same until they learn to translate
from one language to the other. The
collection of translations of all words
(space-time points) from one coordi-
nate frame to the others, which may be
in arbitrary relative motion, is a con-
tinuous transformation group; it is
called the "Einstein group." The rep-
resentations of the group provide a
powerful mathematical device for ab-
stracting many of the implications of
relativity theory that are not at all
obvious at first glance. Some of these
implications in regard to general rela-
tivity will be discussed later.

We see, then, that the theory of rela-
tivity introduced a revolutionary con-
cept into physics by relegating space
and time to the subjective role of the
elements of a language that one ob-
server or another may use to describe
the natural laws. Use of the theory is

EINSTEIN
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subject to the restriction that the form
of these laws must be unchanged un-
der the coordinate transformations be-
tween any space-time frames of refer-
ence that are in arbitrary relative mo-
tion.

ELEMENTARITY OF INTERACTION

If space and time are indeed to be
considered in the subjective role that
was discussed above, and if at the
same time we adopt the realist view
that there are fundamental objective
elements underlying the laws of na-
ture, then what does relativity theory
imply these to be? That is to say, in
the earlier theories, and even in the
contemporary elementary-particle the-
ory, the world is mad,e out of things
—indestructible bits of matter that
move along space-time trajectories.
The quantum-mechanical approach is
of course not quite as deterministic as
classical mechanics, because the clas-
sical mechanics makes precise predic-
tions about the trajectories of inter-
acting things, and the quantum theory
must resort only to probability state-
ments about the states of motion of
these things. Nevertheless, it is the
bit of matter, with its own space-time
trajectory, that is, in both of these
theories, the objective reality out of
which the world is constructed. Each
of these mechanical theories is indeed
a different version of an atomistic ap-
proach to the natural laws.

On the other hand, when one fol-
lows the axiomatic basis of relativity
theory to its logical extreme, it ap-
pears to me that it is not the free bit
of matter that is the fundamental
building block with which to construct
a theory of matter. It is rather a re-
lation that forms the basic entity here.
With relativity theory, one must take
the "observer-observed" relation as a
fundamental starting point. That is
to say, the "observer" is here an entity
with meaning only in relation to the
"observed," and vice versa. Also, in
contrast with the quantum theory,
"observer" has no anthropomorphic
denotation. It refers only to an intrin-
sic component of a fundamental inter-
action. It might refer to a component
of a physical system that could be
identified with a star, a man or a pro-
ton! On the other hand, the "ob-
server" and the "observed" in classical
and quantum mechanics do indeed
have meaning as things in themselves.
Again, in contrast to the quantum the-
ory, the relativistic theory requires a

"Relativistic theory requires a theoretical structure
in which it makes no difference to the
predictions of the theory which part of the physical
system is identified with the 'observer'
and which part is called 'observed.' "

theoretical structure in which it makes
no difference to the predictions of the
theory which part of the physical sys-
tem is identified with "observer" and
which part is called "observed,"
These names are merely chosen for
reasons of convenience to describe the
components of a single interaction m
one space-time—without actual parts!

To compare the predictions of this
theory with certain (but not all) ex-
periments, one must be able to ex-
amine this one relation in the asymp-
totic region, where there is suffi-
ciently weak intrinsic coupling to re-
veal an apparent uncoupling into sepa-
rated parts. It is important, however,
that with the assumption about the
elementarity of this relation (which
may be called "elementary interac-
tion") there can never in principle be
any actual separation, no matter how
closely one may approach this ap-
parent situation in the theoretical de-
scription. Such a conclusion about the
intrinsic inseparability of the elemen-
tary interaction does not refute any
experimental evidence because it is, in
principle, impossible to observe a com-
pletely uncoupled component of a
physical system. The very act of mea-
surement automatically couples an ap-
paratus (not necessarily macroscopic!)
to the "observed." But, independent
of approximation, it is still the one re-
lation—"elementary interaction"—that
is the fundamental entity in a fully ex-
ploited theory of relativity. Such an
entity is of course entirely objective as
its fundamental description is inde-
pendent of the interchange of the
names for the subject (the "observer
component") and the object (the "ob-
served component").

