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Abstract: Quantum loops are processes that constitute quantum objects. In the causal model of1

quantum loops and quantum objects presented here, the nonlinear processes involve the elementary2

units of spacetime and the associated elementary units of quantum fields. As such, quantum loop3

processes are the sources of gravitational fields (i.e., spacetime curvature) and of the quantum objects4

wave function. The model may be viewed as a derivative of loop quantum gravity, spin networks5

and causal dynamical triangulation, although significant deviations to these theories exist. The causal6

model of quantum loops is based on a causal model of spacetime dynamics where space(-time)7

consists of interconnected space points, each of which is connected to a small number of neighboring8

space points. The curvature of spacetime is expressed by the density of these space points and by the9

arrangement of the connections between them. The quantum loop emerges in a nonlinear collective10

behavioral process from a collection of space points that carry energy and quantum field attributes.11

Keywords: spacetime models, causal models, nonlinear dynamics, relativity theory, quantum field12

theory, quantum loops13

1. Introduction14

The author’s work on causal models of quantum theory (QT), quantum field theory (QFT) and15

spacetime dynamics started with the attempt to develop a computer model of QT. Soon, the feasibility16

of such a QT computer model is impeded, not (as expected) by the strange and mysterious nature of17

QT, but by the many ambiguous formulations of the theory. The problems encountered (described in18

[1] , [2] and[3]) lead to the conclusion that the apparent deficiencies of QT could (only?) be removed19

by the provision of a causal model of QT (including quantum field theory) and that the feasibility of20

constructing a causal model may be a criterion for the completeness of a physical theory in general.21

The attempt to construct a local causal model of quantum theory, including QFT resulted in22

several refinement steps of the model (see Fig. 1). At one point, it was recognized that a causal model23

of the dynamics of QT/QFT should better be based on a causal model of the dynamics of spacetime.24

Thus, a causal model of the dynamics of spacetime has been developed with these major goals: (1)25

as much as possible, be compatible with general relativity theory (GRT) and (2) should match the26

main features of the evolving model of QT/QFT. The causal model of spacetime dynamics is described27

in [4]. Because the model of spacetime dynamics is a major prerequisite of the work described in28

the present paper, a short description is also given in Section 4. In Section 5, the model of spacetime29

dynamics is applied to quantum fields and quantum objects. A bottom-up approach is taken here to a30

description of the causal model of QT/QFT dynamics. First, we describe how the model of spacetime31

dynamics is applied to quantum fields (Section 6), and we then examine how QFT processes result in32

the emergence of elementary particles (Section 7). Quantum loops and quantum loop processes form33

the primary topic of this article, and play a major role in the emergence of quantum objects. After a34

description of the model for the establishment of quantum objects, Section 8 presents a discussion35

of quantum mechanics in terms of the model described in Section 7. In this model, in addition to36

generating quantum objects, quantum loops evaporate two types of "field": (i) the gravitational field37

(i.e., space curvature changes); and (ii) the Schrödinger field. The latter represents the wave function in38

the interpretation similar to the de Broglie-Bohm theory. The model of quantum mechanics presented39

in Section 8 therefore has some commonalities with the de Broglie-Bohm theory.40
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Figure 1. Refinement steps towards the causal model of quantum loops.

The author’s work on models of QT/QFT and spacetime dynamics has been guided by three41

principles for models of physics theories, and the author has become increasingly convinced of these:42

1. Causal models - the perception that it takes a causal model to explain the outcome of a physics43

experiment, and a complete causal model to explain the experimental results for a theory as far44

as possible.45

2. Local causal models - not relying on (spooky) actions at a distance.46

3. Discreteness of the essential parameters - the assumption that there exists a minimal size and47

granularity for the essential parameters of the theory.48

Note that the specification of a model in the form of a local causal model is not just another style of49

description language. The description language used in this article is a consequence of very rigid50

requirements with respect to the required or allowed contents of the specification of a local causal51

model. This is described in more detail in Sections 2 and 3. Adherence to the three requirements of52

a local causal model, support for the discreteness of the essential model parameters and the need to53

describe nonlinear dynamics have resulted in a style of writing that may be considered by the reader54

to be not quite conformal with the style in which professional physics articles are typically written.55

2. Causal Models56

The formal definition of a (local) causal model has been published in various preceding papers57

from the author. It is here repeated because it is important to the subject of this paper and because an58

extended and refined treatment of local causal models is appropriate (see Section 3).59

Definition 1. The specification of a causal model of a theory of physics consists of (1) the specification of the60

system state, (2) the specification of the laws of physics that define the possible state transitions when applied to61

the system state, and (3) the assumption of a “physics engine.”62

2.0.1. The physics engine.63

The physics engine represents the overall causal semantics of causal models. It acts upon the state64

of the physical system. The physics engine continuously determines new states in uniform time steps.65

For the formal definition of a causal model of a physical theory, a continuous repeated invocation of66

the physics engine is assumed to realize the progression of the system state.67

68

physics engine (S, ∆t) := {69

DO UNTIL(nonContinueState(S)){70

S← applyLawsO f Physics(S, ∆t);71

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 May 2019                   



3 of 28

}72

}73

2.0.2. The system state74

The system state defines the components, objects and parameters of the theory of physics that can75

be referenced and manipulated by the causal model. In contrast to the physics engine, the structure76

and content of the system state are specific for the causal model that is being specified. Therefore, the77

following is only an example of a possible system state specification.78

79

systemstate := {spacepoint...}80

spacepoint := {x1, x2, x3, ψ}81

ψ := {stateParameter1, ..., stateParametern}82

83

2.0.3. The laws of physics.84

The refinement of the statement85

S← applyLawsO f Physics(S, ∆t); defines how an "in" state s evolves into an "out" state s.86

