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Abstract 

Ultimate goal of the work described in this paper has been the construction of 
a local causal model of quantum theory including quantum field theory. The 
original model has been refined in a number of refinement steps. As the so far 
latest refinement step, quantum loops are identified as the elementary 
processes of spacetime dynamics and quantum field dynamics. Quantum 
loops are processes that constitute quantum objects. In the causal model of 
quantum loops and quantum objects presented here, the collective behavioral 
processes involve the elementary units of spacetime and the associated ele-
mentary units of quantum of fields. As such, quantum loop processes are the 
sources of gravitational fields (i.e., spacetime curvature) and of the quantum 
objects (wave function). The model may be viewed as a derivative of loop 
quantum gravity, spin networks and causal dynamical triangulation, although 
significant deviations to these theories exist. The causal model of quantum 
loops is based on a causal model of spacetime dynamics where space (-time) 
consists of interconnected space points, each of which is connected to a small 
number of neighboring space points. The curvature of spacetime is expressed 
by the density of these space points and by the arrangement of the connec-
tions between them. The quantum loop emerges in a collective behavioral 
process from a collection of space points that carry energy and quantum field 
attributes. The paper is considered by the author to represent a fairly com-
plete causal model, except for some processes whose detailed behaviour needs 
to be determined by use of further computer simulations. 
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1. Introduction 

The author’s work on causal models of quantum theory (QT), quantum field 
theory (QFT) and spacetime dynamics started with the attempt to develop a 
computer model of QT. Soon, the feasibility of such a QT computer model is 
impeded, not (as expected) by the strange and mysterious nature of QT, but by 
the many ambiguous formulations of the theory. The problems encountered 
(described in [1], [2] and [3]) lead to the conclusion that the apparent deficien-
cies of QT could (only?) be removed by the provision of a causal model of QT 
(including quantum field theory) and that the feasibility of constructing a causal 
model may be a criterion for the completeness of a physical theory in general. 

The attempt to construct a local causal model of quantum theory, including 
QFT resulted in several refinement steps of the model (see Figure 1). At one 
point, it was recognized that a causal model of the dynamics of QT/QFT should 
better be based on a causal model of the dynamics of spacetime. Thus, a causal 
model of the dynamics of spacetime has been developed with these major goals: 
1) as much as possible, be compatible with general relativity theory (GRT) and 2) 
should match the main features of the evolving model of QT/QFT. The causal 
model of spacetime dynamics is described in [4]. Because the model of spacetime 
dynamics is a major prerequisite of the work described in the present paper, a short 
description is also given in Section 4. In Section 5, the model of spacetime dynamics 
is applied to quantum fields and quantum objects. A bottom-up approach is taken  

 

 
Figure 1. Refinement steps towards the causal model of quantum loops. 
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here to a description of the causal model of QT/QFT dynamics. First, we de-
scribe how the model of spacetime dynamics is applied to quantum fields (Sec-
tion 6), and we then examine how QFT processes result in the emergence of 
quantum objects (Section 7). Quantum loops and quantum loop process form 
the primary topic of this article, and play a major role in the emergence of 
quantum objects. After a description of the model for the establishment of 
quantum objects, Section 8 presents a discussion of quantum mechanics in terms 
of the model described in Section 7. In this model, in addition to generating 
quantum objects, quantum loops evaporate two types of “field”: (i) the gravita-
tional field (i.e., space curvature changes); and (ii) the Schrödinger field. The 
latter represents the wave function in the interpretation similar to the de Brog-
lie-Bohm theory. The model of quantum mechanics presented in Section 8 
therefore has some commonalities with the de Broglie-Bohm theory. 

The author’s work on models of QT/QFT and spacetime dynamics has been 
guided by three principles for models of physics theories, and the author has 
become increasingly convinced of these: 

1) Causal models—the perception that it takes a causal model to explain the 
outcome of a physics experiment, and a complete causal model to explain the 
experimental results for a theory as far as possible. 

2) Local causal models—not relying on (spooky) actions at a distance. 
3) Discreteness of the essential parameters—the assumption that there exists a 

minimal size and granularity for the essential parameters of the theory. 
Interestingly, the above principles also seem to be highly valued within the 

major modern physics theories, i.e., relativity and quantum theory. However, 
these two theories support different subsets of these three principles; relativity 
theory emphasises local causality, while quantum theory is founded on the dis-
creteness (i.e. quanta) of energy. It is possible that the integration of the two 
theories requires adherence to all three principles. 

Note that the specification of a model in the form of a local causal model is 
not just another style of description language. The description language used in 
this article is a consequence of very rigid requirements with respect to the re-
quired or allowed contents of the specification of a local causal model. This is 
described in more detail in Sections 2 and 3. Adherence to the three require-
ments of a local causal model, support for the discreteness of the essential model 
parameters and the need to describe nonlinear processes have resulted in a style 
of writing that may be considered by the reader to be not quite conformal with 
the style in which professional physics articles are typically written. 

2. Causal Models 

The formal definition of a (local) causal model has been published in various 
preceding papers from the author. It is here repeated because it is important to 
the subject of this paper and because an extended and refined treatment of local 
causal models is appropriate (see Section 3). 
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Definition 1. The specification of a causal model of a theory of physics con-
sists of 1) the specification of the system state, 2) the specification of the laws of 
physics that define the possible state transitions when applied to the system 
state, and 3) the assumption of a physics engine. 

The physics engine. The physics engine represents the overall causal seman-
tics of causal models. It acts upon the state of the physical system. The physics 
engine continuously determines new states in uniform time steps. For the formal 
definition of a causal model of a physical theory, a continuous repeated invoca-
tion of the physics engine is assumed to realize the progression of the system 
state. 
physics engine (S, Δt):={ 

DO UNTIL(nonContinueState(S)){ 
S←applyLawsOfPhysics(S, Δt); 

} 
} 

The system state. The system state defines the components, objects and pa-
rameters of the theory of physics that can be referenced and manipulated by the 
causal model. In contrast to the physics engine, the structure and content of the 
system state are specific for the causal model that is being specified. Therefore, 
the following is only an example of a possible system state specification. 

{ }
{ }

{ }
1 2 3

1

:

: , , ,

: , , n

systemstate spacepoint

spacepoint x x x

stateParameter stateParameter

ψ

ψ

=

=

=



  
The laws of physics. The refinement of the statement 
S←applyLawsOfPhysics(S, Δt); defines how an “in” state s evolves into an 

“out” state s. 

( ) ( )
( ) ( )

( ) ( )

1 1 1

2 2 2

: ;

: ;

: ;n n n

L IF c s THEN s f s

L IF c s THEN s f s

L IF c s THEN s f s

= ←

= ←

= ←



 
The “in” conditions ( )ic s  specify the applicability of the state transition 

function ( )if s  in basic formal (e.g., mathematical) terms or refer to complex 
conditions that then have to be refined within the formal definition. 

The state transition function ( )if s  specifies the update of the state s in basic 
formal (e.g., mathematical) terms or refers to complex functions that then have 
to be refined within the formal definition. 

The set of laws 1, , nL L  has to be complete, consistent and conforming to 
reality (see [3] for more details). 

In addition to the above-described basic forms of specification of the laws of 
physics by ( ) ( ):n n nL IF c s THEN s f s= ← , other forms are also imaginable 
and sometimes used in this article. (This article does not contain a proper defi-
nition of the used causal model specification language. The language used is as-
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sumed to be largely self-explanatory.) 

3. Local Causal Models 

A local causal model is a special type of causal model. The subject locality and 
local causal model concern both, the system state and the laws of physics. 

Spatial causal model A causal model of a theory of physics is called a spatial 
causal model if 1) the system state contains a component that represents a space, 
and 2) all other components of the system state can be mapped to the space. 
Many textbooks on physics (mostly in the context of relativity theory) and ma-
thematics define the essential features of a “space”. For the purpose of the 
present article, a more detailed discussion is not required. For the purpose of 
this article and the subject locality, it is sufficient to request that the space (as-
sumed with a spatial model) supports the notions of position, distance and 
neighborhood. 

Local causal model The definition of a local causal model presupposes a spa-
tially causal model (see above). A (spatially) causal model is understood to be a 
local model if changes in the state of the system depend on the local state only 
and affect the local state only. The local state changes can propagate to neigh-
boring locations. The propagation of the state changes to distant locations; 
however, they must always be accomplished through a series of state changes to 
neighboring locations. Special relativity requests that the series of state changes 
does not occur with a speed that is faster than the speed of light. This require-
ment is not considered essential for a local causal model. 

Based on the formal model definition of a causal model, a formal definition of 
locality can be given.  

Definition 2. A physical theory and a related spatially causal model are given. 
A causal model is called a local causal model if each of the laws Li applies to no 
more than a single position and/or to the neighborhood of this position.  

The position reference can be explicit or implicit by reference to a state com-
ponent that has a well-defined position in space. 

Local spatial specifications If the causal model includes a model of spacetime 
dynamics (such as the model described in the present article), spatial specifica-
tions in the system state must not refer to globally (i.e., non-locally) arranged 
position, distance and direction specifications. This requirement, which is some-
times referred to as “background independence”, prohibits references in terms of 
globally defined coordinate systems. An example where this requirement applies 
is Definition 4 in Section 4 containing direction specifications. 

Physical Objects. Definition (2) notes a relatively strong type of locality that 
may be called “space-point locality”. Most physics theories and models of phys-
ics theories contain spatially extended objects (e.g., particles, nuclei, stars, galax-
ies), with state components and attributes (such as mass, energy, momentum) 
that apply to the object as a whole. Causal model references to the complete 
space of a spatially extended object or to a property of the complete object are 
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considered to violate locality. The construction of a local causal model may not 
be feasible. The space point locality and the feasibility of a local causal model 
may be regained, if it is possible to provide a model of the emergence of the ob-
ject, in particular the emergence of object-global components and attributes. For 
example, in [5], the emergence of a quantum object is described as a collective 
behavioral process.  

Proposition 1. Local causal models that include objects with (object-) global 
components and attributes are feasible only, if it is possible to show a model of 
the emergence of the (object-) global components and attributes.  

The emergence of the object-global components and attributes is accompa-
nied by the emergence of the object. (In general, it is possible to equate the 
emergence of the object-global components and attributes with the emergence of 
the object). Two typical ways/processes for the emergence of object-global com-
ponents and attributes are 

1) Aggregation of subcomponent attributes (example: aggregation of the mass 
of a physical object) 

2) Synchronization of subcomponents attributes (examples: paths, velocity, 
momentum, angular momentum of a composite quantum object) 

In Section 7, the model of the emergence of a quantum object is described as a 
collective behavioral process. 

