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Preface

Relativity and quantum theory brought two profound revolutions in 20th century physics.
They have become the foundation stones of modern physics. However, these two theories are
not only incomplete, but also incompatible. On the one hand, the conceptual foundations of
guantum theory have not yet been firmly laid. For example, it is still unknown what on earth
the wave function describes and whether or not the wave function really collapses. On the
other hand, the existence of quantum non-locality implies that the absolute validity of the
principle of relativity will also be challenged. For example, a preferred Lorentz frame may be
required for describing the quantum non-local processes. Moreover, general relativity and
guantum theory also conflict with each other at the most fundamental level. These facts
clearly indicate that our present understandings of space-time and motion require a revolution
profounder than that brought by relativity and quantum theory.

This book aims to provide a uniform basis for quantum theory and relativity. Such a basis
is indispensable for a unified physical theory. As we know, the basic task of physics is to study
the motion of matter in space and time. Then what is the real form of motion? Through a deep
analysis of space-time and motion, it is demonstrated that the real motion is the random
discontinuous motion of particles in discrete space and time, which is called quantum motion,
and the microscopic and macroscopic motions are both displays of quantum motion. As a
result, what the wave function describes is quantum motion, and the evolution of quantum
motion naturally leads to the dynamical collapse of the wave function. This provides an
ontological basis for quantum theory. In addition, it is argued that quantum motion may also
explain the maximum and constancy of the speed of light in special relativity, and provide a
consistent framework for the unification of quantum theory and general relativity.

Consequently, quantum motion may be the uniform basis of quantum theory and relativity. In

Xi



Preface

the last part of this book, the perplexing quantum non-locality is analyzed in detail in terms of
guantum motion. It is shown that the collapse of the wave function requires the existence of a
preferred Lorentz frame. This provides a natural way to reconcile quantum non-locality and
special relativity. A principle of quantum superluminal communication is further introduced
through considering the influence of the conscious observer. The analysis also leads to an
interesting quantum theory of consciousness.

Reading this book requires a basic knowledge of both relativity and quantum theory.
Advanced mastery of these subjects is not necessary. | appeal to the ability to reason rather
than the mathematical ability of the reader. An open-minded reader may understand the new
ideas in this book more easily. The quantum puzzle may be the most bewildering problem in
the history of science; the reader must therefore be prepared to get rid of some ingrained
prejudices such as the prejudice of the uniqueness of continuous motion when reading this
book. Once these implicit prejudices are rejected, everyone can understand quantum.
Although quantum motion may be remote from or even contradict our everyday experience of
motion, it is more natural in logic and closer to reality. It is intelligible to everyone. | hope that
this book will appeal to all those who have been looking for a real understanding of nature.

The ideas of this book come out of my lonely exploration in the past twenty years. | have
also benefited from discussions with many researchers who are interested in the fundamental
problems of physics. | want to thank them all, and apologize for not mentioning them by
name. At the same time, | am very grateful to my parents Mr. QingFeng Gao and Mrs. LiHua
Zhao, my wife HuiXia Liu and my lovely daughter RuiQi Gao. This book could not have been

completed without their care and support.

xii



CHAPTER 1

How Do Objects Move?

It is a solid experiential fact that objects can move, and macroscopic objects appear to move
continuously. However, direct experience does not tell us how objects move in reality. We
cannot simply regard the appearance as the realistic picture. Today it is still a tough task to
find how objects move and further understand the motion phenomena.

In this chapter we try to find the realistic picture of motion from the familiar phenomena
of motion. It is argued that the phenomena of inertial motion and spontaneous decay imply
that motion is spontaneous. The spontaneity of motion requires that motion is essentially
random and discontinuous. This conclusion is also supported by the theories of point set and
measure in mathematics. However, the randomness and discontinuity of motion cannot
emerge in continuous space and time. This is unnatural in logic and inconsistent with
experience. We further analyze the motion in discrete space and time. It is shown that the
discreteness of space and time not only leads to the existence of random discontinuous motion,
but also can naturally release the randomness and discontinuity of motion as experience
reveals. Accordingly the real motion may be the random discontinuous motion in discrete

space and time.
1.1 Zeno’s Paradoxes and the ‘at-at’ Theory

It is a standard assumption that space and time intervals T

consist of extensionless points. The moving object is in one
> L

position at each instant during the course of motion. But it ~ £££887
seems that such a natural assumption does not permit the Figure 1 Flying arrow cannot move

existence of motion. The famous arrow paradox of Zeno
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provides an interesting argument (cf. Salmon 1970; Papa-Grimaldi 1996). It argues that at any
instant a flying arrow cannot move for that would require the instant to have parts, and an
instant is by definition a minimal and indivisible element of time. Since at each instant of its
flight the arrow is at rest, and time is composed of such instants, the arrow never moves. The
standard solution of the paradox rests on what is called the ‘at-at” theory of motion. According
to the theory, motion is merely a feature of being in different locations at different times, and
that is that. As Russell (1903) wrote, “Motion consists merely in the occupation of different
places at different times.” So it is true that there is no motion during any instant. Motion has
nothing at all to do with what happens during instants; it has instead to do with what happens
between instants. If the object has the same location in the instants immediately neighboring,
then we say it is at rest; otherwise it is in motion.

However, the ‘at-at’ theory does not tell us how the different points in space and time
intrinsically correlate. In other words, this theory cannot explain dynamism as it never
operates the synthesis which could intrinsically correlate different points in space and time.
We all know that the transition of different positions is in fact accomplished, but how the
transition from one position to another position has been accomplished remains a mystery in
the existing theory. In the following, we will try to complete the ‘at-at’ theory of motion and

find how objects move.

1.2 Is Motion Continuous?

How on earth do objects move? Most people may think motion is evidently continuous; this
accords with our everyday experience of the motion of macroscopic objects. But is continuous
motion the real motion?

We are only accustomed to continuous motion after all, and we cherish it so deeply. We

have been taking for granted that continuous motion is the only possible form of motion, as
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well as the real motion. Indeed, the existence of continuous motion seems to be very natural.
An object will hold its velocity if no influences are imposed on it, as there are no causes to
change its velocity. Then the free object can only be at rest or move continuously with a
constant velocity. In addition, a moving object is in one position at one instant, and it can only
be in a neighboring position at the next instant, as there are no causes to result in its sudden
appearance in another non-adjacent position. In a similar way, an object cannot move from
one position to another position without passing through the in-between positions either, as
there is still no cause to result in such a "jump". In a word, the existence of continuous motion
is inevitable. If it is not the real motion, then which form of motion is the real motion? If we
never see, never learn of and even never dream of another form of motion, how could it be the
real motion?

But what is continuous motion? How do we confirm its
existence? As we know, an object moving continuously from 5]
point 0 to point 1 in a line must pass through all points
between O and 1. However, there are uncountable points  Eigure 2 Is motion continuous?
between 0 and 1, say 1/2, 1/4, 1/8 etc. We cannot count up to
them during a finite time interval. Then how can we know the object really passes through all
these points? If we cannot know that, how can we confirm that the motion of the object is
continuous? There may exist some other ways to confirm the existence of continuous motion.
For example, although we cannot directly verify that the object passes through all points
between 0 and 1, we may confirm it through a plausible hypothesis. One such hypothesis is
that an object moving from one position to another position must pass through the middle
position. However, even though the existence of continuous motion can be confirmed in terms
of such a hypothesis, how can we verify this hypothesis? It may be right for a large distance,
but has it been verified for a very small distance? Since there exists uncountable distances, the
above hypothesis cannot be verified either. In addition, even if the hypothesis has been

3
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confirmed by experiments, it can only confirm the dense property of the trajectory of the
object, and cannot confirm its continuity. For example, the trajectory which is only composed
of rational points evidently satisfies the above hypothesis. Accordingly we cannot confirm the
existence of continuous motion in terms of such a hypothesis either. In a word, continuous
motion is only an assumption or a belief, which can never be confirmed. Moreover, the
trajectory of continuous motion, if it exists, can only exist in the meaning of dense point set,
since we can never measure a single point or a point set with zero measure in physics.

It appears that infinity prevents us from finding the real motion. In order to find the real
motion, we must enter into smaller and smaller space, even the infinitesimal space. Then how

far can we walk along the logical road?
1.3 The Spontaneity of Motion
An object will continue to move after it is put into |:| W

Figure 3 An object can spontaneously

motion. This is the familiar phenomenon of inertial
motion®. It is well summarized in Newton's first law
of motion (i.e. the law of inertial motion) for change its position
macroscopic objects. According to the law, a free object can move or change its position, and
no external forces are needed to sustain its motion. To our surprise, an in-depth analysis of
such ordinary phenomena will lead us to find the real motion.

It appears that the inertial motion can be understood in the framework of classical

mechanics which assumes objects move in a continuous way. A free object should hold its

velocity, since there is no cause leading to the change of its velocity. Thus the object must

! Note that pure inertial motion does not occur in nature. According to the existing physical theories, it can

only occur at an infinite distance from all sources of gravity.
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continuously move in a straight line with a constant speed as the law of inertial motion
requires. If such an explanation is complete for the understanding of inertial motion, then the
motion of a free object has no spontaneity. It just holds its previous state.

However, a further analysis will show that the motion of a free object may have
spontaneity. It is a standard assumption that space and time intervals consist of extensionless
points, and a moving object is in one position at each instant during the course of motion.
First, the properties defined at instants such as position cannot determine the position change
of an object. By virtue of logic and definition, such properties at one instant only contain the
information about the object at the instant, and contain no information about the positions of
the object at other instants. Second, the properties defined during infinitesimal time intervals
such as velocity cannot determine the position change of an object either. In fact, these
properties are determined by the position change of the object during an infinitesimal time
interval according to their definitions. Consequently, no properties or causes determine the
position change of a free object at each instant, and the object must change its position
spontaneously during the course of inertial motion (cf. Gao 2001b, 2002a, 2003b).

We stress again that the velocity property, even if it exists, cannot determine the change
of the instantaneous position of an object. On the one hand, velocity may not exist for some
forms of motion such as Brown motion. Its valid definition requires that motion is continuous
and the trajectory is differentiable relative to time. But it is still unclear whether or not the
motion of objects is continuous, and thus the continuity of motion and the existence of
velocity should not be a precondition when we analyze how objects move. On the other hand,
even if velocity may exist for the motion of an object, it does not count as part of the
instantaneous state of the object (cf. Albert 2000; Arntzenius 2000; Butterfield 2005). Thus
velocity cannot determine the change of the instantaneous state such as position of the object.
The orthodox definition of velocity is that the instantaneous velocity for an object is the limit
of the object's average velocity as the time-interval around the point in question tends to zero.

5
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As a result, the orthodox velocity is local but temporally extrinsic (cf. Butterfield 2005). The
object's instantaneous velocity at an instant codes a lot of information about what its velocity
and location are at nearby times, which is given precisely by the limit definition of velocity. In
a word, even if the orthodox velocity exists for the motion of an object, it is not an
instantaneous intrinsic property of the object in essence, and thus velocity cannot determine
the change of the instantaneous position of the object.

There exists two possible ways to avoid the spontaneity of motion. One way is to assume
space and time consist of no smallest sized intervals such as points. Rather, space and time are
infinitely divisible. The other way is to assume the state of an object at an instant does include
a velocity. Such velocity is not defined in terms of the position development of an object
during a time interval. Rather, it is a primitive intrinsic feature of an object at an instant,
which causes the object to subsequently move in the direction in which the intrinsic velocity is
pointing. There are some detailed discussions of these non-standard assumptions recently (cf.
Tooley 1988; Vallentyne 1997; Albert 2000; Arntzenius 2000, 2003, 2004; Lewis 2001; Smith
2003; Floyd 2003; Butterfield 2005). If one of these assumptions is right, then the motion of
objects will have no spontaneity, and the above explanation provided by classical mechanics
may be complete for the understanding of the inertial phenomena. On the other hand, if
motion is indeed spontaneous, then these assumptions will be wrong, i.e., space and time
consist of smallest sized intervals, and there exists no intrinsic velocity that determines the
change of the position of an object in each smallest sized time interval.

There are more direct evidences of the spontaneity of motion in the microscopic world.
For example, the alpha particles can spontaneously move out from the radioactive isotopes
without any external cause. Such a phenomenon is well known as radioactivity or spontaneous
decay, which widely exists in the microscopic world. During the spontaneous decay process,
the decay time of each radioactive atom in the substance is completely random. Such
randomness also indicates that the decay process happens without causes, and it is

6
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spontaneous. In addition, there also exists spontaneous motion during the process of
interaction between particles. According to quantum field theory, the interaction between
particles is transferred by the transfer particles. Since there are no other transfer particles or
interactions between the interacting particles and the transfer particles, the transfer particles
must move spontaneously in the process.

The existence of the spontaneous motion without cause seems very counterintuitive.
However, it may have a deeper logical basis (cf. Gao 2001b, 2002a, 2003b). If motions can
exist only as a result of a certain cause such as interaction between particles, the particles
would not be able to move without such interaction, but, on the other hand, the interaction
cannot exist if there are no moving particles to transfer it. Thus either everything is immobile
or there exist uncaused, spontaneous motions. In short, if the particles can not move in a
spontaneous way, then all interactions will not exist, and all particles will also be resting.
Furthermore, since the properties of a particle such as mass depend on its interaction with
other particles, the particles will be devoid of any properties, and will not exist either. Thus it
seems that objects must move spontaneously in order to exist. This means that the existent
need of objects may be taken as the universal cause for the spontaneous motion of objects.

This kind of cause is independent of each concrete motion process.

2 In order to further understand the conclusion, it is necessary to distinguish two kinds of causes. One is the
concrete cause which relates to concrete motion process, and the other is the universal cause which is
irrelevant to concrete motion process. The former is our familiar cause appearing in the principle of causality.
Such a concrete cause will result in a lawful change at a concrete time. The latter is a new kind of cause,
which is not included in the existing principle of causality. It may result in ceaseless spontaneous changes (as
we will see below, such changes are random). As a consequence, both lawful changes and random changes
have their causes. We may call this conclusion the generalized principle of causality. According to the
principle, there are two kinds of causes: concrete causes and universal causes, and accordingly there are two

kinds of events: lawful events and random events.
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1.4 Motion Is Discontinuous and Random

The evidences of spontaneous motion strongly favour the standard assumption that space and
time consist of smallest sized intervals such as 0-sized points, and there exists no intrinsic
velocity to determine the change of the position of an object in each smallest sized time
interval. In such space and time, a moving object is in one position at one instant, and
spontaneously moves to another position at another instant. Then how is the transition from
one position to another position accomplished? Or how does the object move?

We first consider the motion of a free object. According to the above analysis, a free
object can spontaneously change its position. The spontaneity of free motion means that no
causes determine the position change of the free object. Here we give a summary of the
no-causes argument. (1) There are no internal causes such as an intrinsic velocity to determine
the position change of the free object. The object at one instant has no velocity to hold for
determining the position of the object at the next instant. The object cannot hold its previous
position either. It must move during the course of inertial motion. (2) There are no external
causes such as the influences of other objects to determine the position change of the free
object either. The free object moves without any external influence. Thus we conclude that no
causes determine the position change of the free object.

Since no causes determine the position change of a free object, and the change without
cause should be random, the position change of the free object will be random in nature.
Whereas the change of position is random at any instant, the trajectory must be discontinuous
everywhere. Accordingly the motion of free objects should be essentially discontinuous and
random (cf. Gao 1993, 2001b, 2002a, 2003b). It should be stressed once again that the free
object has no velocity to hold for determining the change of its instantaneous position. Thus
the free object really does not know which direction to move along, and must move in a

random and discontinuous way.
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We then consider the motion of an object interacting with other objects. Can the
interaction determine the position of the object at each instant and change the random
discontinuous motion (RDM) to deterministic continuous motion (DCM)? The answer is
negative. The essential reason lies in that a completely random process cannot be changed to a
deterministic process in principle. If the interaction is not random, then it is evident that the
motion of an object under such influence will still be random. If the interaction is also
random, then since the combination of two random processes still leads to a random process,
the motion of an object under such influence will also be random. Accordingly the motion of
an object interacting with other objects is still discontinuous and random. Moreover, the
mechanism of interaction may even require the existence of RDM. As we have argued, the
interaction between particles is transferred by the transfer particles, and the transfer particles
move spontaneously during the course of interaction. Since the spontaneous motion without
cause should be discontinuous and random, the motion of the transfer particles will be
discontinuous and random.

The existence of RDM may also be justifiable from a mathematical point of view (cf.
Gao 1999c, 2000, 2001a, 2002a, 2006a). As we know, the motion state of an object is not the
instantaneous state, but the infinitesimal interval state in continuous space and time. An
infinitesimal time interval contains uncountable instants. This indicates that the motion state
of an object should be described by a point set in space and time, in which the point represents
the center of mass of the object at one instant. According to the point set theory in
mathematics, the general point set in continuous space and time is a random discontinuous
point set. Since we have no a priori reason to assume a special point set such as a continuous
line for the motion state of an object, the point set describing the motion state should be a
random discontinuous point set in space and time (see Figure 4). Thus the object will always

move in a discontinuous and random way during an infinitesimal interval at any instant.
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Figure 4 Discontinuous motion and continuous motion: It is really a wonder that so many points bind together

to form a continuous curve in order.

To sum up, objects must move in a discontinuous and random way in space and time,
which consist of smallest sized intervals such as 0-sized points. In such space and time,
continuous motion is impossible in logic. During the motion, the transition from one position
to another position is discontinuous and random, and there is no correlation between the

different points in space and time at all. This will complete the ‘at-at’ theory of motion.
1.5 Double-slit Experiment®

Concerning the strange discontinuous motion, even those open-minded people may hardly
accept it. This is very natural, since it contradicts our everyday experience of the motion of
macroscopic objects. However, if you would like to take an objective attitude, you may also
think motion is probably not continuous for very small objects, which cannot be directly
observed by our naked eyes. Now let’s come back to the domain of experience to see whether

some phenomena or experiments have revealed discontinuous motion.

8 See Section 5.6 for a detailed discussion.
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The double-slit experiment may be one of the experiments which could agree with what
you think, since it cannot be explained in terms of the assumption of continuous motion. In the
double-slit experiment, a single particle such as an electron is emitted from the source one at a
time, and then passes through the two slits to finally arrive at the screen. When a large number
of particles reach the screen, they collectively form a double-slit interference pattern.

According to the assumption of continuous motion, the single particle can only pass
through one of the two slits. One expects that the double-slit interference pattern should be the
same as the direct mixture of two one-slit patterns, each of which is formed by opening each
of the two slits independently. The reason is that the passing process of each particle in a
double-slit experiment is exactly the same as that in one of the one-slit experiments. However,
the results of experiment are that the interference patterns of the above two situations are very
different. Thus a single particle must pass through both slits in the double-slit experiment, and
its motion will be discontinuous.

Up to now, the double-slit experiment has been accomplished for many kinds of
microscopic particles such as electrons. Accordingly we find that the motion of small objects

is really discontinuous.

1.6 Quantum Motion

We have been analyzing the motion of objects in continuous space and time, in which space
and time consist of 0-sized points. However, the appearance of infinity in quantum field
theory and singularity in general relativity has implied that space and time may be not
continuous but discrete. In fact, it has been widely argued that the proper combination of
quantum theory and general relativity may inevitably result in the discreteness of space and

time. In this section, we will analyze the motion of objects in discrete space and time.

11
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In discrete space and time, space and time consist of smallest finite-sized intervals, i.e.,

there exist a minimum time interval 7,, and a minimum space interval L, . As a result, a

particle is no longer in one position at one instant (as in continuous space and time), but
limited to a space unit L,, during a time unit 7, in discrete space and time. This defines

the existent form of a particle in discrete space and time.

The analysis of motion in continuous space and time also applies to the motion in
discrete space and time. In addition, the discreteness of space and time has more restrictions
on the possible forms of motion. As we will see, the discreteness of space and time may also
require the existence of RDM. Due to the limitation of discreteness of space and time, there

are only two possible free motion states for continuous motion: one is rest state, the other is
the motion state with a constant speed ¢ = L,, / T}, . If the speed of an object is larger than c,

the object will move more than a space unit during a time unit. Then moving a space unit will
correspond to a time interval shorter than the time unit during such movement. This
contradicts the above definition of discrete space and time. On the other hand, if the speed of
an object is smaller than ¢, the object will move a space unit during a time interval longer than
the time unit. Then the object will move a space interval shorter than the space unit during a
time unit during such movement. This also contradicts the above definition of discrete space
and time. Thus a free object can only be still or move with the constant speed ¢ in discrete
space and time. This result is evidently inconsistent with experience. A free object can move

with a speed different from c in reality*. Thus if space and time are indeed discrete as defined

* 1t can be conceived that the free object moves with the speed ¢ during some time units, and stays still during
the other time units. The average speed of such motion can be different from the speed ¢, and thus such
motion can be consistent with the existing experience. However, the speed change of the free object during
such motion can hardly be explained. In addition, such motion will contain some kind of unnatural
randomness (e.g. during each time unit the speed of the free object will assume ¢ or zero in a random way),

12
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above, the motion of objects must not be continuous, but be discontinuous and random. This
means that an object moving from one space unit to another space unit must not pass the
in-between space units. It is just in a space unit during a time unit, and is in another space unit
during another time unit.

RDM can naturally exist in discrete space and time. In fact, it may exist only in discrete
space and time. As we know, the discontinuity and randomness of motion is absorbed into the
motion state defined during an infinitesimal time interval in continuous space and time. As a
result, the evolution law of the motion state will be essentially a deterministic continuous
equation. Then how can the randomness and discontinuity emerge? And how can the
spontaneity of motion present itself? If space and time are continuous, then the inherent
randomness of motion cannot be released. Since the 0-sized instants have no physical effects,
the randomness and discontinuity of motion cannot emerge through detectable physical effects.
This result seems very unnatural in logic, and contradicts one of our most basic scientific
beliefs, the minimum ontology. According to the principle, existence should display itself. If a
certain thing does exist, then it can be detected, whereas if a certain thing cannot be detected
essentially, then it does not exist. Furthermore, if the randomness and discontinuity of motion
cannot emerge, the spontaneity of motion cannot present itself either. This is also inconsistent
with the evidences of the spontaneity of motion in the microscopic world. Certainly, we can
assume there exists other possible sources of randomness, which revise the continuous
evolution equation by adding a random evolution term. This can be consistent with the
existing experience. However, the existence of RDM still contradicts the minimum ontology.
In addition, assuming two different kinds of randomness may not satisfy the requirement of
Occam’s razor. By comparison, it is more natural and simpler to assume the inherent

randomness of motion can emerge and generate the actual randomness and spontaneity of

and the randomness has no logical basis either.
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motion. Such process can happen in discrete space and time. There exists a minimum time
interval 7;, in discrete space and time. In contrast to the O-sized instants, the minimum
finite-sized intervals can have a physical effect. Concretely speaking, the object undergoing
RDM stochastically stays in a space unit L, during a time unit 7, , and such random stay

can have a small random effect on the evolution of RDM due to the finite duration of the stay.
Then during a longer time interval, such small random effect can continually accumulate to
generate the detectable randomness and spontaneity of motion.

In a word, we show that space and time may be actually discrete, and the real motion of

objects may be the RDM in discrete space and time.

1.7 AUnified Road to Reality

The basic task of physics is to study the motion of matter in space and time. What is the form
of space and time? And what is the form of motion? People have been trying to find the
answers of these questions. In this book, we will give a possible answer in terms of the
existing experience and theories, and further realize the unification of the basis of modern
physics.

We postulate that space and time are discrete, motion is discontinuous and random, and
the RDM in discrete space and time is the basic form of motion. On the basis of this postulate,
a unified theory of physics can be uniquely formulated by three parameters: space unit, time
unit and unit of motion. All physical quantities will be expressed by the combinations of them.
The theory will contain no constants. This is the beauty of unification. In the following, we

will briefly introduce the basic framework of the theory.
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1. Postulates

Space and time are discrete, and their quanta are respectively denoted by the space unit
L, and the time unit 7, . Motion is discontinuous and random, and its quantum is denoted
by the unit of motion 7 . The RDM in discrete space and time is called quantum motion.

The existing physical theories suggest that L, and 7, are respectively the double of
the Planck length and the Planck time, and 7 is the Planck constant divided by 27 . When

assuming the international unit system, the values of L, and 7, are approximately

3.2x10®m and 1.1x10*s, and the value of # is approximately 1.1x107*J-s. In
principle, their values can all assume the unit of number 1. Such unit system is called basic
unit system.

2. Deductions

2.1 Dynamical wave function collapse and quantum theory

In the non-relativistic domain, the evolution equation of quantum motion includes two
parts: the linear Schrodinger evolution term and the non-linear stochastic evolution term. The
former corresponds to Schrodinger’s equation in quantum mechanics, and the latter describes
the dynamical collapse of the wave function. This provides a complete quantum theory.

2.2 The constancy of the speed of light and special relativity

The speed of light can be expressed by the space unit L,, and the time unit 7,, namely

c¢=L, [T, . The discreteness of space and time will lead to the maximum and constancy of

the speed of light. This provides a logical foundation for special relativity. As a result, special

relativity will be replaced by the theory of special relativity in discrete space and time.
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2.3 The gravitational constant and general relativity

The gravitational constant can be expressed by the space unit L,,, the time unit 7,, and

the unit of motion 7, namely & =8xG/c* =2xL,T, Ih. This expression implies that

gravity may exist only in discrete space and time. As a result, general relativity will be
replaced by the theory of general relativity in discrete space and time.
2.4 The unification of quantum and gravity

The conflict between quantum theory and general relativity can be settled with the help
of quantum motion. As a result, the theory of quantum motion may provide a consistent

framework for the unification of quantum and gravity.

2.5 Charges and interactions

A basic charge can be constructed by using the space unit L, , the time unit 7,, and the

unit of motion 7, namely C,:\/EU-LU :\/hLU/TU =+/fic , and its interaction

potential energy is in inverse proportion to the distance between the charges. The charge of

the electromagnetic interaction can be expressed as a multiple of the basic charge, namely

e=~a-hc= \/;-C,, where « ~1/137 is the fine structure constant. Similarly, the
charges of weak interaction and strong interaction can also be expressed as a certain multiples
of the basic charge. The multiple denotes the coupling strength of the interaction, and may be

determined by the interplay of the charge and the actual vacuum.

2.6 Dark energy and the fate of our universe
The dark energy may originate from the quantum fluctuations of the discrete space-time

limited in our universe. The real form of dark energy will determine the future of our universe.

16



How Do Objects Move?

2.7 Unit of mass and the essential elements of matter

A unit of mass can be expressed by the space unit L, the time unit 7,, and the unit of

motion 7, namely M, =h/(L,c)=hT, | L,*. The size of a particle with a unit of mass is

the space unit L. Considering the size limitation of discrete space-time, the fundamental

particles with a unit of mass may be the essential elements of matter.

Most of the above deductions will be detailedly discussed in the following chapters. It
can be seen that space-time, motion, interaction and structure of matter will synthesize a
uniform picture of nature on the basis of quantum motion. It has a fetching beauty. Let’s now

enjoy it!
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CHAPTER 2

Motion in Continuous Space and Time

In this chapter we will give a detailed analysis of the random discontinuous motion (RDM) in
continuous space and time. It is shown that the wave function in quantum mechanics is a
mathematical complex describing the motion, and the simplest non-relativistic evolution
equation of such motion is just Schrédinger’s equation in quantum mechanics. This strongly
implies that what (linear) quantum mechanics describes is the RDM in continuous space and

time.
2.1 The Physical Definition

A strict definition of the RDM in continuous space and time can be given using three
presuppositions about the relation between the physical motion and the mathematical point set.
The definition is:

(1). Space and time are both continuous.

(2). A particle is represented by one point in space and time.

(3). The RDM of a particle is represented by a random discontinuous point set in space

and time®.

5 A random discontinuous point set is defined as a set of points (t,x) in continuous space and time, for
which the function x(¢) is discontinuous and random at all instants. The definition of a discontinuous
function is as follows. Suppose A is an open set in R (say an interval 4 = (a,b),or A=R), and
f 1 A—> N is a function. Then f* is discontinuous at x € A, if f is not continuous at X . Note
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The first presupposition defines the continuity of space and time. The second one defines
the existent form of a particle in continuous space and time. The last one defines the RDM of
a particle using the mathematical point set. Here the usual classical world-line of a particle is
replaced by a more general world-set. The physical picture of RDM is as follows. A particle is
in one position at each instant. The particle moves throughout the whole space with a certain
position distribution density during an infinitesimal time interval. The trajectory of the particle

is not continuous, but discontinuous and random everywhere.

2.2 The Mathematical Description

The mathematical description of RDM can be obtained by using the measure theory which
was first founded by the French mathematician Lebesgue in 1901 (cf. Morgan 1989; Cohn
1993; Nielsen 1994). According to the measure theory, the basic property of a random
discontinuous point set, which describes the RDM of a particle, is the measure of the point set.
By comparison, the basic property of a continuous line, which describes the continuous
motion of a particle, is the length of the line. In the following, we will give the mathematical
description of RDM. For simplicity, but without losing generality, we will mainly analyze the
one-dimensional motion in space and time which corresponds to the point set in

two-dimensional space and time.

that a function f : A — R is continuous if and only if for every x € A and every real number
& >0, there exists a real number ¢ >0 such that whenever a point z € A has distance less than O

to x,thepoint f(z) €N hasdistance lessthan & to f(x).
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We first analyze the mathematical description of the RDM of a single particle. Consider

the motion state of a single particle in finite intervals A¢ and Ax near a space-time point

(¢;,x;) as shown in Figure 5.

Figure 5 The description of the RDM of a single particle

According to the above definition of RDM, the position of the particle forms a random

discontinuous point set in the whole space for the time interval Az near the instant ¢,.
Accordingly, there is a local discontinuous point set in the space interval Ax near the
position x ;. The local discontinuous point set represents the motion state of the particle in
the finite intervals Az and Ax near the space-time point (z;, x;). We study its projection

in the #-axis, namely the corresponding dense instant set in the time interval Af. Let 7 be the

discontinuous trajectory or world-set of the particle and O be the square region
[x;,x,+Ax]x[t;,¢,+At]. The dense instant set can be denoted by 7,WNQO)c R,
where 7, is the projection on the s-axis. According to the measure theory, we can define the

Lebesgue measure:

My (8= ] dt 2.1)

7, WNQ)=R
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Since the sum of the measures of all such dense instant sets in the time interval A¢ is equal

to the length of the continuous time interval Af, we have:

DM yn (x;,8)=At (2.2)
j
Then we can define the measure density:

p(xvt):Aleno MAx,Az(x’t)/(Ax'At) (2-3)

At—0

The limit exists for a random discontinuous point set. This provides a strict mathematical
description of the point distribution situation for the above local discontinuous point set. We
call this measure density position measure density.