L1 := IF c1(s) THEN s← f1(s);87

L2 := IF c2(s) THEN s← f2(s);88

...89

Ln := IF cn(s) THEN s← fn(s);90

The "in" conditions ci(s) specify the applicability of the state transition function fi(s) in basic formal91

(e.g., mathematical) terms or refer to complex conditions that then have to be refined within the formal92

definition.93

The state transition function fi(s) specifies the update of the state s in basic formal (e.g.,94

mathematical) terms or refers to complex functions that then have to be refined within the formal95

definition.96

The set of laws L1, ..., Ln has to be complete, consistent and conforming to reality (see [3] for more97

details).98

In addition to the above-described basic forms of specification of the laws of physics by Ln :=99

IF cn(s) THEN s ← fn(s), other forms are also imaginable and sometimes used in this article. (This100

article does not contain a proper definition of the used causal model specification language. The101

language used is assumed to be largely self-explanatory.)102

3. Local Causal Models103

A local causal model is a special type of causal model. The subject locality and local causal model104

concern both, the system state and the laws of physics.105

3.0.1. Spatial causal model106

A causal model of a theory of physics is called a spatial causal model if (1) the system state107

contains a component that represents a space, and (2) all other components of the system state can108

be mapped to the space. Many textbooks on physics (mostly in the context of relativity theory) and109

mathematics define the essential features of a "space". For the purpose of the present article, a more110

detailed discussion is not required. For the purpose of this article and the subject locality, it is sufficient111

to request that the space (assumed with a spatial model) supports the notions of position, distance and112

neighborhood.113
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3.0.2. Local causal model.114

The definition of a local causal model presupposes a spatially causal model (see above). A115

(spatially) causal model is understood to be a local model if changes in the state of the system116

depend on the local state only and affect the local state only. The local state changes can propagate to117

neighboring locations. The propagation of the state changes to distant locations; however, they must118

always be accomplished through a series of state changes to neighboring locations. Special relativity119

requests that the series of state changes does not occur with a speed that is faster than the speed of120

light. This requirement is not considered essential for a local causal model.121

Based on the formal model definition of a causal model, a formal definition of locality can be122

given. A physical theory and a related spatially causal model are given.123

Definition 2. A causal model is called a local causal model if each of the laws Li applies to no more than a single124

position and/or to the neighborhood of this position.125

The position reference can be explicit or implicit by reference to a state component that has a126

well-defined position in space.127

3.0.3. Local spatial specifications128

If the causal model includes a model of spacetime dynamics (such as the model described in129

Section 4), spatial specifications in the system state must not refer to globally (i.e., non-locally) arranged130

position, distance and direction specifications. This requirement, which is sometimes referred to as131

"background independence", prohibits references in terms of globally defined coordinate systems. An132

example where this requirement applies is Definition 4 in Section 4 containing direction specifications.133

3.0.4. Physical Objects.134

Definition 2 notes a relatively strong type of locality that may be called "space-point locality".135

Most physics theories and models of physics theories contain spatially extended objects (e.g., particles,136

nuclei, stars, galaxies), with state components and attributes (such as mass, energy, momentum) that137

apply to the object as a whole. Causal model references to the complete space of a spatially extended138

object or to a property of the complete object are considered to violate locality. The construction of139

a local causal model may not be feasible. The space point locality and the feasibility of a local causal140

model may be regained, if it is possible to provide a model of the emergence of the object, in particular141

the emergence of object-global components and attributes. For example, in [5], the emergence of a142

quantum object is described as a collective behavioral process.143

Proposition 1. Local causal models that include objects with (object-) global components and attributes are144

feasible only, if it is possible to show a model of the emergence of the (object-) global components and attributes.145

The emergence of the object-global components and attributes is accompanied by the emergence146

of the object. (In general, it is possible to equate the emergence of the object-global components147

and attributes with the emergence of the object). Two typical ways/processes for the emergence of148

object-global components and attributes are149

1. Aggregation of subcomponent attributes (example: aggregation of the mass of a physical object)150

2. Synchronization of subcomponents attributes (examples: paths, velocity, momentum, angular151

momentum of a composite quantum object)152

In Section 7, the model of the emergence of a quantum object is described as a nonlinear collective153

behavioral process.154
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3.0.5. Global/local laws of physics.155

The provision of a local causal model may also be impeded by the existence of (object-) global laws156

of physics. Global laws of physics are laws that apply to a complete object. From the definition of a157

causal model given in Section 2, this means that the respective law of physics Li refers to some (object-)158

global components or attributes. Examples of global laws of physics are all kinds of conservation laws159

(e.g., energy conservation, momentum conservation), and the second law of thermodynamics (i.e.,160

entropy law). In addition, the laws of quantum theory represent object-global laws, because the wave161

function may apply to a collection of particles. 1 The existence of global laws within a theory of physics162

must not necessarily mean the non-feasibility of a local causal model, because the causal model may163

not include the global law within the relevant list L1, L2, ...Ln of the causal model. For example, the164

entropy law should not appear within a causal model. Neither should the global conservation laws165

appear in a causal model. The global conservation laws have to be broken down to (space-point) local166

conservation laws (which means the local laws have to obey the well-known symmetry requirements).167

Even for global laws of physics that cannot be broken down to local laws, there may be ways to168

construct a local causal model. Because (as described above) a global law implies that there must be169

global object components and attributes, the feasibility of a local causal model may be regained, if it is170

possible to provide a model of the emergence of the object, in particular the emergence of object-global171

components and attributes.172

4. The Local Causal Model of Spacetime Dynamics173

4.1. The elementary structure of space(-time)174

In the model described in this article, the system state consists of the space, fields and quantum175

objects. (Time is not considered part of the system state (see below "The space-time relationship")).176