Global/local laws of physics. The provision of a local causal model may also 
be impeded by the existence of (object-) global laws of physics. Global laws of 
physics are laws that apply to a complete object. From the definition of a causal 
model given in Section 2, this means that the respective law of physics Li refers 
to some (object-) global components or attributes. Examples of global laws of 
physics are all kinds of conservation laws (e.g., energy conservation, momentum 
conservation), and the second law of thermodynamics (i.e., entropy law). In ad-
dition, the laws of quantum theory represent object-global laws, because the 
wave function may apply to a collection of particles.1 The existence of global 
laws within a theory of physics must not necessarily mean the non-feasibility of a 
local causal model, because the causal model may not include the global law 
within the relevant list 1 2, , , nL L L  of the causal model. For example, the en-
tropy law should not appear within a causal model. Neither should the global 
conservation laws appear in a causal model. The global conservation laws have 
to be broken down to (space-point) local conservation laws (which means the 
local laws have to obey the well-known symmetry requirements). 

Even for global laws of physics that cannot be broken down to local laws, 
there may be ways to construct a local causal model. Because (as described 
above) a global law implies that there must be global object components and 
attributes, the feasibility of a local causal model may be regained, if it is possible 
to provide a model of the emergence of the object, in particular the emergence of 
object-global components and attributes. 

 

 

1The object global nature of the wave function ψ represents the root of the apparent non-feasibility 
of a local causal model of QT. 
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4. The Local Causal Model of Spacetime Dynamics 

4.1. The Elementary Structure of Space(-Time) 

In the model described in this article, the system state consists of the space, fields 
and quantum objects. (Time is not considered part of the system state (see below 
“The space-time relationship”)). 

Definition 3. System state:= 
Space, 
Fields, 
Quantum objects; 

Definition 4. Space:= { spacepoint...}; 
spacepoint:= { ψ, gravitationspec, connections }; 
connections:= { connection1, …, connectionn}; 
connection:= { neighborspacepoint, direction }; 
gravitationspec:= { gravitationdynamic, direction, gravitationstrength }; 

ψ represents the contents of space in the form of fields and quantum objects 
(see Section 5 for more details). According to Section 3, direction has to be a lo-
cal parameter. As described in Section 3 “Local spatial specifications”, to enable 
a local causal model, the direction specification of the connection must be given 
in terms of space-point-local parameters. In Section 6.4, a possible direction spe-
cification schema is described. 

4.2. The Space-Time Relationship 

In GRT and SRT, space and time are said to be integrated into spacetime. From 
a mathematical perspective, the integration of space and time is reflected in the 
use of vectors, matrices and tensors that combine the dimensions of space with 
that of time. The integration is also reflected in the laws of physics, where space 
and time (and their derivatives) are jointly transformed. As described above, in 
the causal model chosen here, space and time are strictly separated. Since this 
model also aims for maximal compatibility with GRT, the question arises of how 
this compatibility can be achieved with a model in which space and time are 
fundamentally (initially) not integrated. In the concept underlying the causal 
model of spacetime dynamics, space-time integration does not apply to space 
and time in general, as in SRT and GRT; instead, space-time integration only 
applies to physical processes executed in space and time. 

This implies the following: 
Assertion 2 The measure and metric for space and time can only be defined 

jointly for both space and time, and only with reference to a specific process that 
produces a specific rate of spatial change (i.e. length) within a specific time in-
terval. 

The physical process that is best suited for this joint definition of the measure 
for space and time is the movement of light, under the assumption that the 
speed of light is a constant. 

Assertion 3 The execution speed of physical processes in terms of changes in 
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length in relation to the execution time is invariant. 
For example, if a clock rate (i.e., the proper time) changes, this is always ac-

companied by a length dilation in the space where the process is executed. 
The major physical expressions of curved spacetime are length and time dila-

tions.2 “Time dilation” essentially means a dilation of the speed by which physi-
cal processes, such as clocks, run. 

As a special case of Assertions 2 and 3: 
Assertion 4 Length and time dilations are interrelated and occur only in 

combination. 
Assertions 2 and 3 are essential in the more detailed model of spacetime dy-

namics described below. The above basic assertions with respect to the 
space-time relationship lead to the following propositions concerning the ele-
mentary structure of spacetime: 

Proposition 5. The state update time interval, suti is a constant of nature. 
Proposition 6. The distance between two neighboring space points, connectionl , 

is a constant of nature. This is the distance through which light moves during a 
suti.  

(In Euclidean geometry, it is difficult to imagine that all space point connec-
tions have the same length if the connections are not restricted to orthogonal 
directions.) 

In a model that assumes a constant speed of light, c, it follows from Proposi-
tions 5 and 6 that: 

Proposition 7. During a state update time interval, suti, light moves a con-
stant distance, namely the distance 

suti connectionl l suti c= = ⋅  

The proposed model of spacetime dynamics assumes that all distances and 
lengths in space are composed of the elementary length units, sutil . Likewise, all 
time intervals are multiples of suti. Lengths and distances are defined only be-
tween two space points and only with reference to the speed of light, c. 

Proposition 8. The distance between two space points, 1sp  and 2sp  is giv-
en by the number of spacepoints, ( )1 2,nsp sp sp  through which light passes 
when moving from 1sp  to 2sp  multiplied by the elementary length unit, sutil  
( connectionl= ). 

( ) ( )1 2 1 2, , sutidistance sp sp nsp sp sp l= ⋅ . 

The above propositions result in a model of spacetime in which the speed of 
light is a constant. However, due to Proposition 5, it is hard to avoid curved 
space. This does not present a problem, since curved spacetime is not undesira-
ble in a spacetime model aiming for compatibility with GRT. The remaining 
problem is that of how to achieve GRT-compatible space curvature. Spacetime 
curvature due to time dilation (as predicted by GRT) also needs to be supported. 
The solutions offered by Assertion 3 and Propositions 4 - 7 are that (i) the 

 

 

2Throughout this article the term “dilation” is used to mean positive or negative dilation. 
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process of space emergence/expansion (Section 4) results in length dilations 
through the suitable arrangement of space points and that (ii) length dilations 
cause clock rate dilations for processes running at space positions with dilated 
lengths. 

The formal expression of point (i) is: 
Proposition 9. Lengths within the gravitational field are dilated by the factor 

F1.  
The precise equation for the factor, F1, such that it is in accordance with GRT 

is given below. For the model described in this article, the revised formulation of 
Assertion 4 is: 

Proposition 10. Physical processes run faster or slower depending on the 
length dilation at the position in which the respective physical process is ex-
ecuted.  

Proposition 9 may be viewed as a refinement of Assertion 3 above where the 
dilation of the clock rate concerns physical processes rather than the structure of 
spacetime. The major process that demonstrates the fixed relationship between 
the length dilation and the rate of change of the process is the propagation of 
light. This (simple) process is used as a measure for the change rate of other 
processes by setting the speed of light to be a constant, c. The next classes of 
processes in which the rate of change depends on the length dilation in precisely 
the same proportions as in the propagation of light are clocks in differing reali-
sations. In summary, there is no direct reflection of time dilation as an attribute 
of spacetime in the model of spacetime dynamics. Clock rate dilation (rather 
than time dilation) arises as a property of processes running within space. The 
clock rate dilation factor can be derived from the length dilation factor, F1 of the 
space points at which the respective process is currently being executed. Thus, in 
the model of spacetime dynamics, two levels of time are distinguished, although 
these are seen as a single entity in GRT/SRT: 

1) At the basic level, the progression of time is determined by the uniform 
state update time interval, suti. Simultaneity is assumed for all state changes oc-
curring within the same state update cycle. 

2) Differing clock rates, proper times, and the relativity of simultaneity are not 
associated with the basic overall spacetime (level 1), but instead are associated 
with physical processes running in space. 

In terms of space, two levels can also be distinguished, although these are two 
levels of consideration: 
• At the abstract level (the mathematical level), the space consists of a set of 

interconnected space points. The issue of whether or not the totality of the 
interconnected space points represents a Euclidean space or a specific topol-
ogy (e.g., a Riemann manifold) is left open. 

• At the physical level (the essential level), physical meaning is assigned to the 
components of the space point and its connections. In particular, the length of 
the connections is no longer a geometrical property, but specifies only the 
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Δlength through which light moves during the state update time interval, suti. 
Thus, the integration of space and time into spacetime is established in the 

model of spacetime dynamics by the physical meaning assigned to the compo-
nents of the space points and their connections. 

The length dilation factor F1. In GRT, the curvature specification (i.e., the 
curvature tensor), contains a time-related component in addition to the three 
space-related components. As an example of the impact of the time factor, the 
gravitational redshift is explained as the consequence of the time factor in the 
spacetime curvature (see, for example, [6], page 231). With a Schwarzschild metric 

( ) ( ) ( ) ( )2 2 2 22
2

21 GMs c t x y z
c r

 ∆ = − − ∆ + ∆ + ∆ + ∆ 
 

          (1) 

This means that a clock at position (x, y, z) would run slower than a clock that 
is not affected by a gravitational field by a factor 

1 2

21 GMF
c r

= −                         (2) 

A standard clock at some point A of low potential (for example, at the surface 
of the earth) would run slower than the same clock at a point B with higher po-
tential (for example, in a GPS satellite). Proposition 8 states that not only are the 
clock rates of clocks within a gravitational field dilated by the factor F1, but that 
this dilation also applies to lengths. (As a supporting argument, only in this way 
can the assertion of the constant speed of light be maintained.) Proposition 9 al-
so means that length dilation is the primary effect, and that the clock rate dila-
tion for clocks residing in the length-dilated space is a consequence of the length 
dilation. 

Energy dilation with objects moving in curved space 
Proposition 11. When an object (e.g. a particle) moves from one space point, 

1sp , to another, 2sp  the energy of the object decreases or increases as a func-
tion of the difference in the gravitationstrength of the two space points.  

The energy difference associated with 1sp  and 2sp  is usually called the 
(difference in) potential energy of the positions of 1sp  and 2sp . The gravita-
tionstrength and thus the energy, increases or decreases and has a direction, 
which is towards the source(s) of the gravitation. The basic types of energy that 
are affected by the increase or decrease in the positional energy are the kinetic 
energy and the wave energy (i.e., the wave frequency and wavelength). Appendix 
C shows a summary of the time, length and energy dilations for standard GRT 
and for the causal model of spacetime dynamics. 