Since the local discontinuous point set represents the motion state of the particle, the
position measure density o(x,#) will be a descriptive quantity of the RDM for a single

particle. It represents the relative frequency of the particle appearing in an infinitesimal space

interval dx near position x during an infinitesimal interval df near instant ¢. From the

relation (2.2) we can see that o(x,t) satisfies the normalization relation, namely
+00

J‘ p(x,t)dx =1. Furthermore, we can define the position measure flux density j(x,?)

through the relation j(x,7) = p(x,¢)v(x,t), where v(x,t) is the velocity of the local

discontinuous point set. Due to the conservation of measure, o(x,¢#) and j(x,z) satisfy

the following equation:

op(xt) | 3i(n)
ot ox

(2.4)

The position measure density p(x,7) and the position measure flux density j(x,?)

provide a complete description of the RDM of a single particle.
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It is very natural to extend the description of the motion of a single particle to the motion

of many particles. For the RDM state of N particles, we can define a joint position measure

density p(xl,xz,...xN,t). This represents the relative probability of the situation in which
particle 1 is in position x,, particle 2 is in position x,, ..., and particle N is in position x, .

In a similar way, we can define the joint position measure flux density j(x,,x,,..x,,). It

satisfies the joint measure conservation equation:

QLR CAR P B 05
ot pr) ox,

When these N particles are independent, the joint position measure density

p(x;,x,,..xy,t) can be reduced to the direct product of the position measure density of

N
each particle, namely p(xl,xz,...xN,t):Hp(xi,t). It should be noted that the joint
i=1

position measure density p(xl,xz,...xN,t) and the joint position measure flux density
J(x,,x,,..x,,t) are not defined in the three-dimensional real space, but defined in the

3N-dimensional configuration space. This indicates that there exists some kind of similarity

between the given description of RDM and the wave function in quantum mechanics.
2.3 Two Kinds of Descriptions

As to the RDM of a particle, the particle is in one position at each instant, but during an
infinitesimal time interval the particle will move throughout the whole space with a certain
position distribution density. As a result, locality and non-locality coexist in RDM. Since the

motion state is defined during an infinitesimal time interval, there should also exist a non-local

description of the motion state besides the local position description p(x,7) and j(x,?).
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The non-local descriptive quantity will be a new quantity which is different from position. In
the following, we will give the non-local description of the RDM of a particle.

It is a reasonable assumption that, for a basic non-local state in which the non-local
guantity assumes a definite value, the particle will move throughout the whole space with the

same position distribution density. The position distribution density of such a non-local basis

will be p(x,#) =1. Using the relation j = pv and the measure conservation requirement

we find j(x,7) =v,, where v, is a constant velocity. Accordingly the definite value of the
non-local quantity must relate to the constant velocity. The relation can be written as
P, =mv,, where p, is a definite value of the non-local quantity denoted by p, and m

is a proportional coefficient. We call such non-local quantity momentum and the coefficient
mass. This is consistent with our present nomenclatures.

It can be seen that, for the particle with a constant momentum, its position will be not
limited in an infinitesimal space interval dx during an infinitesimal time interval dt, but
spread throughout the whole space with a constant position measure density. Thus momentum
is indeed one kind of non-local descriptive quantity of RDM. By comparison, position is one
kind of local descriptive quantity of RDM. Since there exists no velocity for a particle
undergoing RDM, its momentum no longer relates to a non-existent velocity of the particle,
but rather relates to the velocity of the whole discontinuous position set to some extent. As a
result, momentum and position are independent in nature. The existence of two kinds of
descriptive quantities is essentially due to the discontinuity of motion. For continuous motion
there is only one kind of local description, momentum and position are both local descriptive
quantities, in which momentum equals to the local velocity of a particle (i.e. the first

derivative of position with respect to time) multiplied by its mass.
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Since the position measure density o(x,¢) is not a constant for a general state of RDM,

the non-local description of such a state will be not one momentum, but some kind of
momentum distribution. This means that the general momentum (motion) state of a particle
during an infinitesimal interval is also a random discontinuous point set in momentum space.

Similar to the descriptive quantity position, we can also define the momentum measure

density f(p,t), which satisfies the normalization relation J‘jwf(p,t)dp =1°, and the

momentum measure flux density J(p,t). They satisfy the similar measure conservation

=0. As a simple but typical example, the momentum

equation 8f(ap,t) + a/(p.1)

p
descriptionis f(p,t)=6%(p— p,) and J(p,t)=0 for the above momentum basis with
one momentum p,, whose position description is p(x,#) =1 and j(x,?) = p,/m , where
f(p,t) satisfies the normalization relation J.j:f(p,t)dp :_[j:p(x,t)dx. Similarly, for
the position basis, whose position description is p(x,7) =57 (x —x,) and j(x,f) =0, the
corresponding momentum description is f(p,t) =1 and J(p,t)=J,, where J, is

determined by x,. Note that the symmetry between the position description and the

momentum description essentially results from the dialectic relation between locality and
non-locality coexisting in RDM. They not only are opposite each other, but also embody one
another. The non-local basis is composed of the local bases, while the local basis is composed

of the non-local bases.

+00 +00
® For the situation where the integrals I p(x,t)dx and J. f(p,t)dp are both infinite, the
+o0 +o0
normalization relation will be J. p(x,1)dx :I f(p,t)dp.
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Now we have two kinds of descriptive quantities: one is position, the other is momentum.
The position description p(x,7) and j(x,t) provides a complete local description of the
motion state. This we may call the local description of RDM. Similarly the momentum
description f(p,t) and J(p,t) provides a complete non-local description of the motion

state. This we may call the non-local description of RDM. Since at any instant the motion state
of a particle is unique, these two kinds of descriptions should be equivalent, and there should

exist a one-to-one relation between them, i.e., there should exist a one-to-one relation between
the position description p(x,2), j(x,#) and the momentum description f(p,?), J(p,t),

and this relation is irrelevant to the specific motion state.
In the following, we will try to find the one-to-one relation between the position
description and the momentum description. As we will see, the relation can further determine

the possible evolution equations of motion.
2.4 A Heuristic Derivation of the Schrodinger Equation

It can be seen that there exists no direct one-to-one relation between the position measure

density po(x,¢t) and the momentum measure density f(p,?). For example, we have

p(x,t)=1 and f(p,t)=6°(p— p,) for the momentum basis, and there is no a

one-to-one relation between them. Then in order to find the one-to-one relation, we need to

construct two proper integrative descriptions on the basis of the position description
p(x,1), j(x,t) and the momentum description f(p,2), J(p,t).

We first disregard the time variable ¢ or let ¢ =0. For the momentum basis, we have
p(x,0) =1, j(x,0)=p,/m and f(p,0)=35*(p—p,) ., J(p,0)=0. We need to
synthesize a proper position state function y(x,0) using 1 and p,/m and a proper
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momentum state function @(p,0) using 6°(p— p,) and 0, and find the one-to-one

relation between these two state functions. We assume the general form of the relation is:
w(x0) = [ o(p.OT(p,x)dp (26)

where T'(p,x) is the transformation function which is continuous and finite for finite p

and x. Since there are many kinds of synthesizing ways and correspondingly many kinds of

one-to-one relations, we here assume the existence of a linear one-to-one relation between the
proper synthesized state functions such as /(x,0) and ¢(p,0). The following analysis

will confirm this assumption. In addition, the proper synthesizing forms should be the same
for position description and momentum description due to the symmetry between these two

kinds of descriptions.

Since the function @(p,0) should contain a certain form of the element 5°(p — p,) .,

we may generally expand ¢@(p,0) as gz)(p,O):Zaié‘i(p—po). In addition, the

i=1l

function w(x,0) should contain the constant p,, and should be continuous and finite for
finite x in general. Since the terms besides the term J(p — p,) will lead to infiniteness,
the function @(p,0) can only contain the term J(p—p,) , and thus we get
@(p,0)=0(p— p,) . Whereas the function @(p,0) is generally complex, the simplest
integrative forms should be f(p,0) =| @(p,0)|* and p(x,0) =y (x,0) |*. Note that the

integrative forms £ (p,0) = @?(p,0) and p(x,0) = w?(x,0) permit no existence of a

one-to-one relation.
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The form of w(x,0) can be further obtained through analyzing the wave-like property
of the momentum basis. Consider the motion state with two different momenta p, and

— P, ,» whose momentum measure density is the same 1/2 for p, and — p,. We try to find
the corresponding position description of this state. First, the position measure density
£(x,0) cannot be a constant. If the position measure density is a constant, then the state of

motion can only contain one momentum due to the limitation of one-to-one relation, i.e., it
must be a momentum basis. This result has revealed some kind of superposition property of
RDM. For the motion state with two momenta, its position measure density is not the direct
mixture of the position measure densities of the motion states with each of these two momenta.
Secondly, since the momentum description only contains one parameter, the position
description should also contain one parameter due to the existence of one-to-one relation

between them. There are two possible forms for the position measure density: one is a

nonperiodic space function concentrating in a local region, whose characteristic width W, is
determined by p,, the other is a periodic space function extending the whole space, whose
period L, is determined by p,. Since when p, >0, p(x,0)—>1, the characteristic
width W, and the period L, are both inversely proportional to p,. In addition, when
Po >, Wy—0, and the first form of position measure density will approach a o
function such as 0°(x), whose corresponding momentum measure density is f(p,?) =1,
thus the first form is excluded. Accordingly the position measure density o(x,0) can only
be a periodic space function extending the whole space, whose space period L, is inversely

proportional to p, . It likes one kind of standing wave. Since each momentum basis has a
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constant position measure density distributing throughout the whole space, it may be very
natural that the superposition of two momentum bases has a periodic position measure density
distributing throughout the whole space, whose period is determined by the momenta in
superposition.

The above analysis implies that the proper state of motion with one momentum p,
must also contain a space period L, in some way, and should be like one kind of traveling

wave, although such periodicity is not revealed in the position measure density and the

position measure flux density. Considering the relation p(x,0) = w(x,0) |°, the simplest
form of the momentum basis will be w(x,0) = Ae”'"  where 4= p*?(x,0) and 7% is

a constant quantity with dimension J-s. Its space period is L, =7%/p,. Just as the

superposition of two traveling waves spreading in opposite directions forms a standing wave,
the above state with two momenta in opposite directions indeed has a static periodic position

measure density. For simplicity we let 7 =1 in the following discussions unless state
otherwise.

Now we can get the simplest one-to-one relation for momentum bases:
w(x.0) = [ p(p.0)e™dp (2.7)
where (x,0) =e™" and @(p,0)=5(p— p,). This relation mainly results from the

essential equivalence and symmetry of the local position description and the non-local

momentum description of RDM.

In order to find how the time variable ¢ is included in the functions /(x,#) and

@(p,t), we need to consider the superposition of two momentum bases:

2 ipX—i i —i[c c
l//(x,t) :g [etpx lc(t)+et(p+Ap)x [e(t)+As (t)]] (28)
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1
Its position measure density is o(x,?) :E[1+ cos(Ac(t) — Apx)]. When Ap — 0, we
have p(x,t) > 1, j—>p£ and Ac(¢) > 0. Then using the measure conservation
m

relation we can obtain dc(¢) = dpﬁt. As to the nonrelativistic situation where the mass m
m

2 2

is a constant quantity, we have c(¢) = g—t. We define E = P2 as the energy of a free
m

2m

particle in the nonrelativistic domain. Thus as to any momentum basis we have the

ipx—iEt

time-included formula w(x,¢) =e , and the complete one-to-one relation is:

+00 . .
w(xn)=[ op.0e™ " dp 29)
Since the one-to-one relation between the position description and the momentum description
is irrelevant to the specific motion state, the above one-to-one relation for the momentum

bases should hold true for any motion state.

In fact, there may exist more complex forms for the state functions w(x,?) and
@(p,t) . For example, they are not the above simple number functions, but multidimensional
vector functions such as w(x,7)= (y,(x,2), w,(x,2), ..., w,y(x,2)) and @(p,?)=
(o.(p,t), ¢,(p,t), ..., @y(p,t)). However, the above one-to-one relation still holds

true for each component function, and these vector functions still satisfy the above modulo

N N
square relations, namely p(x,?) = Zl w.(x,t)|° and f(p,t) = Zl @, (p,t)° . These

i=1l i=1l

complex forms will describe the particles with more inner properties such as charge and spin
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etc. For example, as to the particles with spin 1/2 such as electrons, we have N = 4 and
3 2

px1) = |y, (x0) 7.
i=1

Now we can finally work out the simplest nonrelativistic evolution equation of RDM.

ipx—iEt

First, as to the momentum basis w(x,?) =e , we can find its nonrelativistic evolution

2
equation using the above definition E = P :
m

R 0wy 1 oly(xi)

2.10
ot 2m  0%x (2.10)

Here we have included the constant quantity 7. Owing to the linearity of the evolution
equation, it also holds true for the linear superpositions of momentum bases, which are all
possible motion states due to the completeness of the momentum bases. Alternatively we can
say that it is the free evolution equation of RDM.

Secondly, we will consider the evolution equation of RDM under an external potential’.

Since potential is a classical description of interaction, we need to consider the average

display of RDM. In the classical nonrelativistic domain, we have dp/dt =—0U | 0x , where
U(x,t) is an external potential. As to RDM, this formula is an average form, which can be
expressed as d{p)/dt =(—0U /ox), where (—0U /ox) = fm(—éUlax) - p(x,t)dx ,

(p) :J‘jwp-f(p,t)dp. In order to satisfy this relation, the evolution equation of RDM

under an external potential should be:

" Different from the derivation of the free evolution equation, the derivation of the evolution equation in the
presence of an external potential is not fundamental. In principle, we should derive the equation from the
basic form of interaction. See Chapter 8 for a detailed analysis.
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R 0wt 1 Oly(xi)

+U(x,)y(x,t 2.11
P om0k (x, )y (x, 1) (2.12)
For three-dimensional situation the equation will be
= 2
z‘hM = —h—Vzw(?c,t) +U (X, )y (X,1) (2.12)
ot 2m

This is the simplest nonrelativistic evolution equation of RDM. It can be seen that it takes the
same form of Schrodinger’s equation in quantum mechanics. In this meaning, we have derived

the Schrddinger equation in quantum mechanics.

2.5 The Wave Function is a Complete Description of the Motion

One of the results of the above analysis is that the state function /(x,?) provides a

complete description of RDM. According to the above evolution equation, the state function

w(x,t) can be expressed by the position measure density p(x,7) and the position measure
flux density j(x,?), namely
l//(x t) pl/2 iS(x,t)ln (213)

I Jj(x 1)

where S(x,t)=m
* p(x 1)

———dx +C This is actually the proper integrative form of the

position description. On the other hand, the position measure density o(x,¢) and the

position measure flux density j(x,#) can also be expressed by the state function w(x,?),

namely

p(x,t) =l y(x,0) (2.14)

ho, .0 o~
(_'/’_L)

i(x,t) =—— 2.15
J(x,1) 5 P (2.15)
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Accordingly there exists a one-to-one relation between p(x,?), j(x,¢) and w(x,z) when
omitting the absolute phase. Since the position measure density o(x,#) and the position
measure flux density j(x,z) provide a complete description of RDM, the state function

w(x,t) also provides a complete description of RDM.

2.6 The Meaning of the Theory

The sameness between the simplest nonrelativistic evolution equation of RDM and
Schrédinger’s equation in quantum mechanics strongly suggests that what (linear) quantum
mechanics describes is RDM. However, before reaching a definite conclusion we need to
understand the meaning of the theory of RDM in continuous space and time. This means that
we must talk about measurement.

One subtle problem is what happens during a measurement process. There exist only two
possibilities. One is that the measurement process still satisfies the above evolution equation
of RDM or Schrédinger’s equation, the linear superposition of the state function can hold all
through. This possibility corresponds to the many-worlds interpretation of quantum mechanics
(cf. Everett 1957; DeWitt and Graham 1973). The other is that the measurement process does
not satisfy the above evolution equation of RDM or Schrédinger’s equation, the linear
superposition of the state function is destroyed due to some unknown causes. The resulting
process is often called the collapse of the wave function. Certainly, the above two possibilities
can be tested in experiments. But unfortunately it is very difficult to distinguish them by using
present technology. In the following, we will give a brief theoretical analysis of them.

As to the first possibility, the RDM in continuous space and time provides a physical
picture for many-worlds interpretation. The particle discontinuously moves throughout all the

parallel worlds during a very small time interval or even an infinitesimal time interval. This
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clearly shows that these parallel complete worlds exist in the same space and time. At the
same time, the measure density of the particle in different worlds, which can be strictly
defined for RDM, just provides an objective origin of the measure of different worlds. Thus
the visualizing physical picture for the many-worlds is one kind of subtle time-division
existence, in which each world occupies one tiny part of the continuous time flow. The
occupation way is discontinuous and random in essence, i.e., the whole time flow for each
world is a dense instant set, and all these dense time sub-flows constitute a whole continuous
time flow. In this meaning, the many-worlds are the most crowded in time!

Even though the above many-worlds picture can exist in a consistent way for the
particles and measuring apparatus, a hard problem does appear when considering the
conscious observer. Why does the observer continuously perceive only one definite world
while he is discontinuously moving throughout the many-worlds? This would appear to be
inconsistent with our basic scientific belief that our conscious perception is a correct reflection
of the objective world. A theory of consciousness may be needed to solve the observer
problem. This seems very unnatural.

As to the second possibility, RDM may provide a natural random source for generating
the dynamical collapse of the wave function. In addition, it has been argued that gravity may
be the cause of the collapse of the wave function (cf. Penrose 1996), and that the Planck
energy or the Planck time may relate to the process (cf. Percival 1994; Hughston 1996; Fivel
1997b; Gao 2000, 2006b). Accordingly the RDM in discrete space and time may provide a

physical basis for the dynamical collapse theory.
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CHAPTER 3

Motion in Discrete Space and Time

Whereas space and time may be actually discrete, we further analyze the random
discontinuous motion (RDM) in discrete space and time. It is shown that the evolution of such
motion may naturally lead to the dynamical collapse of the wave function, and this collapse
will finally bring the appearance of continuous motion in the macroscopic world. This

provides a uniform realistic picture of the microscopic and macroscopic worlds.
3.1 The Existence of Discrete Space and Time

Quantum theory and general relativity are both based on the continuous space-time
assumption. However, the appearance of infinity in quantum field theory and singularity in
general relativity has implied that space-time may be not continuous but discrete. In fact, it
has been widely argued that the proper combination of quantum theory and general relativity
may inevitably result in the discreteness of space-time. For example, the formula of black hole
entropy has implied that space and time may be discrete. The entropy of a black hole is:

A

S =
4L,°

(3.1)

where A is the area of the black hole horizon, L, is the Planck length. In addition, the

discreteness of space-time appears more clearly in the generalized uncertainty principle (GUP)

(cf. Garay 1995; Adler and Santiago 1999):
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ho 2L *Ap
Ax = Ax,y, + Axgy > 250 + ”h (3.2)

The first term denotes the position uncertainty from quantum mechanics, and the second term

denotes the position uncertainty from general relativity. Their combination results in the

existence of a minimum finite position uncertainty Ax;, =2L,. In a similar way, the

resulting minimum finite time uncertainty is A, = 2T, .

The basic physical definition of discrete space-time can be given as follows. In the

discrete space and time, there exist a minimum time interval 7,, =27, and a minimum

5

Gh Gh
space interval L, =2L,, where T,=(—)"? and L,=(—)"? are respectively the
c c

Planck time and the Planck length. Any physical being can only exist in the space region not

smaller than the minimum space unit L,,, and any physical becoming can only happen during

a time interval not shorter than the minimum time unit 7;,. As a result, there exists no any

deeper space-time structure beneath the minimum space-time sizes. Any space and time
differences smaller than the minimum length and minimum time interval are in principle
undetectable, i.e., the space-times with a difference smaller than the minimum sizes are
physically identical®.

The discreteness of space-time is a very strong restriction. As we will see, it may result in

the happening of the dynamical collapse of the wave function.

8 1t should be noted that the discreteness of space-time is essentially one kind of quantum property due to the
universal existence of quantum fluctuations, and thus the space-times with a difference smaller than the

minimum sizes are not absolutely identical, but nearly identical in physics.
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3.2 Discreteness of Space and Time May Result in Quantum Collapse

Quantum measurement problem is the fundamental problem of quantum theory. The theory
does not tell us how and when the measurement result appears. As Bell (1993) said, the
projection postulate is just a makeshift. In this sense, the existing quantum theory is an
incomplete description of reality. Therefore it is natural to consider the continuous
Schrodinger evolution and the discontinuous wave function collapse as two ideal
approximations of a unified evolution process. The new theory describing such unified
evolution is generally called revised quantum dynamics or dynamical collapse theory. It has
been widely studied in recent years (cf. Ghirardi, Rimini and Weber 1986; Pearle 1989; Diosi
1989; Ghirardi, Pearle and Rimini 1990; Percival 1994; Penrose 1996; Hughston 1996; Gao
2000, 2006b).

An important problem of revised quantum dynamics is the origin of wave function
collapse. It may be very natural to guess that the collapse of the wave function is induced by
gravity. The reasons include: (1) gravity is the only universal force being present in all
physical interactions; (2) gravitational effects grow with the size of the objects concerned, and
it is in the context of macroscopic objects that linear superpositions may be violated. The
gravity-induced collapse conjecture can be traced back to Feynman (1995). In his Lectures on
Gravitation, he considers the philosophical problems in quantizing macroscopic objects and
contemplates on a possible breakdown of quantum theory. He said, “I would like to suggest
that it is possible that quantum mechanics fails at large distances and for large objects ...it is

not inconsistent with what we do know. If this failure of quantum mechanics is connected with

gravity, we might speculatively expect this to happen for masses such that GM > [ ic =1, of

M near 10™° grams”.
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Penrose (1996) further strengthened the gravity-induced collapse argument. He argued
that the superposition of different space-times is physically improper, and the evolution of
such superposition cannot be defined in a consistent way. This requires that a quantum
superposition of two space-time geometries, which corresponds to two macroscopically
different energy distributions, should collapse after a very short time. Penrose’s argument
reveals a profound and fundamental conflict between the general covariance principle of
general relativity and the superposition principle of quantum mechanics. According to general
relativity, there exists one kind of dynamical interrelation between motion and space-time, i.e.,
the motion of particles is defined in space-time, at the same time, space-time is determined by
the motion of particles. Then when we consider the superposition state of different positions
of a particle, say position 4 and position B, one kind of logical inconsistency appears. On the
one hand, according to quantum theory, the valid definition of such superposition requires the
existence of a definite background space-time, in which position 4 and position B can be
distinguished. On the other hand, according to general relativity, the space-time, including the
distinguishability between position 4 and position B, cannot be predetermined, and must be
dynamically determined by the position superposition state. Since the different position states
in the superposition determine different space-times, the space-time determined by the whole
superposition state is indefinite. Then an essential conflict between quantum theory and
general relativity does appear. Penrose believed that this conflict requires that the quantum
superposition of different space-times cannot exist in a precise way, and should collapse after
a very short time. Thus gravity may indeed be the physical origin of wavefunction collapse.

In this section, we will give a new argument supporting a gravitational role in quantum
collapse. It will be demonstrated that the discreteness of space-time, which results from the
proper combination of quantum theory and general relativity, may inevitably result in the

dynamical collapse of the wave function. Moreover, the minimum sizes of discrete space-time
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also yield a plausible collapse criterion consistent with experiments. This analysis will
reinforce and complete Penrose's argument.

We will first point out one possible deficiency in Penrose’s argument (Gao 2006b). As we
think, his argument may inevitably fail in continuous space-time. If space-time is continuous,
then the space-times with arbitrarily small difference are physically different. Since the
guantum superposition of different space-times is physically ill-defined due to the conflict
between general relativity and quantum mechanics, such state cannot exist in reality. Thus the
guantum superposition of two space-times with a very small difference such as the
superposition states of microscopic particles cannot exist either. This does not accord with
experience. However, if space-time is discrete, and there exist a minimum time interval and a
minimum space interval, then Penrose's argument can be reinforced and thus can succeed. In
short, the discreteness of space-time may cure the above deficiency in Penrose’s argument.
The key point is that two space-times with a difference smaller than the minimum sizes are the
same in physics in discrete space-time. Thus their quantum superposition can exist and
collapse after a finite time interval. Only the quantum superposition of two space-times with a
difference larger than the minimum sizes cannot exist, and should collapse instantaneously.
Such dynamical collapse of the wave function can accord with experience.

In order to make our prescription be precise, we need to define the difference between

two space-times. As indicated by the generalized uncertainty principle, namely the formula

L *AE
(3.2), the energy difference AE corresponds to the space-time difference ‘;l— Then
c

as to the states in quantum superposition with energy difference AE', the difference between
_ _ _ _2L°AE
the space-times determined by the states may be characterized by the quantity h— . The
c
physical meaning of such space-time difference can be further clarified as follows. Let the two
energy eigenstates in the superposition be limited in the regions with the same radius R (they
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may locate in different positions). Then the space-time outside the region can be described by

the Schwarzschild metric:

ds’® = (1—r—s)’ldr2 +7r2dO% +r°sin@*dep’ — (l—r—S)czdt2 (3.3)
7 r

where 1y =——

c

is the Schwarzschild radius. By reasonably assuming that the metric

tensor inside the region R is the same as that on the boundary, the proper size of the region is

R
L=2f (1—%5)-“%1;/ (3.4)

0
Then the space difference of the two space-times in the superposition inside the region R can

be characterized by

R 2
A 2L *AE
AszidrzArS:"— (3.5)
5 R fic

This result is consistent with the generalized uncertainty principle. Accordingly as to the states
in quantum superposition, we can define the difference of their corresponding space-times as
the difference of the proper spatial sizes of the regions occupied by the states. Such difference
represents the fuzziness of the point-by-point identification of the spatial section of the two
space-times. As a result, the space-translation operators are not the same for the two
space-times. In comparison with Penrose (1996)'s definition of acceleration uncertainty, our
definition may be regarded as some kind of position uncertainty in the superposition of
space-times. Such uncertainty does not depend on the spatial distance between the states in the
superposition. A detailed comparison of them will be given in the next section.
The space-time difference defined above can be rewritten as the following form:
AL AE (3.6)
L, E,
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where E,= hlT, is the Planck energy. This relation seems to indicate some kind of

equivalence between the energy difference and the difference of space-times defined above.
However, it should be stressed that they are not equivalent for general situations. In physics, it
is the difference of space-times, not the energy difference in the superposition that results in
the dynamical collapse of the wave function. In addition, the proper size of the region
occupied by a state is not solely determined by the energy of the state, but determined by the

energy distribution of all entangled states. The latter determines the metric tensor inside the

region. For example, as to the entangled state @, +y, @, , the difference of the proper sizes
of the regions occupied by the states y;, and y, is also influenced by the energy

distribution of the entangled states ¢, and ¢,. Some concrete examples will be given in

Section 3.4.

Now we can give a collapse criterion in terms of the above analysis. If the difference of
the space-times in quantum superposition is equal to the minimum space unit L, the
superposition state will collapse to one of the definite space-times within the minimum time

unit 7;, . If the difference of the space-times in quantum superposition is smaller than L,

the superposition state will collapse after a finite time interval larger than 7;,. As a result, the

superposition of space-times can only possess a space-time uncertainty smaller than the
minimum space unit in discrete space-time. If such uncertainty limit is exceeded, the
superposition will collapse to one of the definite space-times instantaneously.

Lastly, we note that the above collapse criterion is also consistent with the requirement of
discrete space-time. This can be seen from the analysis of a typical example. Consider a

guantum superposition of two energy eigenstates. The initial state is
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w(x,0) :%[col(x)wz 1 (37)

where @, (x) and ¢,(x) are two energy eigenstates with energy eigenvalues E,; and
E, . According to the linear Schrédinger evolution, we have:

1 —iEtlh

l//(xvt) :E [e

—iEytIh

o (x)+e ?,(x)] (3.8)

and
p(x,0) =y (x,1) = %[(012 () +@," (X) + 20, (), (X)COS(AEIR - 1)]  (3.9)

This result indicates that the position measure density o(x,z) will oscillate with a period

T =hlAE in each position of space, where AE = E, — E, is the energy difference of the

energy eigenstates in the superposition. If the energy difference AE exceeds the Planck

energy Ep , the difference of the corresponding space-times will be larger than the minimum
space unit L, , and the superposition state cannot exist according to the above collapse
criterion. This means that the position measure density p(x,¢) cannot oscillate with a period
shorter than the minimum time unit 7;,. This result is consistent with the requirement of

discrete space-time. In discrete space-time, the minimum time unit 7;, is the minimum

distinguishable size of time, and no change can happen during a time interval shorter than

T,.
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3.3 A Model of Wavefunction Collapse in Discrete Space and Time

It is well known that a chooser and a choice are needed to bring the required dynamical
collapse of the wave function (cf. Pearle 1999). According to the above analysis, the choice
should be the energy distribution which determines the space-time geometry. Then who is the
chooser? In this section, we will try to solve the chooser problem, and propose a model of
wavefunction collapse in discrete space-time in terms of the new chooser and choice.

In the usual wavefunction collapse models, the chooser is generally an unknown random
classical field. However, such models may have some inherent problems concerning the
chooser. For example, when the classical field is quantized, its collapse will need another
random classical field. The process is an infinite chain, which is very similar to the von
Neumann (1955)’s infinite chains of measurement. As a result, these models cannot explain
where the intrinsic randomness originates from. In order to cut the infinite chain, it is more
reasonable that the randomness of the collapse process originates from the wave function itself.
It has been argued that the probability relating to the wave function is not only the display of
the measurement results, but also the objective character of the motion of particles (cf. Bunge
1973; Shimony 1993). Thus it is not unreasonable to assume that the motion of particles
described by the wave function is an intrinsic random process. As we have demonstrated, what
the wave function describes is indeed the RDM. Then the randomness of the wavefunction
collapse process may result from such random motion of particles, i.e., the chooser may be the
RDM described by the wave function. In such a model, the motion of particles naturally
provides a random source to collapse the wave function describing the motion, and the
dynamical collapse of the wave function is just an inherent display of the motion. This point
of view is very natural and simple. In the following, we will propose a model of wavefunction

collapse in terms of the new chooser.
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We first give a general picture of the collapse process resulting from RDM. The particle

undergoing RDM stochastically stays in a space unit L,, near a position x during a time unit
1, near an instant 7. The probability of the stay satisfies the position measure density
p(x,1) . Such stay near a position x will change the position measure density o(x,¢) inthe
position x. Then during a finite time interval much larger than T;,, the position measure

density p(x,7) will undergo one kind of stochastic collapse evolution resulting from the
random stays. If there is an ensemble of particles with the same initial position measure
density p(x,0), then the collapse evolution result of each particle will be that the particle is

in a random position, i.e., the position measure density is one in that position and zero in other

positions, and the position probability distribution of the particles in the ensemble satisfies the
initial position measure density p(x,0).