Definition 3. System state :=177

Space,178

Fields,179

Quantum objects;180

Definition 4. Space := { spacepoint ...};181

spacepoint := { ψ, gravitationspec, connections };182

connections := { connection1, ..., connectionn };183

connection := { neighborspacepoint, direction };184

gravitationspec := { gravdynamic, direction, gravstrength };185

186

ψ represents the contents of space in the form of fields and quantum objects (see Section 5 for more187

details). According to Section 3, direction has to be a local parameter. As described in Section 3 "Local188

spatial specifications", to enable a local causal model, the direction specification of the connection must189

be given in terms of space-point-local parameters. In Section 6.4, a possible direction specification190

schema is described.191

4.2. The space-time relationship192

In GRT and SRT, space and time are said to be integrated into spacetime. From a mathematical193

perspective, the integration of space and time is reflected in the use of vectors, matrices and tensors194

1 The 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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that combine the dimensions of space with that of time. The integration is also reflected in the laws of195

physics, where space and time (and their derivatives) are jointly transformed. As described above, in196

the causal model chosen here, space and time are strictly separated. Since this model also aims for197

maximal compatibility with GRT, the question arises of how this compatibility can be achieved with a198

model in which space and time are fundamentally (initially) not integrated. In the concept underlying199

the causal model of spacetime dynamics, space-time integration does not apply to space and time in200

general, as in SRT and GRT; instead,201

space-time integration only applies to physical processes executed in space and time.202

This implies the following:203

Proposition 2. The measure and metric for space and time can only be defined jointly for both space and time,204

and only with reference to a specific process that produces a specific rate of spatial change (i.e. length) within a205

specific time interval.206

The physical process that is best suited for this joint definition of the measure for space and time207

is the movement of light, under the assumption that the speed of light is a constant.208

Proposition 3. The execution speed of physical processes in terms of changes in length in relation to the209

execution time is invariant.210

For example, if a clock rate (i.e., the proper time) changes, this is always accompanied by a length211

dilation in the space where the process is executed.212

The major physical expressions of curved spacetime are length and time dilations. 2 "Time dilation"213

essentially means a dilation of the speed by which physical processes, such as clocks, run.214

As a special case of Proposition 2 and 3:215

Proposition 4. Length and time dilations are interrelated and occur only in combination.216

Propositions 2 and 3 are essential in the more detailed model of spacetime dynamics described217

below. The above basic propositions with respect to the space-time relationship lead to the following218

propositions concerning the elementary structure of spacetime:219

Proposition 5. The state update time interval, suti is a constant of nature.220

Proposition 6. The distance between two neighboring space points, lconnection, is a constant of nature. This is221

the distance through which light moves during a suti.222

(In Euclidean geometry, it is difficult to imagine that all space point connections have the same223

length if the connections are not restricted to orthogonal directions.)224

In a model that assumes a constant speed of light, c, it follows from Propositions 5 and 6 that:225

Proposition 7. During a state update time interval, suti, light moves a constant distance, namely the distance226

lsuti = lconnection = suti · c227

The proposed model of spacetime dynamics assumes that all distances and lengths in space228

are composed of the elementary length units, lsuti. Likewise, all time intervals are multiples of suti.229

Lengths and distances are defined only between two space points and only with reference to the speed230

of light, c.231

2 Throughout this article the term "dilation" is used to mean positive or negative dilation.
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Proposition 8. The distance between two space points, sp1 and sp2 is given by the number of spacepoints,232

nsp(sp1, sp2) through which light passes when moving from sp1 to sp2 multiplied by the elementary length233

unit, lsuti (= lconnection).234

distance(sp1, sp2) = nsp(sp1, sp2) · lsuti.235

The above propositions result in a model of spacetime in which the speed of light is a constant.236

However, due to Proposition 5, it is hard to avoid curved space. This does not present a problem, since237

curved spacetime is not undesirable in a spacetime model aiming for compatibility with GRT. The238

remaining problem is that of how to achieve GRT-compatible space curvature. Spacetime curvature239

due to time dilation (as predicted by GRT) also needs to be supported. The solutions offered by240

Propositions 3-7 are that (i) the process of space emergence/expansion (Section 4) results in length241

dilations through the suitable arrangement of space points and that (ii) length dilations cause clock242

rate dilations for processes running at space positions with dilated lengths.243

The formal expression of point (i) is:244

Proposition 9. Lengths within the gravitational field are dilated by the factor F1.245

The precise equation for the factor, F1, such that it is in accordance with GRT is given below. For246

the model described in this article, the revised formulation of Proposition 4 is:247

Proposition 10. Physical processes run faster or slower depending on the length dilation at the position in248

which the respective physical process is executed.249

Proposition 9 may be viewed as a refinement of Proposition 3 above where the dilation of the250

clock rate concerns physical processes rather than the structure of spacetime. The major process251

that demonstrates the fixed relationship between the length dilation and the rate of change of the252

process is the propagation of light. This (simple) process is used as a measure for the change rate253

of other processes by setting the speed of light to be a constant, c. The next classes of processes in254

which the rate of change depends on the length dilation in precisely the same proportions as in the255

propagation of light are clocks in differing realisations. In summary, there is no direct reflection of time256

dilation as an attribute of spacetime in the model of spacetime dynamics. Clock rate dilation (rather257

than time dilation) arises as a property of processes running within space. The clock rate dilation258

factor can be derived from the length dilationfactor, F1 of the space points at which the respective259

process is currently being executed. Thus, in the model of spacetime dynamics, two levels of time are260

distinguished, although these are seen as a single entity in GRT/SRT:261

1. At the basic level, the progression of time is determined by the uniform state update time interval,262

suti. Simultaneity is assumed for all state changes occurring within the same state update cycle.263