4.3. The Dynamics of Space Emergence and Space Changes 

With the proposed model, it is assumed that all the dynamics of space changes, 
including the emergence of space, starting from a minimal source and proceed-
ing through the successive addition of new surface layers of space points. The 
number of space points at the surface layer increases with each new surface 
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layer. The space expansion factor (implied by the space expansion algorithm) 
determines the increase of the number of space points with the new surface 
layer. Figure 2 shows examples of space surface layers with different expansion 
factors (2 or 3).3. 

The space expansion algorithm must achieve compatibility with GRT. This 
affects two items: 

1) The expansion factor that determines the growth of the number of space 
points at the surface layers must be such that Equation (2) is satisfied (which 
means that a Schwarzschild metric arises). 

2) The gravitationstrength in Definition 4 that specifies the strength of the 
gravitational field ψG must decrease with the increasing distance from the source 
of the gravitation (see parameter r in Equation (2)). If multiple sources are in the 
process of aggregation (see below), the strength of the gravitational field has to 
increase accordingly. 

The process of space state progression consists of the repeated application of 
Spread-out/Bundle operations to all space points that are identified by gravita-
tion dynamic ≠ 0 (see Definition 4). 

Specification 5 Space-state-progression (space sp):={ 
Spread-out: FOR (ALL spacepoints sp.point[i]){ 

IF (sp.point[i].gravitationdynamic ≠ 0) { 
generate-OUT-points-from(sp.point[i]); 
} 

Bundle: FOR (ALL new spacepoints sp.point[j]){ 
accumulate-inconnections (sp.point[j]); 
} 

} 
The expression “generate-OUT-points-from()” generates new space points 

(including the necessary connections) for all space points that are currently with  
 

 
Figure 2. Surface of small space objects with radius 3 sutil= ⋅ . 

 

 

3Remember that we are dealing with curved space and that this cannot be adequately represented in 
the 2-dimensional figure. 
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this attribution: gravitation dynamic ≠ 0. At least one new space point is gener-
ated. Whether further space points and connections emerge depend on the gra-
vitational strength and on the more detailed algorithm for the emergence of 
space changes. The gravitational strength is reduced as a function of the in-
creasing distance from the gravitational source(s). The new space points are 
temporarily marked as NEW in the “Bundle” step, in which the gravitational 
strengths are accumulated for all connections to the new space point. The func-
tion “generate-OUT-points-from” can be expressed by the following specifica-
tion. 

Specification 6 generate-OUT-points-from (outpoint):= { 
point0 ← generate-primary-outpoint(outpoint); 
add. points ← generate-additional-outpoints(outpoint); 
supplement-connections(); 

} 
Aggregation of space changes from multiple sources. The assumption that 

all space change dynamics starts from minimal sources implies that the space 
changes originating from multiple sources, typically, will soon start to overlap 
and will accumulate. This results in an overall process of space dynamics where 
three phases can be distinguished: 
• Phase 1: The space changes from the individual sources propagate by the ad-

dition of spherical surface layers as described above. The changed space ob-
ject represents a Schwarzschild metric and Equation (2) is satisfied. 

• Phase 2: The space changes overlap and have to be accumulated. The accu-
mulated space object does not represent a Schwarzschild metric and Equa-
tion (2) is not applicable. 

• Phase 3: At a suitable distance from the gravitational sources, the gravitation 
may be handled as if there was a single source with the mass equal to the sum 
of the multiple sources of masses located at the centre of masses. Equation 
(2) is applicable again. 

Further details on the subject of Section 4 can be found in [7] and [4]. 
Sources of space change dynamics. In [7] and [4], the sources of space 

change dynamics are described as quantum objects. In the present article, the 
model of spacetime dynamics is also applied to the dynamics of quantum objects 
and quantum fields. This leads to a refinement of the model in which the ele-
mentary processes within the quantum objects are already sources of space 
change dynamics (see Section 6.1). 

5. Application of the Model of Spacetime Dynamics  
to QT/QFT 

The local causal model of spacetime dynamics described in [7] and [4] and 
summarized in Section 4 has been developed with the goal of providing a basis 
for a local causal model of QT/QFT. The application of the model to quantum 
theory and quantum field theory is described in the following: 
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5.1. The Space Contents 

Definition 3 defines the system state of the local causal model of spacetime dy-
namics as consisting of space, fields and quantum objects. Fields and quantum 
objects may be viewed as the contents of space. In Definition 4, the space point is 
defined as containing the component ψ. Ψ is said to represent the point-local 
content of the space. Application of the model of spacetime dynamics to 
QT/QFT requires 1) a more detailed specification of the space contents ψ and 2) 
the specification of the model of the dynamics of the space contents. 

The space point component ψ may represent different types of space con-
tents, that is, different types of fields and of particles. The possible types of ψ 
contain the field types known from QFT (e.g., the electromagnetic field), the 
gravitational field ψG

4 and the “Schrödinger field” ψS that represents the wave 
function.5 The association of ψ to the space point is not a static association. The 
space point content may move and spread out to neighboring space points. Also, 
the ψ of a common type may form collections such as fields, particles and compo-
site quantum objects. Such collections of ψ may emerge to physical objects (i.e., 
quantum objects) that propagate as an entity with special object-global attributes. 

The more detailed components of ψ depend on the field type. A fairly general 
set of components and attributes is 

Definition 7. ψ:={ 
dynamics attributes, 
spin type, spin value, 
charge type, charge value, 
direction 

} 
dynamics attributes:= { amplitude, frequency } 
Fields are the simplest type of ψ collections 

{ }1 2: . , . ,field spacepoint spacepointψ ψ=  . 

All the space points belonging to the field have the same field type associated. 
In contrast to quantum objects, there are no object-global attributes associated 
with the field. This makes the fields a suitable base for the specification of a 
(space point) local causal model of QT/QFT. 

A quantum object is defined as consisting of a collection of 1 to n particles 
(see [8]). This means that a quantum object is either an elementary particle or a 
composite quantum object. 

Definition 8. quantumobject:= { 
globalquantumobjectattributes Ω; 
particle1, 
... 
particlen; 

} 

 

 

4In Definition 4, the gravitational field ψG is represented by the gravitationspec attribute. 
5The relation between the Schrödinger field ψS and the QFT fields will be discussed in Sections 7 and 8. 

 

https://doi.org/10.4236/oalib.1105700


H. H. Diel 
 

 

DOI: 10.4236/oalib.1105700 14 Open Access Library Journal 

 

The collection of particles is supplemented by global attributes 1 2, , , jΩ Ω Ω . 
The elementary particle encompasses the ψ-components of a set of space 

points and global particle attributes 1 2, , , jΘ Θ Θ . 
Definition 9. particle:={ 

globalparticleattributes Θ; 
spacepoint1, spacepoint2, …}. 

} 
Examples of global attributes are ,mass chargeΩ Ω  and spinΩ . As described in 

Section 3, the occurrence of global attributes in a local causal model may disturb 
the (space point) locality of the model, if it is not possible to show the emergence 
of the global attribute from (space point) local parameters. 

5.2. Space Contents Dynamics 

The model of the dynamics of space contents (quantum fields and quantum ob-
jects) is formulated using a bottom-up approach. The basis of the causal model 
of QT/QFT is the local causal model of quantum fields (Section 6), an extension 
of the local causal model of spacetime dynamics described in [7] and [4] and 
summarised in Section 4. Quantum objects emerge from quantum fields. In this 
way, the model distinguishes the emergence of elementary particles and the dy-
namics of composite quantum objects. Elementary particles emerge directly 
from quantum fields in a collective behaviour process called a quantum loop 
(Section 7). The dynamics of the complete quantum mechanics, including com-
posite quantum objects, is briefly addressed in Section 8. 

6. Quantum Field Dynamics 

6.1. Energy-Carrying Space Points—The Sources of Quantum Field 
Dynamics and Spacetime Dynamics 

In [7] and [4] and in Section 4.3, quantum objects are denoted as the sources of 
spacetime dynamics. With the application of the model of spacetime dynamics 
to QT/QFT, quantum objects remain a source of spacetime dynamics; however, 
the model is refined to include, in addition, specific space points as the source of 
spacetime dynamics and as the sources of quantum field dynamics. The space 
points that are sources of spacetime dynamics may be called energy-carrying 
space points. The contents of energy-carrying space points propagate through 
space. In the formal specification of the QT/QFT model, energy-carrying space 
points contain non-empty dynamics attributes as part of the field contents ψ (see 
Definition 7). A space point isp  is never a permanent source of quantum field 
dynamics. After the propagation of the contents of isp  has taken place, the dy-
namics attributes are reset to zero. 

In addition to the dynamics attributes (indicating that the space point is an 
actual source of quantum field dynamics), the propagation direction is specified 
as an additional attribute. According to Definition 7, the fields represented by ψ 
may have different spin values. In the model described here, fields may have spin 

https://doi.org/10.4236/oalib.1105700


H. H. Diel 
 

 

DOI: 10.4236/oalib.1105700 15 Open Access Library Journal 

 

1/2 (a fermionic field) or spin 1 (a bosonic field). In addition to the classical field 
types, two (secondary) types of fields are generated in the dynamics of ener-
gy-carrying space points: 

1) Gravitational fields, ψG: The dynamics of space changes (i.e., of gravitation) 
was the starting point for the causal model of quantum field dynamics. The in-
tegrated model of spacetime and quantum field dynamics considers gravitation 
as a special type of field. 

2) Schrödinger-fields, −ψS: The wave function of quantum mechanics requires 
a representation at the space (point) content and a causal model of its dynamics. 
In the model described here, this “field” is called the “Schrödinger-field”—ψS. 

These two types of field are considered to be secondary fields, since they do 
not carry energy, meaning that: 1) the creation of these types of fields due to the 
propagation of energy-carrying space points does not reduce the energy of the 
source; and 2) the fields ψG and ψS are not capable of interacting with other 
quantum fields and quantum objects by exchanging energy. Unlike primary 
fields, the propagation of secondary fields does not need to preserve the direc-
tion of momentum. This enables the expansion of these fields to create/cover an 
ever-growing volume of space. 

6.2. Quantum Fields Are Waves 

Waves and fields are the basic constituents of quantum field theory. Since we are 
dealing here with the lowest level of space granularity, it is difficult to imagine 
the application of the classical model of waves to the model of quantum field 
dynamics. Nevertheless, there are a number of properties that are known from 
the physics of waves that also appear to be useful in the model of quantum field 
dynamics presented here. A very short introduction to waves in physics is there-
fore given in the following. The description below is derived from [9] and to a 
larger extent from [10]. 