We then analyze the influence of the RDM on the wave function. As a typical example,

we study a simple two-level system whose initial state is

lw,0>=,/P,(0) |E, >+,P,(0) | E, > (3.10)

where | E; > and | E, > are two energy eigenstates with eigenvalues E, and E,,
P,(0) and P,(0) are the corresponding measure densities or probabilities which satisfy the

conservation relation P,(0)+P,(0)=1. Since the linear Schrodinger evolution does not

change the probability distribution, we can only consider the influence of dynamical collapse

on the probability distribution. As to the RDM described by the above state, the energy of the

particle assumes E, or E, in a random way, and the corresponding probability are

respectively P,(0) and P,(0) at the initial instant. In other words, the particle is in state
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| E, > with probability P,(0), and is instate | £, > with probability P,(0) at the initial
instant. In discrete space-time, this means that at the initial instant the particle stays in state

| E;, > for a time unit 7,, with probability P,(0), and stays in state | £, > for a time
unit 7,, with probability P, (0).
Assume after the particle stays in state | £, > foratime unit 7,,, P,(t) turnsto be
P,(t+T,)=P(t)+AP, (3.11)

where AP, is a functional of P (t). Due to the conservation of probability, P, (t)

correspondingly turns to be

P, (t+T,) =P, (t) - AP, (3.12)
The probability of this stay is p(E,,t) = P,(t) . Similarly, we assume after the particle stays
instate | £, > foratimeunit 7,,, P,(t) turnsto be
P,,(t+T,)=P,(t)+ AP, (3.13)
P,(t) correspondingly turns to be
P,(t+T,) =P, (t)—AP, (3.14)

The probability of this stay is p(E,,t) =P, (t).

We can work out the diagonal density matrix elements of the evolution:

pll(t"'Tu):Zz:p(Eivt)'Pli(t+Tu)

=P ([P, (1) + AP, ]+ P, (t)[P, (1) — AP, ]
=P, (t) + [P, (t)AP, — P, (t)AP, ]
= pi; (V) + [P, (AP, — P, (1) AP, ] (3.15)
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P (T+Ty) = pgyp (1) +[P, () AP, — P, (1) AP, ] (3.16)
Since the probability distribution of the collapse results should satisfy the Born’s rule in
guantum mechanics, we require o, (t+T,)=p,(t) and p,(t+T,) = p,(t). In

such a way, the probability distribution of the collapse results can reveal the actual measure
density of the state. This is a natural requirement when considering the validity of

measurement. Then we can obtain the following relation:
P,AP, —P,AP, =0 (3.17)
Using the conservation relation P, + P, =1, this relation can be rewritten as follows:

AR AP
1-P 1-P,

(3.18)

When the superposition state contains » branches, the above requirement will lead to the

following equations set:

P.AP,
AP _ J J =O
(ot Z1—P4

Jj#l

P AP,
AR -2 p =0

Jj#2

AP _Z_lf_ P.‘/ ~0 (3.19)

where ZPl. =1, and j, j denotes the branch states. Here we assume that the increase AP,

1
1

of one branch comes from the scale-down of the other branches, where the scale is the
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probability Pj of each of these branches. By solving this equations set, we find the

following relation:

AP, AP, AP
= ===k (3.20)
1-P 1-P, 1-P,

where k£ €[0,1] is an undetermined dimensionless quantity. This is an important relation

describing the dynamical collapse of the wave function in discrete space-time.
By using the above relation, we can further work out the non-diagonal density matrix

elements of the evolution:

Pt T) = D P(E D VP T+ T) P+ )

= P, ()/P (1) + AP, [P, (1) = AP, + P, (1){/P,(t) — AP, /P, (t) + AP,
= (1-5K)pa () (3.21)

1
P (t+Ty) ~ (-7 k?)p, (t) (3.22)

When assuming k is approximately a constant quantity during the collapse process we have:

1
P (t) = [1- 2 k?]"™ P12(0) (3.23)
1 . . .
Let p, (1) ZE P, (0), we can obtain the appropriate collapse time formula:

~—T, (3.24)

According to the collapse criterion obtained in the last section, the factor & is a functional

of the space-time difference AL. When AL =0, collapse never happens, thus we have
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AP =0, k=0. When AL =L, collapse happens within the minimum time unit 7,

thus we have AP, =1-P,, k =1. Then when assuming the differentiability of the function

k(AL) and considering the dimensional relation we can obtain:

KAL) =Y k0 (0)- (ﬁi)‘ (3.25)

L
When k®(0)=0 and k®(0) 0, the collapse time 7, ~ (Ep)4 -T, is too long to be

consistent with experiments. Thus we can get the factor % in the first rank®:

p= AL (3.26)
LU

Here we omit the dimensionless constant k™ (0) which is generally in the order of one.

Then the collapse time formula is:
Ly,2
=20 Ty (3.27)

During the dynamical collapse process, when the particle stays in the state | £, > for a time

unit 7,,, P,(t) turnsto be
AL
AP, (t) =—[1-P, ()] (3.28)
I—U
By using the equivalent relation (3.6) for the superposition state of two energy eigenstates, we
can rewrite the above formulae as follows:

2NE,
T, =
(AE)*

(3.29)

® How to determine the final form of k is a left problem.
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AP, (1) = 22 [L- P, (1) (330)

P

For a general energy superposition state, AE may be defined as the squired energy

uncertainty of the state:

AE =[) P(E,-E)]"? (3.31)
where E = ZP,-E,- is the average energy of the state. As a result, the collapse time will

generally relate to the initial energy probability distribution of the state.

We give some comments on the above collapse model. First, even though the collapse
time formula is the same as that in the energy-driven collapse models (e.g. Hughston (1996))
for some special situations such as the above energy superposition state, our collapse model is
essentially different from the energy-driven collapse model. In our model, the choice is the
energy distribution, while the choice is the whole energy in the energy-driven collapse models.
This has been stressed in the definition of the space-time difference AL in the last section.
Such difference can also be clearly seen in the common position measuring situation, which
will be discussed in the next section. The energy-driven collapse model cannot account for the
appearance of definite macroscopic measurement results (cf. Pearle 2004), while our collapse
model can do.

Next, we give an analysis of the relation between the above collapse time formula and
that proposed by Penrose (1996). In Penrose's gravity-induced collapse model, the collapse
time formula is 7, zi where AFE is the gravitational self-energy of the difference

G

between the mass distributions belonging to the two states in the superposition

AE, = %I(chz —V®,)%dx? (3.32)

49



Motion in Discrete Space and Time

where @, and @, are the Newtonian gravitational potentials of the two states, and G is

Newton’s gravitational constant. When the states in the superposition are in the same spatial

region with radius R, we have

G(AE)*
4
7, ~ h ChR2= L T, (3.34)
AE;  G(AE) i(ﬁ)z
R E,

. . /L AE _ .
In our collapse model this requires &k =~ ?P— This term comes from some kind of

P

acceleration uncertainty in the superposition of space-times according to Penrose's analysis.

By comparison, our choice k~— comes from the position uncertainty in the
P

superposition of space-times. We may consider the former as a 1/2 rank O(LP”Z)

correction of the latter. Its existence also implies that a term of zero rank O(1) ~ E_ may
P
exist. In fact, the only existence of Penrose's term may contradict the discreteness of

space-time as implied from the analysis in the last section. Since Penrose's term is extremely
smaller than ours in most situations where R >> L, it can be omitted in our collapse model.

In addition, we note that Penrose's collapse time formula seems to be not right for the
situations where the energy eigenstates in the superposition are in different spatial regions. His
formula predicts that such superposition should collapse in the Newtonian limit, but Christian

(2001) had reasonably argued that the superposition does not collapse.
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Lastly, we stress that the above collapse model has some new reasonable characters, and
may have some advantages over the existing collapse models. The assumed collapse evolution

in the existing collapse models can be generally written as follows (cf. Pearle 1999):

1 2 1 2
———[B(t)-24ta,] ———[B(t)-24ta,]
|A,t>=,/P (0)e “A |a, >+./P,(0)e ** Y la, > (3.35)

where B(t) is a classical Brownian motion function, and 1 is a parameter determining the

collapse rate. The probability density of B(?) is:

! B 22 ? ! 22 ?
——~ [B(t)-2Ata ——~ [B(t)-2Ata
211[ ® ' 211[ ® 2]

P.(B)=<At|At>=P,(0) e ' +P,(0) e (3:36)

First, in our collapse model the chooser is not an unknown random classical field, but the
RDM described by the wave function itself. The normal linear evolution and the dynamical
collapse of the wave function form a complete evolution of the RDM. This seems more
natural and simpler. Secondly, the dynamical collapse process proceeds gradually all the time
in our collapse model. Especially when the collapse process approaches completion, the RDM
still changes the whole probability distribution gradually. Whereas in the existing collapse
models, the change of the whole probability distribution resulting from the assumed noise
turns to be very large when the collapse process approaches completion, although such change
happens with a very small probability. This way of change seems very unnatural. In this
meaning, the collapse dynamics in our model can be regarded as an improved version of
Pearle's gambler's ruin game dynamics (cf. Pearle 1999), which is the basis of the existing
collapse models. Thirdly, the dynamical collapse equation can be uniquely determined by the
RDM in our collapse model. The uniqueness of the collapse law may imply the validity of the
model. Lastly, our model is essentially discrete, and has no corresponding formulation in
continuous space-time. Its validity strongly relies on the discreteness of space-time, which is
an inevitable result of the proper combination of quantum theory and general relativity.
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3.4 Some Considerations of the Consistency with Experiments

In our collapse model, the preferred bases are the energy eigenstates, namely the stationary
solutions of Schrodinger’s equation. Such states correspond to the definite space-time
geometries. This is not inconsistent with the microscopic experiments. Even though there is a
large spatial spreading for each energy eigenstate, their superposition may have very small
spatial spreading. Since the energy uncertainty of such superposition can be very small, its
collapse time will be very long. Thus the quantum state with small spatial spreading can still

hold throughout the duration of usual experiments. For example, as to a quantum state with

spatial spreading Ax ~ 0.1um, its energy uncertainty can be as small as AE ~1el) when

satisfying Heisenberg’s uncertainty relation, and the collapse time is 7, = 10%s.

In addition, our collapse model does not contradict the macroscopic experiences either.
The environmental influence will result in a large energy uncertainty in the gquantum
superposition of localized states, and thus collapse the superposition to one of the localized

states very soon. As a result, the macroscopic objects can always be localized due to the

environmental influence (cf. Adler 2001). For example, for a common object of size 10%cm

in the atmosphere at standard temperature and pressure, one nitrogen molecule accretes in the

object during a time interval of 107%s in average (cf. Redhead 1996; Adler 2001). Thus the

energy uncertainty resulting from the accretion fluctuation is AE ~ 28Gel (corresponding

to the mass of a nitrogen molecule) for a superposition of two localized states of the object
separated by the distance 10%cm, and such superposition will collapse to one of the

localized states after atime 7, ~107°s.

In the following, we analyze a typical position measurement experiment in terms of our

collapse model. Consider an initial state which describes a particle in the superposition of two
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locations (e.g. a superposition of two gaussian wavepackets separated by a certain distance).
After the usual measurement interaction, the position measuring apparatus evolves to a

superposition of two macroscopically distinguishable states:
(LWL +C W) Py = €L Y11 +C W0, (3.37)

where ., w, are the states of the particle in different locations, ¢, is the initial state of
the position measuring apparatus, and ¢,, ¢, are the different outcome states of the

apparatus. For an ideal measurement, the two particle/apparatus states y,¢, and v,,

have precisely the same energy spectrum (cf. Pearle 2004). However, since different
measurement results appear in different positions of the apparatus, the two particle/apparatus
states do possess different energy distribution. For example, different position states of a
photon in a superposition are detected in different positions of a photographic plate, and they

interact with different AgCl molecules in these positions. Thus we should rewrite the
apparatus states as @ = 7,(0)25(0). ¢ =2, Mxs0). ¢, = 2,(0) ;@) where

x4(0) and x,(0) respectively denote the initial states of the apparatus in positions 4 and

B, y,(1) and yx,(1) respectively denote the outcome states of the apparatus in positions 4
and B. Such description clearly shows that different outcome states of the apparatus possess
different energy distributions. Then we have

(s +ey,) 24 (0) 15(0) = ey (D (0) + e, 7, (0) 1, (V) (3.38)

Since there always exists a certain measurement amplification from the microscopic state

to the macroscopic outcome in common measurement process, there will be a large energy
difference between the states y,(0), x,(0) and y,(1), (). This means that the

apparatus states in the superposition possess very different energy distributions in positions 4
and B, and the space-times in the superposition are also very different in these positions. Such
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difference will result in the proper quantum collapse in the measurement process according to
our collapse model. As a typical example, for a photon detector such as avalanche photodiode,
its energy consumption is sharply peaked in the very short measuring interval (cf. Berg 1996).
One type of avalanche photodiode operates at 10° cps and has a mean power dissipation of
4mW (cf. Cova et al 1996; Berg 1996). This corresponds to an energy consumption of about

2.5x10" eV per measuring interval 10°s . By using the collapse time formula

hE, . . .
= —)2 , Where the energy difference AE between the states in the superposition such

T, ~
(AE
as y,(0) and y,(1) is AE~25x10"eV , we can work out the collapse time

7, ~1.25x107"°5s .. This time size is smaller than and close to the measuring interval. Thus

our collapse model is consistent with experiments, and can account for the appearance of
definite macroscopic measurement results. In addition, the measurement parameters of

avalanche photodiodes may have provided an indirect confirmation of the model.

3.5 From Quantum Motion to Classical Motion: the Unification of Two

Worlds

If the motion of objects is essentially discontinuous and random, then why does the motion of
macroscopic objects appear continuous? In order to provide a uniform picture of the
microscopic and macroscopic worlds, we must answer how the transition from quantum

motion to classical motion happens.

The physical picture of quantum motion is as follows. A particle stays in a space unit L,
during a time unit 7;,. Then it will still stay there or stochastically appear in another space

unit L, , which may be very far from the original region, during the next time unit 7;,.
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During a time interval much larger than the time unit 7;,, the particle will move throughout

the whole space with a certain average position measure density p(x,?) .

Although the quantum motion of a particle is completely discontinuous and random, the
discontinuity of motion is absorbed into the motion state of the particle, which is defined

during an infinitesimal time interval in continuous space-time, by the descriptive quantities of
position measure density p(x,7) and position measure flux density j(x,?) . As aresult, the

evolution law for the motion state of a particle is also a deterministic continuous equation such

as Schrodinger’s equation in continuous space-time. In discrete space-time, the position
measure density p(x,z) will undergo one kind of discrete stochastic evolution besides the

continuous deterministic evolution, which results in the dynamical collapse of the wave

function. However, such stochastic evolution may proceed very soon for a macroscopic object,
and its position measure density o(x,#) may always concentrate in a very small local

region, then the macroscopic object will always be in a local region, and can only be
approximately still or in continuous motion. In the following, we will present a more detailed
analysis in terms of the evolution law of quantum motion.

Although the complete evolution law of quantum motion is not available now, we can
give its general characters according to our previous analysis. The nonrelativistic evolution
equation of quantum motion will be a revised Schrédinger equation which contains two kinds
of evolution terms. The first is the deterministic linear Schrddinger evolution term, and the
second is the stochastic nonlinear evolution term resulting in the dynamical collapse of the

wave function. The equation can be formally written in a discrete form:

w(x,t+T,)—w(x,t) :%Hl//(x,t)TU + Sy (x,1) (3.39)
i
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where the first term in the right side is the linear Schrddinger evolution term, H is the
corresponding Hamiltonian, and the second term in the right side is the stochastic nonlinear
evolution term, S is the corresponding stochastic evolution operator. We stress that the
equation should be essentially a discrete one in physics, and all quantities are defined in
discrete space-time.

In the evolution equation of quantum motion, the linear Schrodinger term will lead to the
spreading process of the wave function as in quantum mechanics, while the nonlinear
stochastic term will lead to the collapse process or localizing process of the wave function.
Accordingly the evolution of quantum motion will be a certain combination of the spreading
process and the localizing process. According to the analysis in Section 3.2, the relative
strength of the spreading process and the localizing process is mainly determined by the
space-time difference or energy distribution difference between different branches of the wave
function. If the energy distribution difference is very small, then the evolution will be mainly
dominated by the spreading process. This is just what happens in the microscopic world. A
particle can pass through the two slits in the double-slit experiment.

If the energy distribution difference between different branches of the wave function is
very large as for macroscopic objects™, then the linear spreading of the wave function will be
greatly suppressed, and the evolution of the wave function will be dominated by the localizing

process. Such localizing process proceeds continually, and the position measure density
p(x,1) will always concentrate in a very small local region. Thus a macroscopic object will

always be in a local region, and can only be approximately still or in continuous motion. This

1 The largeness of the energy distribution difference for macroscopic objects results mainly from

environmental influences such as thermal energy fluctuations. For example, for a macroscopic object

comprising 10% atoms, the energy distribution difference resulting from thermal energy fluctuations is

AE ~ NY?kT ~300GeV for T =300K ,and the collapse timeis 7, ~ 10 s.
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is just the appearance of continuous motion in the macroscopic world. In addition, the space
interval which we can perceive is much larger than the spreading region of the position
measure density of a macroscopic object. Especially, our perception time is also much longer
than the typical stochastic evolution time of a macroscopic object. Thus what we perceive in
the macroscopic world also appears to be a continuous flux.

Furthermore, the evolution equation of continuous motion may also be derived from that
of quantum motion as an approximation (cf. Gao 2000, 2001a, 2002a, 2006a). Here we only
give a simple explanation using the Ehrenfest theorem in quantum mechanics (cf. Schiff 1968),

which can be formulated as follows:

d{x)ldt={p)ylm (3.40)

d{p)ldt =(-0U | ox) (3.41)

As we have argued, the position measure density will no longer spread for a macroscopic
object, thus the average terms in the above formulae will represent the effective descriptive

guantities for the continuous motion of a macroscopic object. Then the evolution equation of

continuous motion can be naturally derived in such a way. The result is: dx/dt = p/m, the

definition of momentum, and dp/dt = —0U | Ox, the motion equation. We note that there

should also exist some other stochastic terms in the above equations, which stem from the
stochastic nonlinear evolution term in the equation of quantum motion. Although these terms
may be very small for most situations, they may be detected by the more precise experiments.
In a word, quantum motion provides a uniform realistic picture for the microscopic and
macroscopic worlds. The most familiar continuous motion is only its approximate display in

the macroscopic world.
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CHAPTER 4

The Confirmation of Quantum Motion

The existent can be found, and its law can be confirmed. This is our basic scientific belief. If
guantum motion is the real motion of matter, its law should permit it to be found and its law to
be confirmed. In this chapter we will study the confirmability of quantum motion. The
analysis of the measurement of quantum motion will show that its existence and evolution law

can indeed be found and confirmed.
4.1 Quantum Entanglement

Since measurement is one kind of physical interaction between the observed system and the
measuring apparatus, we must first analyze and understand the entanglement between
guantum motions, which is the basis of quantum measurement. In this section, we will analyze
the subtle characters of quantum entanglement. For simplicity, but without losing generality,
we will mainly discuss the two-particle entangled state.

As we know, the descriptive quantities of the quantum motion of two particles are the

joint position measure density po(x;,x,,?) and the joint position measure flux density

j(xl,x2 ,1) . Similar to the derivation of the Schrodinger equation of one particle, we can also

find the one-to-one relation between the position description and the momentum description
and derive the motion equation for the quantum motion of two particles. The one-to-one

relation is the following two-fold Fourier transformation:

~+00+00

w(xy,Xx,,t)= I J.¢(p1,p2,l‘) e!(Parpas) dp,dp, (4.1)

—00—00
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The motion equation of two particles is:

. a(//(xl,xz,t) hz azl//(xl,xz,t) hZ azl/l(xl,xZ,t)
ih =— + +U(x,, x,,t X, 1
ot [2m1 82x1 2m, azxz ] (xy, X, )y (31, X5, 7)

4.2)
It is evident that when two particles are independent, the wave function y(x,,x,,?)
can be reduced to the product of the wave functions of two particles, namely

w(x,,x,,t) =y, (x,1) @ (x,t). Here the motion equation of two particles will be simply

reduced to two motion equations of one particle. Then the solution y, (x,#) @,(x,?) is a

trivial solution of the above motion equation of two particles. This is the only situation where
we can understand the quantum motion of two particles by using one particle picture. Owing

to the linearity of the motion equation of two particles, the linear superposition of the above
trivial solutions such as w,(x,t) @, (x,t) +y,(x,t) ¢,(x,¢) is still a solution of the

motion equation of two particles. Such state of two particles is called two-particle entangled
state (TPES).

It can be shown that TPES can be formed through the linear evolution of the product

states of two independent particles. Assume the initial state of particle 1 is y(x), and the
initial state of particle 2 is ¢, (x) + ¢, (x) . The interaction Hamiltonianis H, = g(t)4- P,
where g(¢) is a smooth function in the interval [0,7], g(0)=g(T)=0, A is the operator

acting on particle 2, and satisfies the relations: 4 ¢, =a, ¢,, A ¢,=a, ¢,, P is the
momentum operator acting on particle 1. When the interaction interval T is so small, the
motion of the two particles is mainly determined by the interaction Hamiltonian /. Then

after the interaction the state of the two particles turns to be:
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y(x—a) ¢ (x) +y(x—a,) ¢,(x) (4.3)
This is a TPES. It is one kind of position-entangled state of two particles. The above forming

process of TPES can also be physically explained in terms of the picture of quantum motion.

Before particles 1 and 2 begin to interact with each other, particle 1 is in state y/(x), and

particle 2 discontinuously moves throughout the states ¢, (x) and ¢,(x) with the same

measure density during a very small time interval. When particles 1 and 2 begin to interact

with each other, due to the discontinuity or time-division property of quantum motion, particle

2 will be in state ¢,(x) during some time units, and change the initial state w(x) of
particle 1 into the time-division state w(x—a,) through the interaction with particle 1,
while during the other time units particle 2 will be in state ¢, (x), and change the initial state

w(x) of particle 1 into the time-division state y(x—a,) through the interaction with
particle 1. Then the time-division property of quantum motion is transferred from particle 2 to
particle 1 through the interaction between them, and this forms the TPES
w(x—ay) ¢ (x) +y(x —a,) @,(x).

Certainly, the above method is just a simple and intuitionistic method to form a TPES.
There exist many other delicate methods to form the TPES, one of which is the well-known
spontaneous parameter down conversion (SPDC). However, even though the existence of
TPES has been confirmed in both theory and experiment, we have not grasped its physical
nature yet. In the following, we will further analyze and understand the TPES in terms of the

physical picture of quantum motion.

We first give an intuitionistic physical picture of TPES. For a TPES y,¢, +y¥,0,,

particles 1 and 2 are in state /¢, during a time unit 7, , then they will still stay in this state
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or be in state y,@, inarandom way during the next time unit 7}, . Particles 1 and 2 being
in state y,¢, means that particle 1 is in state y/; and particle 2 is in state ¢, . Similarly,
particles 1 and 2 being in state y/,¢, means that particle 1 is in state y, and particle 2 is
in state ¢, . During a very short time interval which is still much longer than the time unit

1;,, the two particles will move throughout the states y,@, and w,@, with the same

measure density.
Now TPES has revealed its perplexing character, i.e., that there exists one kind of

mysterious synchronism between the particles in TPES. Concretely speaking, during any time

unit 7}, , when particle 1 is in state y/,, particle 2 must be in state ¢, , and when particle 1
changes its state to /,, particle 2 will change its state to ¢, synchronously. These two

particles in the TPES will be synchronously in the states y, and ¢, or y, and ¢, in
such way, and this kind of synchronism is irrelevant to the distance between them. Moreover,
particles 1 and 2 are in state ¢, or w,@, inarandom way during each time unit 7, .

This is an essential character of quantum motion. Thus it is more difficult to understand this
kind of stochastic synchronism.

In addition, there exists one kind of more mysterious "perception at a distance" between
the particles in the TPES. When one of the particles in the TPES is measured, the other particle,

which may be far away from the measured particle, will instantaneously "perceive" the
influence on the first particle. In general, the TPES w,¢, +,, may have different
expansion forms in different state bases spaces. Assume there are two equivalent expansion
forms w0, +v,0,=vw,'o,+ty,'p,", where y,, ¢, and ", @, are different state
bases. Then when the measuring apparatus is set to measure the first kind of state bases {y, },
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particle 1 will collapse to w,' or w,' after measurement. Here particle 2 will
instantaneously "perceive” the change of particle 1, and synchronously collapses to ¢, or
@, . Similarly, when the measuring apparatus is set to measure the second kind of state bases
{y,'}, particle 1 will collapse to ;" or y," after measurement. Here particle 2 will also

instantaneously "perceive” the change of particle 1, and synchronously collapses to ¢," or

@, -

It can be reasonably guessed that these perplexing or even incomprehensible characters of
TPES may relate to the weird nature of quantum motion, especially its wholeness. If we try to
understand the displays of TPES only using the motion picture of parts, we will always ask
how the particles in TPES can hold the stochastic synchronism, and how particle 2
instantaneously "perceives" the change of particle 1 etc. However, we can never find the
answers, and there exist no answers at all. In fact, the above questions about TPES are
improper. Once the independent particles form a TPES, the concept of part is no longer valid
in physics. As to the TPES, there exist no motion states of individual particles. The particles in
the TPES form an indivisible whole, and there exists only a motion state of the whole. We call
it quantum whole. Thus the above questions about how the parts in the whole hold the
synchronism and instantaneously "perceive" one another are improper and meaningless. In the
following, we will further analyze the concept of quantum wholeness, and re-understand TPES
using it.

First, the existence of quantum whole is primary, while the existence of separable parts is
only derivative. We cannot explain the existence of TPES in terms of the existence of
independent parts. There exist no separable parts in the TPES, and there is only an indivisible
guantum whole there. In addition, as to the situation where separable parts may exist, we can
still regard it as a trivial situation of the existence of quantum whole.
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Secondly, once a quantum whole forms, no interaction is required to hold its existence.
No matter how far the parts are separated, this kind of quantum wholeness will not be
impaired. This property of quantum whole is essentially different from that of classical whole.
Interaction is required to hold the existence of classical whole. The synchronization between
the parts in a classical whole is not instantaneous, and must reckon in the transmission delay
of the interaction determined by the distance between them. In addition, the classical
wholeness will be weakened if the interaction between the classical parts turns to be weak.
When the distance between the classical parts is large enough, the existence of separable parts
will be approximately valid in physics. In fact, as to a classical whole, the separable parts can
always exist during the time interval when they are in the space-like separating regions.

Thirdly, when we realize that what a TPES describes is a quantum whole, the TPES will
possess the same substantiality and understandability as the state of a single particle. They
both describe the quantum motion of a certain existence. For the TPES, the object in motion is
the quantum whole consisting of two inseparable particles. It can be regarded as one
compound particle to some extent, which is composed of two particles separated in space. For
the state of a single particle, the object in motion is a single particle. However, it can still be
regarded as some kind of quantum whole when the particle has an inner structure.

Fourthly, the existence of quantum whole is not absolute for TPES. It is actually relative
to the entangled property of particles. The particles in a TPES may be different kinds, thus
they can still be identified. It is still valid to talk about the respective existence of the particles
in a TPES in physics.

Lastly, we want to stress that the existence of TPES is a precondition of the measurability

of quantum motion. In order to measure a quantum state such as ¢, + ¢, , we must entangle
it with the state of the measuring apparatus . Since the measuring apparatus should be able

to generate different result states for different measured states in the superposition, the
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measurement will naturally require the existence of the TPES such as y,@, +,,. Thus

the above analysis of TPES is undoubtedly indispensable to the study of the measurement of

guantum motion.
4.2 The Measurement of Quantum Motion

In this section, the measurement of quantum motion will be detailedly analyzed. We will first
discuss the general requirements of a valid measurement of quantum motion, and then
demonstrate that the law of quantum motion ensures that these requirements can be satisfied.
In this way, we can prove that the existence and the evolution law of quantum motion can be

found and confirmed by experiments.
Consider the position measurement of a particle in a stationary state /(x) . On the one
hand, a valid measurement should be able to reveal the real state of the observed system as

accurately as possible. As to the particle in the state w/(x), its real state is that the particle

moves throughout the whole space with the position measure density |y (x)|*. Thus the
position measurement of the particle should be able to reveal this kind of position distribution
state, and measure its position measure density | y/(x) |>. On the other hand, the macroscopic

measuring apparatus can only generate a definite measurement result. Then a single position

measurement can only measure one definite position of the particle, and cannot completely

reveal the position distribution state y/(x) of the particle. Accordingly a large number of

similar measurements are needed to reveal the quantum state of the particle, and the

distribution of the measurement results should be able to reflect the position measure density

[y () .
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There are two alternatives, one is taking a large number of similar measurements of the
same particle, and the other is measuring a large number of particles in the same state. We will

first demonstrate that the first alternative is impossible for an unknown state. Assume the
initial pointer state of the measuring apparatus is @(x), which is a very narrow Gaussian
wavepacket centralizing on the position 0. In order to measure the particle in a definite
position state J(x — x,), the measuring apparatus must interact with the particle, and the
interaction must lead to the corresponding displacement of its pointer, i.e., the pointer state

must turn to be ¢(x —x;) after the measurement. In this way, we can find the position of
the particle in any finite position state J(x—x,) by reading the pointer in the state
@(x—x,). Now we use this measuring apparatus to measure the superposition state of
different positions of the particle such as o(x — x,) +d(x —x,), where the distance between

x; and x, is much larger than the average spreading size of the pointer state. Then during

the measurement their states are entangled, and the process can be described as follows
[6(x—x)+0(x—x,)] p(x) > 0(x—x)p(x—x,)+(x—x,)p(x—x,)  (4.4)

However, if the measuring apparatus is a valid one, the measurement result can only be a

definite value, i.e., the pointer can only be localized in a very narrow space interval. In

addition, a valid measurement must reflect the observed state as accurately as possible. Then

the result of the above measurement can only be x, or x,, i.e., the pointer state must turn to
be ¢(x—x,) or @(x—x,) after such measurement. Accordingly the state of the

measured particle will turn to be J(x—x;) or J(x—x,) after the measurement. Thus we

find that the measurement of an unknown state of particle will destroy the measured state, and

change it to the eigenstate corresponding to the measured result, and thus the following
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measurements can no longer reveal the original state. This proves that a large number of
similar measurements of the same particle cannot reveal an unknown quantum state of
particle.