2. Differing clock rates, proper times, and the relativity of simultaneity are not associated with the264

basic overall spacetime (level 1), but instead are associated with physical processes running in265

space.266

In terms of space, two levels can also be distinguished, although these are two levels of consideration:267

• At the abstract level (the mathematical level), the space consists of a set of interconnected space268

points. The issue of whether or not the totality of the interconnected space points represents a269

Euclidean space or a specific topology (e.g., a Riemann manifold) is left open.270

• At the physical level (the essential level), physical meaning is assigned to the components of271

the space point and its connections. In particular, the length of the connections is no longer a272

geometrical property, but specifies only the ∆length through which light moves during the state273

update time interval, suti.274
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Thus, the integration of space and time into spacetime is established in the model of spacetime275

dynamics by the physical meaning assigned to the components of the space points and their276

connections.277

4.2.1. The length dilation factor F1.278

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

∆s2 = −(1− 2GM
c2r

)(c∆t)2 + (∆x)2 + (∆y)2 + (∆z)2 (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

F1 =

√
1− 2GM

c2r
(2)

A standard clock at some point A of low potential (for example, at the surface of the earth) would279

run slower than the same clock at a point B with higher potential (for example, in a GPS satellite).280

Proposition 8 states that not only are the clock rates of clocks within a gravitational field dilated by the281

factor F1, but that this dilation also applies to lengths. (As a supporting argument, only in this way can282

the proposition of the constant speed of light be maintained.) Proposition 9 also means that length283

dilation is the primary effect, and that the clock rate dilation for clocks residing in the length-dilated284

space is a consequence of the length dilation.285

4.2.2. Energy dilation with objects moving in curved space286

Proposition 11. When an object (e.g. a particle) moves from one space point, sp1, to another, sp2 the energy of287

the object decreases or increases as a function of the difference in the gravstrength of the two space points.288

The energy difference associated with sp1 and sp2 is usually called the (difference in) potential289

energy of the positions of sp1 and sp2. The gravstrength and thus the energy, increases or decreases290

and has a direction, which is towards the source(s) of the gravitation. The basic types of energy that291

are affected by the increase or decrease in the positional energy are the kinetic energy and the wave292

energy (i.e., the wave frequency and wavelength).293

4.3. The dynamics of space emergence and space changes294

With the proposed model, it is assumed that all the dynamics of space changes, including the295

emergence of space, starting from a minimal source and proceeding through the successive addition of296

new surface layers of space points. The number of space points at the surface layer increases with each297

new surface layer. The space expansion factor (implied by the space expansion algorithm) determines298

the increase of the number of space points with the new surface layer. Fig. 2 shows examples of space299

surface layers with different expansion factors (2 or 3). 3. The space expansion algorithm must achieve300

compatibility with GRT. This affects two items:301

1. The expansion factor that determines the growth of the number of space points at the surface302

layers must be such that Eq. 2 is satisfied (which means that a Schwarzschild metric arises).303

3 Remember that we are dealing with curved space and that this cannot be adequately represented in the 2-dimensional
figure.
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Figure 2. Surface of small space objects with radius = 3 · lsuti.

2. The gravstrength in Definition 4 that specifies the strength of the gravitational field ψG must304

decrease with the increasing distance from the source of the gravitation (see parameter r in Eq. 2).305

If multiple sources are in the process of aggregation (see below), the strength of the gravitational306

field has to accumulate accordingly.307

The process of space state progression consists of the repeated application of Spread-out/Bundle308

operations to all space points that are identified by309

gravdynamic 6= 0 (see Definition 4).310

Definition 5. Space-state-progression (space sp) := {311

Spread-out: FOR ( ALL spacepoints sp.point[i]){312

IF ( sp.point[i].gravdynamic 6= 0 ) {313

generate-OUT-points-from( sp.point[i] );314

}315

Bundle: FOR ( ALL new spacepoints sp.point[j]){316

accumulate-inconnections ( sp.point[j] );317

}318

}319

The expression "generate-OUT-points-from( )" generates new space points (including the necessary320

connections) for all space points that are currently with this attribution: gravdynamic 6= 0. At least321

one new space point is generated. Whether further space points and connections emerge depend on322

the gravitational strength and on the more detailed algorithm for the emergence of space changes.323

The gravitational strength is reduced as a function of the increasing distance from the gravitational324

source(s). The new space points are temporarily marked as NEW in the "Bundle" step, in which the325

gravitational strengths are accumulated for all connections to the new space point. The function326

"generate-OUT-points-from" can be expressed by the following specification.327

Definition 6. generate-OUT-points-from ( sp.point ) := {328

point0← generate-primary-outpoint(sp.point);329

add. points← generate-additional-outpoints(sp.point);330

supplement-connections();331

}332

4.3.1. Aggregation of space changes from multiple sources.333

The assumption that all space change dynamics starts from minimal sources implies that the space334

changes originating from multiple sources, typically, will soon start to overlap and will accumulate.335