The standard formulation of the “wave equation”, that is, the equation of mo-
tion for waves, is (see, for example [9]) 

( )
2

2
2 2

1 , 0x t
v t

ψ
 ∂

−∇ = 
∂ 

                    (3) 

Depending on the particular context, this equation may be varied or extended 
by setting the right-hand side not equal to zero. For example, in [10], two classes 
of waves, Class 0 and Class 1, are distinguished: 

Class 0: 
2 2 2 2 2d d d d 0.wt c xψ ψ− =                     (4) 

Class 1: 

( ) ( )22 2 2 2 2
min 0d d d d 2π .wt c xψ ψ ν ψ ψ− = − −             (5) 

For the mapping of QFT to the causal model of QT/QFT, the way in which the 
energy of a wave is reflected in the wave equations is important. In [10], the 
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quantum waves are described by a motion formula 

( ) [ ]( )0, cos 2πZ x t Z A t xν λ= + −
 

where A is the amplitude, λ  is the wavelength and ν  is the frequency. In 
quantum mechanics, the amplitude A is restricted to discrete values. The equa-
tion of motion requires that the frequency and wavelength be related to minν  
(appearing in Equation (6)) by the formula 

( ) ( ) ( )2 2 22
minE h hc hν λ ν= = +                   (6) 

This looks like a Pythagorean relation (i.e., 2 2 2c a b= + ). Another Pythago-
rean relation, well-known in relativity theory, describes the relation between to-
tal energy E, the kinetic energy p m⋅  and the mass energy 2mc  by 

( ) ( )222 2E pc mc= +
 

This suggests the following equation for the total energy, the kinetic energy 
and the mass energy: 

E hν= ; pc hc λ= ; 2
minmc hν= . 

A (simple) wave of a given frequency and wavelength is made up of n quanta. 
The allowed values of the amplitude A are proportional to n . For bosons, the 
allowed values of the energy are 

( )1 2E n hν= + , where n = 0, 1, 2, 3, 4. 

For fermions the allowed values are 

( )1 2E n hν= − , where n = 0 or 1. 

In addition to the above considerations, which relate to the propagation of a 
single wave, the physics of interacting waves offers another basis for a causal 
model of quantum field dynamics. In [10], an example of the interaction of 
quantum fields is described by three equations of motion in which the interact-
ing waves occur on the right-hand side: 

2 2 2 2 2d d d dA t c A x yBC− = . 

2 2 2 2 2d d d dB t c B x yAC− = . 

( )22 2 2 2 2
mind d d d 2πC t c C x C yABν− = + . 

Depending on the specific attributes of the interacting waves, other expres-
sions describing the results of this interaction are also possible, and the example 
given in [10] is 

( ) [ ]( )22 2 2 2 2 2 2 2
mind d d d 2π 0SS t c S x m S S y SZν− = − + . 

( )22 2 2 2 2 2 2
mind d d d 2πZ t c Z x y S Zν− = . 

Further rules for the determination of the results of interacting fields are given 
in QFT, in terms of the Feynman rules for particle scattering. 

Although it does not appear to be reasonable to apply the classical model of 
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waves in its entirety to the causal model of quantum field dynamics, the follow-
ing items are taken over and mapped to this model: 
• The energy of an energy-carrying space point is proportional to the ampli-

tude and frequency parameters. 
• The allowed values of the amplitude A are proportional to .n  
• For bosonic energy-carrying space points, the allowed values of the energy 

are ( )1 2E n hν= + , where n = 0, 1, 2, 3, 4. 
• For fermionic energy-carrying space points, the allowed values are: 
• ( )1 2E n hν= − , where n = 0 or 1. 
• There may be a minimal frequency minν . 
• Equation (6) may also apply to the propagation of energy-carrying space points. 

6.3. The Interaction Operator χ 

In the model of the propagation of space contents (fields and quantum objects), 
the space point connections are dynamically assigned to “in-connections” and 
“out-connections”. Figure 3 shows a typical space point, with 14 connections 
that span the whole neighbourhood space. In the proposed causal model of 
QT/QFT, all space point connections may be utilised for the propagation of 
fields (i.e., gravitational, fermionic, bosonic, Schrödinger field). This enables 
support for the concurrent propagation of the different field types. All space 
point connections are utilised for the propagation of the gravitational field and 
the Schrödinger field, and all connections that are not in-connections become 
out-connections. In the propagation of fermionic and bosonic fields, the direc-
tion has to be preserved in the form of geodesic paths. This includes the possi-
bility of the creation and annihilation of field types according to the rules of 
QFT (e.g. Feynman rules). Unlike in standard QFT, multiple bosonic field con-
nections are possible. If more than one bosonic in-connection occurs (dynami-
cally) at a space point, the bosonic in-connections are accumulated and treated 
like a single in-connection. A bosonic out-connection may be distributed to 
multiple out-connections. 

The propagation of quantum fields through space is concentrated in the inte-
raction operator χ.χ(sp) corresponds to combinations of creation and annihila-
tion operators in QFT, and applies to a space point sp, including its dynamically  

 

 
Figure 3. Example of the distribution of connections of a space point. 
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assigned in-connection and out-connections. For a given space point, sp, it de-
termines the out-connections and the new state (including contents) of the space 
points that are targets of the out-connections as a function of the content of sp. 
The overall field state progression can be expressed as: 

Field-state-progression (space):={ 
FOR (ALL spacepoints sp[i]){ 
IF (sp[i].gravitationdynamic ≠ 0 OR sp[i].ψ.dynamicsattributes ≠ 0) 

apply χ(sp); 
} } 
Specification 10 apply χ(sp):= { 
Spread-out: 

determine-gravitational-out-connections(sp); 
distribute-gravitation(sp); 
distribute-ψS (sp); 
IF (sp.ψ.dynamicsattributes ≠ 0) { 
IF (sp.ψ.spintype=1/2) distribute-fermion(sp); 
else distribute-boson(sp); 
} 

Bundle: 
FOR (ALL spacepoints sp[i] WITH inconnections) { 
bundle-gravitational-inconnections(sp[i]); 
bundle-ψS -inconnections(sp[i]); 
bundle-ψ-inconnections(sp[i]); 
set-dynamics-attributes(sp[i]); 
} 

} 
Thus, the application of χ(sp) consists essentially of a combination of 

Spread-out and Bundle, where Spread-out determines the out-connections of sp 
and Bundle bundles all in-connections of those space points that have them (re-
sulting from Spread-out). For the gravitational field ψg the combination of dis-
tribute-gravitation() and bundle-gravitational-inconnections results in the 
propagation of space (curvature) changes as described in Section 4.3. The 
Schrödinger-field ψS is assumed to propagate in a similar way to the gravitational 
field, except that the Schrödinger equation in Equation (8) must be obeyed. 

The combination of { distribute-fermion() and distribute-boson() } and bun-
dle-ψ-inconnections() is more complicated, since the rules of QFT (e.g. the 
Feynman rules) must be satisfied. This means, for example, that distri-
bute-fermion(sp) must not result in two fermionic out-connections of the same 
type and charge. In addition, in both Spread-out and Bundle, the energy and 
momentum must be preserved. The detailed determination of the momentum 
and energy of the out-connections is also derived from QFT, although with sig-
nificant adaptations due to the characteristics of the causal model. The major 
differences from standard QFT are as follows: 
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• The model of quantum field dynamics described here applies to ener-
gy-carrying space points, while the QFT rules for the calculation of scattering 
matrix amplitudes apply to (virtual) particles. 

• Since this is a causal model, the amplitude associated with a propagation path 
must be an explicit system state parameter that has a non-probabilistic 
meaning. In the proposed model, the amplitude of an energy-carrying path is 
a measure of the energy of the energy-carrying space point (as opposed to a 
probability amplitude). 

• There is no relativity of time progression (at the level of quantum field dynamics). 
• Since the model is a local causal model, χ(sp) must depend only on space 

point-local parameters. This affects the parameter “mass”, which occurs fre-
quently in standard QFT for calculations of scattering matrices. Another im-
plication is that the specification of spatial directions must be in terms of 
space point-local parameters (see below Section 6.4). 

• Since a space point has only a small, discrete number of connections to 
neighbouring space points, only a small set of possible directions (or even a 
single definite direction) must be determined, where QFT applies integrals 
that span the total space. 

• Distances between vertices have a fixed length (i.e., the length of space point 
connections are constant = Lconnection, see Section 4.1). 

• The possible energy and momentum values are quantised (i.e., discrete values 
with a non-zero minimum value). 

6.4. The Local Space-Point Specification of Directions 

The laws of physics require conservation of momentum when the field contents 
ψ of fermionic or bosonic fields propagate from the in-connection(s) of a space 
point to the out-connection(s). Conservation of momentum means (besides 
conservation of the amount) conservation of the direction of the propagation. 
That is, the direction of the out-connection must be equal to the direction of the 
in-connection. For example, in Figure 3 the direction of in-3 is equal to that of 
out-2. The requirement of direction conservation is a trivial requirement with 
non-curved (e.g. Euclidean) space with global direction specification in terms of 
a globally agreed coordinate system. With a local causal model according to Sec-
tion 3 and curved discrete space, the implementation of the requirement is less 
trivial. As described in Section 3 “Local spatial specifications”, to enable a local 
causal model, the direction specification of the connection must be given in 
terms of space-point-local parameters and the algorithm for the determination 
of out-connections must use only the local direction specification. A direction 
specification scheme that satisfies this requirement is (roughly) described in the 
following. To simplify the description, let us assume that the typical space point 
has 14 connections with the following labels and (local) meanings: 
• B: The connection from the direction of the source (e.g. in-3 in Figure 3) 
• T: The connection from the direction away from the source (e.g. out-2 in 
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Figure 3) 
• S1, S2, S3, S4: The connections that are orthogonal to B and T. 

The connections Si are those connections between space points that have an 
equal distance from the gravitational source. In the model of the emergence of 
space described in Section 4, the emergence of space continuously develops sur-
faces such as the ones shown in Figure 2 that consist of Si connections (“S” 
stands for surface). 
• B1, B2, B3, B4 The connections between B and S1, S2, S3, S4 (e.g., in-1, in-2, 

in-4, in-5 in Figure 3) 
• C1, C2, C3, C4 The connections between T and S1, S2, S3, S4 (e.g., out-1, 

out-3 in Figure 3) 
This direction specification scheme assumes that for each connec-

tion/direction an opposite connection/direction exists. If the set of connections 
is {B, T, S1, S2, S3, S4, B1, B2, B3, B4, C1, C2, C3, C4}, the corresponding oppo-
site connections are opposite ({B, T, S1, S2, S3, S4, B1, B2, B3, B4, C1, C2, C3, 
C4} → {T, B, S3, S4, S1, S2, C3, C4, C1, C2, B3, B4, B1, B2}).  