A metaphor: a dog and a flea

This idea can be illustrated with the
following simple allegory. Consider
a world that consists of a dog, a flea,
the sky and the ground. Let us say
that the dog's life span is of the order
of 15 years and that of the flea is about
5 hours. Suppose now that the flea

lives on the dog's back, and let us in-
quire about the flea's and the dog's
respective accounts of the world ac-
cording to the atomistic and rela-
tivistic approaches. According to the
atomistic view, the flea will think that
he lives in a forest of tall soft trees, on
warm, undulating ground. He would
often recall the painful experience that
occurs every few years of his life, when
a major earthquake throws him up
into the sky—only to land again in a
strange land, but still surrounded by
tall soft trees on warm moving ground.
The flea would also think about him-
self—that he is strong, handsome,
clever, etc. . . (this is called "self-
energy" in modern physics). The
dog's idea of the world, on the other
hand, would be quite different. He
would be aware of the cool still
ground. But he would also worry and
be annoyed by a terrible itch on his
body that recurs every few minutes,
even though he has thoroughly shaken
his body. The dog would also think
about himself—that he is a tall hand-
some dog with a beautiful long tail,
and that he is clever, modest, etc. . . .

After considering both stories, it
would be impossible for us to decide
which is the true description of the
world. The reason, of course, is that
neither is the complete story! Each of
these accounts presents a subjective
view; one belongs to the flea and the
other to the dog.

Suppose now that we consider the
relativistic view in which it is the re-
lation that is the elementary entity. In
this case, the flea would proceed as be-
fore to think about the warm undulat-
ing ground with the tall soft trees and
the periodic earthquakes every few
years. However, instead of going into
self-attributes, the flea would make a
careful study of his environment (the
dog). If he is a sufficiently percep-
tive investigator, the flea may be able
to deduce precisely how the dog is
reacting to his presence. Similarly,
the dog would, proceed to think about
his environment as he did before. But
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he would not try to relate his self-at-
tributes to an objective description of
the world; instead he would learn how
his environment (the flea) is reacting
to him. We see, then, that with this
approach the flea and the dog would
have identical descriptions of the
world—even though the languages
with which they express these views
are entirely different. With this rela-
tivistic approach, the world would be
described with a single relation, dog-
flea, without parts! The description is
now entirely objective because it is in-
deed independent of which compo-
nent of the coupled system is express-
ing the laws of nature.

THE UNIFIED FIELD CONCEPT

The basic elements of the language of
a fully exploited theory of relativity
are continuous field variables. These
are continuously mapped functions of
the space and time coordinates. This
feature is a consequence of the as-
sumption that the valid laws of nature
are invariant in form under the trans-
formations of the Einstein group (the
group of continuous transformations
among the space-time frames of refer-
ence that are in arbitrary motion rela-
tive to each other). Einstein showed,
for example, that even with the idea
of a finite propagation time for the in-
teraction between distant bits of mat-
ter, it is not possible to consider this
matter in discrete quantities within
relativity theory. It would not be pos-
sible in this case, for example, to define
the conserved quantities of the system,
such as energy and momentum. The
approach of relativity theory then ne-
cessitated an expression in terms of
field equations, where the field vari-
ables relate to densities. In the final
analysis, to compare the predictions of
the theory with the experimental facts,
it becomes necessary to integrate cer-
tain prescribed functions of these field
variables over all of the coordinates in
which they are mapped. Thus we see
that the basic elements of the language
in relativity theory are not the space
and time coordinates themselves but
rather a certain set of functions that
are continuously mapped in the space-
time coordinate system.

Faraday s view of gravitation

The field concept was originally intro-
duced to physics by Faraday about 50
years before the discovery of relativ-
ity theory. Before Faraday there was
little (recorded) doubt in any physi-

cist's mind that the fundamental de-
scription of the material world must
necessarily be in terms of bits of mat-
ter that act on each other at a distance,
for example in the way that Newton
envisioned the force of the sun on
Earth and the other planets. On the
other hand, Faraday recognized that
Newton's gravitational force need not
be viewed in terms of this model. He
rather saw the effect of the sun on the
planets in terms of a continuous field
of force—the continuous function 1/R-
of the distance R from the center of
the sun to any exterior point of obser-
vation. Thus, instead of assigning
special meaning to the separate spatial
points that locate the sun and the
planets, the field approach of Faraday
considers one space, and a special con-
tinuous function of its coordinates pre-
dicts how a test particle would move
should it be placed at any spatial lo-
cation. That is to say, Faraday's ap-
proach took the potential field of force
(a continuous entity) to replace the
bit of matter as a fundamental con-
struct. The conflict of these two ap-
proaches is indeed as old as the study
of physics itself; it is the conflict be-
tween discreteness and continuity in
the fundamental description of matter.