This results in an overall process of space dynamics where three phases can be distinguished:336
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• Phase 1: The space changes from the individual sources propagate by the addition of spherical337

surface layers as described above. The changed space object represents a Schwarzschild metric338

and Eq. 2 is satisfied.339

• Phase 2: The space changes overlap and have to be accumulated. The accumulated space object340

does not represent a Schwarzschild metric and Eq. 2 is not applicable.341

• Phase 3: At a suitable distance from the gravitational sources, the gravitation may be handled as342

if there was a single source with the mass equal to the sum of the multiple sources of masses343

located at the centre of masses. Eq. 2 is applicable again.344

Further details on the subject of Section 4 can be found in [7] and [4].345

4.3.2. Sources of space change dynamics.346

In [7] and [4], the sources of space change dynamics are described as quantum objects. In the347

present article, the model of spacetime dynamics is also applied to the dynamics of quantum objects348

and quantum fields. This leads to a refinement of the model in which the elementary processes within349

the quantum objects are already sources of space change dynamics (see Section 6.1).350

5. Application of the Model of Spacetime Dynamics to QT/QFT351

The local causal model of spacetime dynamics described in [7] and [4] and summarized in Section352

4 has been developed with the goal of providing a basis for a local causal model of QT/QFT. The353

application of the model to quantum theory and quantum field theory is described in the following:354

5.1. The space contents355

Definition 3 defines the system state of the local causal model of spacetime dynamics as consisting356

of space, fields and quantum objects. Fields and quantum objects may be viewed as the contents of357

space. In Definition 4, the space point is defined as containing the component ψ. ψ is said to represent358

the point-local content of the space. Application of the model of spacetime dynamics to QT/QFT359

requires (1) a more detailed specification of the space contents ψ and (2) the specification of the model360

of the dynamics of the space contents.361

5.1.1. The space point component ψ362

may represent different types of space contents, that is, different types of fields and of particles.363

The possible types of ψ contain the field types known from QFT (e.g., the electromagnetic field),364

the gravitational field ψG
4 and the "Schrödinger field" ψS that represents the wave function. 5 The365

association of ψ to the space point is not a static association. The space point content may move and366

spread out to neighboring space points. Also, the ψ of a common type may form collections such as367

fields, particles and composite quantum objects. Such collections of ψ may emerge to physical objects368

(i.e., quantum objects) that propagate as an entity with special object-global attributes.369

The more detailed components of ψ depend on the field type. A fairly general set of components and370

attributes is371

Definition 7. ψ := {372

dynamics attributes,373

spin type, spin value,374

charge type, charge value,375

4 In Definition 4, the gravitational field ψG is represented by the gravitationspec attribute.
5 The relation between the Schrödinger field ψS and the QFT fields will be discussed in Sections 7 and 8.
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direction376

}377

dynamics attributes := { amplitude, frequency }378

5.1.2. Fields379

are the simplest type of ψ collections380

f ield := {spacepoint1.ψ, spacepoint2.ψ, ...}.381

All the space points belonging to the field have the same field type associated. In contrast to quantum382

objects, there are no object-global attributes associated with the field. This makes the fields a suitable383

base for the specification of a (space point) local causal model of QT/QFT.384

5.1.3. A quantum object385

is defined as consisting of a collection of 1 to n particles (see [8]). This means that a quantum386

object is either an elementary particle or a composite quantum object.387

Definition 8. quantumobject := {388

globalquantumobjectattributes Ω;389

particle1,390

...391

particlen;392

}393

The collection of particles is supplemented by global attributes Ω1, Ω2, ...Ωj,.394

The elementary particle encompasses the ψ-components of a set of spacepoints and395

globalparticleattributes Θ1, Θ2, ...Θj,.396

Definition 9. particle := {397

globalparticleattributes Θ;398

spacepoint1, spacepoint2...}.399

}400

Examples of global attributes are Ωmass, Ωcharge and Ωspin. As described in Section 3, the401

occurrence of global attributes in a local causal model may disturb the (space point) locality of the402

model, if it is not possible to show the emergence of the global attribute from (space point) local403

parameters.404

5.2. Space contents dynamics405

The model of the dynamics of space contents (quantum fields and quantum objects) is formulated406

using a bottom-up approach. The basis of the causal model of QT/QFT is the local causal model of407

quantum fields (Section 6), an extension of the local causal model of spacetime dynamics described in408

[7] and [4] and summarised in Section 4. Quantum objects emerge from quantum fields. In this way, the409

model distinguishes the emergence of elementary particles and the dynamics of composite quantum410

objects. Elementary particles emerge directly from quantum fields in a collective behaviour process411

called a quantum loop (Section 7). The dynamics of the complete quantum mechanics, including412

composite quantum objects, is briefly addressed in Section 8.413

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 May 2019                   



12 of 28

6. Quantum Field Dynamics414

6.1. Energy-carrying space points - the sources of quantum field dynamics and spacetime dynamics415

In [7] and [4] and in Section 4.3, quantum objects are denoted as the sources of spacetime dynamics.416

With the application of the model of spacetime dynamics to QT/QFT, quantum objects remain a source417

of spacetime dynamics; however, the model is refined to include, in addition, specific space points as418

the source of spacetime dynamics and as the sources of quantum field dynamics. The space points419

that are sources of spacetime dynamics may be called energy-carrying space points. The contents of420

energy-carrying space points propagate through space. In the formal specification of the QT/QFT421

model, energy-carrying space points contain non-empty dynamics attributes as part of the field422

contents ψ (see Definition 7). A space point spi is never a permanent source of quantum field dynamics.423

After the propagation of the contents of spi has taken place, the dynamics attributes are reset to zero.424

In addition to the dynamics attributes (indicating that the space point is an actual source of425

quantum field dynamics), the propagation direction is specified as an additional attribute. According426

to Definition 7, the fields represented by ψ may have different spin values. In the model described here,427

fields may have spin 1/2 (a fermionic field) or spin 1 (a bosonic field). In addition to the classical field428

types, two (secondary) types of fields are generated in the dynamics of energy-carrying space points:429