Based on the above direction specification scheme and the existence of the 
opposite() operator, it is possible to determine the out-connection for a given 
in-connection.6 The successive application of the scheme determines geodesic 
paths through discretized curved space. As a general observation, the assump-
tion of discrete entities, such as discrete geodesic paths, may result in 
non-smooth effects at a very small scale. 

Geodesics of quantum fields in the model of spacetime dynamics The 
geodesics of energy-carrying space points are determined by 1) the structure of 
spacetime, and 2) the algorithm that decides which out-connection(s) corres-
pond to the given in-connection(s). In the simplest case, where a single 
out-connection is assigned to a single in-connection, the determination of the 
out-connection that corresponds to a given in-connection is straightforward. As 
described in the above space-point local specification scheme, for each possible 
in(out)-connection there exists an opposite out(in)-connection. Notice, howev-
er, that because we are dealing with curved discrete space, the “opposite” direc-
tion cannot be defined in the same way as in Euclidean space. Nor is it possible 
to define geodesics in the way they are defined with differentiable Riemannian 
manifolds. In a model of spacetime dynamics in curved discrete spacetime, di-
rection conservation and geodesics must be defined in terms of space point-local 
parameters, that is, in terms of the discrete space-point connections. This may 
lead to geodesic paths that loop on the surface of an emerging space object (see 
Section 7, Quantum loops). 

7. Quantum Loops 

Proposition 12. Quantum objects, elementary particles as well as composite 

 

 

6The assumption of 14 space point connections and the validity of the symmetric opposite() operator 
(i.e., opposite(opposite(c)) = c) are not generally satisfied with the proposed causal model. However, 
this makes the described algorithm only slightly more complicated and the results, a matter of statistics. 
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quantum objects, are realized by quantum loops. 
The assumptions that (1) space dynamics (e.g., the emergence of space and the 

propagation of space changes) starts already at the energy-carrying space points 
and that (2) a de facto strong space curvature near the minimal sources of space 
dynamics already exists, enable a causal model of the emergence of quantum ob-
jects. The collective behavioral process, called “quantum loop” emerges when a 
multitude of energy-carrying space points are confined in a small volume of 
curved space called the quantum loop shell. 

Collective behavioral processes are characterized by the (loosely) synchro-
nized behavior of a collection of elements of equal type. Prerequisites for the 
occurrence of collective behavior are (see, for example [5]): 
• a multitude of elements of equal type, 
• elements residing within a (small) volume of space such that interactions 

between the elements are enabled, 
• interactions between the elements that lead to synchronizations with respect 

to specific properties.  
Typically, external influences can support or destroy the collective behavior 

and phase transitions occur when the frequency and strength of the interactions 
increases or decreases due to collective energy increase/decrease. Collective be-
haviour is always the result of some process with possible phase transitions to 
stable states. These stable states may be called “quantum equilibrium” (see Sec-
tion 8.4, Proposition 17 and [11] for more details on quantum equilibrium). 

Major characteristics and parameters of a quantum loop. Quantum loops 
constitute quantum objects, elementary particles and composite quantum ob-
jects. In the present article, only the generation of elementary particles by quan-
tum loops is discussed in detail (the generation of composite quantum objects is 
briefly discussed in Section 7.5). Quantum loops that form elementary particles 
have the following components and characteristics: 
• The space occupied by the quantum loop contains Nsp space points. Since the 

quantum object represented by the quantum loop is generally moving, the set 
of space points occupied by the quantum loop changes dynamically. In addi-
tion, the size of the quantum loop, Nsp, can vary dynamically. 

• Of the Nsp space points belonging to the quantum loop, Nec space points are 
energy-carrying space points ( ec spN N< ). As a consequence of the conti-
nuous interactions between the Nec energy-carrying space points, Nec also 
changes dynamically. 

• The set of Nec energy-carrying space points has a major field type qlψ . Due 
to the continuous interactions between the energy-carrying space points, 
field types other than the major field type qlψ  may temporarily occur. 

• The total energy of the quantum loop qlE  is constant (if external influences 
are excluded). 

• As a result of the collective behaviour process, the energies of the energy-carrying 
space points ecE  will become (roughly) equal to ec ql ecE E N= . 
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Conditions for the constitution of quantum loops. For the emergence of 
quantum loops and, more importantly, for the stable lifetime of an established 
quantum loop, two conditions must be satisfied: 

1) The space within which the internal quantum loop dynamics is executed 
must have a curvature that enforces the confinement of the energy-carrying 
space points within the shell. 

2) The quantum loop dynamics (i.e., the propagation and interactions of the 
energy-carrying space points) must preserve the energy of the total quantum 
loop, qlE . 

The first condition concerns the model of spacetime, and in particular its 
curvature (Section 4), while the second concerns the model of quantum field 
dynamics, and in particular the interaction operator χ (Section 6.3). 

7.1. The Gravitational Field ψG around the Sources  
of Space Dynamics 

In Section 4, the model of the emergence of space and of the propagation of 
space changes is described as resulting in the development of successive layers of 
spherical surfaces, with a strong curvature near the source, i.e., the quantum ob-
ject. The refinement of the model described in Section 6.1 assumes that the 
energy-carrying space points are already deeper sources of space curvature and 
gravitation. In this model of spacetime dynamics, space curvature is represented 
by two parameters: 

1) Space curvature is represented by the density of these space points and by 
the arrangement of the connections between them. As described in Section 6.4, 
energy-carrying space points follow geodesic paths in space. If a geodesic path 
lies on a surface layer around the gravitational source (i.e., if the path moves 
from space point 1sp  to 1sp , where both space points are at equal distances 
from the source), the geodesic path continues at the surface layer, forming a 
“geodesic loop”. 

2) The gravitation field ψG is assigned to each space point in form of the gra-
vitationspec (see Definition 4). The variations in the gravitationstrength may be 
viewed as the establishment of space curvature.7 

Both effects may contribute to the confinement of the quantum loop within 
the quantum loop shell. Scenarios can be imagined in which the collective beha-
viour of the energy-carrying space points results in a significant proportion of 
them ending up in a geodesic loop. Figure 4 shows the mapping of the surface of 
the space object shown in Figure 2 to a two-dimensional flat plan, and an exam-
ple of a geodesic loop on that surface (the space curvature is not recognisable in 
both Figure 4 and Figure 2). With the chosen type of 2D mapping, one pole of 
the surface (e.g., the north pole P1) is shown at the centre, while the opposite 
pole (e.g., the south pole, P188) appears eight times. The bold path shown in 
Figure 4 represents a simple geodesic loop around the surface, which meets the  

 

 

7GRT formulates this the other way around, i.e., the space curvature controls the variation in the 
gravitation strength. 
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Figure 4. 2D-map of the spherical surface of the space object shown in Figure 2. 

 
space points P1 and P188, among others. 

We assume that of the ecN  energy-carrying space points, loopN  end up in 
geodesic loops (possibly at different surface layers). The remaining radialN  
points ( radial ec loopN N N= − ) cannot be prevented from periodically leaving the 
scope of the (narrow) quantum loop surface, resulting in an oscillating beha-
viour. These oscillating energy-carrying space points will leave the quantum 
loop only for a small distance before returning to the quantum loop. The set of 
energy-carrying space points belonging to the quantum loop have an overall 
vector of momentum with a specific direction (and size). The overall direction is 
preserved during and after the formation of the quantum loop. However, the 

loopN  looping energy-carrying space points cannot contribute to the overall di-
rection of momentum. The looping energy-carrying space points are direc-
tion-neutral. This leads to Proposition 15: 

Proposition 13. The overall momentum (direction and amount) of the 
quantum loop and the momentum-related energy are determined by the sum of 
the momenta of the oscillating energy-carrying space points. The mass (energy) 
of the quantum object represented by the quantum loop is determined by the 
sum of the energies of the looping energy-carrying space points. 

Notice that the total energy totalE  of the quantum loop is not simply the sum 
of the momentum energy p c⋅  and the mass energy 2mc , but is determined by 

( ) ( )22 2
totalE pc mc= + . 

7.2. QFT within the Quantum Loop 

The second type of condition that must be satisfied for a quantum loop to form 
and remain stable concerns the QFT-related details of the quantum loop internal 
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dynamics, and in particular the details of the interaction operator χ (see Section 
6.3). The essential part of the quantum loop dynamics concerns the fermionic 
and bosonic energy-carrying space points. In each state update cycle of the 
process, the interaction operator χ is applied to the energy-carrying space points 
(see Specification 10). This means, the propagation of the energy-carrying space 
points is a continuous series of χ applications, i.e., a continuous series of 
Spread-out/Bundle processes. Instead of the simple example of a geodesic loop 
shown in Figure 4, a complex “geodesic loop network” develops. 

The detailed χ function is derived from the rules of QFT, which describe the 
interaction (i.e., scattering) between particles. However, with the adaptation of 
the rules of standard QFT to the causal model of spacetime dynamics, a number 
of alternatives exist. Their impact on the final result of the collective behaviour 
process cannot be determined purely from mathematical calculations, and 
computer simulations are required to determine the optimal algorithm. The fol-
lowing list of questions will be answered with the help of computer simulations: 
• Is there a minimal number of energy-carrying space points that is required to 

enable the collective behaviour process? 
• Is there a minimum amount of energy of the collection of energy-carrying 

space points that is required to enable interactions and thus the collective 
behaviour process? 

• What are the rules for the distribution of the energy (amplitude and fre-
quency) to the multiple out-connections? 

This is a major area for experimentation. The goal of maintaining compatibil-
ity with QFT establishes a frame within which alternative strategies are possible. 
• If χ has only a single fermionic or bosonic in-connection, under what condi-

tions is there only a single out-connection (i.e., an unchanged in-connection)? 
• When more than one fermionic in-connection occur at a space point, is it 

acceptable to just let these pass the space point, or should a superposition of 
the in-connections be performed? 

The major goals for the determination of the exact function of χ are 1) to ena-
ble the collective behaviour process; and 2) to ensure that the continuously oc-
curring interactions between the energy carrying space points do not result in 
the dispersion of the overall energy of the quantum loop. 

7.3. Emergence of Elementary Particles 

The quantum loop dynamics described in Sections 7.1 and 7.2 results in the 
emergence of elementary particles (quantum loops that constitute composite 
quantum objects are briefly discussed in Section 8). The emergence of an ele-
mentary particle means 1) the emergence of a stable object that behaves like an 
elementary particle, and 2) the emergence of global particleattributes  
( , ,mass charge spinΘ Θ Θ ) that are associated with the elementary particle, according 
to Definition 8. 