An interpretation of the field

Faraday also believed that all the dif-
ferent manifestations of the influence
that matter exerts on matter are de-
rivable from a single unified-field de-
scription. Of course he was unable to
move planets around in order to test

this hypothesis in regard to the motion
of the heavenly bodies. He did initiate
his investigation of this idea in his
studies of electricity and magnetism,
physical phenomena that were previ-
ously thought to be unrelated. After
studying the topological features of the
electric and magnetic fields, by respec-
tively observing the electrostatic po-
tential in an electrolyte and the pat-
tern of iron filings in the vicinity of a
magnet, Faraday proceeded to investi-
gate whether or not these two fields
were unified, in a single electromag-
netic force field. He saw that this was
indeed the case by observing that,
when an electrical conducting wire is
moved across a magnetic field of force,
an electric potential is generated
thereby causing an electric current \o
flow. Similarly when a current is
caused to flow7 through a wire he ob-
served that a compass needle will
polarize in a plane perpendicular co
the direction of the electric-current
flow.

An important feature of Faraday's
view of the field as a continuously
mapped potential of force is that this
entity would lose all meaning as such
should there not be any test charge
as a probe. That is to say, because
the electromagnetic field was inter-
preted by Faraday solely as a pre-
existing cflw.se for an observable effect
—the motion of a charged test particle
—and because cause and effect are
logically inseparable, the electromag-
netic field of force in Faraday's view
was meaningful only when a test

FARADAY MAXWELL
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". . . if space and time are only to serve
the passive function of providing a language
for the observer, why should
the inertial frame of reference in particular
be singled out?"

charge was taken to exist at the same
time. However, the structure of Fara-
day's electromagnetic field of force
was taken to be uninfluenced by the
presence of a test charge in the physi-
cal system. This field was taken,
rather, as a fundamental representa-
tion of charged matter outside of the
test charge. Indeed the electromag-
netic field of force was assumed by
Faraday to be the thing in itself that
replaces the bit of matter of "particle"
theories as the basic entity from which
the elementary description must be
built.

Thus, in contrast with the "particle"
theories (for example, Newton's theory
of gravitation) the fundamental thing
in itself in Faraday's field approach
played the role of the cause in a
cause-effect relation—a relation that
is logically inseparable! Atomistic
theories, on the other hand, are based
on the "free particle" (say, the sun)
as the fundamental reality—an entity
that has meaning with or without other
particles in the system. Later we will
see that the assumption of the test

RIEMANN
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charge, as uncoupled from the force
field, must be removed in the exact
form of a relativistic theory, simply
because of the elementarity of the
interaction that follows from a logical
analysis of this theory.

In some of his later experimental
studies, Faraday was unfortunately
unsuccessful in extending his earlier
results to an electromagnetic-gravita-
tional force field. However, in addi-
tion to the lack of experimental verifi-
cation, there were still some basic
theoretical questions that had to be
answered about such a unification,
even at that time. For example, if
electromagnetic and gravitational
phenomena are in fact manifestations
of the same force field, why is it that
gravitational forces are only attractive
but electromagnetic forces can be
either attractive or repulsive? Later
I w7ill show how the answer may lie
in the necessary incorporation of the
electromagnetic and gravitational force
fields with fields that relate to the
inertia of matter—fields that were not
suspected to exist in 19th-century
physics!

Maxwell's field equations

It was the genius of Maxwell that
created the exact mathematical de-
scription for Faraday's electromagnetic
force field. After formulating "Max-
well's equations" he discovered that
not only did some of their solutions
relate to the predictions of electromag-
netic phenomena that were already
known, but that there were other
solutions of these equations, describ-
ing the faraway effect of oscillating
charged matter, that precisely describe
the properties of light. Thus Max-
well found that all optical phenomena
could be described with the "radia-
tion" solutions of the electromagnetic
equations, thereby unifying the opti-
cal with the electromagnetic manifes-
tations of interacting matter in a single
field theory. This discovery settled a
very old dispute (at least temporarily!)

about the corpuscular or continuous
nature of light. Of course, other mani-
festations of electromagnetic radia-
tion were discovered not long after
this—x radiation, radio waves, gamma
radiation, etc.