Now there is only the second alternative, namely measuring a large number of particles

in the same state /(x) . In order to find the unknown state y/(x) of each particle, in which

the particle moves throughout the whole space with the position measure density | y/(x)|?,
the distribution of the position measurement results must reflect the position measure density
| w(x)|>. Moreover, when the number of the measured particles is infinite, they must be

exactly the same. Then we get the general characters and requirements of the measurement of
guantum motion: (1). A single measurement can only generate one definite result, which
partially reflects the measured state. The measurement will generally destroy the measured
state, and change it to the eigenstate corresponding to the measured result. (2). A large number
of measurements of the particles in the same state are needed, and the distribution of the
measurement results should equal to the real measure density of the measured property in the
state when the number of particles is infinite.

In the following, we will demonstrate that the law of quantum motion indeed satisfies the
above requirements. Let the state of the measured particle be o, (x) + 8@, (x) . The
measured property is denoted by operator A, which satisfies the following relations

A @ =a, ¢ and A ¢,=a, ¢,. The initial pointer state of the measuring apparatus is
w(x). It is a very narrow Gaussian wavepacket centralizing on position 0, whose average
width w satisfies w << |a1 —a2| . The interaction Hamiltonianis H, = g(¢)A- P, where

g(2) is a smooth function in the interval [0,7], g(0)=g(7)=0, and P is a momentum

operator acting on the measured particle. Then when the interaction interval T is very small,
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the evolution of the whole system is mainly determined by the interaction Hamiltonian #,,

and the free Hamiltonian and the nonlinear stochastic item in the evolution equation of
guantum motion can both be omitted. By solving the motion equation we can get the entangled

state:

1/2

a? y(x—a)p,(x)+ B w(x—a,)p,(x) (4.5)

where y(x—a,) and w(x—a,) are the Gaussian wavepackets centralizing on positions

a, and a,, which average widths are still w. This is the first stage of measurement. We

call it state entanglement stage.

After the interaction, the whole system begins to evolve freely according to the evolution
equation of quantum motion. This is the second stage of measurement. Since the Schrodinger
linear term in the evolution equation does not influence the generation of the measurement
result, we may only consider the nonlinear stochastic evolution item. The entanglement of the

measuring apparatus with the measured particle will introduce a very large energy distribution
difference  AE  between the branches y(x—a,)@,(x) and w(x—a,)@,(x) . Then
according to the collapse law of quantum motion (see Section 3.3), the whole system will

stochastically collapse to the branch w(x —a,)@,(x) or w(x—a,)p,(x) after a very

. 2hE ) - .
short interval 7, z@ and the corresponding collapse probability are respectively «

and . Here the pointer state has collapsed to the state w(x—a,) or w(x—a,), which
indicates that the measurement result is a, or a,. At the same time, the measured state has

been destroyed, and collapses to the state @, (x) or @,(x). We call the second stage of
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measurement state collapse stage’. Then when a large number of particles in the same state
a? o, (x,t)+ %@, (x,t) are measured, the measurement results distribution will be

approximately P(a) = ad,, + po,,, , which is the real measure density of the measured

aay
property A in the state. When the number of particles is infinite, the results distribution will
equal to the real measure density.

In a word, we have demonstrated that the law of quantum motion can ensure that the
measurement of quantum motion possesses the required characters. Thus the law of quantum
motion indeed permits it to be found and its law to be confirmed. This not only warrants the
rationality of the existence of quantum motion, but also warrants the consistency of the theory

of quantum motion.
4.3 Protective Measurement

As we know, the measurement of an unknown state will inevitably result in the collapse of the
wave function, and we cannot directly find the real picture of the quantum motion of a single
particle through such measurement. Then whether or not is there one kind of measurement
which can reveal the quantum motion of a single particle in a partly known state? The answer
is positive. It is just the protective measurement proposed by Aharonov et al (Aharonov and
Vaidman 1993; Aharonov, Anandan and Vaidman 1993). In the following, we will briefly
introduce its basic principle and discuss its application to quantum motion.

Protective measurement aims at measuring the motion state of a single particle by
repeated measurements which do not destroy its state. The general method is to let the

measured particle be in a non-degenerate eigenstate of the whole Hamiltonian using a suitable

11t should be noted that these two stages of measurements cannot be strictly distinguished in reality, and

they always proceed simultaneously.
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interaction, and then make the measurement adiabatically so that the wave function of the
particle neither changes appreciably nor becomes entangled with the measuring apparatus. The
suitable interaction is called the protection. It should be stressed that the state of a particle
measured by protective measurement is not completely unknown, and we must know before
the measurement whether the measured particle is in a nondegenerate energy eigenstate or
which energy superposition state it is in. This is needed to determine how to introduce the
protective interaction. Certainly, it is also unnecessary to fully know the state before the
protective measurement. For example, we only need to know that the particle in a bound
potential is in the minimum energy eigenstate. The state can be naturally achieved through the
spontaneous transition of particle, and its form is unknown. Although the protective
measurement cannot measure the unknown state of a particle, it may reveal the objective
motion of a particle in a known state. In the following, we will demonstrate how protective
measurement can directly reveal the quantum motion of a particle.

For simplicity, but without losing generality, we consider a particle in a discrete
nondegenerate energy eigenstate /(x). The protection is natural for this situation, and no
additional protective interaction is needed. The interaction Hamiltonian for measuring the

value of an observable A in the state is:
H,=g(t)P-A, (4.6)
where P denotes the momentum of the pointer of the measuring apparatus, A, is a

normalized projection operator on small regions ¥V, having volume v, , which can be

written as follows:

n

i, xeV
A - Vn

n

4.7)
0, xegV

n
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T
and the time-dependent coupling g(z) is normalized to Ig(t)dt =1.Welet g(t)=1/T
0

for most of the time 7 and assume that g(¢) goes to zero gradually before and after the

period 7 to obtain an adiabatic process when T — oo. The initial state of the pointer is taken
to be a Gaussian centered around zero, and the canonical conjugate P is bounded and also a

motion constant of both the interaction Hamiltonian and the whole Hamiltonian.
According to the principle of protective measurement, the measurement of A vyields

the following result:

1
(4,)==[ly(x)Pdv=ly, I (48)

n Vi

It can be seen that the result (A4,) =y, |2 is the average of the position measure density
o(x) =l w(x)|* over the small region ¥,. Then when v —>0 and after performing
measurements in sufficiently many regions », we can find the position measure density
p(x) of the quantum motion of the particle.

In order to find the position measure current density j(x), we need to measure the

1 .
value of an observable B, :?(AnV+VAn). According to the principle of protective
i

measurement, the measurement result is:

1.1, . . 1
B,y == [V —yVy )y ="[j(x)dv “9)
v, 2i v

n Vi

It can be seen that the result is the average value of the position measure flux density j(x)

in the region ¥, . Then when v, —0 and after performing measurements in sufficiently
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many regions ¥, we can also find the position measure flux density j(x) of the quantum

motion of the particle.

In a word, we have shown that the quantum motion of a particle, which is described by
the position measure density po(x) and the position measure flux density j(x), can be

more directly revealed by the above protective measurement. It should be stressed that a small
ensemble of similar particles may be needed for protective measurement in real experiments.

In addition, we can complete the measurement of charged particles more easily, for which
p(x,2) and j(x,t) represent the effective charge density and current density.

As an example, we briefly analyze the well-known double-slit experiment. As we know,
taking a typical position measurement near the slits will destroy the double-slit interference
pattern. This kind of measurement cannot reveal the objective motion state of the particle
passing through the two slits. By comparison, protective measurement may help to reveal the
guantum motion of the particle passing through the two slits. According to the principle of
protective measurement, given that we know the state of the particle beforehand in the
double-slit experiment, we can protectively reveal the objective motion state of the particle
when it passes through the two slits. At the same time, the motion state of the particle will not
be destroyed after a protective measurement, and the interference pattern will not be destroyed
either. As we have shown, the results of the protective measurement will show that the
position measure density of the particle is distributed throughout both slits. For example, in
the double-slit experiment of electrons, the protective measurement will show that there is a
charge of e/2 in each of the two slits when the single electron is passing the slits. Since the
measurement result is in principle irrelevant to the duration of the measurement, there will be
a charge of /2 in each of the two slits during an arbitrarily short time interval within the
precision of measurement. This result clearly shows that the single particle passes through
both slits in the double-slit experiment, and its motion is indeed discontinuous.
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CHAPTER 5

Understanding Quantum Motion

Quantum motion needs to be understood. If we don’t understand quantum motion, we cannot
understand motion at all. Quantum motion needs to be understood. We live in the macroscopic
world, and we are only familiar with continuous motion. But continuous motion is only the
approximate display of quantum motion in the macroscopic world. Quantum motion needs to
be understood. We have entered into the microscopic world, but nobody knows what is
happening there. We have a theory named quantum mechanics, but no one understands it. The
guantum conundrum, which had puzzled us for a century, still puzzles us today. Quantum
motion may be the answer.

For the convenience of discussions, we will mainly analyze the random discontinuous
motion (RDM) in continuous space-time in this chapter. Most of the analyses also hold true
for quantum motion, which is defined as the RDM in discrete space-time. In addition, in order
to understand quantum motion more easily, we often compare quantum motion with
continuous motion in the discussions. This may be an easier way to understand quantum
motion. However, we stress that continuous motion is not an actual form of motion, but only

the ideal approximation of the real quantum motion in the macroscopic world.
5.1 What on Earth Does the Wave Function Tell Us?

Since the wave function  was found by Schrddinger in Arosa, people have been disputing
with each other on its meaning. What on earth does i tell us? In this section we will show

that if y is a complete description of the motion of particles, then it has told us that what it

describes is the RDM of particles.
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As we know, the motion state of a particle is defined in an infinitesimal time interval. If

the wave function w(x,#) provides a complete description of the motion state of a particle,

the usual probability distribution | y(x,#)|> will represent the real position distribution of
the particle in an infinitesimal space interval near position x during an infinitesimal time
interval near instant #. This means that the particle will move throughout the space where the

wave function /(x,7) spreads during an infinitesimal time interval, although the particle is

still in one position at each instant. This kind of motion is essentially discontinuous.
Whereas the wave function i is a universal description of the motion of particles, the
motion of particles will be universally discontinuous. The properties of the particle

undergoing RDM will not only include position, but also include all the other properties such

as momentum and spin etc, which can be in a quantum superposition. A detailed analysis of
RDM has been given in the preceding chapters. Such an analysis has demonstrated that  is
the very mathematical complex describing the RDM of particles, and the Schrddinger
equation is also its simplest nonrelativistic evolution equation.

Thisiswhat y really tells us. Its voice is so melting and real!

5.2 How Does An Object Move From A To B?

As to the weird displays of RDM, people may naturally ask a question, i.e., that how a particle
moves from position 4 to position B in space.

The answer seems to be very simple for continuous motion. It is that the particle moves
from position 4 to position B along a continuous trajectory in space. But after a careful
analysis, we will find that where the particle is at each instant during its movement from

position A to position B must finally be examined before the answer of continuous trajectory
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can be given. Similarly, as to RDM, we still need to examine where the particle is at each
instant during its movement from position A4 to position B. However, the answer is not a
continuous trajectory, but a discontinuous point set. Concretely speaking, the particle
undergoing RDM is still in one position at each instant during its movement from position 4
to position B. But these positions do not form a continuous trajectory, but form a random
discontinuous point set, in which the positions at adjacent instants are generally not adjacent.
This is the answer of RDM to the above question.

However, most people probably have a dissatisfactory feeling about the answer of RDM.
The dissatisfaction may result from the following fact: the answer of the above question can
lead to a law for continuous motion, but it cannot lead to any law for RDM. In the following,
we will further analyze the causes resulting in the dissatisfaction.

When studying the motion of objects in the macroscopic world, people have been
accustomed to ask the above question about the trajectory of an object, and acclaim the great
achievements of classical mechanics for its accurate answer to this question. It is indeed this
question that leads to the naissance of modern science to some extent. However, relating the
answer of this question to the motion law may result in a prejudice, namely regarding the
instantaneous state of a particle as the motion state of the particle. In fact, the motion state of a
particle should refer to the state of the particle during an infinitesimal time interval. The
instantaneous state of a particle only contains the existence of the particle, and cannot reflect
the motion of the particle at all. But the common sense about the continuity of motion has
been preventing people from finding the essential limitations of the instantaneous definition of
the motion state of a particle. Indeed, as to continuous motion, the instantaneous definition of
the motion state of a particle is a reasonable simplification of the interval definition of the
motion state of a particle in both mathematical description and physical meaning. In
mathematics, the differential evolution equations of continuous motion, which are based on
infinitesimal analysis, generally possess explicit function solutions containing instantaneous
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variables. In physics, the continuity of continuous motion guarantees that the instantaneous
description and the interval description are equivalent in both theory and experiment. These
facts make people be more inclined to emphasize the explicit function solutions in the
understanding of motion, as well as in the application of classical mechanics, and disregard
the original differential description of motion, which refers to infinitesimal intervals and
possesses real physical meaning. In a word, the instantaneous definition of the motion state of
a particle is valid and applicable in the domain of continuous motion. This strengthens
people's belief in it.

However, as to RDM, the instantaneous definition of the motion state of a particle will be
essentially improper. The reason is evident. Since the continuity precondition, which leads to
the reasonable simplification of this definition, disappears for RDM, and is replaced by the
essential discontinuity. This kind of discontinuity thoroughly reveals the inherent irrationality
of the instantaneous definition of the motion state of a particle, and makes people renewedly
realize the facticity and fundamentality of the interval definition of the motion state of a
particle. As a result, the above question about the trajectory of a particle is not helpful for
finding the law of RDM. For RDM, the trajectory of a particle is discontinuous and random
everywhere, and no law exists for the trajectory of the particle. Accordingly people's

dissatisfaction with the above answer of RDM is out of all reason.

5.3 Instant and Infinitesimal Time Interval

In this section, we will further analyze the essential differences between instant and
infinitesimal time interval. Some of these differences are as follows.

(1). The instantaneous state of a particle contains only one point in space, while the
infinitesimal interval state of a particle contains uncountable points in space. In mathematics,

the cardinal number of a set containing one element is zero, while the cardinal number of a set
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containing uncountable elements is larger than X, the cardinal number of the natural

number set.

(2). The instantaneous state of a particle contains no motion, but only the existence of the
particle. The infinitesimal interval state of a particle may contain abundant elements of motion,
since it contains uncountable points in space.

(3). The instantaneous state of a particle possesses no physical meaning, since we cannot
measure it in physics. The infinitesimal interval state of a particle possesses physical meaning,
since we can measure it through the process At — dt in principle.

(4). We can only test the evolution law of the infinitesimal interval state of a particle.
Even if the evolution law of the instantaneous state of a particle exists, we cannot test it.

Since the state of a particle at one instant contains no motion, the instantaneous state of a
particle is not the motion state of the particle in any case. We cannot conclude that the motion
state of a particle must be a local state in space either. The motion state of a particle should
relate to the state of the particle during a time interval, and can be defined as the state of the
particle during an infinitesimal time interval in mathematics. As to the position state of a
particle during an infinitesimal time interval dt, there exists no a priori reason to require that it
must take some kind of special form, say a continuous line localized in an infinitesimal space
interval dx. On the contrary, a natural assumption in logic is that the position state of the
particle during an infinitesimal time interval is a random discontinuous point set in which the
points spread over the whole space. This is just the motion state of the RDM of a particle.
Thus RDM naturally accords with the interval definition of the motion state of a particle,
although it looks very bizarre and unnatural according to the improper instant definition of the
motion state of a particle. Due to the adoption of the instant definition of motion state, people
have been discussing the motion of particles in the framework of point. But from both

physical and mathematical considerations, motion should be studied in the framework of point
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set. In the framework of point set, continuous motion looks very bizarre and unnatural
according to the proper interval definition of the motion state of a particle.

In the following, we will further analyze the differences between instant and infinitesimal
time interval in the descriptions of continuous motion and RDM. As to continuous motion, the

instantaneous description and the infinitesimal interval description are equivalent. The former

will result in the intuitionistic trajectory description of motion such as x = x(¢), while the

latter will result in the strict differential description of motion such as dx/dt = v(x,1).

Although the differential evolution equations of continuous motion have no explicit function
solutions containing instantaneous variables for some situations, the instantaneous state and
the infinitesimal interval state can both be approached with arbitrary precision in experiment
from the motion state during a finite time interval due to the essential continuity of continuous
motion. Thus the instantaneous description and the infinitesimal interval description are
equivalent for continuous motion in physics. Their difference only lies in metaphysical
meaning. The former favors the opinion that matter and motion are separable, while the latter
favors the opinion that matter and motion are inseparable.

As to RDM, the instantaneous description and the infinitesimal interval description are

essentially different. Although there still exists an instantaneous description such as x = x(¢)

for RDM, such description no longer possesses any physical meaning owing to the essential
discontinuity of RDM, and there exists no law for the instantaneous state either. For RDM, the
instantaneous state cannot be approached from the motion state during a finite time interval in
experiment. These two kinds of states are essentially different. One is the local existence of a
particle, and the other is the non-local existence of the motion of a particle. By comparison,
the infinitesimal interval state of RDM can be approached with arbitrary precision from the
motion state during a finite time interval. Thus the infinitesimal interval description still
possesses physical meaning for RDM, and there also exists an evolution law for the
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infinitesimal interval state. Since the infinitesimal interval state of RDM is different from that

of continuous motion, the explicit function solutions of the evolution equation of RDM are no

longer instantaneous position functions such as x(z), but new interval descriptive functions

such as the position measure density p(x,?) .

5.4 Velocity and Momentum

For RDM, the meanings of velocity and momentum are very different from those in classical
mechanics. We need to understand them in order to understand RDM.

An evident character of RDM is that the particle undergoing RDM does not possess
velocity. In fact, the particle discontinuously appears in different positions of space, and it has
no continuous trajectory at all. An intuitional picture of RDM is that it spreads in space like a
cloud. This cloud-like stuff is generated by the whole discontinuous position set of a particle
during an infinitesimal time interval. The stuff is denser in the region where the position
measure density of the particle is larger, and is sparser in the region where the position
measure density of the particle is smaller. Such stuff is often called wave packet in the
textbooks of quantum mechanics. The spreading of the cloud-like stuff can be described by an
average velocity, which is defined as the group velocity of the corresponding wave packet.
Thus although there exists no strict velocity description similar to that of continuous motion,
we can still have a rough description using average velocity for RDM.

In addition, there always exists a rest state for the continuous motion of a particle when
selecting a suitable frame of reference. This facilitates the study of the particle in motion. But
as to the RDM of a particle, since the particle discontinuously moves at all times, there exists
no rest state for the particle in essence. However, there is still a rest state for the RDM of a

particle. It is defined as the motion state of the particle which does not change with time.
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Concretely speaking, the position measure density o(x,#) and the position measure flux

density j(x,7) do not change with time in the rest state. Such state is often called stationary

state. The intuitional picture of stationary state is that the cloud-like stuff generated by the
RDM of the particle is at rest in space. It should be noted that since the cloud-like stuff or
wave packet tends to spread to a larger region, a stationary state needs to be bounded by an
external potential. This is essentially different from the situation in classical mechanics.

Undoubtedly, the above intuitional pictures based on the familiar velocity concept make
RDM be more intelligible. However, in order to understand RDM, we must also face the
abstract property momentum.

First, momentum is an intrinsic property of the RDM of a particle, and is as basic as
position for the description of motion. The momentum of a particle is no longer defined as its
velocity multiplied by its mass, since there exists no velocity for a particle undergoing RDM.
However, the momentum of a particle relates to the velocity of the whole discontinuous
position set, which is formed by the RDM of the particle during an infinitesimal time interval,
to some extent'?. Especially, the average momentum of a particle directly relates to the
velocity of the whole discontinuous position set. Thus we can say that momentum determines
the motion of a particle in the meaning of time average, in other words, the momentum of a
particle determines its propensity to move at each instant. Although the motion of a particle is
random, there still exist some properties such as momentum which determines its propensity
to move. This then generates the lawful continuous evolution of the whole discontinuous

position set. As a result, there should exist a one-to-one relation between the position

12 Note that the momentum of a particle does not relate to the velocity of the continuous movement of the
local discontinuous position set. It is the position measure flux density j(x,#) that relates to such a

velocity.
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description and the momentum description. This is consistent with the preceding analysis in
Section 2.3.

Next, momentum is a non-local property. For a free particle with a constant momentum,
its position will not be limited in an infinitesimal space interval dx during an infinitesimal

time interval dt, but spread throughout the whole space with the same position measure

density p(x,t) =1. This clearly shows that momentum possesses one kind of non-local

character. By comparison, position is evidently a local property.
Thirdly, just like the motion picture in position space or real space, there also exists a
similar motion picture in momentum space. The momentum of a particle assumes a definite

value at each instant, but it randomly spreads through all possible values with a certain

momentum measure density f(p,?) during an infinitesimal time interval. These two kinds

+00 L
of motion pictures are related through the one-to-one relation y(x,¢) = J. o(p,t)e™ " dp

between the position description and the momentum description.
Fourthly, the relation between the position and the momentum of a particle are

essentially discontinuous and random at all instants, i.e., there exists no a continuous function
p(x,t) or x(p,t). Accordingly there exists no any nontrivial joint distribution function of

position and momentum for the RDM of a particle. This is also a result of quantum mechanics.
In addition, it should be stressed that the fact that a particle possesses a definite position and a
definite momentum at each instant does not contradict Heisenberg’s uncertainty principle.
According to the one-to-one relation between the position description and the momentum
description, the standard deviations of the distributions of position and momentum always
satisfy Heisenberg’s uncertainty relation for any motion state of a particle. This is a strict

mathematical result. Moreover, due to the happening of the wavefunction collapse during

81



Understanding Quantum Motion

measurement, we cannot precisely measure the position and momentum of a particle
simultaneously either.

Lastly, we can naturally generalize the RDM from real space to other abstract spaces.
Then the motion picture of a particle will be that at any instant the properties of the particle
such as energy and spin etc all have definite values, and during an infinitesimal time interval
they spread through all possible values with respective measure density. In general, the
correlation between the instantaneous values of different physical quantities is discontinuous

and random.

5.5 Quantum Motion and Copenhagen Interpretation

Copenhagen interpretation is the widely accepted interpretation of quantum mechanics. It has
many reasonable elements. Thus studying the relation between the theory of quantum motion
and Copenhagen interpretation will undoubtedly be helpful for the understanding of quantum
motion. In addition, it will also make people grasp Copenhagen interpretation more easily.
Here we will give a detailed analysis of their relations.

According to Primas (1981)’s summary, Copenhagen interpretation can be outlined as
follows.

(1) The theory is concerned with individual objects.

(2) Probabilities are primary.

(3) The frontier separating the observed object and the means of observation is left to the

choice of the observer.

(4) The observational means must be described in terms of classical physics.

(5) The act of observation is irreversible and it creates a document.

(6) The quantum jump taking place when a measurement is made is a transition from

potentiality to actuality.
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(7) Complementarity properties cannot be observed simultaneously.

(8) Only the results of a measurement can be taken to be true.

(9) Pure quantum states are objective but not real.

In the following, we will analyze the above summary of Copenhagen interpretation one
by one. The first item, i.e., that quantum mechanics is concerned with individual objects,
clearly states that quantum mechanics is not a theory about the ensemble comprising a large
number of particles, but a theory about individual objects. Thus Copenhagen interpretation
excludes the possibility of an ensemble interpretation of quantum mechanics. This is
consistent with the theory of quantum motion, according to which what quantum mechanics
describes is the RDM of individual objects. Furthermore, the theory of quantum motion also
provides a convincing exemplification for the first item of Copenhagen interpretation.

Concerning the second item, i.e., that probabilities are primary, it means that the
probabilities appearing in quantum mechanics don't result from the ignorance of the observer
or the inability of the theory, but must be regarded as an essential character of Nature.
Moreover, when gquantum mechanics is able to predict these probabilities, it should be
accepted as a complete theory. No doubt it is extremely difficult or even impossible to
understand this item within Copenhagen interpretation. As a result, people always resort to the
law of causation to reject this item, and further get back the classical deterministic picture by
introducing the so-called hidden variables. Then they naturally regard the appearance of
probabilities in quantum mechanics as an indication of the incompleteness of the theory.
Which of these two viewpoints is correct cannot be determined before we find the real motion
in quantum world. In fact, it has been a vexed problem since the founding of quantum
mechanics. Now in the light of the theory of quantum motion, the probabilities appearing in
guantum mechanics result from the actual quantum motion of particles, which is essentially
discontinuous and random. Accordingly the theory of quantum motion provides a real physical
explanation of the second item of Copenhagen interpretation.
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The third item, i.e., that the frontier separating the observed object and the means of
observation is left to the choice of the observer, is evidently unsatisfactory. It does not give a
guantitative physical description to determine the border and further distinguish between the
observed object and the measuring apparatus. Although Bohr evaded this difficulty by
regarding the observed object and the measuring apparatus as an indivisible whole, his
opinion may be inconsistent. The macroscopic measuring apparatus is regarded as one kind of
independent existence, while a macroscopic measuring apparatus is composed of a large
number of microscopic particles, thus it must be an ad hoc prescription not to regard the
microscopic particles as one kind of independent existence. In fact, there should exist an
objective physical border between the microscopic particles and the macroscopic measuring
apparatus, and we must give an accurate quantitative description of this border. However, such
description is missing in quantum mechanics and its Copenhagen interpretation. Now the
theory of quantum motion provides a quantitative physical description of the border, and
objectively explains the wavefunction collapse resulting from the interaction between the
microscopic particles and the macroscopic measuring apparatus. Especially it gives a uniform
realistic description of the microscopic and macroscopic worlds. Thus the theory of quantum
motion is more satisfactory than Copenhagen interpretation.

The fourth item, i.e., that the observational means must be described in terms of classical
physics, means that although the observed microscopic objects are so peculiar that classical
physics can no longer provide a consistent explanation of their displays, our observational
means must still be described in terms of classical physics, and we can only use classical
concepts to describe the experimental facts. This conclusion has been widely accepted. But as
we think, all concepts are only free inventions of human being, and their validity and
applicability must be verified at any moment. Especially when there appears a new
experimental fact that cannot be consistently explained by the existing concepts, this kind of
examination is more indispensable. Thus we must examine and validate the validity and
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completeness of the classical concepts. On the other hand, even if we still use the existing
classical concepts, we must be ready to renewedly understand their meanings in face of new
experience. The fact is always that we don't really understand the concepts invented by us in
the beginning, and this kind of understanding becomes deeper and deeper only when more and
more experience is accumulated. Now the universal existence of quantum motion makes
people see the limitations of classical concepts more clearly. Even for the observational means
and the macroscopic phenomena they are only approximate descriptions, and their existence
cannot prevent us from finding the description which is closer to reality.

The fifth item, i.e., that the act of observation is irreversible and it creates a document,
holds true for both the observation on the microscopic systems and that on the macroscopic
systems. Moreover, the irreversible process can be explained only in terms of classical physics.
Thus the irreversible process during an observation is actually irrelevant to the peculiar
properties of quantum measurement. Now quantum motion and its law further confirm this
conclusion.

The sixth item, i.e., that the quantum jump taking place when a measurement is made is a
transition from potentiality to actuality, explicitly asserts the objective existence of
instantaneous wavefunction collapse during a measurement. Furthermore, Copenhagen
interpretation acknowledges that the quantum jump or instantaneous wavefunction collapse is
a new physical process, and cannot be accounted for by quantum mechanics. As we think, it is
just the absence of the description of this process that results in the physical incompleteness of
the existing quantum theory. Owing to this absence, Copenhagen interpretation is not a
complete interpretation either. Now the theory of quantum motion provides an objective
description of the wavefunction collapse process. It is a complete quantum theory, and
naturally includes a complete interpretation.

The seventh item, i.e., that complementarity properties cannot be observed
simultaneously, is the core of Copenhagen interpretation (cf. Bohr 1927). But as we think, it is
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also the most obscure part of the interpretation. Although this assertion is correct, its
demonstration given by Copenhagen interpretation is by no means complete. On the one hand,
Copenhagen interpretation regards this assertion as an inevitable result of the measurement
disturbance. However, it never provides a clear explanation of this disturbance, and its
demonstration is always a mixture of classical part and quantum part. In fact, in order to
understand the measurement process, we must deal with the quantum entanglement process
and the wavefunction collapse process during the measurement. On the other hand,
Copenhagen interpretation overemphasizes the influence of the measurement disturbance, and
disregards the possibility that the objective motion state of the observed object may be the
main physical cause. The fact that complementarity properties cannot be observed
simultaneously may actually reflect the peculiarity of the motion state of the observed object.
Since Copenhagen interpretation denies the existence of the objective motion of microscopic
particles, its demonstration of the above assertion cannot be complete.

Now the theory of quantum motion will provide a clear and complete physical
explanation for the above assertion. Here as an example we discuss the observation on the
complementarity properties position and momentum. First, concerning any quantum motion
state of a particle, the standard deviations of the distributions of position and momentum all
satisfy Heisenberg’s uncertainty relation. Concretely speaking, as to the motion state in which
the position of the particle is more definite, the momentum distribution of the particle will be
closer to an even distribution, i.e., the momentum of the particle will be more indefinite, or
vice versa. Then there exists no a motion state in which the position and the momentum of the
particle are both definite in reality. Moreover, according to the reasonable assumption that
measurement truly reflects the observed state, this kind of quantum motion state will further
require that the position and the momentum of a particle cannot be observed simultaneously. It
should be noted that, whereas the position and the momentum of a particle cannot both be in a
definite state in reality, it may be improper to say that the position and the momentum of a
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particle cannot be observed simultaneously, since this statement seems to imply that the
position and the momentum of the particle can both be in a definite state before measurement.
Secondly, when considering the measurement process, the position measurement of a particle
will result in the wavefunction collapse process, and the motion state of the particle will
collapse to one of its position eigenstates, in which the momentum distribution of the particle
is an even distribution, according to the law of quantum motion. This conclusion is the same
for the momentum measurement of a particle. Thus the above assertion given by Copenhagen
interpretation can be physically explained by the theory of quantum motion.

As to the last two items, i.e., that only the results of a measurement can be taken to be
true, and pure quantum states are objective but not real, they mean that there exists no any
realistic picture for the microscopic objects. This is an astonishing assertion. In the following,
we will give a critical analysis of this assertion™.

As we know, Bohr repeatedly stressed that any elucidation of the microscopic
phenomena must resort to complementarity principle. Concretely speaking, the information
obtained by the measurements under different experimental conditions will exhaust all
definable knowledge about the observed microscopic object, but at the same time, when we
try to unite the information in a realistic picture it appears to be incompatible. Then any single
realistic picture cannot provide an exhaustive account of the microscopic phenomena, instead
we can only provide a complementary account of the microscopic phenomena using
incompatible classical pictures. Accordingly Copenhagen interpretation asserts that there
exists no any realistic picture for the microscopic objects, and we can only use the

complementary classical pictures to describe them.