1. Gravitational fields, ψG: The dynamics of space changes (i.e., of gravitation) was the starting430

point for the causal model of quantum field dynamics. The integrated model of spacetime and431

quantum field dynamics considers gravitation as a special type of field.432

2. Schrödinger-fields, - ψS: The wave function of quantum mechanics requires a representation at433

the space (point) content and a causal model of its dynamics. In the model described here, this434

"field" is called the "Schrödinger-field" - ψS.435

These two types of field are considered to be secondary fields, since they do not carry energy, meaning436

that: (i) the creation of these types of fields due to the propagation of energy-carrying space points437

does not reduce the energy of the source; and (ii) the fields ψG and ψS are not capable of interacting438

with other quantum fields and quantum objects by exchanging energy. Unlike primary fields, the439

propagation of secondary fields does not need to preserve the direction of momentum. This enables440

the expansion of these fields to create/cover an ever-growing volume of space.441

6.2. Quantum fields are waves442

Waves and fields are the basic constituents of quantum field theory. Since we are dealing here443

with the lowest level of space granularity, it is difficult to imagine the application of the classical model444

of waves to the model of quantum field dynamics. Nevertheless, there are a number of properties445

that are known from the physics of waves that also appear to be useful in the model of quantum field446

dynamics presented here. A very short introduction to waves in physics is therefore given in the447

following. The description below is derived from [9] and to a larger extent from [10].448

The standard formulation of the "wave equation", that is, the equation of motion for waves, is
(see, for example [9])

(
1
v2

∂2

∂t2 −5
2)ψ(x, t) = 0 (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:

d2ψ/dt2 − c2
wd2ψ/dx2 = 0. (4)

Class 1:
d2ψ/dt2 − c2

wd2ψ/dx2 = −(2πνmin)
2(ψ− ψ0). (5)
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For the mapping of QFT to the causal model of QT/QFT, the way in which the energy of a wave is449

reflected in the wave equations is important. In [10], the quantum waves are described by a motion450

formula451

Z(x, t) = Z0 + Acos(2π[νt− x/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 equation of motion requires that the frequency and
wavelength be related to νmin (appearing in Eq. 6) by the formula

E2 = (hν)2 = (hc/λ)2 + (hνmin)
2 (6)

This looks like a Pythagorean relation ( i.e., c2 = a2 + b2 ). Another Pythagorean relation, well-known452

in relativity theory, describes the relation between total energy E, the kinetic energy p ·m and the mass453

energy mc2 by454

E2 = (pc)2 + (mc2)2
455

This suggests the following equation for the total energy, the kinetic energy and the mass energy:456

E = hν; pc = hc/λ; mc2 = hνmin.457

A (simple) wave of a given frequency and wavelength is made up of n quanta. The allowed values of458

the amplitude A are proportional to
√

n. For bosons, the allowed values of the energy are459

E = (n + 1/2)hν, where n = 0,1,2,3,4,. . . .460

For fermions the allowed values are461

E = (n− 1/2)hν, where n = 0 or 1.462

In addition to the above considerations, which relate to the propagation of a single wave, the physics463

of interacting waves offers another basis for a causal model of quantum field dynamics. In [10], an464

example of the interaction of quantum fields is described by three equations of motion in which the465

interacting waves occur on the right-hand side:466

d2 A/dt2 − c2d2 A/dx2 = yBC.467

d2B/dt2 − c2d2B/dx2 = yAC.468

d2C/dt2 − c2d2C/dx2 = (2πνmin)
2C + yAB.469

Depending on the specific attributes of the interacting waves, other expressions describing the results470

of this interaction are also possible, and the example given in [10] is471

d2S/dt2 − c2d2S/dx2 = (2πνmin)
2(m2

S[S− S0] + y2SZ2).472

d2Z/dt2 − c2d2Z/dx2 = (2πνmin)
2y2S2Z.473

Further rules for the determination of the results of interacting fields are given in QFT, in terms of the474

Feynman rules for particle scattering.475

Although it does not appear to be reasonable to apply the classical model of waves in its entirety476

to the causal model of quantum field dynamics, the following items are taken over and mapped to this477

model:478

• The energy of an energy-carrying space point is proportional to the amplitude and frequency479

parameters.480

• The allowed values of the amplitude A are proportional to
√

n481

• For bosonic energy-carrying space points, the allowed values of the energy are E = (n + 1/2)hν,482

where n = 0,1,2,3,4,. . . .483

• For fermionic energy-carrying space points, the allowed values are:484

E = (n− 1/2)hν, where n = 0 or 1.485

• There may be a minimal frequency νmin.486

• Eq. 6 may also apply to the propagation of energy-carrying space points.487

6.3. The Interaction Operator χ488

In the model of the propagation of space contents (fields and quantum objects), the space point489

connections are dynamically assigned to "in-connections" and "out-connections". Fig. 3 shows a490
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typical space point, with 14 connections that span the whole neighbourhood space. In the proposed491

causal model of QT/QFT, all space point connections may be utilised for the propagation of fields492

(i.e., gravitational, fermionic, bosonic, Schrödinger field). This enables support for the concurrent493

propagation of the different field types. All space point connections are utilised for the propagation494

of the gravitational field and the Schrödinger field, and all connections that are not in-connections495

become out-connections. In the propagation of fermionic and bosonic fields, the direction has to be496

preserved in the form of geodesic paths. This includes the possibility of the creation and annihilation497

of field types according to the rules of QFT (e.g. Feynman rules). Unlike in standard QFT, multiple498

bosonic field connections are possible. If more than one bosonic in-connection occurs (dynamically) at499

a space point, the bosonic in-connections are accumulated and treated like a single in-connection. A500

bosonic out-connection may be distributed to multiple out-connections.501

Figure 3. Example of the distribution of connections of a space point.