The salient feature of Maxwell's
equations that Einstein discovered is
that they are form invariant under a
special class of continuous transforma-
tions among the space-time coordi-
nates (x,y,z,t) of one frame of refer-
ence and the coordinates (x\\j',z\t')
of other frames of references that are
in relative motion. These are the
geometrical transformations that leave
the interval between any two such
sets of coordinates, [c~At2 — (A.V2 +
Ay- + A~2)]1/2, unchanged. Here
c is the constant speed that appears
in Maxwell's equations. The particu-
lar form of this interval in the four-
dimensional space is a characteristic
feature of special-relativity theory. If
one should choose to keep the time
coordinate fixed, as a special case, (by
taking At = 0) these transformations
would reduce to the set of coordinate
changes in a three-dimensional space
that characterizes the symmetry
Galileo discovered to underlie the laws
of classical mechanics. But, accord-
ing to the structure of Maxwell's equa-
tions, one may not generally fix the
time coordinate, as was done in clas-
sical mechanics, if the particular laws
of nature that are embodied in Max-
well's equations are to be the same lo
any set of observers who are in rela-
tive motion. It then follows, from this
analysis of the laws of electromagnetic
fields, that the laws of mechanics that
obey this more general transformation-
group invariance (the theory of spe-
cial relativity) are necessarily different
from the laws of classical mechanics.
However, it turns out that if the rela-
tive speed between interacting bits of
matter is small compared with the
universal speed c (the speed of light
in a vacuum) the two laws of me-
chanics are practically the same. The
differences in the predictions of the
respective formalisms are too small lo
have been detected by the type of
experimentation that preceded the
20th century.

UNIVERSAL INTERACTION

The Maxwell formulation was the first
set of field equations satisfying the
invariance requirement of the theory
of special relativity to be discovered.
Einstein also noticed that special rela-



tivity, although it incorporates the
time coordinate with the spatial co-
ordinates, relates only to inert ial
frames of reference.

These are space-time frames that
are moving with the special feature
of constant rectilinear speed (or are
at rest) relative to each other. The
theory of special relativity was not ac-
ceptable as the most general descrip-
tion of matter because the inertial
frame refers only to an extrapolation
from observations that actually entail
noninertial frames of reference. The
reason is that the inertial frame refers
only to a description in which there
are no forces involved and therefore
where there is no energy and momen-
tum transfer between interacting
matter. On the other hand, any
measurement (whether it involves the
coupling of only microscopic matter,
macroscopic matter, or a combination
of these) necessarily entails a transfer
of energy and momentum, if some-
thing is to be recorded about the
"observed." Secondly, Einstein
argued that if space and time are only
to serve the passive function of pro-
viding a language for the observer,
why should the inertial frame of refer-
ence in particular be singled out? He
then concluded that to exploit this
theory fully, the principle of rela-
tivity must necessarily imply that the
laws of nature are invariant in form
under the transformations between
space-time frames of reference that
are in arbitrary relative motion.

Extension of his theory to noninertial
frames of reference then led to the
theory of general relativity, with spe-
cial relativity serving only as a par-
ticular limiting case. I should say
here that in view of the elementarity
of the interaction that follows from
the conceptual starting point of rela-
tivity theory, the actual limit of spe-
cial relativity cannot in principle be
reached, even though it can be ap-
proached arbitrarily closely. With
this view, then, the success of the
mathematical formulations in modern
physics that are consistent with special
relativity is not more than an indica-
tion, in specific applications, of how
good special relativity is as a mathe-
matical approximation for field equa-
tions that are normally expressed in
general relativity.

Had Einstein stopped with special
relativity, although it was eminently
successful in explaining and predict-
ing experimental facts not previously
understood, not too much of a revolu-

tion would have occurred. For, as in
the previous "classical" theories, the
relation between points in space-time
in special relativity is the same every-
where, and it is independent of the
matter content of the physical system
that is described. Fully to exploit the
idea that the space and time coordi-
nates serve only as a language used to
represent the matter content of a
physical system, it becomes necessary
to extend from the flat (Euclidean)
space-time geometry of special rela-
tivity to a curved (non-Euclidean)
space-time of general relativity. The
variable curvature of the geometrical
system in the general description is in-
deed a function of the variation of the
mutual interaction within the physi-
cal system. According to this view, if
the matter content of a system was
depleted the curvature of space-time
would correspondingly diminish. In
the limit, where the system is emptied
of matter (corresponding to no mutual
interaction of matter), the curvature
would be zero, thereby yielding a
Euclidean geometrical system and
special relativity. The particular non-
Euclidiean geometry that has this
property of asymptotically approach-
ing a Euclidean geometry is that dis-
covered by Georg Riemann. Thus
Einstein looked for a relationship be-
tween the field of mutual interaction
of the matter content of a physical
system and the field properties of a
Riemannian space-time.