13 It is worth noting that (d’Espagnat 2003, 2006) convincingly argued that the notion of an ultimate reality is
conceptually necessary, although such a reality may be a "veiled reality".
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It can be seen that the essential reason why Copenhagen interpretation rejects the realistic
picture of the microscopic objects is that the information obtained by the measurements under
different experimental conditions is incompatible when being united in a single realistic
picture. Then why is the information incompatible when being united in a single realistic
picture? Which picture is the realistic picture in which the information is incompatible? The
answer of Copenhagen interpretation is that the information is incompatible when being
united in a single picture of classical corpuscular or classical wave. The information obtained
by the measurements under some experimental conditions shows that the display of a
microscopic object resembles that of classical corpuscular, while the information obtained by
the measurements under other experimental conditions shows that the display of a
microscopic object resembles that of classical wave. Thus the realistic pictures rejected by
Copenhagen interpretation are simply the pictures of classical corpuscular and classical wave.
Then are there any further reasons to reject all the other possible realistic pictures? No! If
there is one reason, it is only the prejudice unconsciously hold by most people including Bohr
and Einstein, i.e., that the pictures of classical corpuscular and classical wave are the only
possible realistic pictures, in other words, continuous motion is the only possible form of
motion.

It should be acknowledged that the pictures of classical corpuscular and classical wave
are indeed helpful for describing the microscopic objects. But how can we prove that this kind
of description is the only possible description? And why must we still use the macroscopic
classical pictures to describe the microscopic processes? The picture of continuous motion
directly comes of our macroscopic experience, and the theory of continuous motion, namely
classical mechanics, had gained some successes. But as we know, continuous motion is no
longer suitable for describing the microscopic objects, then whereby do we think continuous
motion is the only possible motion? And whereby do we assert that the single realistic picture
of the microscopic objects does not exist?
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In fact, the appearance of quantum mechanics has strongly implied that there exists a
new kind of motion which is different from the familiar continuous motion. The new motion
will provide a single realistic picture for the microscopic objects, and can naturally display the
complementarity properties which are mutually exclusive in the framework of classical
physics. Quantum mechanics does not prevent us from finding the new motion. What block us
are only ourselves, our prejudice, our arrogance and our ignorance. Now the existence of
quantum motion clearly reveals the limitations of complementarity principle. At the same time,
it makes people have to painfully reject the prejudice of the uniqueness of continuous motion.
The pain is transitory, while the happiness brought by the understanding of reality is
permanent.

In a word, owing to the absence of a realistic picture of the microscopic objects, the
above essentials of Copenhagen interpretation can hardly be convincing, and the intrinsic
connections between them can hardly be established either. Moreover, complementarity
principle, which is the core of Copenhagen interpretation, also proves to be trustless. By
comparison, the theory of quantum motion provides a real picture of microscopic reality, and
can establish the intrinsic connections between the valid essentials of Copenhagen
interpretation. But accordingly Copenhagen interpretation no longer exists, and will be

replaced by the new realistic interpretation in terms of quantum motion.

5.6 Understanding the Displays of Quantum Motion

In this section, we will analyze several well-known displays of quantum motion in detail.

These displays will help us understand quantum motion more easily.
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5.6.1 The Stability of the Hydrogen Atom

The stability of the hydrogen atom is a big puzzle in the beginning of the 20" century.
The essential reason lies in that classical physics of the day is incapable of accounting for it.
However, it is still a great puzzle even today. Even if, as most people think, quantum
mechanics has solved it, but, as everyone consents, no one today understands quantum
mechanics.

In order to solve the knotty stability problem, Bohr first presented three well-known
assumptions in 1913. Although these assumptions established some connections in the
experimental data of the spectra of the hydrogen atom, they didn't explain the stability of the
hydrogen atom. On the contrary, Bohr simply assumed the stability of the hydrogen atom. In
the 1920s, quantum mechanics was founded. By applying the theory people can readily
calculate the energy of the hydrogen atom in all stationary states, and the predictions
accurately accord with the experimental data. However, quantum mechanics does not account
for the stability of hydrogen atom either. It just uses one mystery, the wave function and its
equation, to explain another mystery, the stability of the hydrogen atom. The real physical
origin of the stability has not been found yet. To our surprise, owing to the appearance of
guantum mechanics, especially its striking successes in accounting for the microscopic
phenomena, the stability problem faded from people's memories as time goes on. Most people
today take it for granted that this problem has been completely solved by quantum mechanics.
It is a pity for science. It is also a joke for human reason.

Now we will give the physical origin of the atomic stability in terms of the theory of
guantum motion. As a simple example, we analyze the base state of the Hydrogen atom,
whose position measure density is:

4 2
p(r,0,0) = y(r,0,0) 2= —exp(-) (5.1)

a, a,
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where a, isthe Bohr radius. According to the picture of quantum motion of a single particle,

the electron will still be in one position at each instant, but during an infinitesimal time
interval dt the electron will move throughout the whole space with the above position
measure density. Since the position measure density of the electron possesses spherical
symmetry, the charge distribution of the electron will be equivalent to a negative elementary
charge in the center of sphere. This just counteracts the positive elementary charge of the
nucleus in the center of sphere. Then the charge distribution of the whole system including
electron and nucleus will be equivalent to a zero charge distribution in physics. In addition,
since the electron is in the base state, an energy eigenstate, the stochastic term in the evolution
equation of quantum motion disappears. Then the position measure density of the electron will
not be changed during the evolution, and accordingly the zero charge distribution of the whole
system will not change either. Thus no electromagnetic energy is radiated for the system, and
the base state of the hydrogen atom is stable.

In a word, the theory of quantum motion provides a physical explanation of the
mysterious stability in the atomic world. It is just this kind of stability that makes the

macroscopic world be stable, and further permits human beings to appear to understand it.

5.6.2 Double-slit Experiment

Double-slit experiment has been widely discussed since the founding of quantum mechanics.
Nearly all textbooks of quantum mechanics illustrate the weirdness of quantum world using
the experiment. As Feynman (1963) said, it contains the only mystery of quantum mechanics.
But have we disclosed the mystery and understood the double-slit experiment? As we think,

the answer is definitely negative. The realists have been asking, “how on earth does the single
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particle pass through the two slits?**” In this section, we will present a clear realistic picture of
the particle passing through the two slits to form the double-slit interference pattern, and
demonstrate that the double-slit interference is just the natural display of quantum motion.

The right figure is a simple sketch map of
double-slit experiment. The single particle (e.g.
electrons) is emitted from the source S one
after the other, then passes through the two

slits to arrive at the screen B . In this way,

when a large number of particles arrive at the

A B
screen, they collectively form a double-slit

interference pattern, Figure 6 Double-slit experiment

Let’s first see whether or not the familiar continuous motion of particles can account for
the formation of the double-slit interference pattern. According to the definition of continuous
motion, the single particle can only pass through one of the two slits in each experiment. Then
it is evident that the double-slit interference pattern will be the same as the direct mixture of
two one-slit patterns, each of which is formed by opening each of the two slits. The passing
process of each particle in double-slit experiment is exactly the same as that in one of these
two one-slit experiments. However, all known experiments show that the interference patterns
for the above two situations are evidently different. This is an inevitable dilemma when using
continuous motion to explain the formation of the double-slit interference pattern. In fact, we
can see where the perplexity lies more easily from the following fact, i.e., that when one of the

two slits is shut, the particle can reach some position on the screen, but when the shut slit is

opened, it will prevent the particle from reaching the above position on the screen.

1% Indeed, it is just this question that touches our sore spots in understanding quantum mechanics, and unveils
the deadly flaw of the orthodox interpretation of quantum mechanics.
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No way out but reject continuous motion. The orthodox interpretation of quantum
mechanics indeed rejects continuous motion, but at the same time, it also rejects all possible
forms of motion, and proves that the rejection is inevitable. Thus the orthodox interpretation
not only fails to give the realistic motion picture of the particle passing through the two slits,
but also surprisingly asserts that this is not due to its inability, but because the motion picture
does not exist at all in reality. In the following, we will see how the orthodox interpretation
“practises deception”, and where it “gives the show away”.

The orthodox interpretation first implicitly assumes that continuous motion is the only
possible form of motion, and then proves that continuous motion cannot account for the
double-slit interference pattern by employing the similar demonstration as the above. Thus the
orthodox interpretation rejects continuous motion, and owing to the uniqueness of continuous
motion, it also rejects all possible forms of motion for the microscopic particles. It asserts that
when people talk about any property of particles, they must measure the property, in other
words, there exists no microscopic reality independent of observation. Furthermore, the
orthodox interpretation explains the double-slit experiment in the sense of measurement, and
regards such an explanation as the only possible one. This explanation can be simply
expressed as follows. If you want to know how the single particle passes through the two slits
to form the double-slit interference pattern, you must detect which slit the particle passes
through by taking a position measurement. But according to quantum mechanics, this kind of
position measurement will inevitably destroy the double-slit interference pattern. Then on
condition that the double-slit interference pattern is not influenced, we cannot detect which slit
the single particle passes through, and thus we cannot know how the single particle passes
through the two slits to form the double-slit interference pattern. Accordingly the realistic
motion picture of the particle passing through the two slits does not exist in the sense of

observation. Moreover, since there exists no microscopic reality independent of observation,
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the realistic motion picture of the particle passing through the two slits does not exist in
essence.

The above demonstration of the orthodox interpretation seems to be flawless, and it
indeed “dusts the eyes of” nearly all great men in the 20™ century™. However, there exist two
unnoticed deadly flaws in the demonstration. One is that the orthodox interpretation implicitly
assumes continuous mation is the only possible form of motion, but it never gives a justifiable
argument. The other is that the orthodox interpretation only employs the position
measurement to detect how the particle passes through the two slits in individual experiment.

Concerning the first flaw, the implicit assumption of the uniqueness of continuous motion
has never been seriously examined and disbelieved. Even we can say, no one has ever noticed
that it is an assumption, since nearly all people including those arguing against the orthodox
interpretation religiously believe in it. The validity of this assumption appears to be evident,
but as we will see, it is an ingrained prejudice. It was fed to grow up by the successful
experience and the edification of great men, but it instead fetters the thoughts of the great men,
and tries to obliterate the reality behind experience. It finally becomes a terrible demon under
the cosher of people, and even wants to devour the whole real world. Now only reason can
tame it, and help it get back the lily-white heart and the naive temperament. Indeed, there exist
many reasons to lead people to unconditionally accept the above assumption, and the reasons
from experience and history may play a decisive role. But we must note that people seldom
consider the rationality of this assumption, and never seriously study whether there exist other
possible even more fundamental forms of motion, even though they cannot help but reject
continuous motion in the face of quantum mechanics. Why do people believe in it so

religiously? An interesting fact may be that it is unnecessary for people to doubt this

!® The underlying reason, as we think, is that they all had the following prejudice, i.e., that continuous motion
is the only possible form of motion.
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assumption before the appearance of quantum mechanics, while the orthodox interpretation
prohibits people from doubting it again after the founding of quantum mechanics. But then,
we had better leave this question to the philosophers.

Now we will further analyze the first flaw in the demonstration of the orthodox
interpretation. As we know, when discussing the double-slit experiment, people always ask the
following question, i.e., that which slit the single particle passes through in individual
experiment. The orthodox view asserts that this question is meaningless, since we cannot
measure which slit the particle passes through on condition that the interference pattern is not
destroyed. In fact, this question is indeed meaningless, and as it happens the orthodox answer
is right. But as we have seen above, its reason is by no means right. The actual reason should
be that if the particle passes through only one slit in each experiment, the interference pattern
will not be formed at all*®. Thus it is obviously wrong to ask which slit the single particle
passes through in individual experiment. The particle must pass through more than one slit,
otherwise the double-slit interference pattern cannot be formed.

On the other hand, we can still ask the following question, i.e., that how the single
particle passes through the two slits to form the interference pattern. It is just this question that
clearly unveils the first deadly flaw of the orthodox interpretation. Then what is the answer of
the orthodox interpretation? As we know, it concludes that there exists no any realistic motion
picture of the particle passing through the two slits, and the above question is still meaningless.
But how can it arrive at this conclusion? It cannot do, and no one can do. What the orthodox
interpretation bases on is only the above prejudice, i.e., that continuous motion is the only
possible form of motion. Once the prejudice is rejected, and the realistic motion picture of the

particle may exist, we can actually find it by using a logical microscope. The reasoning is very

18 Here we assume the particle is the only existence as the orthodox interpretation does. Thus Bohm (1952)'s
hidden-variable theory is not considered.
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simple. Since the particle does not pass through only one slit in individual double-slit
experiment, it must pass through both slits when passing through the two slits. The particle
has no other choices in logic! This kind of bizarre motion is not impossible in principle. Since
it will take a period of time, not one instant, for the particle to pass through the slits, what the
particle needs to do is just moving discontinuously in the two slits. In reality, this is just the
display of quantum motion.

Now we will turn to the second flaw in the demonstration of the orthodox interpretation,
i.e., that the orthodox interpretation only uses the position measurement to detect how the
particle passes through the two slits in individual experiment. This flaw is a technical flaw,
and actually results from the first flaw. The validity of position measurement relies on the
absolute validity of the implicit assumption in the first flaw, according to which continuous
motion is the only possible form of motion. When this assumption is no longer valid, and the
realistic motion of particles does exist and is not continuous motion, the single particle will
pass through both slits in a discontinuous way. Then the position measurement may be
incapable to detect how the particle passes through both slits in individual experiment, and
thus it may be invalid. The orthodox interpretation always pertinaciously takes the position
measurement, but it just swallows the bait of quantum mechanics. Quantum mechanics can
easily meet such position measurement by using the wavefunction collapse, and thus it
successfully conceals the real face of the microscopic reality. According to quantum
mechanics, the position measurement will destroy the real motion state of the particle, and
collapse it to the region near one slit. As a result, the position measurement not only destroys
the double-slit interference pattern, but also is incapable to detect the real motion picture of
the particle passing through the two slits.

Once we realize the above technical flaw in the demonstration of orthodox interpretation,
we can try to use a new kind of measurement. It can meet the situation where the particle
passes through both slits in individual experiment, and can detect the real motion state of the
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particle passing through the two slits while not destroying the interference pattern. Fortunately,
this kind of measurement has been found (cf. Aharonov and Vaidman 1993; Aharonov,
Anandan and Vaidman 1993). It is called protective measurement. According to the theory of
protective measurement'’, since we know the wave function of the particle beforehand in
double-slit experiment, we can protectively measure the real motion state of the particle when
it passes through the two slits. At the same time, the wave function of the particle will not be
destroyed after such protective measurement, and the interference pattern will not be
destroyed either. Thus by using protective measurement we can find the realistic motion
picture of the particle passing through the two slits while not destroying the interference
pattern, and the measurement results will reveal that the single particle indeed passes through
both slits in a discontinuous way.

From the above analysis we can see, the first flaw in the demonstration of orthodox
interpretation prevents people from assuming a new form of motion which is different from
continuous motion in theory, while the second flaw further prevents people from detecting this
kind of motion in experiment. Now we have remedied these two flaws, and accordingly the
realistic motion picture of particles naturally appears. It is just the quantum motion of particles.
As a result, the mystery of the double-slit experiment is finally unveiled.

In the double-slit experiment, the real process is that the single particle discontinuously
passes through both slits. Concretely speaking, the particle is still in one of the two slits at
each instant, but during a very small time interval the particle discontinuously moves
throughout both slits and passes through them. Since the particle can pass through both slits in
such a way, it will not only contain the information of one slit, but contain the information of
both slits when arriving at the screen. Then it is intelligible that the double-slit interference

pattern is not a simple mixture of two one-slit interference patterns. Certainly, in order to form

17 See Section 4.3 for a detailed introduction of protective measurement.
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the double-slit interference pattern, it not only requires that the particle passes through both
slits, but also requires that the wave functions passing through the two slits superpose and

interfere with each other. The latter is fulfilled by the law of quantum motion.

5.6.3 Schrodinger's Cat

Inspired by the paper of Einstein, Podolsky and Rosen (1935), Schrédinger (1935) expressed
his dissatisfaction with quantum mechanics through a famous Gedanken experiment, which is
later called Schrédinger's cat paradox. The experiment is described as follows.

"4 cat is penned up in a steel chamber, along with the following diabolical device (which
must be secured against direct interference by the cat); in a Geiger counter there is a tiny bit
of radioactive substance, so small that perhaps in the course of one hour one of the atoms
decays, but also, with equal probability, perhaps none; if it happens, the counter tube
discharges and through a relay releases a hammer which shatter a small flask of hydrocyanic
acid. If one has left this entire system to itself for an hour, one would say that the cat still lives

if meanwhile no atom has decayed. The first atomic decay would have poisoned it. The

W -function of the entire system would express this by having in it the living and the dead cat

(pardon the expression) mixed or smeared out in equal parts."

Where is the paradox in Schrédinger's cat experiment? According to our macroscopic
experience, the cat in the box can only be in a definite state, i.e., it is either living or dead,
while according to quantum mechanics, the whole system in the box will be in a superposition
of two states, in one of which the cat is living, in the other of which the cat is dead, and thus
the cat will be in a bizarre superposition of living state and dead state. Consequently, it seems
that quantum mechanics, which is generally regarded as a universal theory of Nature, actually
contradicts our macroscopic experience. In this way, Schroédinger presented a paradox in his

cat experiment. Either quantum mechanics is incapable of describing the macroscopic
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phenomena or our macroscopic experience is not real. In fact, what the paradox refers to is
just the notorious measurement problem in quantum mechanics.

Most physicists assume a pragmatic point of view as to the dilemma in Schrodinger's cat
experiment. They reckon that the principles of quantum mechanics may be replaced by those
of classical mechanics at a certain level between the atoms and the measuring apparatus such
as the Geiger counter, but they don't investigate where and how such transition happens.
However, this problem must be solved sooner or later.

Now the theory of quantum motion provides a solution to the measurement problem. As a
result, Schrodinger's cat paradox will be also solved. According to the law of quantum motion,
a microscopic object such as an atom can be in a quantum superposition for a very long time.
This forms the strange microscopic world. But as to a macroscopic object such as a cat, its
guantum superposition has not been formed before the wave function collapse process finishes,
thus the macroscopic object will be always in a definite state. This forms the familiar
macroscopic world. In Schrédinger's cat experiment, the atom is indeed in the superposition of
the initial state and the decay state. Since the energy distribution difference between these two
states is very small, the collapse time of this superposition state is very long. But when this
superposition is transferred through the quantum evolution to the macroscopic level such as
the Geiger counter, the energy distribution difference between the states in the superposition
will increase to a very large value. Then the collapse time of this superposition state will be
very short, and thus the superposition state of the Geiger counter and the cat has not been
formed before the collapse process finishes. As a result, the Geiger counter and the cat will
always in a definite state in reality. The Geiger counter either registers a particle or registers
no particles, and the cat is either living or dead.

Here we give a simple quantitative analysis of the above conclusion. A cat is a
macroscopic complex open system, and the energy distribution difference AE between its
living branch and its dead branch will be very large due to the environmental effects such as
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thermal energy fluctuations. According to the law of quantum motion, the collapse time

2E,
T. =
(AE)?

living branch and the dead branch will collapse to one of the branches very soon. For example,

will be very short if AE is very large, and the quantum superposition of the

for a cat comprising 10%" atoms, the energy distribution difference resulting from the
thermal energy fluctuations will be AE =~ NY?kT ~900GeV for T = 300K, and the

collapse time will be 7, = 10s. Then the guantum superposition of the cat has not been

formed before the collapse process finishes, and thus the cat can only be in a living state or a
dead state in reality. This solves the Schrddinger's cat paradox.

It can be seen that the characteristics of paradox are different for Schrodinger's cat
experiment and double-slit experiment. Double-slit experiment mainly relates to the
microscopic displays of quantum motion, and its paradox lies in the following fact, i.e., that
classical mechanics cannot explain the microscopic phenomena, and thus it is not a complete
theory. This fact has been widely accepted. Schrédinger's cat experiment mainly relates to the
macroscopic displays of quantum motion, and its paradox lies in the following fact, i.e., that
although quantum mechanics provides an accurate description of the microscopic world, it
cannot account for the macroscopic phenomena. This indicates that quantum mechanics is not
a complete theory either, and cannot provide a unified description for both the microscopic
world and the macroscopic world yet. It is a pity that most people turn a deaf ear to this fact,
and still wallow in the gratification brought by the great achievements of quantum mechanics
today. However, the march of science can by no means stop, and the finding of quantum

motion is just a small step on its road.
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CHAPTER 6

Relativity in Discrete Space and Time

The theory of relativity is the other foundation stone of modern physics besides quantum
theory. Although its formulation is very simple and graceful, it is not intelligible. The reason
lies in that some postulates of the theory are not the results of a logical analysis, but only the
direct representations of experience. For example, special relativity does not answer why the
speed of light ¢ is a universal constant. In this chapter we will try to provide a logical
foundation for special relativity. It will be shown that the maximum and constancy of the
speed of light may result from the discreteness of space and time. This explains one of the
main postulates of special relativity. Moreover, we will propose a theory of relativity in

discrete space and time, and discuss some of its inferences.
6.1 Why Is the Speed of Light Maximum and Constant?

The constancy of the speed of light is one of the main postulates of special relativity.
According to this postulate, the speed of light in vacuum is the same in any inertial frame®. In
addition, special relativity also requires that the speed of light is the maximum speed of

objects in vacuum®®. This may be the most mysterious and bewildering part of special

18 strictly speaking, the speed of light denotes the two-way average speed of light. In the framework of
special relativity, the one-way speed of light is not a measurable physical quantity. For the convenience of
discussions, we assume the usual Einstein simultaneity convention, i.e., stipulate the constancy of the one-way
speed of light. It is actually an inference of the postulate of the isotropy of space.

1® For a macroscopic object, its speed is defined as the speed of the apparent continuous motion of the object,
which is the approximate display of quantum motion. For a microscopic object, its speed is defined as the
group speed of the wave function describing its quantum motion.
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relativity. Then why does there exist a maximum speed? And why is the maximum speed or
the speed of light constant? Is there a deeper reason?

Since speed is essentially the ratio of space interval and time interval, it is a natural
conjecture that the maximum and constancy of the speed of light may result from some
undiscovered properties of space and time. In the following, we will argue that the
discreteness of space and time may indeed result in the maximum and constancy of the speed
of light.

Consider the continuous movement of an object in discrete space and time. If the object

moves more than a space unit L, such as 2L, during a time unit 7,,, then moving a
space unit L, will correspond to one half of the time unit 7, during the superluminal

movement with speed 2c¢. Since the time unit 7}, is the shortest measurable time interval in

discrete space and time, and the duration of any change should be not shorter than the time

unit 77, such superluminal movement will be prohibited in discrete space and time®®. Thus

the object cannot move more than a space unit L, during a time unit 7;,, and its maximum
speed will be the speed of light ¢, namely

Voax =Ly 1T, =c¢ (6.1)
This result explains the maximum of the speed of light in terms of the discreteness of space
and time. Consequently, the discreteness of space and time may be the physical cause of the

maximum of the speed of light, at the same time, the maximum of the speed of light may have

revealed that space and time is not continuous but discrete, in which the ratio of the space unit
L, and the time unit 7, is the speed of light c. By comparison, if space and time are

continuous, then there exists no a characteristic time size and a characteristic space size, and

2 An interesting inference is that there exist no tachyons in discrete space and time.
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thus it seems very unnatural that there exists a characteristic speed c¢. Note that time interval
and space interval are basic physical quantities, and speed is only a derivative physical
quantity.

Now we will further demonstrate that the constancy of the speed of light also results from

the discreteness of space and time. According to the principle of relativity, the time unit 7,

and the space unit L, should be the same in any inertial frame. If the minimum sizes of

space and time are different in different inertial frames, then the inertial frames will be not
equivalent, and there will exist a preferred Lorentz frame. This contradicts the principle of
relativity. As a result, the speed ¢ will be the maximum speed in any inertial frame. In order to
demonstrate the constancy of the speed ¢, we need to analyze the movement of an object in
two different inertial frames. Suppose an object moves with the maximum speed ¢ in an
inertial frame S . We need to find its speed in another inertial frame S . Since the speed c is

the maximum speed in any inertial frame, the speed of the object should be smaller than or
equivalent to ¢ in the inertial frame S Ifits speed is smaller than ¢, say ¢/2, in the inertial
frame S, then due to the continuity of the velocity transformation, there must exist a speed
larger than ¢/2 and a speed smaller than ¢/2 in the neighborhood of the speed ¢/2 in the inertial
frame S, which correspond to the same speed smaller than c in the inertial frame S. This
means that when the object moves with the above speed in the inertial frame S, it will have
two possible speeds in the inertial frame S . This is prohibited in logic. Thus we find that if

an object moves with the maximum speed ¢ in an inertial frame, it will also move with the
same speed c¢ in other inertial frames. This proves the constancy of the speed ¢ in discrete

space and time.
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Since speed is a physical quantity derived from the ratio of space interval and time
interval, it may be very natural that the characters of the speed of light can be further
explained by the properties of space and time. As we have shown above, the maximum and
constancy of the speed of light indeed result from the discreteness of space and time. This
explains one of the main postulates of special relativity, and may provide a deeper logical

foundation for special relativity.

6.2 Relativity in Discrete Space and Time

It is very odd that a fundamental theory like special relativity is based on a characteristic
speed, namely the speed of light. Speed is evidently not a basic physical quantity, but derived
from the ratio of space interval and time interval. This may have implied that the theory of
relativity is just a makeshift, and will be replaced by a more fundamental theory based on the
properties of space and time. The analysis in the last section reconfirms this conclusion. It
shows that the characteristic speed appearing in special relativity can be further explained by
the characteristic space-time sizes of discrete space and time. As a result, special relativity will
be replaced by the theory of relativity in discrete space and time.
Relativity in discrete space and time has two postulates:

(2). the principle of relativity

(2). the constancy of the time unit 7;, and the space unit L,

The theory of relativity in discrete space and time is more fundamental than special

relativity and general relativity, which are defined in continuous space and time. First, from its

postulates we can derive the characteristic speed of light ¢ =L, /T, , and deduce its

constancy in any inertial frame. This will explain the most important postulate of special
relativity, namely the constancy of the speed of light. Secondly, the discreteness of space and
time permits the existence of a gravitational constant. We have the relation
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k =87G/c* =2xl,T, |, where x isthe Einstein gravitational constant, and G is the

Newton gravitational constant. In continuous space and time where 7,, =0 and L, =0,

we have & =0, and thus gravity does not exist. Thus it seems that gravity can only exist in
discrete space and time, and general relativity should also be replaced by the theory of general
relativity in discrete space and time.

In the following sections, we will discuss some inferences of the theory of relativity in

discrete space and time.
6.3 On the Length Contraction

It can be seen that there exists an apparent contradiction between the constancy of the speed of
light and the constancy of the space unit. It seems that the length contraction required by the
constancy of the speed of light will permit no existence of a constant space unit. However,
since the constancy of the speed of light results from the constancy of the time unit and the
space unit, they should be consistent. The key lies in that the length contraction in special
relativity will not hold true in discrete space and time. This means that the theory of relativity
in discrete space and time will lead to a new length contraction formula. In the following, we
will give a primary analysis of the length contraction in discrete space and time.

First, in order to satisfy the requirement of the constancy of the space unit, the length
contraction factor must relate to the proper length, in other words, the length contraction
factors should be different for different proper lengths. Then the length contraction factor can

be written as follows:

2
vt :\/1—Z—Z+D(V,LO) 6.2)
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where L, > L, is the proper length, D(v,L,) is a functional of v and L,. Secondly,
when L, =L, the constancy of the space unit requires that the observed length L in any

inertial frame should be L = ydflLO = L, . Then we get:

2 2
\4

_ \%
y, = \/1——2 +— D(L,) (6.3)
C C

where D(L, ) =1. Here we omit the possibility that the length contraction factor contains

the unnatural terms such as (L, —LU)Z. Thirdly, when v — ¢, the constancy of the space
unit requires that the observed length L in the inertial frame moving with the velocity v

should be L — L, forany proper length L,. Then we get:

a v v L,
Yo = 1_c_2+c_2(L_) (6.4)

0
This is the length contraction factor in discrete space and time. It is fully consistent with the
requirement of the discreteness of space and time. For a microscopic particle, the length may
be represented by its Compton wavelength. Then the length contraction factor can be rewritten

as follows:

1 vi v E, .,
= -+ (— 6.5
yd CZ cz (EU) ( )
where E, =hlT,, E, isthe energy of the particle.

It seems that if the space-time transformation still assumes the same linear form as
Lorentz transformation, the new length contraction factor will be inconsistent with the
constancy of the speed of light. One possibility is that the space-time transformation will be
nonlinear in discrete space and time (cf. Amelino-Camelia 2002). However, even if the

space-time transformation is still linear, such inconsistency may not exist when considering
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the quantum fluctuations of space-time in discrete space and time. The discreteness of space
and time is essentially one kind of quantum property due to the universal existence of
guantum motion. The space intervals and the time intervals will possess quantum fluctuations
in discrete space and time. Moreover, the fluctuations will be larger in smaller space and time
intervals. For example, such quantum fluctuations in discrete space and time can be revealed
by the generalized uncertainty principle (GUP):

ho, 2L, Ap _hg L’

Ax = + 5
2Ap h 2Ap (n/2Ap)

] (6.6)

where L, =L, /2. The first item in the right side represents a normal space interval in

continuous space and time, and the second item in the right side represents the quantum

fluctuation of the space interval resulting from the discreteness of space and time. As a result,

h
the quantum fluctuation of a space interval L =—— is:
2Ap

L
AL = (2)°L (6.7)
L
Similarly, the quantum fluctuation of a time interval T'is:
T
AT = (?P)ZT (6.8)

where T, =T, /2. In fact, a more general analysis of the measurement of space and time

intervals shows that the quantum fluctuations of a space interval and a time interval may be

larger (cf. Salecker and Wigner 1958). The results are:

L
AL = (=2)?13 L .
(L) (6.9)

T,
AT = (7’3)2’3T (6.10)
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Due to the existence of such quantum fluctuations of space intervals and time intervals, the
constancy of the speed of light will not strictly hold true. Concretely speaking, the speed of
light also possesses quantum fluctuation which relates to the traveling distance L of the light.

Its average value is:
1, L
Ac~=(F%)%c 6.11
2( i ) (6.11)

As a result, the new length contraction factor may be consistent with the constancy of the
speed of light when considering the quantum fluctuations of space-time in discrete space and

time.
6.4 An Inference of the Speed of Photon

In this section, we will discuss some implications of the length contraction factor in discrete

space and time.