Examples of the emergence of elementary particles in nature include the QFT 
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scattering processes and the decay of composite quantum objects. 
Emergence of mass The emergence of elementary particles includes the 

emergence of the mass of the particle (energy-carrying space points, the consti-
tuents of quantum loops, do not have a mass). In physics, the mass of an object 
is responsible for a number of effects. In a local causal model, it is not sufficient 
to specify a model for the emergence of an object-global attribute such as the 
mass. In addition, a causal model for the occurrence of the corresponding effects 
must be developed. In the causal model of quantum loops, two main effects as-
sociated with the mass of the emerged particle must be demonstrated: (i) the 
energy division of the emerged particle; and (ii) the gravitational field caused by 
the particle. 

The total energy delivered by the collection of energy-carrying space points to 
the quantum loop is qlE . Under the assumption that the emergence of the ele-
mentary particle does not result in a loss of energy, qlE  is also the total energy 
of the emerged particle, particle qlE E= . The total energy particleE  is composed of 
the mass energy 2

mE mc=  (m = mass) and the kinetic energy kE pc=  (p = 
momentum). According to relativity theory, we have 

( ) ( )222 2 2 .total k mE E E pc mc= + = +                 (7) 

Thus, the emergence of the elementary particle must achieve a division of the 
total energy into kE  and mE , satisfying Equation (7). Proposition 13 asso-
ciates the momentum-related energy kE  with the oscillating energy-carrying 
space points, and the mass energy with the looping energy-carrying space points. 
This may achieve a subdivision of energy that satisfies Equation (7). In addition, 
however, the process of the emergence of mass has to satisfy a further condition, 
namely that the (rest-) masses of particles have a fixed value that depends only 
on the type of particle. In relation to Proposition 13, this means that the sum of 
the energies of the looping energy-carrying space points would require a critical 
value to obtain a stable quantum loop, that is, a stable elementary particle. 

7.4. Quantum Loop Evaporation 

The key characteristic of the quantum loop is the confinement of the ener-
gy-carrying space points within a small volume of curved space. The loop beha-
viour described above applies to fermionic and bosonic field types. In addition to 
these field types, in Section 6.1 the gravitational field Gψ  and Schrödinger field 

Sψ  are introduced. Fields of type Gψ  and Sψ  are continuously generated 
with the interaction operator ( )spχ . In contrast to the fermionic and bosonic 
fields, the gravitational and the Schrödinger fields 1) do not dissipate energy 
from their source and 2) propagate without a preferred direction. As a result, the 
gravitational and Schrödinger fields are not confined within the quantum loop. 

Proposition 14. The gravitational field Gψ  and the Schrödinger field Sψ  
evaporate continuously from the quantum loop. 

Evaporation of the gravitational field In the causal model of spacetime dy-
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namics described in [7] and [4] and in Section 4.3, quantum objects are treated 
as the sources of spacetime dynamics, that is, sources of the gravitational field. 
The assumption of quantum loops that constitute quantum objects is a refine-
ment of the model described in [7] and [4]. The dynamics within the quantum 
loop consists of the continuous invocation of the interaction operator ( )spχ  
when the energy-carrying space points propagate from one space point to 
another. The interaction operator ( )spχ  transforms the fields at the 
in-connections to those at the out-connections. The gravitational field is gener-
ated continuously, that is, with each application of the ( )spχ  operator. The 
gravitational field generated within the quantum loop is not confined within the 
quantum loop, but evaporates from it. 

Evaporation of the Schrödinger field The Schrödinger field Sψ  takes (part 
of) the role of the wave function of quantum mechanics that follows the Schrödinger 
equation (see Equation (8)). Like the gravitational field, the Schrödinger field arises 
as a by-product of each application of the ( )spχ  operator, that is, with the 
propagation of the energy-carrying space points. Further details of the 
Schrödinger field are given in Section 8. 

7.5. Quantum Loops of Composite Quantum Objects 

The focus of this article is on quantum loops that constitute elementary particles; 
quantum loops that constitute composite quantum objects are not discussed in 
detail. Nevertheless, the author believes that the following characteristics of 
quantum loops are also applicable to composite quantum objects: 
• internal dynamics that constitutes a loop processes 
• collective behaviour of the elements (e.g., particles) that make up the compo-

site quantum object 
• phase transition to (semi-) stable states 

In general, composite quantum objects can develop towards multiple (semi-) 
stable states depending on the overall energy of the quantum object. These 
(semi-) stable states are called eigenstates. 

7.6. Movement of Quantum Objects 

When quantum objects emerge in the form of quantum loops, part of the availa-
ble energy ends up in the mass of the quantum object, while the remainder de-
termines the momentum of the quantum object, that is, the movement in space. 

In addition to the momentum of the quantum object, further external influ-
ences and parameters determine the actual trajectory of the quantum objec (see 
below). 

8. The Dynamics of Quantum Objects—Quantum Mechanics 

Overall objective of the present section is the description of a local causal model 
of QT that is based on the causal model of spacetime dynamics described in Sec-
tion 4 and on the model of quantum field dynamics described in Sections 5, 6 
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and 7. The description focuses on the dynamics of quantum objects, that is, the 
propagation of quantum objects in their environment and the interaction be-
tween quantum objects. The internal dynamics within composite quantum ob-
jects is not discussed in the present article.8 

8.1. Waves and/or Particles? 

In the Copenhagen interpretation of standard quantum mechanics, the particle 
and wave models are complementary, making the overall model complex and 
obscure. In the causal model of QT/QFT, the major components of the system 
state are: 1) space; 2) fields; and 3) quantum objects. Quantum objects are speci-
fied in Definition 8 as a collection of particles, including elementary particles. 
The dynamics of quantum objects takes place in fields, which are represented by 
waves. A clear separation between quantum objects (i.e., collections of particles) 
and their environment, in the form of fields and waves, is comparable to the as-
sumptions used in the de Broglie-Bohm theory (see [12] and [13]), in which the 
particle configuration is separated from the wave function. This is in contrast to 
standard QT, where the Hamiltonian in the Schrödinger equation combines the 
particle configuration(s) with their environment. The separation of particles 
from their environment is disturbed by the assumption that quantum loops 
(representing quantum objects) continuously modify their environment by is-
suing Schrödinger fields Sψ  and gravitational fields Gψ . 

8.2. The Role of the Schrödinger Equation 

The model of the quantum loop described in Section 7 assumes that the quan-
tum object (established by a quantum loop) continuously evaporates the 
Schrödinger field Sψ  in addition to the gravitational field. The Schrödinger 
field that is generated this way interacts with the moving quantum object and 
thereby is a major contributor to the determination of the trajectory of the 
quantum object in space. This model of the wave function is close to the 
de-Broglie-Bohm theory (see [12] and [13]). Appendix B gives a comparison of 
the causal model of QT with the de Broglie-Bohm theory. 

In standard quantum theory, the Schrödinger equation 

( ) ( )d ˆ |
d

i t H t
t
Ψ = Ψ

 
determines the wave function, i.e., the propagation of the quantum object in 
space. For a typical Hamiltonian, H, the time-dependent one-dimensional 
Schrödinger equation becomes 

2 2

2 .
2

i V
t m x

∂Ψ − ∂ Ψ  = + Ψ ∂ ∂ 



                     (8) 

As can be seen from Equation (8), the parameters used in the Schrödinger 
equation represent the complete (sub-)system considered, the collection of par-

 

 

8The internal dynamics within elementary particles is discussed in Section 7, Quantum Loops. 
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ticles and the environment, which is represented by V. Another point of interest 
for a causal model can be seen by looking at the “time-independent” version of 
the Schrödinger equation 

( )
2 2

2 .
2

E V
m x

− ∂ Ψ
− Ψ =

∂


                     (9) 

Equation (9) expresses the conservation of total energy E as the sum of the 
potential energy V and the kinetic energy, represented by the right-hand side of 
Equation (9). This equation implies that the kinetic energy expressed by the wa-
velength of Ψ  increases with the potential V, in accordance with Proposition 
11. 

In the causal model of QT/QFT, in the same way as in the de Broglie-Bohm 
theory, the equation of motion of the particle, the Schrödinger field Sψ  and 
other environmental influences (see Section 8.3) determine the deterministic 
propagation of the particles. 

8.3. Interactions with the Environment 

In contrast to earlier interpretations of QT, environmental influences must be 
taken into account more seriously in modern QT. In [14] Schlosshauer writes: 
“... these experiments have shown that any observed disappearance of quantum 
coherence and interference can be attributed to the environment, that is, to de-
coherence.”. In addition to the momentum of the quantum object, additional 
external influences and parameters determine the actual trajectory of the quan-
tum object, including: 
• Interaction with the gravitational field, i.e., the space curvature 
• Interaction with the Schrödinger field Sψ  
• Weak interactions with other quantum objects (decoherence) 
• Strong (destructive) interactions with other quantum objects. 

These (destructive) interactions take place between quantum objects, and typ-
ically between the elementary particles described by the rules of QFT (e.g. the 
scattering matrix, particle creation/annihilation). This implies that the interact-
ing particles are de facto destroyed (i.e., annihilated). Although they may be re-
surrected (i.e., created again), this would imply a new wave function or at least a 
nonlinear change in the interacting quantum objects (i.e., a collapse of the wave 
functions). In the following, these types of interactions are referred to as QFT 
interactions. 

8.4. The QT Measurement Problem 

Theories and models of QT measurement are typically called interpretations of 
QT, which appear to be less important add-ons to QT. In contrast, the author 
believes that a model of the QT measurement is essential for a deeper under-
standing of QT. This view is supported by Maudlin’s famous formulation of the 
QT measurement problem, in which he listed three basic assumptions of stan-
dard QT and showed that these are partly contradictory. In [15], Maudlin for-
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mulated the QT measurement problem in form of a trilemma, in which he 
claimed that the following three statements are mutually incompatible: 

1) The wave function is a complete description of the state of a QT system. 
2) The wave function always evolves in accordance with a linear dynamical 

equation (e.g., the Schrödinger equation). 
3) Each measurement has a definite result which is one of the possible results 

for which the probability distribution satisfies the Born rule. 
Maudlin also gives variations of these contradictory claims that are also con-

tradictory. Thus, we need to give up at least one of these three statements in or-
der to come up with a non-contradictory theory of QT measurement (and hence 
an acceptable interpretation of QT). In fact, the major interpretations of QT can 
be classified based on which of the three statements is discarded. In the causal 
model of QT/QFT, the claims that (i) the wave function is a complete descrip-
tion of the state of the system and (ii) the wave function always evolves in accord 
with the Schrödinger equation are not supported. As described in Sections 4-7, 
in the causal model, the system state is more extensive than the wave function.9 

In addition, the causal model described here originated from the authors ex-
perience that linear equations such as the Schrödinger equation are not sufficient 
to express complex causal relationships of the type occurring in QT/QFT. A de-
termination of which of the basic QT claims are not supported by the causal model 
does not of course imply the specification of a causal model/interpretation of QT 
measurement; in a causal model of QT/QFT, measurements must be part of the 
normal causal development of the system that is considered. In a causal model 
that adheres to the specification given in Section 2, this means three require-
ments: i) the laws of physics of the causal model must not contain any specific 
laws that refer to measurement situations (e.g., “IF measurement THEN... “); ii) 
the laws of physics must not refer to any parameters that are not contained in 
the system state; and iii) the system state must not contain any parameters or 
components that are not subject to the causal development. These requirements 
apply to causal models in general and, for example, exclude a reference to a 
thing called an “observer” in the causal model. In local causal models, further 
requirements are obvious and are therefore not further addressed. Interactions 
between the measured quantum object and the measurement apparatus play a 
key role in a model of the QT measurement process, which is an integral part of 
the normal causal model of QT. 