The Einstein field, equations are a
special representation of a relationship
between the metrical field (the func-
tion that prescribes the relation be-
tween points in a Riemannian four-
space) and the mutual interaction of
matter fields. In particular, the left-
hand side of Einstein's equations are
certain nonlinear differential forms in
the metric tensor, while the right-hand
side depends on the energy-momen-
tum tensor for the matter content of
the physical system. Thus, if one is
given the energy-momentum tensor for
the system, the solutions of these

equations thereby yield the cor-
responding metric tensor, which in
turn prescribes the variable relation
between the points of space-time. If
one now takes seriously the contention
that the metrical field is a representa-
tion of the matter that is being de-
scribed, according to the restraint of
Einstein's equations, then it appears
to me to follow that these field equa-
tions must be considered as "if-and-
only-if" relations, rather than "if-then"
relations. With this conclusion, the
solutions of these equations that cor-
respond to empty space must be re-
jected as physically unacceptable.
Similarly the inversion of these equa-
tions and the insertion of the metric
tensor for a flat space must yield
matter-field solutions that are physi-
cally unacceptable. It follows then
that space-time can only be described
as curved, in any realistic situation,
even though it can come arbitrarily
close to flatness. This conclusion is
compatible with the one that was
reached earlier indicating that the
limit of special relativity may be ap-
proached arbitrarily closely (indeed
the empirical facts require this to be
so) but that the limit cannot actually
be reached within the framework of
this theory. Some of the physical im-
plications of this result will be dis-
cussed below in connection with the
concept of inertial mass.

Equations of motion

One of the very important features of
Einstein's field equations is their con-
tainment of the equations of motion of
interacting masses. In this respect
they contrast with Maxwell's equa-
tions for electromagnetism. Indeed,
to predict the equations of motion of
interacting charged bodies, Lorentz
had to adjoin further equations to
the Maxwell formalism; these equa-
tions then define the electric and mag-
netic forces (in terms of the coupling
of matter source variables to the
electromagnetic field-intensity solu-
tions of Maxwell's equations). In the

"In principle, the same set of field equations
that describe the domain of elementary-
particle physics must also describe the domain
of laboratory dimensions and the domain
of astronomical dimensions."
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gravitational problem, however, when
one recognizes the experimental fact
that the inertial mass of a body in
nonuniform motion (for example, cen-
trifugal motion) is equal to the mass
that is acted on by a gravitational field,
then one sees that the effects on bodies
that result from the gravitational
forces exerted by other bodies are al-
ready incorporated in Einstein's metri-
cal field equations. The relation be-
tween the points in space-time, when
there is nonzero curvature, predicts
the gravitational force between mas-
sive bodies—without the need to add
further equations of motion. Einstein
concluded from this feature of general
relativity that perhaps not only the
gravitational forces but all other forces
between matter and matter may be
different manifestations of an even
more generalized geometry for space-
time. This conclusion, of course, sup-
ported Faraday's intuitive feelings
about a unified field theory. An
equivalent statement about Einstein's
conclusion regarding the role of ge-
ometry in physics follows from an in-
terpretation of his equations as "if-and-
only-if" relations. For it would then
follow that a generalized geometry of
space-time could be viewed as a man-
ifestation of all possible forces be-
tween matter and matter—a manifesta-
tion of a universal interaction.

The first test of Einstein's equations
was to see if they would predict all of
the effects that Newton had already
successfully predicted about gravita-
tional forces. Einstein found that,
under the special approximating cir-

cumstances that are accurate where
Newton's equations had worked, his
tensor-field equations reduce precisely
to Newton's equation. Thus, without
evoking the action-at-a-distance idea,
Einstein's field formalism made the
identical successful predictions in the
way that Faraday had originally an-
ticipated. However, because Ein-
stein's equations were more general
than Newton's equation, it was im-
plied that the tensor equations should
be able to make additional predictions
about gravity that are not at all im-
plied by the Newtonian theory. This
was indeed the case. The three pre-
dictions of his equations that were not
previously made were: a frequency
shift of monochromatic light as it
propagates through a gravitational
field; the bending of the trajectory of
light as it passes through a gravita-
tional field, and a precession of the
axes of a planetary orbit. Each of
these effects was observed to be in
very good quantitative agreement
with the predictions of Einstein's field
equations.