We assume the energy transformation £ =y, FE, still holds true in discrete space and

time. This is a natural assumption. In fact, it is also consistent with the existing microscopic

and macroscopic experience. When the speed of a microscopic particle is v =c¢, we have

;/dfleolEU according to the formula (6.5). Then the energy of the particle is

E=E,=E,|2,where E, ~10"Gev is the Planck energy”’. Since the energy £, is

the maximum energy that a particle can have in discrete space and time, the particle moving
with the maximum speed ¢ will have the maximum energy, or vice versa. Note that the particle
with any rest mass can reach the maximum speed ¢ through acceleration. As an inference, the

speed of the photon with the usual energy such as lev is not the maximum speed ¢, and is just

21 Note that this result is independent of the rest mass of the particle. Especially, it is still valid when the rest

mass is zero.
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very close to the maximum speed ¢. Only the photon with the maximum energy can move
with the maximum speed c. This result further implies that the rest mass of photon is not zero,
but finite.

It can be seen that the above results are more natural than those of special relativity. In
special relativity, the particle moving with the maximum speed ¢ can have any energy such as
a very small energy, and only the particle whose rest mass is zero can move with the
maximum speed ¢, while the particle with a nonzero rest mass can never reach the maximum
speed c. In fact, special relativity may have a deadly flaw here. According to the theory, in an
inertial frame with speed ¢, the size of the whole world is zero, and its energy is infinite. Such
a situation should not exist in physics. Thus special relativity will prohibit the existence of the
inertial frames with speed c¢. On the other hand, photon moves with speed ¢ in special
relativity. Since photon is a real physical existence, the inertial frame comprising the photons
with speed ¢ should exist in physics. As a result, there exists an inherent inconsistency in
special relativity. In addition, the existence of such photon frames will also require that photon
should have a nonzero rest mass. In these frames, the photon is at rest and does exist, and thus
it should have a nonzero energy.

In contrast with special relativity, the theory of relativity in discrete space and time has no
the above inconsistency. It permits the existence of the inertial frames with speed ¢, and no
infinity appears in physics when observing in these frames either. This analysis also supports
the preceding conclusion that special relativity should be replaced by the theory of relativity in

discrete space and time.
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CHAPTER 7

A Theory of Quantum Gravity

Quantum theory and general relativity are the two main pillars of 20th-century physics.
Quantum theory describes the quantum motion of objects without the influence of gravitation,
and general relativity describes the gravitation between the objects undergoing classical
motion. Whereas objects essentially undergo quantum motion and gravitation universally
exists between the objects, a theory unifying quantum and gravity should be reasonably
expected in order to provide a complete and consistent account of space-time and motion.
Such to-be-found theory has been called quantum gravity or quantum general relativity. In this
chapter we will suggest a possible way to unify quantum and gravity in terms of the quantum
collapse in discrete space-time. We argue that it may provide a consistent theory of quantum
gravity. In addition, we show that the mysterious dark energy may originate from the quantum
fluctuations of the discrete space-time limited in our universe. This provides a possible

support of our theory.
7.1 The Incompatibility between Quantum and Gravity

How to unify quantum and gravity turns out to be one of the hardest problems in physics.
Quantum theory and general relativity are not only incomplete severally, but also incompatible
with each other. Each of the two theories is unable to describe the quantum motion of objects
under the influence of gravitation. Moreover, their views on how to describe such motion
conflict with each other. Then why are quantum theory and general relativity incompatible?
As we know, quantum theory requires a presupposed definite space-time to define the
guantum motion of objects, but according to general relativity, the space-time should be
determined by the quantum motion of objects, and the resulting space-time is indefinite. Thus

111



A Theory of Quantum Gravity

qguantum theory and general relativity are incompatible when they are combined to describe
the quantum motion of objects under the influence of gravitation. As a typical example, we
consider a superposition state of different positions of a particle, say position 4 and position B.
On the one hand, according to quantum theory, the valid definition of such a superposition
requires the existence of a definite background space-time, in which position 4 and position B
can be distinguished. On the other hand, according to general relativity, the space-time,
including the distinguishability between position 4 and position B, cannot be predetermined,
and must be dynamically determined by the superposition state. Since the different position
states in the superposition determine different space-times, the space-time determined by the
whole superposition state is indefinite. In such an indefinite space-time (i.e. the superposition
of space-times), the quantum state and its evolution cannot be consistently defined. Concretely
speaking, since position 4 and position B are in different space-times, and there exists no a
pointwise identification between two space-times in general according to the principle of
general covariance, position 4 and position B are undistinguishable in principle. As a result,
the superposition state of position 4 and position B cannot be defined in physics. In addition,
since the time-translation operator 0/0t is generally different in different space-times (e.g.
the time-translation operators are related through the relation 0/0t'=0/0t+v-0/ox in
two space-times with a relative velocity v) (cf. Penrose 1996), the time-translation operator,
which determines the evolution of the above superposition of two different space-times,
cannot be consistently defined either.

In a word, quantum theory and general relativity are incompatible, and there exists a
profound and fundamental conflict between the superposition principle in quantum theory and
the principle of general covariance in general relativity (cf. Penrose 1996). Quantum theory
rejects the superposition of different space-times, while the existence of such superposition

seems to be an inevitable result of combining quantum theory and general relativity.
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The incompatibility between quantum theory and general relativity indicates that there
must exist a new physics beyond the description of the existing theories. Once we find and

understand the new physics, the unification of quantum and gravity will be naturally achieved.

7.2 Quantum Collapse Helps to Reconcile Quantum and Gravity

As we think, the new physics may be the quantum collapse in discrete space-time. Quantum
collapse will change the superposition of space-times to one of the definite space-times during
a finite time interval. This provides a middle course to reconcile the conflicting quantum and
gravity. The discreteness of space-time will ensure that quantum state and its evolution can
still be consistently defined during the quantum collapse. This provides enough time for the
reconciling process. Such quantum collapse in discrete space-time can accord with the
existing experience.

We will explain the above reconciling method in more detail. When the space-times in the
superposition have a difference much smaller than the minimum size of discrete space-time,
they will be almost identical in physics®. This will ensure that quantum state and its evolution
can be defined in such superposition of space-times. At the same time, the space-times in the
superposition still have a bit of difference, and this will result in a very slow collapse of the
superposition of space-times. For this kind of situation quantum theory is valid in a very
precise way. When the space-times in the superposition have a difference near the minimum
size of discrete space-time, they will be almost different in physics. This will result in a very

quick collapse of the superposition of space-times. Such collapse will forbid the appearance of

22 \We note again that space intervals and time intervals will possess quantum fluctuations in discrete
space-time, and thus the space-times with a difference smaller than the minimum size are not absolutely
identical, but nearly identical in physics.
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the superposition of space-times with a difference large than the minimum size of discrete
space-time. For this kind of situation general relativity is valid in a very precise way.

In the middle situations, where the space-times in the superposition have a certain
difference smaller than the minimum size of discrete space-time, quantum and gravity will
continually interplay in a dynamical way. Quantum state will evolve in an approximately
definite space-time in most time. When the quantum collapse process finishes, the
superposition of space-times will collapse to one of the definite space-times, and then the
quantum state will evolve in the new definite space-time. As time goes on, the quantum
evolution will generate a new superposition of space-times, and quantum state will
sequentially evolve in such an approximately definite space-time. Such processes will
ceaselessly proceed due to the interplay between quantum motion and space-time. In short,
space-time will be continuously changed by quantum evolution including quantum collapse,
and quantum evolution will continuously proceed in such a dynamical space-time.

Once quantum theory and general relativity can be reconciled by the quantum collapse in
discrete space-time, they will be naturally unified. It is really a big surprise that the hardest

problems of quantum measurement and quantum gravity can be solved all together.

7.3 A Theory of Quantum Gravity

An immense amount of efforts have been made to unify quantum and gravity (cf. Rovelli,
2000). Yet although a great deal has been learned in the course of this endeavor, there is still
no satisfactory theory. The present approaches still face severe problems, both technical and
conceptual (cf. Butterfield and Isham 2001). It has been argued that it may be improper to
quantize the gravitational field in a theory of quantum gravity (cf. Feynman 1995; Penrose
1996; Christian 2001; Weinstein 2001). The reasons include that the gravitational field is

concerned with the structure of space-time that is fundamentally classical in nature etc. If it is
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indeed wrong to quantize the gravitational field, then how can we unify quantum and gravity
in a consistent way? In this section, we will propose a consistent theory of quantum gravity in
terms of the above reconciling method.

According to the analysis given in the last section, the theory unifying quantum and

gravity should be a quantum field theory in the stochastic curved discrete space-time. For

simplicity, we consider a real scalar quantum field ¢ of mass m propagating on the

manifold (M,g/w), which is a globally hyperbolic four-dimensional spacetime manifold
M with metric & v~ The theory can be formally formulated as follows:

G,, =81G(T}) (7.1)

V,Vig—m’p—Sp=0 (7.2)

The first equation is the semiclassical Einstein equation for the metric g, where G, is

the Einstein tensor, G is the Newton gravitational constant, and (f #RV> is the expectation

value of the renormalized stress-energy operator in some physically acceptable state of the

fieldon (M, g #V) . Note that both the stress tensor and the quantum state are functionals of

the metric g, . The second equation is the evolution equation of the quantum field 0,

N

where V , is the covariant derivative associated to the metric g, and S is a stochastic
evolution operator resulting in the dynamical collapse of the wave function or quantum field

(cf. Chapter 3). Note that the field operator (,13 is a functional of the metric g, and the

spacetime point x. A solution of the above equations consists of a spacetime (M,g/w) ,a

quantum field operator gzg[g] and a physically acceptable state |w[g]) for this field. It

should be stressed that all quantities in the above equations of quantum gravity are defined in
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discrete space-time, and each of them contains the minimum space-time fuzziness in a direct
or indirect way.

The stochastic evolution operator in the evolution equation of the quantum field will
ensure the consistency of the above theory of quantum gravity. When the difference of the
space-times corresponding to the branches of a quantum field is larger than the minimum size
of discrete space-time, the superposition will instantaneously collapse to one of the branches
with definite space-time due to the stochastic evolution. This ensures that there is no quantum
superposition of physically different space-times, thus a quantum field and its evolution can
always be consistently defined. As a result, general relativity and quantum field theory in
curved spacetime (cf. Wald 1994; Ford 1997) can be derived from the above theory of
guantum gravity as two approximate theories for respectively describing the motion of
macroscopic objects and the motion of microscopic particles under the influence of
gravitation.

In addition, when the difference of the space-times corresponding to the branches of a
guantum field is smaller than the minimum size of discrete space-time, the space-times are
almost identical in physics. This ensures that the semi-classical Einstein equation is an
accurate equation for determining the background space-time of a quantum field. On the other
hand, the space-times still have a bit of difference, and this will lead to the dynamical collapse
of the quantum field. As a result, there also exist quantum fluctuations of space-time. The
background space-time is continuously influenced by the quantum collapse, and undergoes
intrinsic stochastic fluctuations. Note that the space-time undergoing such fluctuations is still
definite at each moment.

In a word, quantum and gravity can be consistently unified with the help of the quantum
collapse in discrete space-time. In this way, there is no quantized gravity in the usual meaning.
Different from the semi-classical theory of quantum gravity, this theory may be a consistent
fundamental theory of quantum gravity. Certainly, the properties of discrete space-time still
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need to be studied, though our analysis implies that space-time is not a dynamical entity

possessing quantum properties.

7.4 How about Strings and Loops?

It is widely accepted that superstring theory and loop quantum gravity are the most promising
alternatives to a complete theory of quantum gravity (cf. Polchinski 1998; Smolin 2001).
However, if the above analysis is basically valid, then these two theories will be incomplete or
even wrong as a theory of quantum gravity. In the following, we will give some brief
comments on them.

First, superstring theory and loop quantum gravity are both incomplete due to the
existence of the dynamical collapse of the wave function. They take it for granted that the
linear quantum theory is absolutely right. However, as we have argued, the proper
combination of quantum theory and general relativity will inevitably lead to the discreteness
of space-time, and the discreteness of space-time may further lead to the dynamical collapse
of the wave function. As a result, the linear quantum theory is not complete, and the final
equation of quantum gravity must include a nonlinear stochastic evolution term describing the
dynamical collapse process.

Secondly, owing to the existence of the dynamical collapse of the wave function, the
quantum superposition of different space-times does not exist at all. This is also necessary for
reconciling the fundamental conflict between the superposition principle in quantum theory
and the principle of general covariance in general relativity. As a result, quantized gravity does
not exist in the usual meaning. Since both superstring theory and loop quantum gravity insist
that gravity should be quantized, and postulate the existence of the quantum superposition of
different space-times, they may be simply wrong as a theory of quantum gravity. What they

quantize may be not the real gravity or curved spacetime, but some kind of mathematical
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entity. Certainly, superstring theory and loop quantum gravity still deserve to be studied as
useful mathematical models.

Feynman (1995) first noted that it is possible that gravity should not be quantized. He
was also a strong opponent of superstring theory. Penrose (1996) further argued that the
superposition of different space-times is physically improper. He is also an opponent of
superstring theory and loop quantum gravity. History may finally confirm their

forward-looking viewpoints.

7.5 A Conjecture on the Origin of Dark Energy

The recent observations show that our universe approximately contains 4% ordinary matter,
21% cold dark matter, and 75% dark energy (cf. Riess et al 1998, 2004; Perlmutter et al 1999;
Spergel et al 2003; Allen et al 2004). In this section, we will propose a conjecture on the origin
of the dark energy in our universe (cf. Gao 2005). The analysis indicates that the dark energy
may originate from the quantum fluctuations of discrete space-time limited in our universe.
We assume our universe is a finite system limited by its event horizon in space. Whereas
space-time is discrete when combining quantum theory and general relativity, the event

horizon will contain finite area units, whose number is:

A _ _ (7.3)

where A is the area of event horizon, L, = 2L, is the space unit in discrete space-time,

L, is the Planck length, and L, is the event horizon of our universe. In addition, we

assume the space-time limited in the event horizon undergoes quantum fluctuations according
to the Heisenberg uncertainty principle in quantum theory, and its quantum fluctuation energy

of one degree of freedom is:
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_h /2 fic
—cC = (7.4)
2L 4L,

Since the quantum fluctuation of space-time of one degree of freedom corresponds to two area
units in the two ends of the event horizon, the energy density of the quantum fluctuations of
space-time in our universe is:

eN /2 3hc 3c*
= = = (7.5)

4nL,° 13 32L,°L,* 32GL,’

Vv

By using the definition of event horizon L, :a(t)fdt'/a(t'), we can solve the

Friedmann equation for our spatially flat universe. The evolution equation of €, is:

aQ, B 4 =
dlnaNQV(l QV)(1+\/; QV) (7.6)

where Q, =p, I p,, p, =3H?c’18xG is the critical energy density. The equation of

state is:

_1dlnp,

1 4
wy, = —lz—g(l-i'ﬁﬂgl/) (77)

3 dlna

By inputting the current value €, =~ 0.75, we can work out the equation of state:

w, (z) = -0.98+0.24z + O(z?) (7.8)

In addition, we can also determine the current event horizon of our universe:

—H, ‘e~ 1.02H, (7.9

zr

This means that the current event horizon approximately satisfies the Schwarzschild relation
L, =2GM[c? where M = p_ 4zl,> 3.

These theoretical results coincide with the recent cosmological observations (cf. Spergel

et al 2003; Riess et al 2004; Allen et al 2004; Huterer and Cooray 2004), and a detailed
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analysis of the observational data further supports this dark energy model (Gong, Wang and

Zhang 2004). For example, the recent results from Type la supernovae ( SNe la ) studies are

Q, ~0.71+% , w=-1.02+775, and w,<-0.72, w =0.6+05 with 95%
confidence when constraining the analysis to w, >-1, where w, =w(z)|_, and

dw(z) |
dz

w = __o (cf. Riess et al 2004). The analysis of Chandra measurements of the X-ray

gas mass fraction shows Q, =~0.75+0.04, w, =-1.26+0.24,and w, <-0.7 with

95% confidence when imposing the prior constraint w, > -1 (cf. Allen et al 2004). In

addition, the result of Huterer and Cooray (2004) mildly favors the dark energy models with
w  crossing -1. These results indicate that the above dark energy model is perfectly consistent
with the observational data. As we think, the striking coincidence implies that the above

guantum fluctuation energy of space-time is the only source of dark energy. As a direct

consequence, the bare cosmological constant A, will be precisely zero, and the unknown

scalar fields such as quintessence don't exist either (cf. Ratra and Peebles 1988; Scherrer

2004). This is a simple and natural assumption. If the above dark energy model is confirmed

. . . 8
by further experiments, then using the relation A =

>~ Py, where A is the equivalent
c

cosmological constant, we can obtain the Einstein equation for our universe:

(7.10)

This equation will determine the fate of our universe.

We give some comments on the above analysis. It can be seen that the total quantum

L
fluctuation energy of space-time is approximately L—HEP, where E, is the Planck energy.
P
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By comparison, the total vacuum zero-point energy predicted by quantum field theory is

L 3
approximately LSEP when assuming the cut-off energy scale is the Planck energy. The
P

2 10%m
2~ (10-35m

g )? =10") smaller than the latter

former is nearly 120 orders of magnitude (
P

for the current universe. One half of the reduction comes from the fluctuation energy in each
degree of freedom, and the other half comes from the whole number of degrees of freedom.

It is generally believed that the holographic form of dark energy is obtained by setting the
UV and IR cutoff to saturate the holographic bound set by formation of a black hole (cf.
Cohen, Kaplan and Nelson 1999; Horava and Minic 2000; Thomas 2002). Thus the dark
energy can still come from the usual vacuum zero-point energy in quantum field theory.
However, the above analysis implies that the usual vacuum zero-point energy may not exist. A
simple calculation will show that even a holographic number of modes with the lowest
frequency will give more vacuum zero-point energy than the observed dark energy. The lowest
frequency of the vacuum zero-point energy limited in our universe is

he

=— 7.11
oL (7.11)

1

According to the holographic principle (cf. Bekenstein 1981; Hooft 1993; Susskind 1995), the

whole number of degrees of freedom in our universe is

2

A L
N, =—— =" (7.12)
4L, L,
Then the vacuum zero-point energy density should satisfy the following inequality:
3
Prze 2 Ny E = 16GL,7 (7.13)
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3d2 4
This requires d > \/57[/2 in the holographic form of dark energy p, :—c2 (cf.
87GL,
Cohen, Kaplan and Nelson 1999; Horava and Minic 2000; Thomas 2002). Since the total

energy in a region of the size L should not exceed the mass of a black hole of the same size,

there should exist a theoretical upper bound d <1. In addition, the result d > V2ri2 s

also ruled out by the cosmological observations. This can be shown more directly from the

equation of state:

w:—%(1+§\/§2_y)2—%(1+&\/9_y) (7.14)
T

By inputting the current fraction value €, ~0.73 we obtain w, > —0.59. This has been

ruled out by the observational constraint w, < —0.75. Thus the dark energy may not come

from the vacuum zero-point energy in quantum field theory, and the usual vacuum zero-point
energy may not exist either (cf. Gao 2000; Rugh and Zinkernagel 2002). By comparison, the
guantum fluctuations of space-time, whose energy density coincides with that of dark energy,
may be the origin of dark energy. Since the quantum fluctuations of space-time may also be
called quantum-gravitational vacuum fluctuations, the vacuum fluctuation energy still exists.
It does not come from matter, but comes from space-time. In addition, since the density of
vacuum fluctuation energy is inversely proportional to the square of the size of event horizon,

it will be very large at the early stage of the universe. For example, it will be the Planck

E
density p, = —”3 in the Planckian era. If the evolution of the universe is dominated by

»
such vacuum energy in the beginning, the inflation may be a natural result.

We note that our dark energy model will lead to dark energy behaving as phantom, and
seems to violate the second law of thermodynamics during the evolution phase when the event
horizon shrinks. However, the universe inside the event horizon is not an isolated system due
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to the universal existence of quantum processes such as Hawking radiation. Thus our dark
energy model does not violate the second law of thermodynamics when considering the whole
universe system. The universe inside the event horizon and that outside the event horizon will
inevitably exchange energy and information due to the existence of quantum processes. This
may also explain the non-conservation of dark energy inside the event horizon of our universe.

In comparison with the usual dark energy models, our dark energy model contains no
adjustable parameters. It can be confirmed or disconfirmed more directly by experiments.
According to the model, the density of dark energy is inversely proportional to the square of
the event horizon of our universe. Its effects can be differentiated from those of the bare
cosmological constant and the assumed scalar fields. If the model is valid, it may have some
deep implications for discrete space-time and quantum gravity. In short, the quantum
fluctuations of space-time do exist, and the dark energy has provided an experimental
confirmation of discrete space-time. In addition, it also implies that the states of the
guantum-gravitational vacuum may be essentially non-local. In other words, the local states
are not independent each other, and can be decomposed into the independent non-local state
bases. Undoubtedly, this dark energy model and the quantum fluctuations of space-time need
to be further studied.

Lastly, we will predict a new quantum effect of black holes. If the quantum fluctuations of
space-time limited in the event horizon of our universe do exist, then it should also exist
between two black holes. This means that there will exist more quantum fluctuation energy or
dark energy between two black holes. Consider two black holes with the same radius R . Let

the distance between them be L >> R. The quantum fluctuation energy of space-time of one

h
degree of freedom limited between them is & zi The whole number of degrees of
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2
freedom of such fluctuations is N ~

>~ Then the whole quantum fluctuation energy of
P

space-time between the two black holes is

N 7heR? 7R

E = N¢e =~ =—
BHV 4LP2L 2L

E,, (7.15)

where E,,, is the energy of black hole. The energy density is

Ne ke
m’L 4L, L

Puv = (7.16)

It is evident that the density of the quantum fluctuation energy between the black holes is
much larger than that of the observed dark energy. Such energy can be detected in the local

part of the universe such as the center of Milky Way. For example, the resulting repulsive

) . . 27c? . )
acceleration of an object near one black hole is a z37r, where 7 is the distance

between the object and the black hole. The repulsive force equalizes the gravitational force of
the black hole when r = (RL2)1’3. It is expected that this new quantum effect of black holes

can be tested in the near future. Its finding will also provide an indirect confirmation of our

dark energy model.
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CHAPTER 8

Quantum Interactions

We have studied the motion of objects in space-time and the interplay of them. But in order to
find the last law of motion, we must further study the interactions between objects. Then how
do the objects interact with each other? A theory named quantum field theory has been
founded to describe the interactions between objects. Although the predictions of the theory
accurately coincide with experiment, it appears that the theory has not been well understood.
What on earth is a quantum field? Is it a real physical field? Or is it only a description of the
relativistic motion of many particles? In this chapter we will analyze the quantum mechanism

of interactions, and give the real physical picture of quantum field.
8.1 Why Do the Particles Create and Annihilate?

The existence of a particle is eternal in quantum mechanics. In quantum field theory, however,
a particle can create and annihilate, or we can say, a particle has its life. The creation and
annihilation processes of particles are the most amazing processes in quantum field theory.
Such processes have also been found in experiment. Then why do the particles create and
annihilate? And how to understand the creation and annihilation processes of particles?

As we know, the interaction between two particles is via a classical field in
(nonrelativistic) quantum mechanics. The results of the interaction are only the motion
changes of the particles and the corresponding change of the classical field. As a result, the
existence of a particle is eternal. However, in (relativistic) quantum field theory, since there
exist no classical fields, and the basic existent forms of matter are only the particles satisfying
relativistic motion equations, the local interaction between two particles can only be
implemented by the transfer of other particles, while such transfer necessitates the creation
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and annihilation of the transfer particles. Consequently, in order to generate the interaction
between particles, the particles must create and annihilate.

Then why must interactions exist? In reality, all properties of a particle are defined
relative to other particles, in other words, they are defined through the interaction between the
particle with other particles. For example, the mass of a particle is defined as the ratio of the
external force experienced by the particle (i.e. the interaction between the particle and other
particles) and its acceleration. If there exist no interactions, then a particle will devoid of all
properties, and will no longer exist either. Accordingly interactions are the precondition of the
existence of particles. Particles must interact in order to exist, and the interactions must be
implemented through the creation and annihilation of particles. As a result, particles must
create and annihilate in order to exist. This reconfirms an old credo, i.e., that being exists at a
cost of finite life. For each particle, the beginning of life is its creation, and the end of life is

its annihilation. This fact is clearly described by the interaction terms in quantum field theory.
For example, the interaction term —ewy“ywA, describes the local interaction between an

electron and a photon, and denotes that an electron and a photon annihilate and then a new
electron creates.

Particles must create and annihilate. Then where do the particles create from? And where
do the particles annihilate to? The place that the particles create and annihilate in is the
omnipresent vacuum. In quantum field theory, the vacuum state naturally exists as the state in
which no particles exist, and it is also the lowest energy state in the physical world. As a state
with the lowest energy, the vacuum provides the final place for the annihilated particles. As a
result, the number of particles is no longer conserved in quantum field theory.

Lastly, we note that a basic interaction charge can be constructed by using the space unit

L, , the time unit 7;, and the unit of motion 7. The expression can be written as

C, :\/EU L, :\/hLU/TU =+/hic , and the interaction potential energy is in inverse
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proportion to the distance between the charges. The charge of the electromagnetic interaction

can be expressed as a multiple of the basic charge, namely e =+a -fic = \/;-C, , Where

o ~1/137 is the fine structure constant. Similarly, the charges of weak interaction and
strong interaction can both be expressed as a certain multiples of the basic charge. The
multiple denotes the coupling strength of the interaction, and may be determined by the

interplay of the charge and the actual vacuum.
8.2 What Is Quantum Field?

Even though quantum field theory has gained great success in its accurate consistency with
experiment, it seems that the theory has not been well understood yet. In this section, we will
try to understand the quantum field theory®®, and give the real physical picture of quantum
field. Our analysis will show that quantum field is not a kind of physical field, and what
quantum field theory describes is the motion of many particles in the relativistic domain,
which includes the creation and annihilation of particles as special motion processes.

The core of quantum field theory is its operator field formalism. As we know, there exist

only two kinds of operators in operator field. One is creation operator, which is denoted by
a,; in momentum space, and the other is annihilation operator, which is denoted by a, in

momentum space. On the one hand, the introduction of creation and annihilation operators has
its mathematical validity. They come from the Fock space description of many-particle state,
which is equivalent to the real space description of many-particle state in mathematics. On the
other hand, the introduction of creation and annihilation operators also has its physical validity.
There indeed exist the creation and annihilation processes of particles, and we can more

directly describe these two processes through the creation and annihilation operators.

2% For a detailed analysis of the conceptual developments of quantum field theory, see Cao (1997).
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According to the definitions of quantum field theory, quantum field is the creation and

annihilation operators in real space. It can be generally written as follows:

y(x0) =y, (0, (x0) (8.1)
and

w(x0) =y, (x,0) +y," (x,1) (8.2)
where " (x,7) and _(x,f) denote the creation and annihilation operators of a particle
in the space-time point (x,7), w, (x,f) and w,(x,f) denote the creation and
annihilation operators of its antiparticle in the space-time point (x,). Since these operators

relate to space and time, they are visually called operator field or quantum field. The physical

meaning of these operators lies in their actions on the many-particle states. For example, when

w " (x,,t,) actson the vacuum state |0 >, we have:

w (x, 1) [0>=w, " (x,4) [0>+y, (x,,1,) |0>=6,(x — x,) (8.3)
This means that the action of " (x;,#) on the vacuum state is to create a particle in

position x; atinstant .

The creation and annihilation operators in real space can be expanded in momentum
space, and there exists a one-to-one relation between them. This relation is determined by the
properties of the particle such as charge and spin etc. For the charged particle with spin 0, this

relation can be written as follows:

w(x,0) = [ dkla(k,0)e ) + b7 (k,1)e ™ ] (8.4)
where a(k,t) denotes the annihilation operator of the particle in momentum space,

b* (k,t) denotes the creation operator of its antiparticle in momentum space. From the

expansion form of quantum field in momentum space, we can further see that there exist two
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kinds of physical processes in the description of quantum field. One is the free relativistic
motion of the particles (including the particle and its antiparticle). It is described by the

—i(kx—at)

momentum eigenstates of the particles such as e . The forms of the momentum

eigenstates are determined by the properties of the particles. The other is the creation and
annihilation processes of the particles (including the particle and its antiparticle), which can be
regarded as the relativistic motion of the particles under the influence of interaction. These

processes are described by the creation and annihilation operators of the particles in
momentum space such as a(k,t). Moreover, the physical definitions of the creation and

annihilation operators will determine their nontrivial commutation and anticommutation
relations in quantum field theory (see the following Appendix), which provide the so-called
basis of field quantization. Accordingly, the motion of particles is still the true physical reality
hiding behind quantum field, and what quantum field theory describes is the motion of many
particles in the relativistic domain.

We can summarize the relations between quantum field theory and the related theories as

follows.
The motion equation of The motion equation of
single particle > many particles
inreal space in configuration space
field {operator feld second irepresentation
quantization transformation) quantization transformation)
equivalence }
Cuantum field theory — The particle number

representation in real space

Figure 7 The relations between quantum field theory and the related theories
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From the previous figure, we can see that quantum field theory is equivalent to the particle
number representation in three-dimensional space, which can be obtained from the
many-particle motion equation in 3N-diemnsional configuration space through the
representation transformation. Thus what quantum field theory describes is essentially the
motion of many particles. This conclusion is valid in both nonrelativistic and relativistic
domains. Note that Teller (1995) had argued that the Fock space representation gives the real
physical interpretation of the formalism of quantum field theory.

Now we can finally answer the question ‘what is quantum field?” Quantum field is not a
physical field, but a mathematical description of the relativistic motion of many particles. The
physical reality hiding behind quantum field is still the quantum motion of particles, which

includes the creation and annihilation of particles as special motion processes.

Appendix: An analysis of the creation and annihilation operators
In order to understand the quantum field theory, we need to analyze the creation and
annihilation operators a,” and a, in more detail. Here we will demonstrate that their

commutation and anticommutation relations assumed by the theory are actually determined by

their physical definitions. According to the definitions of creation and annihilation operators,
we have a,”|n,>=g(n,)|n,+1>, a,|n,>=f(n,)|n,-1> and when n, =0, a,|n,>=0.
We first assume a,” and a, are commutative, namely [a,",a,] = 0. This leads to the
following relation for any 7, :

g(n,) fn +1)=f(n,) g(n, =1) (8.5)
By using the definition a, [0>=0 we find f(0)=0. Then the above relation requires

2(0) £(1)=0. From the definition @, |0>=g(0)|1> we know g(0) =0, then we get
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/(1) =0. By using the above relation again and again, we can further get f(n, ) =0 for any
n, , and thus we have a, =0. This result evidently contradicts the existence of the

annihilation operator @, . Thus the assumption that @, and @, are commutative is wrong.
Then we prove that the creation and annihilation operators are not commutative, namely

[ak+,ak]¢0. When assuming the commutative relation is irrelevant to the state |7n, >, we
can further get the commutative relation [ak+ ,a, ]=1. In a similar way, we can also prove that
the creation and annihilation operators are not anticommutative, namely {ak+ ,a, }# 0. When

assuming the anticommutative relation is irrelevant to the state |z, >, and |n,> can only

assume |0> and |1>, we can get the anticommutative relation {ak+ ,a, }=1. In addition, since
the creation and annihilation operators of different states are irrelevant, they are evidently
commutative or anticommutative, i.e., when & %k, we have [a,f,ak, ]=0 or {ak+ ,a, }=0.
Similarly, the creation operators are commutative or anticommutative, and the annihilation

operators are commutative or anticommutative, i.e., [a,f,ak,*]:o and [a,,a,]=0 or

{a,",a, }=0and{a,, a,_}=0.