Proposition 15. A QT measurement requires at least one QFT-interaction 
between the measured quantum object and the measurement apparatus. (The 
term “QFT interaction” has been introduced in Section 8.3 above.) 

For an explanation of claim (iii) above, i.e., the selection of a definite mea-
surement result, a further proposition can be established: 

Proposition 16. Measurement in QT is, in general, the measurement of the 

 

 

9It may be possible to specify a subset of the system state of the causal model and to explain the ma-
jor QT features in terms of this subset. However, it is claimed that such a subset would not be suffi-
cient to explain QT measurement. 
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position of the measured quantum object. Other attributes that are indirectly 
measured are typically deduced from the measured position. If the measurement 
of the position of the quantum object has the goal of determining the value of 
another observable, the objective of the measurement arrangement is to enable a 
unique mapping of the position to the desired observable. Having determined a 
definite measurement result, the question remains as to why the other alterna-
tive measurement results are also eliminated from occurring (possibly later). 
Three main types of models have been proposed, based on various interpreta-
tions of QT: (i) the collapse of the wave function; (ii) the many worlds theory 
(see [16]); and (iii) the de Broglie-Bohm theory. 

As described above, in a similar way to the de Broglie-Bohm theory, the causal 
model of QT/QFT separates (i) the actual configuration of the quantum object 
from (ii) the wave function (i.e., the Schrödinger field Sψ  in the causal model 
of QT/QFT). The measurement applies to the actual configuration. At the mo-
ment of measurement (i.e., when the QFT interaction occurs) there are no al-
ternative eigenstates to be eliminated. 

8.5. The Role of the Probability Amplitude 

In [17], Feynman describes the fundamental principle of quantum mechanics 
(QM) as follows: “It has been found that all processes so far observed can be un-
derstood in terms of the following prescription: To every process there corres-
ponds an amplitude; with proper normalisation the probability of the process is 
equal to the absolute square of this amplitude”. 

The square of the probability amplitude 2ψ  gives the probability of mea-
surement of a particular value of a QT observable. According to Proposition 16, 

( ) 2
xψ  first gives the probability of finding the particle at position x. If an ob-

servable other than the position is to be measured,, it is the task of the measure-
ment arrangement to enable a unique mapping of the position to the desired 
observable. In standard QT, the statement “the probability amplitude 2ψ  
gives the probability of the measurement of a particular value of a QT observa-
ble” is called the Born rule. In the de Broglie-Bohm theory and the causal model 
of QT/QFT, this statement requires a causal formulation; this is called the quan-
tum equilibrium hypothesis (see [11]), and is as follows: 

Proposition 17. In quantum equilibrium the system is in a state such that the 
position distribution ρ  of a particle described by the wave function ( ),x tψ  
is ( ) 2

,x tρ ψ= . Thus, the Born rule is not considered a basic law of QT; in-
stead, the condition ( ) 2

,x tρ ψ=  is the result of a causal process with possible 
phases in which the condition is not satisfied. In the causal model of QT/QFT, 
processes that are assumed to lead towards a quantum equilibrium are related to 
the model of quantum loops described in Section 7. This includes 
• the emergence of elementary particles (Section 7) 
• the emergence of composite quantum objects (briefly described in Section 7.5) 
• the propagation of quantum objects 
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• the transition to eigenstates 

8.6. Entanglement 

The biggest obstacle to the construction of a local causal model of QT/QFT is 
the local causal model of QT entanglement. QT entanglement is understood 
here as entanglement represented by the EPR experiment (see [18]). The reali-
sation of the EPR experiment by Aspect (see [19]) resulted in confirmation of 
the QT predictions, which also implied a violation of Bell’s inequality (see 
[20]). Due to the violation of Bell’s inequality in the EPR experiment, QT phy-
sicists (including Bell) concluded that a local causal model of QT is not feasi-
ble.10 In [5] and [8], a local causal model of QT/QFT is presented in which in-
stead of space-point locality, object-locality is solely used. Object-locality 
means that actions of the causal model may refer to object global components. 
In the causal model of the EPR experiment, this means that the two entangled 
particles of the EPR experiment are considered to constitute a common quan-
tum object with a common (object-global) wave function. However, it is not 
clear to the author whether this model of an “entanglement quantum object” is 
compatible with the model of quantum loops representing quantum objects, as 
described in Section 7. It is possible that such an entanglement within quan-
tum objects would, at least, imply a size limit for quantum objects based on 
quantum loops. 

8.7. Decoherence 

In Section 8.3, four types of interactions between a quantum object and the en-
vironment are described. Decoherence (i.e., “weak interaction” with other 
quantum objects) is one of these possible types of interaction. In decoherence 
theory (see [14]), this means decoherence of the quantum objects wave function. 
The wave function of the quantum object-1 1ψ  is coupled with the wave func-
tion of the quantum object-2 2ψ  to become (part of) a common wave function, 

1 2commonψ ψ ψ← ⊗ . 

In the causal model of QT/QFT, the model of decoherence is largely the same 
as in standard QT, except for the following differences: 
• decoherence is just one of the possible types of interactions; in particular, 

QFT interactions are also important in the model of the QT measurement 
process, 

• in the causal model of QT/QFT, decoherence is not only the interaction be-
tween two quantum objects, but it is the interaction between the Schrödinger 
field Sψ  generated by particle-1 and the Schrödinger field of the environ-
ment.11 

 

 

10This motivated the author to develop a formal definition of a (local) causal model and to develop a 
(local) causal model of QT/QFT. 
11This is not just a different terminology: it reflects a generalisation that is applicable to further types 
of particle interactions with the environment. 
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• The operator ⊗  in “ 1 2commonψ ψ ψ← ⊗ ” is a simplification that needs to be 
refined with a causal model. 

9. Discussion 

9.1. Quantum Gravity 

Loop quantum gravity and its derivatives, spin networks and causal dynamical 
triangulation are approaches that influenced the work described in this article. 
This article describes a causal model of both spacetime dynamics and QT/QFT. 
For these reasons, this model can be considered to be another candidate theory 
towards quantum gravity. However, the author does not consider this a model of 
quantum gravity for two reasons: (i) it is not clear exactly what is expected from 
a model of quantum gravity; and (ii) the work described in this article lacks the 
maturity of existing theories on quantum gravity. Nevertheless, this model does 
address a number of questions that are typically addressed in theories of quan-
tum gravity (see [21]): 

1) Discretisation 
The models of spacetime dynamics and of QT/QFT contain discrete units of 

space, time and the derived discretisation (quantisation) of paths and waves. 
2) Approaches to quantising gravitation 
No attempt has been made to quantise gravitation. Quantum behaviour is re-

stricted to quantum objects, which emerge from (non-quantised) space and 
energy-carrying space points. 

3) Gravitation between particles 
According to the model of spacetime dynamics, significant curvature of space 

(i.e., gravitation) already exists around particles. 
4) No quantum behaviour of the gravitational field, i.e., no uncertainty and no 

probabilistic measurement results 
This is explicitly endorsed in the causal model. 
5) Singularities of GRT 
The singularities at the minimal sources and at the centres of gravitation are 

avoided in the discretised causal model. The time dilation singularity at the ho-
rizon of the black hole is not supported by the causal model. 

6) Information loss from black holes 
The concept of “(no) information loss” is not supported by the causal model. 
7) Perturbative quantum gravity is not renormalisable 
Pertubative QFT, pertubative quantum gravity and renormalisation are (as-

sumed to be) not required in the discretised causal model. 
8) Gravitons 
In the model of the emergence of elementary particles (quantum loops), the 

emergence of gravitons out of the gravitational field is not anticipated. 

9.2. Relation to Loop Quantum Gravity 

Although the causal model of spacetime dynamics and QT/QFT is not seen by 
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the author as being on an equal footing with loop quantum gravity (see [22] 
[23]), it is nevertheless worth pointing out the major differences between the two 
in terms of the approach and the concepts used: 
• The role of quantisation 

In the causal model, spacetime is not quantised (in the sense understood in 
QT/QFT), and instead is simply discretised. Quantisation is applied only to 
quantum fields and quantum objects. 
• The interpretation of QT 

Since loop quantum gravity applies quantisation at the level of the elementary 
structure of spacetime, the type of QT interpretation affects the spacetime model 
of loop quantum gravity. According to [23], loop quantum gravity assumes a re-
lational interpretation of QT. The causal model of spacetime dynamics and 
QT/QFT implies an interpretation of QT that may be viewed as a “collapse 
theory”. However, in the causal model, this collapse does not apply to the wave 
function (i.e., the Schrödinger field), but to the quantum object. 
• The elementary structure of space and time 

As mentioned in [4], the model of spacetime dynamics described in Section 4 
and in [4] is derived from causal dynamical triangulation (CDT, see [24]). Un-
like in CDT, there is more flexibility in the causal model of spacetime dynamics 
in terms of the elementary units of space (structure, volume). In addition, the 
space-time relationship is defined in a way that eliminates time dilations at the 
elementary level. 

A (slightly) more detailed comparison between loop quantum gravity and the 
causal model of spacetime dynamics and QT/QFT is given in Appendix D. 