Towards a unified field theory

But Einstein did not consider his
equations as another theory of gravity.
Rather, according to what we said
earlier, he considered them to be not
more than one step towards the con-
struction of a unified field theory in
which electromagnetism, nuclear
forces, weak interactions (and any
other phenomena not yet discovered)
might be incorporated with gravita-
tion in terms of one geometrical field
that expresses most generally the re-
lation between points of the space-
time language to describe the laws of
nature. He also anticipated that if
such a unification could eventually be
achieved, then perhaps the peculiar-
looking consequences of the equations
of quantum mechanics (for example
the appearance of a wave-particle
duality and nondeterminism) may
emerge from an approximation for de-
terministic unified field equations.

Although both Faraday and Ein-
stein anticipated a unified field theory
to underlie the fundamental descrip-
tion of the material universe, Einstein
extended Faraday's conceptual ap-
proach when he incorporated the prin-
ciple of relativity. The implication in
the studies of both Faraday and Ein-
stein was that although it is convenient
to utilize a space-time coordinate sys-
tem to facilitate a mapping of force
fields, space and time do not by them-

selves have objective connotation.
However, a logical implication of the
incorporation of the principle of rela-
tivity with Faraday's field concept is
the appearance of physical significance
in the relation between points of
space-time as having to do with the
mutual interaction of the matter con-
tent of the system. Thus a logical
implication of the Einstein generaliza-
tion of Faraday's approach is the nec-
essary incorporation of the "test
charge" with the field of force, to yield
as the elementary entity one field of
mutual interaction. A mathematical
consequence of this generalization is
that of passing from a formalism in
terms of linear differential equations
(such as Maxwell's equations) to a
formalism in terms of nonlinear dif-
ferential equations. Here we have a
striking example in the history of sci-
ence of passage towards increased con-
ceptual simplicity (from one force
field plus an arbitrarily defined test
charge to a single field of mutual in-
teraction) accompanied by decreased
mathematical simplicity (from linear
to nonlinear differential equations).

A GENERALIZED MACH PRINCIPLE

One of the important manifestations
of interacting matter that I have not
yet mentioned is inertia. Indeed, Ein-
stein acknowledged that Ernst Mach's
conclusions about the source of inertia
had a major influence on his own the-
oretical studies of relativity theory.
Let us then examine the conceptual
notion that Mach introduced.

MacKs view of inertia

Mach's argumentation led to the con-
clusion that the inertial mass of any
amount of matter (whether it be of
microscopic, macroscopic or astronom-
ical proportions) is not an intrinsic
property of a thing. Rather it was
argued that inertia is rooted in the
dynamical coupling between the quan-
tity of matter being studied and all of
the other matter contained in the
closed physical system that is de-
scribed. Thus it is implied here that
the most minute amount of matter,
say an electron, has an inertial mass
that is in fact a measure of its coupling
to its entire environment, including the
apparatus that measures the properties
of the electron, the laboratory, the
earth, the solar system, the galaxy,
and so on, until all of the content of
the universe is exhausted! Thus Mach
rejected all previous views that as-
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sume that the mass of any bit of mat-
ter is one of its intrinsic properties.

When the principle that asserts this
feature of inertia—the Mach principle
-is incorporated with the theory of
general relativity, it follows that in-
ertial mass must be derivable from
the field properties of space-time.
Thus a full exploitation of the Mach
principle implies that inertia must be
incorporated with the other manifesta-
tions of interacting matter in the uni-
fied-field description. Einstein ac-
knowledged the validity of this asser-
tion but he did not reach the stage in
his own studies where he would at-
tempt to construct such a unification.

Derivation of inertia! ?nass

How then can we set about discover-
ing this relation between the field
properties of space-time and the fea-
ture of inertia of matter? I have been
taking the following approach in my
own investigations of this problem.1

Let us start out by defining the in-
ertial mass most primitively in terms
of its appearance in the most funda-
mental equations that describe matter
at the microscopic level. These were
taken to be the field equations that
have the Dirac form; they are first-
order differential equations in spinor
variables, although they are not in-
terpreted within this field theory as
they are in the quantum theory, nor
are they linear equations (see box on
this page). Nevertheless, these mat-
ter field equations are constructed to
approach asymptotically the linear
eigenvalue form of the quantum-me-
chanical equations in the limit of
sufficiently small energy-momentum
transfer within the physical system.
Normally one starts with this equation
in special relativity and inserts a mass
parameter. After the solutions of the
equation have been found, the energy
of the matter that is described can be
computed. The resulting expression
depends on the inserted mass param-
eter. One then adjusts the magnitude
(and sign) of this parameter to fit the
data.