The above analysis clearly shows that the nontrivial commutation and anticommutation
relations between the creation and annihilation operators are determined by their physical
definitions, especially by the intrinsic opposition characters of the creation and annihilation
processes. Thus the commutation relation between the creation and annihilation operator is
different from that between position and momentum in quantum mechanics. As a result, the
so-called field quantization is not a kind of quantization in the usual meaning.

Lastly, we note that the above commutation and anticommutation relations between the

creation and annihilation operators are the simplest relations. It is possible that the
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commutative and anticommutation relations are relevant to the state, and thus there exist more
complex relations between the creation and annihilation operators. These relations may be

necessary for the unification of fermions and bosons.
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CHAPTER 9

Quantum Non-locality

In this chapter we will analyze the perplexing quantum non-locality in terms of the realistic
picture of quantum motion. We will demonstrate that the collapse process of the wave function
requires the existence of a preferred Lorentz frame. A possible method to detect the preferred
Lorentz frame is also proposed. This provides a solution to the problem of the incompatibility

between quantum non-locality and special relativity.
9.1 An Analysis of Quantum Non-locality in Terms of Quantum Motion

Quantum motion is essentially discontinuous in real space, thus it naturally contains non-local

processes. As we know, the physical picture of the quantum motion of a single particle is as

follows. A particle stays in a space unit L, during a time unit 7;,. Then it will still stay
there or stochastically appear in another space unit L, which may be very far from the
original region, during the next time unit 7;,. During a time interval much larger than the
time unit 7;,, the particle will discontinuously move throughout the whole space with a

certain position measure density p(x,?) =]y (x,?) |°. Since the distance between the space

units occupied by the particle during the neighboring time units may be very large, the motion
process is evidently non-local. It seems that space does not exist for the particle undergoing
guantum motion.

In the following, we will mainly analyze the non-local characters of the entangled state of
particles in terms of the realistic picture of quantum motion. This analysis will make people

see the weird displays of quantum non-locality more clearly. Consider a TPES (Two-Particle
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Entangled State) y,¢, +v,@,, where the states y,¢, and y,@, are separated very far
in real space. The physical picture of this TPES is as follows. Particles 1 and 2 are in state
v, during a time unit 7;,, and then they will still stay in this state or be in state y,,
during the next time unit 7;,. During a very short time interval which is still much longer
than the time unit 7, , the two particles will discontinuously move throughout the states
v, and w,p, with the same measure density 1/2. Note that particles 1 and 2 being in
state y,¢, means that particle 1 is in state y; and particle 2 is in state ¢, . Similarly,
particles 1 and 2 being in state /,¢, means that particle 1 is in state /, and particle 2 is

in state ¢, . It can be seen that the motion process of the quantum whole comprising particles

1 and 2 is evidently non-local due to the essential discontinuity of quantum motion.

Now we make a measurement of particle 1 in a local region. Let the initial state of the
measuring apparatus be y,. When the measuring apparatus interacts with particle 1 in a local
region, the state of the measuring apparatus will be entangled with the TPES, and the state of

the whole system will turn to be y,w,¢, + x,¥,9,. Since the measuring apparatus
introduces a very large energy distribution difference between the two branches y,y,¢, and
X.W .9, , the state of the whole system will soon collapse to one of the branches y,y,¢, or

X.W,, according to the law of quantum motion. As a result, the quantum whole is

disassembled into three independent parts: the measuring apparatus, particle 1 and particle 2.

At the same time, the initial two-particle quantum whole no longer exists either, and its state

collapses to ¢, or y,@,, i.e., the state of particle 1 collapses to y, or ,, and the

state of particle 2 collapses to ¢, or ¢,. It can be seen that the local measurement of
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particle 1 brings a non-local influence on the two-particle quantum whole, and thus brings a
non-local influence on particle 2. The distance between the measuring apparatus and particle 2
can be arbitrarily large, and the collapse time can be arbitrarily short in principle. Accordingly
the apparent speed of such an influence can be close to infinite. Note that there exists no causal
influence between the state changes of particle 1 and particle 2, and they both result from the
local measurement, which is the common cause.

Since the measurement simultaneously results in the collapse of the states of particle 1

and particle 2, there also exists a non-local correlation between the collapse states of particle 1

and particle 2. Concretely speaking, if the state of particle 1 collapses to /, , then the state of
particle 2 must collapse to ¢, , whereas if the state of particle 1 collapses to y/,, then the

state of particle 2 must collapse to ¢, . Since the state changes of particle 1 and particle 2 are

simultaneous, and the measurements of their collapse states can be made in space-like
separated regions, the correlation between the measurement results of particle 1 and particle 2
may be still non-local. Such non-local correlation can be revealed through some inequalities
such as Bell's inequality (Bell 1964), and has been confirmed by experiment (cf. Aspect 1982).
However, as Bell (1987) said, "The scientific attitude is that correlations cry out for
explanation." The above analysis may give a true physical explanation of quantum non-local
correlations in terms of quantum motion.

Lastly, we note that there still exist classical non-local correlations between the classical
events happening in space-like separated regions. Different from quantum non-local
correlations, the correlations are completely pre-determined by some common causes in the
past via the classical influences with finite speed, and there exist no randomness and non-local

influences in the measurement of such correlations.
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9.2 The Existence of Preferred Lorentz Frame

We have analyzed quantum non-locality in a given Lorentz frame. In this section, we will
analyze its displays in different Lorentz frames. It will be shown that, in order to avoid causal
loops, there must exist a preferred Lorentz frame for defining the actual causal relations of the
non-locally correlating events. As a result, quantum non-locality does not satisfy Lorentz

invariance in essence.

ECSS
T A

Figure 8 Quantum non-local experiments in two Lorentz frames

Consider two Lorentz frames S and S' in relative motion. There are two independent

TPESs in the two frames respectively. In frame ', particle 1 is measured in position x, at
instant ¢,, and particle 2 is measured in position x, at instant #,. Measurement A4 is
earlier than measurement B, namely 7,<t,, and they satisfy the space-like separation
condition |x; —x,[>c|t, —t,|. In frame S', particle 3 is measured in position x," at

instant 7,)', and particle 4 is measured in position x.' at instant ¢.'. Measurement C is
earlier than measurement D, namely t.'<t,', and they satisfy the space-like separation

condition | x,'=x.'|>c|?,'—t.'|. In addition, there exists a connection between the frames

S and S§', i.e., the result of measurement B determines the setting of measurement C
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(e.g. the setting of angle for spin measurement) in a classical way, and the result of

measurement D determines the setting of measurement A4 in a classical way. This leads to

the time order relations #,<?. and ¢, <t, in frame §. Then the time order of the four
measurements is ¢, <t ,<t,<t. in frame §, and the time order of the measurements C

and D is t'.<t', in frame S'. Such time order of events can exist as a result of the
Lorentz space-time transformation in special relativity. As we know, there exist no causal
connections between the events 4 and B and between the events C' and D in classical

domain, thus the mixed time order loop of these four events (namely ¢, <t ,<t,<t. and

t'-<t'p)inthe frames S and S' does not resultin a causal loop.

Now we consider the quantum non-local influences in the above experiment. \We assume
the collapses of the wave functions of the particles in TPES are simultaneous in all Lorentz
frames, i.e., the simultaneity of the wavefunction collapse possesses Lorentz invariance. In

frame S, since measurement A is earlier than measurement B, and the collapse process
of the TPES is simultaneous in positions x, and x,, the setting selection of measurement

A will non-locally influence the result of measurement B, i.e., there exists a non-local
causal connection A — B . In the similar way, there also exists a non-local causal connection
C — D. Then there exists a causal connection between the events in every segment of the

above mixed time order loop. When we properly select the classical connections, say

B —> C and D — A, the mixed time order loop will form a causal loop, say

A—>B—>C—>D-—A. In the framework of present quantum theory, the quantum

non-local connections 4 — B and C — D are both probabilistic. Thus the above causal
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loop will appear with a certain probability®®. This is also forbidden in logic. Accordingly the
preceding assumption is wrong, i.e., the simultaneity of the wavefunction collapse does not
possess Lorentz invariance®. This will lead to the existence of a preferred Lorentz frame. The
preferred Lorentz frame can be defined as the inertial frame in which the collapse of the wave
function happens simultaneously in the positions occupied by the wave function. In other
Lorentz frames, the collapse process is not simultaneous, and its time order is determined by
the time order in the preferred Lorentz frame through the Lorentz space-time transformation.

Once there exists a preferred Lorentz frame, the mixed time order loop will not form a
causal loop in the above experiment. The reason is that one of the quantum non-local
connections 4 — B or C — D will not exist. Concretely speaking, its causal connection
direction will be reversed, say A — B turnsto B — A. In the preferred Lorentz frame,
all quantum non-local influences are simultaneous, and the causal relation between the
non-locally correlating events is actually and exclusively determined. But in other Lorentz
frames, the quantum non-local influences will be no longer simultaneous, and the causal
relation between the non-locally correlating events will no longer accord with their time orders,
but be only determined by their time orders in the preferred Lorentz frame. This guarantees
that causes always come before effects. Thus it is evident that there will no longer exist causal
loops for the quantum non-local influences.

In a word, we have demonstrated that the quantum non-local influence resulting from the
collapse of the wave function does not satisfy Lorentz invariance, and thus leads to the

existence of a preferred Lorentz frame. It can be seen that this conclusion is a special case of a

2+ See Percival (1998) for a detailed analysis.

% strictly speaking, what we have demonstrated is that the preceding assumption is incompatible with special
relativity, i.e., the simultaneity of the wavefunction collapse and the one-way speed of light cannot both
possess Lorentz invariance. It is actually a demonstration of the incompatibility between quantum non-locality
and special relativity. Here we implicitly assume the constancy of the one-way speed of light.
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general conclusion, which says that only one speed value is permitted to be constant in any
Lorentz frame, and if there are more, then causal loops can be produced. In the above
experiment, if we assume that two speed values, the speed of light (i.e. one-way speed of light)
and infinite speed, are both constant in any Lorentz frame, then causal loops will naturally
appear. Our solution is to assume the validity of the constancy of one-way speed of light. Then
the constancy of infinite speed should be rejected. Thus quantum non-local influence, whose
speed is infinite, will naturally result in the existence of a preferred Lorentz frame.

It is worth noting that the preferred Lorentz frame does not require the existence of some
kind of background field or quantum ether. The existence of preferred Lorentz frame
completely results from the non-locality of the wavefunction collapse, which is one of the
essential characters of quantum motion. In addition, whereas the time order of the
wavefunction collapse is isotropic in the preferred Lorentz frame, it can be reasonably guessed
that the preferred Lorentz frame may be the cosmos frame, in which the microwave
background radiation is isotropic, and the temperature of radiation provides an absolute
measure of the cosmos time.

Lastly, we stress that the absolute validity of the principle of relativity must be limited
due to the existence of preferred Lorentz frame. The principle of relativity does not hold true
for the collapse of the wave function. It should be mentioned that Einstein, the founder of
special relativity, also realized the possible limitation of the principle of relativity. He said, "As
long as one was convinced that all natural phenomena were capable of representation with the
help of classical mechanics, there was no need to doubt the validity of this principle of
relativity. But in view of the more recent development of electrodynamics and optics, it
became more and more evident that classical mechanics affords an insufficient foundation for
the physical description of all natural phenomena. At this juncture the question of the validity
of the principle of relativity became ripe for discussion, and it did not appear impossible that
the answer to this question might be in the negative" (Einstein 1920).
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9.3 How to Detect the Preferred Lorentz Frame?

The incompatibility between quantum non-locality and special relativity has been demonstrated
from different points of view (cf. Bell 1986; Hardy 1992; Squires 1992; Percival 1998, 2000;
Suarez 2000a, 2000b; Scarani et al 2000; Gao 2000). It has been argued that the collapse of the
wave function can result in the appearance of quantum non-locality, and further requires the
existence of a preferred Lorentz frame. The analysis given in the last section reconfirms this
conclusion. Then how to detect the preferred Lorentz frame will be a pressing problem. In this
section, we will propose a possible method to detect the preferred Lorentz frame in terms of the
theory of quantum motion. According to the theory, the collapse time of the wave function
relates to the velocity of the experimental frame relative to the preferred Lorentz frame. Thus
the preferred Lorentz frame can be detected through measuring the collapse time of the wave
function.

According to the theory of quantum motion, the collapse of the wave function is described

as a dynamical process, and the nonrelativistic collapse time formula for a two-level system is:

r, =hE,I(AE)? (9.1)
where 7 is the Planck constant divided by 27, Ep is the Planck energy, AE is the

squired energy uncertainty of the state. Here we omit a finite dimensionless coefficient which
may be involved in the collapse time formula. Assume this nonrelativistic collapse time
formula is valid in a frame S in the relativistic domain. Then using the Lorentz transformations,
we can get the relativistic collapse time formula in frame S’ with velocity v relative to frame
Sis:

T, = (1—uv/c2)’3(1—vzlcz)m[hEp I(AE)?] 9.2)

where u is the group velocity of the measured wave function in frame S. This formula

contains the terms relating to the velocity v of the experimental frame. This evidently
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violates the principle of relativity. We may define the frame in which the collapse time
formula (9.1) is valid as the preferred Lorentz frame. Thus according to the theory of quantum
motion, the collapse law provides a method to detect the preferred Lorentz frame.

In general, we can measure the collapse time of the wave function through measuring the
change of the interference between the corresponding collapse branches in the initial wave

function. The change of the interference effect due to collapse can be generally formulated as
p(t) = p(0)e™"'* . The main technology difficulty of this general approach is to exclude the

influence of environmental decoherence. Marshall et al (2003) proposed an experimental
scheme for testing the existence of the dynamical collapse of the wave function. Their
experiment may also be used to detect the preferred Lorentz frame.

In the following, we will further propose a possible experimental scheme to probe the

preferred Lorentz frame, which can overcome the above difficulty. Consider the Kf meson

decay process. The state of K f meson can be written as follows:

|K0>—|E0>):i(ls>|67>—|d>|§>) (9.3)

2
vz vz

According to the theory of quantum motion, in the above collapse time formula we have

0 -
| K, >=

AE ~100Mev , which is approximately the mass difference of s quark and d quark®,

and the corresponding collapse time 7, is nearly 10735 in the preferred Lorentz frame.
Since the Kf meson decay process is very complex, it is very difficult to directly measure
the collapse time through measuring K° and K°. Fortunately, we may indirectly find the

collapse time by measuring the CP branching ratio of Kf due to the involved CP violation.

% Here we assume the wave functions of s quark and ¢ quark in the K? meson are approximately

separated in space.
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The initial state | K > is a CP eigenstate, while the collapse states |K° > and |K° >
are not CP eigenstates. This indicates that the collapse of the wave function is the cause of the

CP violation in the Kf meson decay process. Thus we can work out the CP branching ratio

of K meson in terms of the collapse time 7, and the mean life 7 of K. meson”"
y =" (9.4)

where y is the CP branching ratio of Kf meson, y, is the collapse branching ratio which
equals to 1/2%. Then we can probe the preferred Lorentz frame through measuring the CP
branching ratio of Kf meson.

According to the relativistic collapse time formula (9.2), when the group velocity of the
measured wave function is close to the speed of light, and the velocity of the experimental
frame relative to the preferred Lorentz frame is much smaller than the speed of light, the
collapse time formula in the first rank of v is:

7, ~(1+ 3v/c)[hEp I(AE)?] (9.5)
Then the difference of the collapse times measured in different experiment frames is:

At, =~ (3Av/ o)z, (9.6)

2 Here we assume the collapse of the wave function is the only cause of the CP violation in the K? meson

decay process.

%8 This relation was first noticed by Fivel (1997a, 1997b). It is consistent with the present experiment data of

both x? and Kg- Using this relation we can get the CP branching ratio of K? v =0.52 x107°. This

value accords with the present measurement result . <1.4x10™° (cf. Eidelman et al 2004).
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Using the relation (9.4) we can further get the corresponding difference of the CP branching

ratios of K meson:

Ay = —(3Av/c)y 9.7)

Assume the preferred Lorentz frame is the cosmos frame (CMB-frame), in which the cosmic
background radiation is isotropic. Considering the speed of the Earth relative to the
CMB-frame v ~370km /s and the maximum difference of the revolution speed of the

Earth relative to the Sun Av ~ 60km /s, the maximum difference of the CP branching ratios
of Kf meson measured in different times (e.g. spring and fall respectively) on the Earth will
be

|Ay |X|3Av/c|y =6x107"y (9.8)
The recent measured CP branching ratio of K, meson is (2.858+0.023)x107° (cf.

Eidelman et al 2004). Thus if the measurement could be made more accurately, then the

preferred Lorentz frame can be detected through measuring the seasonal change of the CP

branching ratio of K meson on the Earth. This conclusion also holds true for the other

decay processes involving CP violation such as the K;) meson decay. It is expected that such

measurement can be accomplished in the near future (cf. Kleinknecht 2003).
The above method for detecting the preferred Lorentz frame also provides a proof of the
existence of preferred Lorentz frame. Moreover, the analysis reconfirms the conclusion that the

preferred Lorentz frame is determined by the collapse law of quantum motion. In addition, the
finding of the seasonal change of the CP branching ratio of Kf meson will undoubtedly have

some implications for quantum theory and special relativity. It will not only confirm the
existence of preferred Lorentz frame, which may help to solve the problem of the

incompatibility between quantum non-locality and special relativity, but also confirm the
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existence of the wavefunction collapse, which may help to settle the controversies about
quantum theory and lead us to find a complete quantum theory. Certainly, it may also reveal

the origin of CP violation, i.e., that CP violation results from the collapse of the wave function.
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CHAPTER 10

Quantum Superluminal Communication

As we have shown, the collapse of the wave function requires the existence of a preferred
Lorentz frame. This opens the first door to quantum superluminal communication (QSC). The
possibility of realizing QSC will be detailedly analyzed in this chapter. We will demonstrate
that the combination of the collapse of the wave function and the consciousness of the
observer may permit the observer to distinguish nonorthogonal states in principle. This
provides a principle for realizing QSC. A practical QSC scheme and some optimizing
schemes are further proposed in terms of the QSC principle. Lastly, some implications of the

existence of QSC are discussed.
10.1 A General Analysis

It is a plain fact that special relativity prohibits the existence of superluminal signalling. Their
combination will result in the famous causal loop, which is forbidden in logic. However, the
existence of quantum non-locality has indicated that the absolute validity of the principle of
relativity may probably be limited. A solution to the problem of the incompatibility between
guantum non-locality and special relativity is to assume the existence of a preferred Lorentz
frame. In fact, it is widely argued that the property of quantum non-locality may actually
require the existence of a preferred Lorentz frame. Moreover, the preferred Lorentz frame can
also be detected through measuring the collapse time of the wave function according to the
theory of quantum motion (cf. Chapter 9). If such a preferred Lorentz frame does exist, then
QSC, which uses the quantum non-local influences to transfer information faster than light,
will not result in the forbidden causal loop, and may exist (Gao 1999a; Suarez 2000b). This

will open the first door to QSC.
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Whereas quantum non-locality may defy special relativity and further permit the
existence of QSC, it is very natural to guess that quantum non-locality may be used to realize
QSC. However, the quantum theory also prohibits the existence of QSC. One of the efforts to
realize QSC was made by Herbert (1982). He tried to decode the information contained in the
guantum non-local influences by copying the state of a single particle. But Wootters and Zurek
(1982) soon demonstrated that Herbert’s copy method is forbidden by the (linear) quantum
theory. They concluded that a single quantum cannot be cloned. In fact, there exists a more
general demonstration proving that the existing quantum theory prevents the use of the
guantum non-local influences for QSC. Eberhard (1978) and Ghirardi et al (1980) had given
such demonstrations as early as the 1970s. One common conclusion within the framework of
the existing quantum theory is that an unknown quantum state cannot be completely
determined, and two arbitrarily given nonorthogonal states cannot be distinguished.

However, the above no-QSC conclusion may be not the last answer. For one reason,
guantum theory is not the last theory. It is well known that the most serious problem in
guantum theory is the measurement problem. The projection postulate doesn’t tell us how and
when the measurement result appears. In this sense, the existing quantum theory is an
incomplete description of reality. A promising alternative to a complete quantum theory is the
well-known revised quantum dynamics (cf. Chapter 3). In this theory, the instantaneous
wavefunction collapse is replaced with a describable and dynamical collapse process. In fact,
the existence of such dynamical processes is the common characteristic of a complete
guantum theory. Our following analysis will only rely on this common characteristic.

Although no one has strictly demonstrated that revised quantum dynamics does not
permit the existence of QSC, it is generally thought that the conclusion should be the same as
that of the existing quantum theory. The reason is that these two theories give the same
probability prediction about the measurement results. However, this conclusion doesn’t
consider all possible measurement situations. The usual no-QSC demonstration implicitly
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assumes that the observer does not intervene before the completion of the dynamical collapse
of the wave function, and what the observer identifies is only the definite measurement result
during a quantum measurement. In other words, it doesn’t consider the unusual situation in
which the observer (and especially his conscious perception) directly intervenes in the
dynamical collapse process and may in fact exist in a quantum superposition. Since the
dynamical collapse of the wave function is an objective process which is not related to the
consciousness of the observer, the existence of the quantum superposition of the observer with
consciousness can’t be excluded in principle.

As we will see, the direct intervention of the conscious observer in quantum
measurement may provide a possible way to realize QSC. Moreover, the realization of QSC is
irrelevant to the concrete perception of the “quantum observer” in the superposition of definite

perceptions.

10.2 The Principle of QSC

In this section, we will argue that the combination of the dynamical collapse of the wave
function and the consciousness of the observer will permit the observer to distinguish
nonorthogonal states in principle. This provides a principle for realizing QSC (cf. Gao 1999b,

2000, 2004a).

Let y, and y, be two different definite perception states of a conscious being, and

X, + X, is the superposition state of such definite perception states. We assume the
conscious being satisfies the following “QSC condition”, i.e., that his perception time for the

states y, and y,, which is denoted by ¢,, is shorter than the collapse time of the single
superposition state y, + ¥, , which is denoted by #., and that the time difference

At=t.-t, is large enough for him to identify. In the following, we will demonstrate that the
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conscious being can distinguish between the definite perception states y; or y, and the
superposition state y, + x,. This conclusion is irrelevant to the concrete collapse process of
the superposition state y, + x,.

First, we assume that a definite perception about the superposition state y, + y, can

appear only after a dynamical collapse. This is a natural assumption, and accords with a basic
scientific belief, i.e., that the conscious perceptions reflect the objective world as accurately as

possible. Under this assumption, the conscious being can have a definite perception about the

state y, and y, after the perception time f,, but only after the collapse time ¢, can the

conscious being have a definite perception about the superposition state y, + y,. When the
conscious being satisfies the “QSC condition”, he can be conscious of the time difference

between 7, and 7., then he can distinguish between the definite perception state y, or

X, and the superposition state y, + x,.

Secondly, we assume the conscious being can have a definite perception of the

superposition state before the dynamical collapse has completed. We will demonstrate that the
conscious being is also able to distinguish the states y, + y, and yx, or y, with
non-zero probability.

(1). If the definite perception of the conscious being in the superposed state y; + y, is
neither y, nor y,, then the conscious being can directly distinguish the states y, + %,
and y, or y,.For the latter, the definite perception of the conscious being is y; or y,,
but for the superposition state y, + y,, the definite perception of the conscious being is

neither y, nor y,.
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(2). If the definite perception of the conscious being in the superposed state y, + y, is
X1, then the conscious being can directly distinguish the states y, + y, and y,. For the
latter, the definite perception of the conscious being is y,, but for the superposition state
X1+ X, the definite perception of the conscious being is y, before the collapse process

finishes. In addition, the superposition state y, + y, will become y, with probability 1/2
after the collapse process finishes. Then the definite perception of the conscious being will
also change from y, to y, accordingly. For the state ¥, or y,, the definite perception
of the conscious being has no such change. Thus the conscious being is also able to

distinguish the states y, + ¥, and y, with probability 1/2.

(3). If the definite perception of the conscious being in the superposed state y; + y, is
X, the demonstration is similar to that of (2).

(4). If the definite perception of the conscious being in the superposed state y; + y, is
random, i.e., one time it is y,, another time it is y,, then the conscious being can still
distinguish the states y, + ¥, and y, or y, with non-zero probability. For the latter, the
perception of the conscious being does not change. For the superposition state y; + y,, the

perception of the conscious being will change from y, to y, or from y, to y, with
non-zero probability during the collapse process with independent randomness. For example,

if the definite perception of the conscious being in the superposed state y, + ¥, is x;
before the collapse process finishes, but the superposition state becomes y, after the

collapse process finishes, then the perception of the conscious being will change from y; to
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X, . |f the definite perception of the conscious being in the superposed state y, + y,

assumes y, or y, with the same probability 1/2, then the above distinguishing probability

will be 1/2.

In a word, we have demonstrated that if the conscious being satisfies the “QSC
condition”, he is able to distinguish the nonorthogonal states y, + ¥, and x, or y, with

non-zero probability. This will directly lead to the availability of QSC¥. We will give a
practical scheme of QSC in the next section. It should be stressed that, since the collapse time
of a single superposition state is an essentially stochastic variable, the “QSC condition” can be
in principle satisfied in some collapse events with non-zero probability. For these stochastic
collapse processes, the collapse time of the single superposition state is much longer than the
(average) collapse time and the perception time of the conscious being. This provides an
essential availability of QSC¥.

It is worth noting that the above conclusion is also valid in the many-worlds theory and
Bohm’s hidden variables theory. In the many-worlds theory (cf. Everett 1957; DeWitt and
Graham 1973), the role of the decoherence process (cf. Guilini et al 1996; Zurek 1998) is
similar to that of the dynamical collapse process in the revised quantum dynamics.

Accordingly, the “QSC condition” for the conscious being will be that his perception time for

the states y, and jy, is shorter than the environment-induced decoherence time for the

2 |t should be noted that Squires (1992) had ever given an argument for superluminal signalling in the
nonrelativistic domain. By comparison, the demonstration here is more consistent and complete. For a
detailed comparison see Gao (2006d). In addition, Josephson and Pallikari-Viras (1991) also gave a general
analysis of the biological utilisation of quantum non-locality.

% Note that some possible evidences (cf. Duane and Behrendt 1965; Targ and Puthoff 1974; Radin and
Nelson 1989; Grinberg-Zylberbaum 1994; Wackermann 2003) have indicated that the human beings in some
special states may satisfy the “QSC condition” and achieve QSC.
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superposition state y, + x,, and that the time difference is large enough for him to identify.

Since the conscious perception process and the environment-induced decoherence process are
essentially independent, the “QSC condition” can be satisfied in principle. Once the “QSC

condition” is satisfied, the conscious being can also distinguish the nonorthogonal states

Xt 7%, and y, or y, and further achieve QSC. In Bohm’s hidden variables theory (cf.
Bohm 1952), the conscious systems in the superposition state y; + y, and the definite state
X, or y, will have different trajectories. Since the conscious system can be conscious of

such difference, he can also distinguish the nonorthogonal states y,+ ¥, and y; or y,

and achieve QSC. In fact, the realizability of QSC is irrelevant to the interpretations of
guantum theory. It only bases on two firm facts: one is the existence of indefinite quantum

superpositions, the other is the existence of definite conscious perceptions.

10.3 A Practical Scheme of QSC

In this section, we will give a practical scheme of achieving QSC based on the QSC principle.
It includes two parts. The first part is how to distinguish nonorthogonal states. We design a
device implementing this important function, which is called NSDD (Nonorthogonal States
Distinguishing Device). The second part is how to achieve QSC using the hardcore device
NSDD.

The implementation scheme of NSDD is as follows. The particles to be identified are

photons, and the conscious being in the device can perceive a single photon®. Let the input

states of the device be the nonorthogonal states y ,+y, or v, -y, and y, or y,.

%1 In practical situation, a few photons may be needed.
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v, is the state of photon with a certain frequency entering into the eyes of the conscious
being from the direction A, which can trigger a definite perception of the conscious being who
perceives that the photon arrives from the direction A. y/, is the state of the photon with the

same frequency entering into the eyes of the conscious being from the direction B, which can

trigger a definite perception of the conscious being who perceives that the photon arrives from

the direction B. v ,+w, and v -y, are the direction superposition states of the states

v, and . of photon. Let the initial perception state of the conscious being is y,, then
after interaction the corresponding entangled state of the whole system is respectively

W XatWe X and W, x,-W, ¥, for the input states v ,+y, and y ,-y,. The
conscious being satisfies the “QSC condition”, i.e., his perception time for the definite state

W, X4 O Wy xp, Which is denoted by 7, is shorter than the collapse time of the single
superposition state ¥ , ¥, +tW, ¥ OF W, X,-Wy X, Whichis denoted by 7., and that
the time difference Az=t7.-¢, is large enough for him to identify*2. According to the QSC
principle, the device NSDD can distinguish the nonorthogonal states  ,+y, or v, -y,
and w, or y,.Whentheinputstateis y, or y,, the conscious being will perceive that
the photon arrives from the direction A or B after the perception time 7, and he assigns ‘1’

as the output of the device®. When the input state is y ,+w, or w,-y,, the conscious

being will perceive that the photon arrives from the direction A or B after the collapse time

%2 In an actual experiment, the conscious perceptions can be more accurately recorded by the EEG
(electroencephalograph) recording of the observer, and the “QSC condition” can also be stated using the
corresponding EEG recordings.

® In view of accuracy, an EEG may be used to record the perception time and produce the output of NSDD.
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t., and he assigns ‘0’ as the output of the device. NSDD can be implemented through the

direct use of a conscious being or by an advanced consciousness simulation device in the

future.

Dy b & gource T, WsDD

Figure 9 The setting of a practical QSC scheme

Now we will give the scheme of achieving QSC using the device NSDD. In reality, once
the nonorthogonal photon states can be distinguished, achieving QSC will be an easy task, and
it may be implemented by means of existing technology. Here we use the EPR polarization
correlation pairs of photons as the carriers of information. We encode the outgoing
information by operating the polarizer, and decode the incoming information using NSDD.