The propagation of quantum fields through space is concentrated in the interaction operator χ.502

χ(sp) corresponds to combinations of creation and annihilation operators in QFT, and applies to a503

space point sp, including its dynamically assigned in-connection and out-connections. For a given504

space point, sp, it determines the out-connections and the new state (including contents) of the space505

points that are targets of the out-connections as a function of the content of sp. The overall field state506

progression can be expressed as:507

Field-state-progression (space) := {508

FOR ( ALL spacepoints sp[i]){509

IF (sp[i].gravdynamic 6= 0 OR sp[i].ψ.dynamicsattributes 6= 0)510

apply χ(sp);511

} }512

Definition 10. apply χ(sp) := {513

Spread-out:514

determine-gravitational-out-connections(sp);515

distribute-gravitation(sp);516

distribute-ψS(sp);517

IF (sp.ψ.dynamicsattributes 6= 0) {518

IF (sp.ψ.spintype = 1/2) distribute-fermion(sp);519

else distribute-boson(sp);520

}521

Bundle:522

FOR ( ALL spacepoints sp[i] WITH inconnections) {523

bundle-gravitational-inconnections( sp[i] );524

bundle-ψS-inconnections( sp[i] );525

bundle-ψ-inconnections( sp[i] );526

set-dynamics-attributes( sp[i] );527
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}528

}529

Thus, the application of χ(sp) consists essentially of a combination of Spread-out and Bundle,530

where Spread-out determines the out-connections of sp and Bundle bundles all in-connections of those531

space points that have them (resulting from Spread-out). For the gravitational field ψg the combination532

of distribute-gravitation() and bundle-gravitational-inconnections results in the propagation of space533

(curvature) changes as described in Section 4.3. The Schrödinger-field ψS is assumed to propagate in a534

similar way to the gravitational field, except that the Schrödinger equation in Eq. 8 must be obeyed.535

The combination of { distribute-fermion() and distribute-boson() } and bundle-ψ-inconnections()536

is more complicated, since the rules of QFT (e.g. the Feynman rules) must be satisfied. This means, for537

example, that distribute-fermion(sp) must not result in two fermionic out-connections of the same type538

and charge. In addition, in both Spread-out and Bundle, the energy and momentum must be preserved.539

The detailed determination of the momentum and energy of the out-connections is also derived from540

QFT, although with significant adaptations due to the characteristics of the causal model. The major541

differences from standard QFT are as follows:542

• The model of quantum field dynamics described here applies to energy-carrying space points,543

while the QFT rules for the calculation of scattering matrix amplitudes apply to (virtual) particles.544

• Since this is a causal model, the amplitude associated with a propagation path must be an545

explicit system state parameter that has a non-probabilistic meaning. In the proposed model, the546

amplitude of an energy-carrying path is a measure of the energy of the energy-carrying space547

point (as opposed to a probability amplitude).548

• There is no relativity of time progression (at the level of quantum field dynamics).549

• Since the model is a local causal model, χ(sp) must depend only on space point-local parameters.550

This affects the parameter "mass", which occurs frequently in standard QFT for calculations of551

scattering matrices. Another implication is that the specification of spatial directions must be in552

terms of space point-local parameters (see below Section 6.4).553

• Since a space point has only a small, discrete number of connections to neighbouring space points,554

only a small set of possible directions (or even a single definite direction) must be determined,555

where QFT applies integrals that span the total space.556

• Distances between vertices have a fixed length (i.e,. the length of space point connections are557

constant = Lconnection, see Section 4.1).558

• The possible energy and momentum values are quantised (i.e., discrete values with a non-zero559

minimum value).560

6.4. The local space-point specification of directions561

The laws of physics require conservation of momentum when the field contents ψ of fermionic562

or bosonic fields propagate from the in-connection(s) of a space point to the out-connection(s).563

Conservation of momentum means (besides conservation of the amount) conservation of the direction564

of the propagation. That is, the direction of the out-connection must be equal to the direction of the565

in-connection. For example, in Fig. 3 the direction of in-3 is equal to that of out-2. The requirement566

of direction conservation is a trivial requirement with non-curved (e.g. Euclidean) space with global567

direction specification in terms of a globally agreed coordinate system. With a local causal model568

according to Section 3 and curved discrete space, the implementation of the requirement is less569

trivial. As described in Section 3 "Local spatial specifications", to enable a local causal model, the570

direction specification of the connection must be given in terms of space-point-local parameters and571

the algorithm for the determination of out-connections must use only the local direction specification.572

A direction specification scheme that satisfies this requirement is (roughly) described in the following.573

To simplify the description, let us assume that the typical space point has 14 connections with the574

following labels and (local) meanings:575
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• B: The connection from the direction of the source (e.g. in-3 in Fig. 3)576

• T: The connection from the direction away from the source (e.g. out-2 in Fig. 3)577

• S1, S2, S3, S4: The connections that are orthogonal to B and T.578

The connections Si are those connections between space points that have an equal distance from579

the gravitational source. In the model of the emergence of space described in Section 4, the580

emergence of space continuously develops surfaces such as the ones shown in Fig. 2 that consist581

of Si connections ("S" stands for surface).582

• B1, B2, B3, B4 The connections between B and S1, S2, S3, S4 (e.g., in-1, in-2, in-4, in-5 in Fig. 3)583