On the other hand, my plan is not
to introduce any mass parameter, but
instead to express the matter-field
equation in a curved space-time.
When this is done, it turns out that
with the most general type of spinor
equation (in terms of the two-com-
ponent spinor) a derived field appears
in the place where the mass param-
eter was formerly inserted. The pre-
dictions of the theory then compel

one to identify this field with the in-
ertial mass of the described matter.
The derived mass field depends on the
curvature of space-time. The latter
geometrical property is, in turn, a
manifestation of the mutual coupling
of all of the matter within the closed
system. Thus, if the rest of the uni-
verse should be depleted of all matter,
the mass of the remaining electron,
say, should correspondingly go to
zero. The derived field relationship
is then a quantitative expression of
the Mach principle because here the
inertial mass of any amount of matter

is indeed a well defined function of its
dynamical coupling with all of the
other matter within the entire closed
system.

Why is gravity only attractive?

To check this result further, it was
found that the inertial mass field so
derived is positive-definite. That is,
with all possible changes in the metri-
cal field, the particular combination of
field variables that relate to the in-
ertial mass is always positive. It then
follows that even in the local limit,
where the equations in special rela-

SPINORS

Dirac discovered that to express
Schrodinger's wave mechanics in a
relativistically invariant form, it was
necessary to generalize the (com-
plex) scalar field to a (complex) two-
component field. This was called a
"spinor variable" because of its re-
lation to the previously discovered
spin degrees of freedom that were
empirically necessitated by the Zee-
man spectrum of atoms. The spinor
variable itself was actually discov-
ered before Dirac's work by the
mathematician E. Cartan. (Although
the conventional expression of Di-
rac's equation is in terms of the
four-component "bispinor" variable,
these, in turn, are a union of two
two-component spinors. The latter
are the most primitive variables from
which the Dirac formulation is built.)

After Dirac's discovery, Einstein
and Mayer studied the following
question: "Are the spin degrees of
freedom a consequence of the postu-
lates of the quantum theory or a con-
sequence of the postulates of relativ-
ity theory?" To answer the ques-
tion, they investigated the structure
of the most primitive irreducible rep-
resentations of the underlying group
of relativity theory. They discovered
that indeed the four-dimensional
(real) representations (which de-
scribe the transformations of a four-
vector between relatively moving ob-
servers) reduce to the direct prod-
uct of two two-dimensional (com-
plex) representations. The two-
component (complex) functions that
are the basis of these representa-
tions (analogous to the four-vector
basis of the four-dimensional repre-
sentations) were found to be the
spinor variables that Dirac discov-
ered to describe the electron!

Thus, Einstein and Mayer discov-
ered the very important fact that the
spinor variable is the most primitive
expression of a relativistically invari-
ant theory and that the spin degrees
of freedom that appeared in Dirac's
equation were actually a conse-

quence of relativity theory and not
of the quantum theory. (Of course,
once a relativistic theory is con-
structed in this, the most primitive
form, it can then be "quantized" or
not, depending on the particular
theoretical study that is being pur-
sued.) For this reason my study of
inertia necessitated a formalism in
terms of spinor variables in the most
elementary description.

To mention one of the most im-
portant explicit features that define
the spinor field variable, let us com-
pare this two-component object with
a two-component vector field in con-
figuration space. If A and B are any
two-dimensional (real) vector fields,
then an invariant is the scalar prod-
uct A • B = A,Bi + A,B,. If

are any two (complex) spinor field
variables, the invariant combination
is (s,t) = Sit2 — s-jti. The compo-
nents, S],s^,1:2, are all continuous
complex functions of the space-time
coordinates. Note that this spinor
invariant is then complex so that it
actually corresponds to two invari-
ants—the real and imaginary parts
of (s,t). Finally it follows from the
transformations between the space-
time coordinates of relatively moving
reference frames in relativity theory
that the spinor field variables also
transform in a definite way from one
frame to the others. Because of this
result, and the fact that there is a
maximal number of invariants in this
theory (compared with all other rela-
tivistic formulations) this type of
formulation predicts the maximal
number of consequences. That is,
a spinor theory will contain the same
predictions as a vector theory, but
it will make additional predictions
that have no counterpart in the
higher dimensional form. The elec-
tron spin coupling to an external
magnetic field is an important ex-
ample.
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tivity have empirical validity, the in-
ertial mass can have only one possible
polarization. This result, in turn, im-
plies that a gravitational force can
have only one sign as this force de-
pends on the product of the masses
of the interacting matter. The latter
result, of course, is in agreement with
the experimental facts. To refute this
result, it would be necessary to dem-
onstrate the existence of negative
mass, which is to say that we would
have to observe the gravitational re-
pulsion of one massive body by an-
other, thereby implying the existence
of masses with opposite polarities.