9.3. The Higgs Field and Higgs Particle 

In Section 6.1, where the different field types are discussed, the Higgs field is not 
mentioned, the author has not yet determined what the role of the Higgs field 
should be within the causal model of quantum field dynamics. From the pers-
pective of standard QFT, the Higgs field would be considered as a QFT field 
(with certain special properties such as spin zero). Within the model of quantum 
field dynamics (Section 6), the Higgs field could also be considered a secondary 
field, that is, a field that does not carry energy, like the gravitational field or the 
Schrödinger field, does not carry energy. Treating the Higgs field as a secondary 
field type would give a simple explanation for the general assumption that the 
Higgs field fills the whole universe. It would also enable an apparently simpler ex-
planation of the assumption that the Higgs field gives rise to the masses of par-
ticles. However, the author believes that the Higgs field should not be considered a 
secondary field, unless its relation to the other secondary field types (gravitational 
and Schrödinger field) can be defined. One (radical) model would be that the 
three field types (gravitational, Schrödinger and Higgs) are all the same. 

After the role of the Higgs field has been clarified, it should be discussed 
whether this implies the existence of a Higgs particle. 
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9.4. Cosmology 

The causal models presented in this article explicitly focus on the very low end of 
the scale. Nevertheless, some possible implications can be seen for the area cos-
mology (i.e., at the very high end of the scale). Two main items of the model of 
spacetime dynamics may enable new interpretations and new models in cos-
mology: 
• The gravitational length dilation, as described in Section 4.2. 
• The accumulation of space (curvature) changes resulting from multiple 

sources, as described in Section 4.3. 
Both of these items enable new interpretations of astronomical observations. 

One example of a possible alternative interpretation of an astronomical observa-
tion is the observation of the “flat galactic rotational curves” (see, for example 
[25] and [26]). The explanation that is favoured by most astrophysicists is the 
existence of “dark matter”. In [7] a proposal is described in which flat galactic 
rotational curves are explained by the gravitational length dilaation. 

9.5. Relation to String Theory 

No attempt has been made to adopt any of the concepts of string theory. The 
only common ground with string theory observed by the author is the possible 
string interpretation of the space point connections. 

10. Conclusions  

This article covers a wide range of subjects, using a bottom-up approach. Begin-
ning with a model of spacetime dynamics, a model of quantum field dynamics 
and finally a model of quantum theory are presented. The work described in the 
article was influenced by many existing theories, both established and contro-
versial. In the area of spacetime dynamics, the primary influence came from loop 
quantum gravity and its derivatives, i.e., spin networks and causal dynamical 
triangulation. In the proposed model of quantum mechanics, similarities to the 
de Broglie-Bohm theory arose. In each area, however, the model contains signif-
icant deviations from the source theories. Although the areas that have been ad-
dressed span a wide range, there are two subjects that are fundamental to the 
whole article: (i) causal models and (ii) quantum loops. Over the past decade, the 
author has focused on causal models, and is increasingly convinced that (only) 
causal models enforce complete models and lead to solutions that are otherwise 
easily overlooked. 

The overarching topic of the present paper is quantum loops, which were 
found to offer a possible model for nonlinear processes at the very lowest scale, 
resulting in collective behaviour of the elementary elements of space and quan-
tum fields. Due to the size constraints on the paper, there are many areas that 
have been only briefly addressed, and there are also areas that require further 
work to verify and refine the proposed model (see Appendix A), including sev-
eral aspects that can be refined and verified only by use of computer simulations. 
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Models that contain discrete units of space and time, nonlinear processes and 
collective behaviour processes cannot be evaluated using differential equations 
alone, and this includes the topics of quantum loops and quantum equilibrium. 
Computer simulations are planned on the subject of quantum loops. 
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Appendix 

A1. Major Aspects That Remain to Be Addressed/Solved 

1) Spacetime dynamics: The accumulation of space changes caused by mul-
tiple sources 

2) Spacetime dynamics: The variable expansion factor with the emergence of 
space 

3). Spacetime dynamics: The singularity of time dilation at the Schwarzschild 
radius 

4) Quantum field dynamics: The relation between field types (bosonic, fer-
mionic, gravitational, Schrödinger, Higgs) 

5) Quantum field dynamics: The role of spin in the causal model 
6) Quantum Loops: The detailed conditions for the emergence of quantum 

loops 
7) Quantum Loops: A model of the emergence of particle generations (in-

cluding mass values) 
8) Quantum Loops: The emergence of composite quantum objects 
9) Quantum Loops: The details of the generation of the Schrödinger field 
10) Quantum Mechanics: The local causal model of EPR experiment 
11) Quantum Mechanics: The uncertainty principle 

A2. Comparison of the Causal Model of QT/QFT  
with the De Broglie-Bohm Theory 

Although the causal model of QT described in Section 8 is influenced by the de 
Broglie-Bohm theory, there are also significant differences. 

The two basic constituents of the de Broglie-Bohm theory are: 
1) The Schrödinger equation that describes the wave function ( )xψ  and,  
2) The guiding equation that describes the particle configuration 

d
d

i i
i

Q S
Q

t mi
∇

− =  

Another important ingredient is the “quantum equilibrium” hypothesis: 
The position distribution ρ  of a system that is described by the wave func-

tion ψ  is 2ρ ψ= . 
Table A1 shows a comparison of the causal model of QT/QFT with the de 

Broglie-Bohm theory. 
Comments on Table A1: 

• (1) The causal model of QT/QFT supports space point locality. The local 
causal model as requested by the EPR-experiment is supported only, if the 
entangled particles belong to the same (composite) quantum object. On the 
other hand, only a limited size of quantum objects is considered feasible. 

• (2) The wave function and Sψ  is a global object like the space. However, 
the local causal model of spacetime dynamics and of quantum field dynamics 
requires (and supports) local dynamics only. 
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Table A1. Comparison of the causal model of QT/QFT with the de Broglie-Bohm theory. 

 de Broglie-Bohm theory causal model of QT/QFT 

implies interpretation of QT yes yes 

causal model yes yes 

deterministic model yes yes 

Local causal model no 
yes, but limited size  

of quantum object * 1 

separation of particle configuration  
and environment 

quantum object/wave function quantum object/ S Gψ ψ+ +  

global wave function 
for universe 

yes 
global Sψ , but local 

dynamics * 2 

model of measurement yes yes (see Section 8.3) 

measurement implies interaction 
with measurement apparatus 

yes yes 

measurement is typically position 
based 

yes yes 

measurement: role of observer no no 

Collapse of wave function 
other eigenstates continue to 

exist * 7 
collapse of the quantum 

object 

observables no no 

non-local mass yes 
mass is a quantum  

object-global attribute * 3 

particles act back on  
wave function 

no yes * 4 

Entanglement non-local quantum object local * 5 

Quantum equilibrium hypothesis yes 
emergence of stable 

collective behaviour * 6 

absolut space and time yes yes 

special interpretation of  
uncertainty principle 

yes ? 

complementarity no no 

spin treatment ? ? 

contextualisation yes ? 

Support of many worlds no * 8 no 

 
• (3) The mass of an elementary quantum object emerges together with the 

quantum object. 
• (4) The Schrödinger field Sψ  (like the gravitational field Gψ ) evaporates 

from the quantum object. 
• (5) The causal model of QT/QFT supports EPR-like entanglement only if the 

entangled particles belong to the same (composite) quantum object. 
• (6) The emergence of quantum equilibrium is comparable to the emergence 

of a stable collective behaviour, as, for example, with the quantum loop. 
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• (7) In [27] “These other eigenstates exist and still have ontological status but 
have no influence on the actual configuration (x(t), y(t))”. How are these 
other eigenstates prevented from being measured? 

• (8) Some physicists (e.g., H.D. Zeh and D. Deutsch) say that the de Brog-
lie-Bohm theory is a many worlds theory. The author doubts that this is a 
correct interpretation of the de Broglie-Bohm theory and/or of the many 
worlds theory. 

A3. Time, Length and Energy Dilation with the GPS Satellite 

Table A2 shows the time, length and energy dilation for an object within a gra-
vitational field with a single source (i.e., the Schwarzschild metric). The object 
(e.g. a GPS satellite) is assumed to be in an orbit at a sufficient distance from the 
source of the gravitational field. 

Comments on Table A2: 
• The column “Standard GRT” contains what the author understands as the 

GRT interpretation with most physicists. Apparently, some items are still 
controversial. 

• The numbers given in the examples are not claimed to be realistic. 
• With the “frequency of light” and “wavelength of light” for “standard GRT” 

(and a reduced speed of light) it is not clear to the author whether the energy 
reduction results in (a) a reduced frequency, (b) an increased wave length, or 
(c) both. 

A4. Comparison with Loop Quantum Gravity 

Comments on Table A3: 
• (1) The causal model of spacetime dynamics and QT/QFT implies an inter-

pretation of QT that may be viewed as a “collapse theory”. However, in the  
 

Table A2. Time, length and energy dilations. 

 
Pre-GRT 
Example 

Standard GRT: 
dilated time, 

variable c 

Example 

1 0.98F =  

Causal model: 
dilated length, 

time 

Example 

1 0.98F =  

satellite turnaround time, ts 100,000 1dts ts F=
 102,000 1dts ts F=  102,000 

orbit length, l 1,000,000 dl l=
 1,000,000 1dl l F=  1,020,000 

satellite speed, 1vs ts=  10 1vs F⋅
 9.8 vs  10 

speed of light, c 300 1c F⋅
 294 c 300 

turnaround time  
of light, 1tl c=  

3333 1dtl tl F=  3400 1tl F
 3400 

Kinetic energy of  
satellite, 21 2k mv=  

50 
(m = 1) 

2
1k F⋅  48.02 k 50 

Frequency of light ν  150 1d Fν ν= ⋅  147 1d Fν ν= ⋅  147 

Wave length of light wl c ν=  2 ( ) ( )1 1c F F cν ν⋅ ⋅ =  2 ( )1c Fν ⋅  2.04 
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Table A3. Comparison of the causal model of QT/QFT with loop quantum gravity. 

 Loop Quantum Gravity Causal model of QT/QFT 

QT behaviour with 
basic spacetime 

yes no 

space/time disintegrated disintegrated 

Loops at space level quantum field level 

Interpretation of QT 
relational, 

non-deterministic 
causal, (non-)deterministic * 1 

granular space discrete units of volume, area, line discrete space points, connections 

Time not an “object” not a component of system state * 2 

levels of time (1) sequence of events 
(1) constant suti * 3 
(2) differing clock speed 

time-less gaps between interactions during suti 

space(-time) dynamics probabilistic, non-deterministic local causal, deterministic 

 
causal model, this collapse does not apply to the wave function (i.e., the 
Schrödinger field), but to the quantum object. In addition, commonalities 
with the de Broglie-Bohm theory exist. 

• (2) As described in Section 2, in the causal model (in general) time is not a 
component of the system state, but an inherent feature of the physics engine. 

• (3) The causal model assumes a uniform time progression in constant state 
update time intervals (suti) at the elementary level. Differing clock speed and 
proper time (as defined with GRT) applies to processes that execute in space. 
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