The experimental setting is shown in the above figure. Pairs of photons, whose frequencies are

v, and v,, are emitted in the -z direction and +z direction from a source, are then analyzed
by a one-channel polarizer 7, and a two-channel polarizer 7, respectively. The optical
switch C, in the left side can be controlled to determine whether or not the photon v, will
pass to sz;. The transmission axes of the polarizers are both set in the direction x. The
one-channel polarizer 7, allows only the polarization components of the photon parallel to

the transmission axis of the polarizer to be passed, and the two-channel polarizer 7, allows

the polarization components of the photon both parallel to and perpendicular to the
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transmission axis of the polarizer to be passed. The photon passed and analyzed by the
polarizer 7, is detected by D, and the photon analyzed by the two-channel polarizers 7,

is divided into two paths in space, and respectively input to NSDD from different directions.

We explain how QSC can be achieved by means of the above setting. Let the sender
operate the optical switch C;, and have the receiver observe the output of NSDD. Suppose

the communication rules are stated as follows. The encoding rule for the sender is that not
measuring the photon represents sending the code '0', and measuring the photon represents
sending the code '1"**. The decoding rule for the receiver is that the output of NSDD being ‘0
represents having received the code '0', and the output of NSDD being ‘1’ represents having
received the code '1".

The communication process can be stated as follows. When the sender wants to send a

code '0', he controls the optical switch C, to let the photon v; move freely and not be
analyzed by the polarizer ;. Then the state of the photon v, is a superposition state like

v, ty, or w -y, after it passes the polarizer 7, , and the output of NSDD is ‘0’. The
receiver can decode the sent code as '0'. When the sender wants to send a code '1', he controls

the optical switch C, to allow the photon v; to be analyzed by the polarizer 7, and
detected by D, before the photon v, arrives at NSDD. Then the state of the photon v,

collapses to a definite state like y , or ., and the output of NSDD is “1’. The receiver can

decode the sent code as '1'. Thus the sender and receiver can achieve QSC using the above

setting and communication rules.

% In practical situation, in view of the stochastic property of the collapse time and other possible errors,
redundancy coding is required. A single information code should be encoded through the same operation on a
small number of photons.
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Since it may be very difficult for the conscious being to perceive a single photon, the

superposition state of a small number of photons such as

|¢1(02"'(0n >V1 | ¢l¢2"'¢n >l/2 +| ¢l¢2"'¢n >V1 | ¢1¢2"'¢n >l/2 IS needed to aChleVe QSC In

a practical situation. Unfortunately it is also very difficult to achieve such a superposition state
of many photons using existing technology. Here we will present an optimizing scheme. The
method is to use a large number of entangled states of pair photons®. We assume pair photons
are independently emitted from the source one after the other in the above experiment, and the

other settings are the same. The state of the i-th pair photon s

lp, >, |4, >, +|é, >, |@, >, . Then the state of many such independent pair photons

willbe [1 (@, >, | @, >, +|4 >, | @, >, ). The conscious being can still distinguish the
i=1 1 2 1 2

nonorthogonal states [1(|¢, >, |4, >, +| 4, >, | @, >, ) and one of its branch states
i=1

such as |4, >, @, >, ...|p, >, as he satisfies the “QSC condition”. If the sender
wants to send a code '1', he can still control the optical switch C; to let the photons v, be
analyzed by the polarizer 7, and detected by D, before the photons v, arrives at NSDD.
The receiver will identify the input state of the photons v, as a randomly collapsed definite

state such as | x,v,...y, >, , and decode the sent code as ‘0’. Similarly, if the sender wants

vy !

to send a code '0', he can still control the optical switch C; to let the photons v, move

freely and not be analyzed by the polarizer 7,. Then the conscious being will identify the

% Note that this method may also help to overcome the limitation resulting from the inefficiency of the
photon detector to some extent. Here we only need to collapse the superposition states using the photon

detector, and the concrete detection recordings are not needed.
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input state of the photons v, as a superposition state

[T(x >, |y, >, +ly, >, |x, >, ), and decode the sent code as ‘0’. Thus QSC can also
i=1 1 2 1 2

be achieved using the above method. Evidently this experiment could more easily be
conducted using existing technology, and may be completed in the near future.

It can be seen that the communication rate of QSC will be limited by the perception time
of the conscious being®, and this may prevent QSC from being widely applied. One
optimizing scheme would be to combine QSC and quantum teleportation. QSC would be used
to replace the classical communication required by quantum teleportation. Since the
information transferred through this channel is very little, and the majority of information is
transferred through the quantum channel in quantum teleportation, this combination will
largely increase the communication rate of QSC. It is anticipated that advanced perception
simulation technology may be available in the near future, and thus the communication rate of
QSC would be largely increased.

QSC will have many advantages over conventional communication (cf. Gao 2001c¢). First,
the transfer delay of QSC is irrelevant to the communication distance, and can be zero in
principle. Thus QSC is the fastest communication method. Secondly, the carriers of
information may not pass through the space between the sender and the receiver for QSC, thus
the communication process is not influenced by the environment between them. Thus QSC is
a kind of complete anti-jamming communication method. Thirdly, since the carriers of
information can be stored only in the sender and receiver for QSC, a third party cannot

eavesdrop the transferred information. Thus QSC is the most secure communication method.

% The perception time of human being is in the order of 0.1s, thus the corresponding communication rate of
QSC will be in the order of 10bps.
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Lastly, as there is no electromagnetic radiation involved in QSC, it is a “green”

communication method.

10.4 Further Discussions

In order to further understand the realization way of QSC, we will give a brief analysis of the
relation between quantum collapse and consciousness, and discuss some implications of the
existence of QSC.

Bohr (1927) first stressed the special role of measurement in quantum theory with his
complementarity principle. Later von Neumann (1955) rigorously formulated the
measurement process mathematically by means of the projection postulate, but the inherent
vagueness in the definition of a measurement still exists. In order to explain how a definite
result is generated by the measurement of an indefinite quantum superposition, the
consciousness of the observer was invoked by von Neumann (1955). This theory was further
advocated by Wigner (1967), according to which consciousness can break the linear superpo-
sition law of quantum mechanics. This may be the first statement made about the relationship
between consciousness and quantum collapse. It states that consciousness results in the
collapse of the wave function.

However, this relationship between quantum collapse and consciousness needs to be
greatly revised when faced with the problem of quantum cosmology (cf. DeWitt 1967; Hartle
and Hawking 1983). For the state of the whole universe, no outside measuring apparatus or
observer exists. Thus the special role of measurement or observation is essentially deprived,
and the collapse process, if it exists, must be added to the wave function. The dynamical
collapse theory further revised the above relationship (cf. Chapter 3). In the dynamical
collapse theory the normal linear evolution and the instantaneous collapse of the wave

function are unified in a stochastic nonlinear Schrddinger equation, and the quantum collapse
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is a natural result of such evolution. Thus the new relationship between consciousness and
quantum collapse is that the collapse of the wave function must happen independent of
consciousness.

Although the collapse of the wave function does not need to resort to the consciousness
of an observer, their combination may lead to some new results such as the availability of
QSC. As the seeds of QSC, consciousness and quantum collapse are both indispensable.
Quantum collapse provides the basis, and consciousness provides the means. Even if
consciousness doesn’t intervene, quantum collapse itself can also display quantum
non-locality, and thus results in the existence of a preferred Lorentz frame. However, quantum
collapse alone can’t provide the means of realizing QSC, and its inherent randomness
ruthlessly block the way. Here consciousness becomes a delicate bridge to QSC. The direct
intervention of consciousness can help to obtain more information about the measured
guantum state, which is enough to distinguish nonorthogonal states and decode the veiled
information non-locally transferred by quantum collapse. This provides a way to realize QSC.

Furthermore, it can be seen that the distinguishability of nonorthogonal states will result
in the violation of the quantum superposition principle. This indicates that consciousness will
introduce a new kind of nonlinearity to the complete evolution of the wave function. The new
non-linearity is definite, not stochastic. As we know, nonlinear quantum theory generally has
some internal difficulties (cf. Gisin 1990; Polchinski 1991; Weinberg 1992; Czachor 1995).
For example, the description of composite systems depends on a particular basis in a Hilbert
space. However, as we have demonstrated, the consciousness of the observer will naturally
select a privileged basis in its state space. Thus the nonlinear evolution introduced by
consciousness is logically consistent and may exist (cf. Czachor 1995). On the other hand,
once there exist nonlinear evolution of the wave function and real quantum collapse process,

QSC must exist (cf. Gisin 1990; Czachor 1995). The reason is that nonlinear evolution doesn’t
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conserve scalar products. States that are initially orthogonal will lose their orthogonality
during the evolution. This is consistent with the above realization way of QSC.

Certainly, once QSC can be realized, we can directly detect the preferred Lorentz frame
using the QSC process. In addition, QSC can also be used as a natural method to synchronize
the clocks in different positions, and the simultaneity can be uniquely defined using such
superluminal signal (cf. Gao 2004c). As a result, the one-way speed of light can be measured.
Based on the superluminal synchrony method, the space-time transformation will be not the
usual Lorentz transformation, but a new superluminal space-time transformation, which holds
the absoluteness of simultaneity (cf. Gao 2004c). This may have some implications for the
space-time structure and the final unification of quantum and gravity.

Lastly, we note that the QSC principle may provide a physical method for distinguishing
between man and machine (cf. Gao 2002b, 2004b). We can test whether the conner possesses
consciousness through its identification of nonorthogonal states. The conner with
consciousness can distinguish nonorthogonal states, whereas the conner without
consciousness cannot. Moreover, the QSC principle may further imply that consciousness is
not reducible or emergent, but a new fundamental property of matter (cf. Gao 2003a, 2006c,
2006¢). It is expected that a complete theory of matter must describe all properties of matter,
thus consciousness, the new fundamental property of matter, must enter the theory from the
start. We will put forward a unified quantum theory of matter and consciousness in the next

chapter.

159






CHAPTER 11

A Quantum Theory of Consciousness

Consciousness is the most familiar phenomenon. There are two distinct processes relating to
the phenomenon: one is the objective matter process such as the neural process in the brain,
the other is the concomitant subjective conscious experience. The relationship between matter
and consciousness presents a well-known hard problem for science (cf. Chalmers 1996). It
retriggers the debate about the long-standing dilemma of panpsychism versus emergentism
recently (cf. Seager 1999, 2001). Panpsychism asserts that consciousness is a fundamental
feature of the world that exists throughout the universe. Emergentism asserts that
consciousness appears as an emerging result of the complex matter process. It is generally
accepted that an essential separation of matter and consciousness will preclude any real
integration of consciousness with the present scientific picture of the physical world, and
panpsychism and emergentism are the two main positions that can complete the integration.
Then we must decide whether consciousness emerges from mere matter or whether
consciousness is a fundamental property of matter.

Emergentism is the most popular solution to the hard problem of consciousness. But
many doubt that it can bridge the explanation gap ultimately (cf. Chalmers 1996). On the other
hand, although panpsychism may provide an attracting and promising way to solve the hard
problem, it also encounters some serious problems. It is widely argued that the physical world
is causally closed, and the consciousness property assigned by panpsychism must lack all
causal efficacies, i.e., there is a purely physical explanation for the occurrence of every
physical event and the explanation does not refer to any consciousness property (cf. McGinn
1999). But if panpsychism is true, the consciousness property should take part in the causal

chains of the physical world and should present itself in our investigation of the physical
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world. Then whether or not do the causal efficacies of consciousness exist? If they do exist,
how to find them?

In this chapter we will try to solve the above problems by studying the combination of
quantum and consciousness. We will show that the consciousness of the observer can help to
distinguish between the definite states and the quantum superposition of them as the QSC
principle reveals, while the usual physical measuring apparatus without consciousness cannot.
This result indicates that the causal efficacies of consciousness do exist when considering the
basic quantum processes, and thus consciousness is not reducible or emergent, but a new
fundamental property of matter. On the basis of the new analysis, we will finally present a

unified quantum theory of matter and consciousness.

11.1 Consciousness and Physical Measurement

We will first analyze the role of consciousness in physical measurement (cf. Gao 2004b).
Physical measurement generally consists of two processes: (1). the physical interaction
between the observed object and measuring apparatus; (2). the psychophysical interaction
between the measuring apparatus and the observer. In some special situations, measurement
may be the direct interaction between the observed object and the observer.

Even though what physics commonly studies are the insensible objects, the consciousness
of the observer must take part in the last phase of measurement. The observer is
introspectively aware of his perception of the measurement result. Here consciousness is used
to end the infinite chains of measurement. This is one of the main differences between the
functions of a physical measuring apparatus and an observer in the measurement process. But
unfortunately the difference seems to be not identifiable using physical methods. Then
whether or not does the consciousness of the observer have some physically identifiable

effects that are lacking for the physical measuring apparatus?
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In classical theory, the influence of the measuring apparatus or the observer on the
observed object can be omitted in principle during a measurement, and the psychophysical
interaction between the observer and the measuring apparatus does not influence the reading
of the pointer of the measuring apparatus either. Thus measurement is only an ordinary
one-to-one mapping from the state of the observed object to the pointer state of the measuring
apparatus and then to the perception state of the observer, or a direct one-to-one mapping from
the state of the observed object to the perception state of the observer. The consciousness of
the observer has no physically identifiable functions that are different from those of the
physical measuring apparatus in classical theory.

In quantum theory, however, the influence of the measuring apparatus on the observed
object cannot be omitted owing to the existence of quantum superposition. It is just this
influence that generates the definite measurement result to some extent. Since the measuring
apparatus has generated one definite measurement result, the psychophysical interaction
between the observer and the measuring apparatus is still an ordinary one-to-one mapping,
and the process is the same as that in classical situation. But when the observed object and the
observer directly interact, quantum evolution will introduce a new element to the
psychophysical interaction between the observer and the measured object. It will lead to the
appearance of the conscious observer in quantum superposition. In the following section, we
will show that the consciousness of the observer in superposition state can indeed have some

physically identifiable effects that are lacking for the physical measuring apparatus.

11.2 A Quantum Effect of Consciousness

As we know, the usual measurement using the physical measuring apparatus cannot
distinguish nonorthogonal states. But when the physical measuring apparatus is replaced by a

conscious being and considering the influence of consciousness, nonorthogonal states can be
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distinguished in principle according to the QSC principle (cf. Chapter 10). Accordingly the

distinguishability of nonorthogonal states reveals a quantum effect of consciousness, which is

lacking for the physical measuring apparatus.

We illustrate the quantum effect of consciousness with a black box system. We first

define a rule, i.e., that the outputs of the system are respectively ‘0’ and *1” for the inputs i/,

and 1, , and the outputs of the system are ‘2’ for other inputs.

Setup IN | BlackBox [, OUT
Rules ¥, | BlackBox | 0
¥, — el BlackBox |—p |
Other state —_g{ BlackBox | 2
Results  yy+y, 3| Machine _,{ R
1 P(ly=1/2
¥t —— Man —» 2

Figure 10 A scheme of distinguishing between man and machine

Now input the superposition state i/, +y, to the system. If a machine without

consciousness is in the black box, the output will be ‘0’ or ‘1’ with probability 1/2. The

machine without consciousness cannot distinguish the nonorthogonal states y, +y, and
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w, or y,. As aresult, it identifies the superposition state i/, +y, with the state y; or

¥, . Then the output will be ‘0’ or “1” according to the rule. However, if a conscious being is
in the black box, the output will be “2’. The conscious being can distinguish the nonorthogonal

states y,+y, and Y, or y,. As a result, he regards the superposition state y; +y/, as

a state different from y, and /,. Then the output will be ‘2’ according to the rule. The

different outputs for man and machine clearly reveal a quantum effect of consciousness, which
is lacking for the machine without consciousness. Certainly, such an effect can also be used to

differentiate between man and machine (cf. Gao 2000, 2002b, 2004b).

11.3 Consciousness Is a Fundamental Property of Matter

In this section, we will further demonstrate that consciousness is not reducible or emergent,
but a fundamental property of matter. This may provide a quantum basis for panpsychism.

As we have shown, the conscious being or the matter with consciousness can distinguish
nonorthogonal states, while the usual physical measuring apparatus or the matter without
consciousness cannot. Here we note that consciousness contains two aspects: one is the
conscious property, the other is the conscious content. The former denotes the ability of being
conscious of something, and can be described by the conscious strength. The latter denotes the
content being consciously perceived by the subject. The conscious content can be described by
its complexity. In order to distinguish nonorthogonal states, it is required that the measuring
system possesses the conscious property, and its conscious content at least contains the
perceptions of the nonorthogonal states.

If consciousness is reducible or emergent, then the matter with consciousness should also
follow the basic physical principles such as the principle of energy conservation etc.

According to the quantum principles, nonorthogonal states cannot be distinguished. However,
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as we have shown, the conscious being or the matter with consciousness can distinguish
nonorthogonal states. This clearly indicates that consciousness violates the quantum principles,
which are basic physical principles. Thus the consciousness property should be not reducible
or emergent, but a new fundamental property of matter®’. It should be not only possessed by
the conscious being, but also possessed by the atoms as well as the physical measuring
apparatus. The difference only lies in the conscious content. The existing experience shows
that the conscious content of a human being can be very complex, while the conscious content
of a physical measuring apparatus, if it exists, may be very simple. Such simple conscious
content cannot help to distinguish nonorthogonal states.

On the other hand, if consciousness is a new fundamental property of matter, then it is
very natural that it violates the existing basic physical principles, in which consciousness is
not included as one fundamental property of matter. It is expected that a complete theory of
matter must describe all properties of matter, thus consciousness, the new fundamental
property of matter, must enter the theory from the start. Since the distinguishability of
nonorthogonal states violates the basic linear superposition principle of quantum theory, the
consciousness property of matter will introduce a new nonlinear evolution term to the
complete equation of the wave function when the conscious content is complex enough. The
nonlinearity is not stochastic, but definite. It has been argued that the nonlinear quantum

evolution introduced by consciousness is logically consistent and may exist (cf. Czachor 1995;

%" Note that if the wavefunction collapse results from the consciousness of the observer (cf. von Neumann
1955; Wigner 1967; Stapp 1993), then collapsing the wave function will be a quantum effect of consciousness,
and thus consciousness should be also a fundamental property of matter. In addition, we stress again that the
above conclusion is independent of the interpretations of quantum theory. It only depends on two firm facts:
one is the existence of indefinite quantum superpositions, the other is the existence of definite conscious

perceptions.
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Gao 2004a). In addition, we may use the above nonlinear term in the complete evolution
equation of matter to define the consciousness property of matter. Then just like the other
properties of matter such as mass and charge etc, consciousness is also a fundamental property
of matter that can be strictly described in mathematics to some extent.

The above argument provides a quantum basis for panpsychism (cf. Gao 2003a, 2006c,
2006e). As we know, one of the most severe problems of panpsychism is the apparent lack of
evidence that the fundamental entities of the physical world such as electrons and protons
possess any consciousness features. Certainly, such "no evidence" argument can be reasonably
disputed by noting that there may not exist any signs of complex consciousness at the simplest
level (e.g. the conscious content is very simple or even null), and it may be very difficult to
see them even when they do exist there. The existence of gravitation is a good example. Its
extreme weakness between the fundamental entities does not disconfirm that gravitation is not
a fundamental feature of the physical world (cf. Seager 1999, 2001). Now the existence of the
definite nonlinear evolution introduced by consciousness may further help to solve the above
problem. Since such definite nonlinearity can be experimentally tested even for the evolution
of the fundamental entities such as electrons and protons, it may provide a well-grounded and

promising way to confirm the panpsychism doctrine by experiment.

11.4 Conscious Process as Quantum Computation

Whereas consciousness is a fundamental property of matter, it may be expected that its
evolution is essentially a quantum process. In this section, we will argue that the conscious
process is a kind of quantum computation, and the definite conscious experience appears as
the result of such quantum computation (cf. Gao 2006c).

Everyday experience shows that a definite conscious experience can only be obtained

through a process finished in finite time interval, while the process itself is unconscious. The
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existence of finite conscious time is also confirmed by experiment (cf. Libet 1993). Whereas
consciousness is a fundamental property of matter, the existence of such transition process
from pre-consciousness to consciousness may imply that the conscious process is essentially a
guantum collapse process. If the conscious process is a classical process, then since
consciousness is a fundamental property of matter, which is not generated by the matter
process, the system with consciousness should be conscious of its state and process at all
times. As a result, the transition process from pre-consciousness to consciousness will not
exist. On the other hand, if the conscious process is a quantum collapse process, then the
collapse of a quantum superposition of definite conscious states into one of the definite
conscious states will naturally correspond to the transition process from pre-consciousness to
consciousness. Note that the system in a quantum superposition of definite conscious states
does not possess a definite conscious experience. Thus we conclude that the conscious process
may be a quantum collapse process. Whereas the information processing via quantum process
is generally called quantum computation, the conscious process will be a kind of quantum
computation.

In addition, some psi phenomena such as telepathy, if they do exist, may also imply that
the conscious process involves quantum computation. Some experiments have primarily
revealed that the information transfer between the human brains can be achieved in a certain
non-local way (cf. Duane and Behrendt 1965; Targ and Puthoff 1974; Puthoff and Targ 1976;
Radin and Nelson 1989; Grinberg-Zylberbaum et al 1994; Wackermann 2003). When the
classical communication tunnels between the human brains are shut down, the information can
also be transferred between them. This kind of information transfer process, if it really exists,
will strongly imply that such process is a kind of quantum non-local process between two
entangled brain systems, and the involved brain process or conscious process is a kind of
guantum computation. On the other hand, the combination of quantum collapse and
consciousness can indeed lead to the availability of non-local information transfer or
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superluminal communication between the conscious systems (cf. Chapter 10). This further
supports the conclusion that the conscious process is a kind of quantum computation.

Quantum computation is a parallel computation process (cf. Nielsen and Chuang 2000).
During such a process, the information, which distributes in different space regions spread by
the state, not only combines to form a whole, but also is processed simultaneously. Thus if the
conscious process is a kind of quantum computation, then the final result of such quantum
computation will appear as a whole conscious experience with abundant binding content. This
suggests that the combination problem and the binding problem may be more properly solved
in the quantum framework (cf. Seager 1999). The whole formed by quantum entanglement is
a kind of essentially inseparable quantum whole, each part of which does not possess
independent conscious content as well as independent matter state. Only the whole system in
the quantum entangled state can possess an inseparable conscious content. By comparison, the
classical whole is a kind of essentially separable whole, the parts of which possess
independent conscious content as well as independent matter states when they are in
space-like separation. Thus the combination of classical parts cannot form a new inseparable
whole, whereas the combination of quantum parts can form a new inseparable wholeness
through quantum entanglement. This indicates that the combination problem can be more
properly solved in the quantum framework. In addition, quantum entanglement can also
provide a proper way to bind the conscious content distributing in different space regions, and
help to solve the binding problem.

As a typical example, the conscious state of human brain is an inseparable wholeness,
and its parts such as neurons do not possess their independent conscious states. This character
essentially coincides with that of quantum entangled state. Furthermore, we can basically
work out the conscious time or the collapse time of the superposition of different conscious
perceptions using the theory of quantum motion. It will be shown that the theoretical value is
guantitatively consistent with the measured value. This also supports the conclusion that the
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conscious process is a kind of quantum computation. As we know, the number of the neurons
which can form a definite conscious perception is in the order of 10*. In each neuron, the
main difference between the activation state and the resting state lies in the motion of 10°
sodium ions (Na™) passing through the membrane. Since the membrane potential is in the
order of 1072V, the energy difference between the activation state and the resting state is

approximately 10%ev. According to the theory of quantum motion, the collapse time of the
superposition of the activation state and the resting state of one neuron is

hE
rox—L 2.8Mev )’ ~10°s (11.1)
(AE)2  \0.01MeV

where 7% is the Planck constant divided by 27, E, is the Planck energy, and AE' is the

energy difference between the states in the superposition. Thus the collapse time of the

superposition of two different conscious perceptions is

2.8Mev

)2 = 1ms (11.2)
100MeV

7.~ (

In this superposition state, one conscious perception state approximately contains 10*

neurons in the activation state, and the other conscious perception state approximately

contains 10* neurons in the resting state. This result shows that the theoretical value of the

collapse time of the superposition state of different conscious perceptions or the conscious
time is in the order of several milliseconds. On the other hand, the measured value of the
conscious time of human brain is in the order of several hundred milliseconds (cf. Libet 1993).
Whereas a complex conscious process may generally contain many successional collapse

processes, these two values are very consistent. In addition, the above theoretical value of the
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conscious time also coincides with the coherent 40Hz oscillation of neurons accompanying
the appearance of conscious experience (cf. Crick 1994).

It is worth noting that some concrete models of consciousness such as the Orch OR
model also suggest that the conscious process is a kind of quantum computation. In the Orch
OR model, the protein assemblies called microtubules within the brain's neurons are viewed as
self-organizing quantum computers (cf. Penrose 1994; Hameroff and Penrose 1996). It is
generally argued that the brain's neurons seem unsuitably warm and wet for delicate quantum
computation which would be susceptible to thermal noise and environmental decoherence (cf.
Tegmark 2000). However, a recent calculation suggests that microtubules can avoid
environmental decoherence long enough to achieve quantum computation (cf. Hagan,

Hameroff and Tuszynski 2002).

11.5 A Unified Theory of Matter and Consciousness

Since consciousness is a fundamental property of matter, the complete matter state should
include the conscious content. Accordingly a unified theory of matter and consciousness
should include two parts: one is the psychophysical principle, which states the connection
between conscious content and matter state, the other is the complete quantum evolution law
of matter state including conscious content. Such complete evolution includes three evolution
terms: the first is the linear Schrodinger term, the second is the stochastic nonlinear term
resulting in the dynamical collapse of the wave function, and the last is the definite nonlinear
term introduced by consciousness (cf. Gao 2006c).

Undoubtedly it is very difficult to find the psychophysical principle. Some important
analyses have been presented (cf. Chalmers 1996). Here we mainly discuss the definite

nonlinear evolution term introduced by consciousness. Although its final form has not been
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found, we may give a primary analysis of its characters. As we have shown, the definite

nonlinear evolution appears in the following quantum process:
(Wvitvy)) o = (Wt W, Xo) Yo (11.3)

where y,, denotes the state in which the conscious being perceives that the observed state is

a superposition state, not a definite state. The appearance of y,, indicates that the evolution

is nonlinear. It also shows that consciousness results in a special change of matter state during
the nonlinear evolution, which cannot brought by the usual properties of matter. Since the
change of matter state generally corresponds to the change of energy distribution among the
parts of the system, the definite nonlinear evolution introduced by consciousness will change
the energy distribution among the parts of the system. As we have argued, the conscious
process essentially involves quantum computation, and the conscious system is generally in a
guantum entangled state. Thus the definite nonlinear evolution introduced by consciousness
can change the energy distribution among the parts of the entangled system. Owing to the
non-local character of quantum entanglement, the evolution may also change the energy
distribution among the parts of a larger entangled system including the conscious system and
other external systems. This analysis implies that the definite nonlinear term introduced by
consciousness may have some kind of fundamental form, and the corresponding evolution can
also bring some more basic effects.

As an example, we will predict a new quantum effect of consciousness resulting from the
definite nonlinear evolution introduced by consciousness. Since the definite nonlinear
evolution does not preserve the orthogonality of the states, such evolution can change the
coherence of the branches of the state of an external system entangled with the conscious
system and further change the statistic behavior of the external system. As a result, the definite
nonlinear evolution introduced by consciousness may influence the statistic distribution of the
measurement results of an external random process, and there may also exist a correlation
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between the influenced results and the conscious content. We note that some experiments (cf.
Radin and Nelson 1989; Jahn et al 1997; Ibison and Jeffers 1998; Jeffers 2003) may have
primarily revealed such a quantum effect of consciousness.

The above analysis presents a basic framework for a unified theory of matter and
consciousness. This unified theory will not only tell us how the state of matter with
consciousness evolves, but also tell us how the conscious content relates to the matter state. As
a prediction of the theory, since consciousness is a fundamental property of matter, and there
exists a connection between the conscious content and the matter state, a conscious machine
can be constructed. It can be reasonably guessed that the simplest conscious machine which
can distinguish two given nonorthogonal states may be only composed of several qubits.
Certainly, in order to build up a complete theory of matter and consciousness, we need the
organic combination of quantum theory, information science, neuroscience, cognitive science

and psychology etc. This may be the biggest challenge to science in the 21% century.

11.6 Some Suggested Experiments

In order to confirm the existence of the quantum effects of consciousness, which is the core of
the demonstrations in this chapter, we propose the following experimental schemes. The

experiments can be conducted using human beings or animals.

1. Control experiment
Produce several photons with a certain frequency. Input them to the eyes of the subject.
Test and record the conscious time of the subject through EEG (electroencephalograph) or his

dictation.
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2. Quantum perception experiment |

Produce a direction superposition state of the photons with the same frequency®. Input
one branch of the superposition state to the eyes of the subject, and let the other branch freely
spread (not input to a measuring apparatus). Test whether the subject perceives the photons

during the normal conscious time.

3. Quantum perception experiment I1
Produce a direction superposition state of the photons with the same frequency. Input
both branches of the superposition state to the eyes of the subject. Test whether the subject

perceives the photons during the normal conscious time.

4. Perceptions entanglement experiment |

Produce a direction superposition state of the photons with the same frequency. Input the
two branches of the superposition state to the eyes of two independent subjects respectively.
Test whether the subjects perceive the photons during the normal conscious time. It is
suggested that the subjects are unfamiliar with each other before the experiment. This can be
further validated by the phase incoherence of their brain waves.

If the subjects perceive the photons after a time interval longer than their normal
conscious time in any case of the above experiments, then we will have confirmed the
existence of the unusual “QSC condition” in human brains, which can result in the quantum
effects of consciousness. In addition, it is suggested that the subjects in the above experiments
should be composed of three independent groups at least. The subjects in the first group are in
normal conscious state, the subjects in the second group are in meditation state, and the

subjects in the third group are in gigong state.

%8 We may also use the other kinds of superposition state of the photons such as the polarization superposition
state.
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5. Perceptions entanglement experiment I1

Produce a direction superposition state of the photons with the same frequency. Input the
two branches of the superposition state to the eyes of two independent subjects isolated in
space respectively. Then stimulate one of the subjects using flashes or visual patterns at
random intervals. Record his evoked potentials and the corresponding brain activities of the
other subject. Test whether there exists a statistical relevance between them. At the same time,
ask the subjects whether they have the conscious perceptions relating to the stimulations. The
appearance of the statistical relevance may confirm the existence of the quantum effects of

consciousness.
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