One other feature of the spinor
matter-field equations that led to the
preceding result is the necessary ap-
pearance of a coupling term corre-
sponding exactly to the form of the
electromagnetic coupling that even-
tually leads to the Lorentz force.
That force, in turn, also depends
within this theorv on the metrical field,
but in such a way that its form is non-
positive-definite; this term could be
positive or negative, depending on the
signs of certain derived functions of
the metrical field. If one should de-
fine electromagnetic coupling most
primitively in terms of its appearance
in the matter-field equation that de-
scribes microscopic matter, then the
conclusion must be drawn from this
analysis that electromagnetic forces
can be either attractive or repulsive—
a result that is also in agreement with
the experimental facts. Thus we see
that with the expression of the inertial
features of matter in terms of the

DIRAC

primitive matter fields that solve rela-
tivistic spinor equations in a curved
space-time (equations that asymp-
totically approach the equations of
quantum mechanics) two important
features of interacting matter, in all
domains of interaction, are predicted
from first principles to be in agree-
ment with the experimental facts.
These are the known properties that
electromagnetic forces can be attrac-
tive or repulsive while gravitational
forces are only attractive.

Finally, when one extends this anal-
ysis further it is found that the elec-
tromagnetic field intensity that corre-
sponds to charged matter in motion is
also dependent on the curvature of
space-time and therefore on the mat-
ter content of the entire closed phys-
ical system.2 As in the case of inertial
mass, the limit of a matterless uni-
verse corresponds here to an identical
vanishing of the electromagnetic field
intensity of any remaining bit of
charged matter. This feature of the
field equations of general relativity,
which includes the inertial properties
of matter, then relates to a generalized
version of the Mach principle where
all manifestations of interacting mat-
ter are in fact a feature of their dy-
namical coupling with the rest of the
entire closed system.

Implications

The application of the generalized
Mach principle necessarily implies that
the universe is "closed", which means
that there is no matter in the universe
that, in an exact sense, is uncoupled
(that is "free"). In principle, then,
the same set of field equations that
describe the domain of elementary-
particle physics must also describe the
domain of laboratory dimensions and
the domain of astronomical dimen-
sions. The conclusion that follows is
very difficult to believe at first glance;
it is the possibility of discovering fea-
tures about the structure of the uni-
verse in cosmological terms (the do-
main of light years) by studying the
domain of elementary-particle inter-
actions (the domain of fermis). For,
according to the field theory that we
have been discussing, there are in-
deed global features of the entire uni-
verse that appear in the quantitative
description of elementary-particle in-
teractions. One of these is the de-
pendence of the inertial mass of an
interacting elementary particle on the
curvature of space-time. It is true, of
course, that in such studies we are only

looking at an extremely small portion
of space-time, corresponding to very
high momentum transfer between mat-
ter and matter in the microscopic do-
main. Yet we are indeed looking at a
portion of a continuous field that ex-
tends into the astronomical domain.
If we should have at our disposal the
basic equations that determine these
global fields, a knowledge of their be-
havior in the very small domain could
well act as a boundary condition to
extend our knowledge of the mapping
of the metrical field to any domain of
interaction. This ability would be
analogous to predicting a large dis-
tortion on a radio wave front, being
caused by a small bump on the emit-
ting antenna, many miles away from
the point of observation.

Another test of the implications of
the generalized Mach principle would
be to study the dependence of the
electromagnetic field amplitudes on
the curvature of space-time. The
implication above was that as the ef-
fective curvature of space-time dimin-
ishes, the amplitudes of the electro-
magnetic force field correspondingly
diminish. This effect can be tested
by probing sufficiently small domains,
which in turn correspond to sufficiently
large quantities of energy-momentum
transfer in the microscopic domain.
The prediction here is that as the mo-
mentum transfer between matter in-
the microscopic domain approaches
infinity, the electromagnetic coupling!
correspondingly approaches zero. It
is as though the charge of interacting,
matter effectively reduces to zero at
the origin. Experimentation on these
effects is indeed within the domain
of experimental high-energy physics
studies that are presently in the plan-
ning stage in high-energy electron
scattering programs. Current experi-
mental studies on high energy elec*
tromagnetic scattering already hint aj
the validity of this theoretical conchl

sion.-1

This article is adapted from a lecturt,
given to the physics club at the-State Unfy
versify of New York College at Cortland
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