• C1, C2, C3, C4 The connections between T and S1, S2, S3, S4 (e.g., out-1, out-3 in Fig. 3)584

This direction specification scheme assumes that for each connection/direction an opposite585

connection/direction exists. If the set of connections is {B, T, S1, S2, S3, S4, B1, B2, B3, B4, C1,586

C2, C3, C4 }, the corresponding opposite connections are opposite( {B, T, S1, S2, S3, S4, B1, B2, B3, B4,587

C1, C2, C3, C4 }→588

{T, B, S3, S4, S1, S2, C3, C4, C1, C2, B3, B4, B1, B2, }589

Based on the above direction specification scheme and the existence of the opposite() operator, it is590

possible to determine the out-connection for a given in-connection. 6 The successive application of the591

scheme determines geodesic paths through discretized curved space. As a general observation, the592

assumption of discrete entities, such as discrete geodesic paths, may result in non-smooth effects at a593

very small scale.594

6.4.1. Geodesics of quantum fields in the model of spacetime dynamics595

The geodesics of energy-carrying space points are determined by (i) the structure of spacetime,596

and (ii) the algorithm that decides which out-connection(s) correspond to the given in-connection(s). In597

the simplest case, where a single out-connection is assigned to a single in-connection, the determination598

of the out-connection that corresponds to a given in-connection is straightforward. As described in599

the above space-point local specification scheme, for each possible in(out)-connection there exists600

an opposite out(in)-connection. Notice, however, that because we are dealing with curved discrete601

space, the "opposite" direction cannot be defined in the same way as in Euclidean space. Nor is it602

possible to define geodesics in the way they are defined with differentiable Riemannian manifolds. In603

a model of spacetime dynamics in curved discrete spacetime, direction conservation and geodesics604

must be defined in terms of space point-local parameters, that is, in terms of the discrete space-point605

connections. This may lead to geodesic paths that loop on the surface of an emerging space object (see606

Section 7, Quantum loops).607

7. Quantum Loops608

Proposition 12. Quantum objects, elementary particles as well as composite quantum objects, are realized by609

quantum loops.610

The assumptions that (1) space dynamics (e.g., the emergence of space and the propagation of611

space changes) starts already at the energy-carrying space points and that (2) a de facto strong space612

curvature near the minimal sources of space dynamics already exists, enable a causal model of the613

emergence of quantum objects. The collective behavioral process, called "quantum loop" emerges614

when a multitude of energy-carrying space points are confined in a small volume of curved space615

called the quantum loop shell.616

6 The 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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7.0.1. Collective behavioral processes617

are characterized by the (loosely) synchronized behavior of a collection of elements of equal type.618

Prerequisites for the occurrence of collective behavior are (see, for example [5]):619

• a multitude of elements of equal type,620

• elements residing within a (small) volume of space such that interactions between the elements621

are enabled,622

• interactions between the elements that lead to synchronizations with respect to specific properties,623

Typically, external influences can support or destroy the collective behavior and phase transitions624

occur when the frequency and strength of the interactions increases or decreases due to collective625

energy increase/decrease. Collective behaviour is always the result of some process with possible626

nonlinear phase transitions to stable states. These stable states may be called "quantum equilibrium"627

(see Section 8.4, Proposition 17 and [11] for more details on quantum equilibrium).628

7.0.2. Major characteristics and parameters of a quantum loop.629

Quantum loops constitute quantum objects, elementary particles and composite quantum objects.630

In the present article, only the generation of elementary particles by quantum loops is discussed in631

detail (the generation of composite quantum objects is briefly discussed in Section 7.5). Quantum loops632

that form elementary particles have the following components and characteristics:633

• The space occupied by the quantum loop contains Nsp space points. Since the quantum object634

represented by the quantum loop is generally moving, the set of space points occupied by the635

quantum loop changes dynamically. In addition, the size of the quantum loop, Nsp, can vary636

dynamically.637

• Of the Nsp space points belonging to the quantum loop, Nec space points are energy-carrying638

space points (Nec < Nsp). As a consequence of the continuous interactions between the Nec639

energy-carrying space points, Nec also changes dynamically.640

• The set of Nec energy-carrying space points has a major field type ψql . Due to the continuous641

interactions between the energy-carrying space points, field types other than the major field type642

ψql may temporarily occur.643

• The total energy of the quantum loop Eql is constant (if external influences are excluded).644

• As a result of the collective behaviour process, the energies of the energy-carrying space points645

Eec will become (roughly) equal to Eec = Eql/Nec.646

7.0.3. Conditions for the constitution of quantum loops.647

For the emergence of quantum loops and, more importantly, for the stable lifetime of an established648

quantum loop, two conditions must be satisfied:649

1. The space within which the internal quantum loop dynamics is executed must have a curvature650

that enforces the confinement of the energy-carrying space points within the shell.651

2. The quantum loop dynamics (i.e., the propagation and interactions of the energy-carrying space652

points) must preserve the energy of the total quantum loop, Eql .653

The first condition concerns the model of spacetime, and in particular its curvature (Section 4), while654

the second concerns the model of quantum field dynamics, and in particular the interaction operator χ655

(Section 6.3).656

7.1. The gravitational field ψG around the sources of space dynamics657

In Section 4, the model of the emergence of space and of the propagation of space changes is658

described as resulting in the development of successive layers of spherical surfaces, with a strong659

curvature near the source, i.e., the quantum object. The refinement of the model described in Section660
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6.1 assumes that the energy-carrying space points are already deeper sources of space curvature and661

gravitation. In this model of spacetime dynamics, space curvature is represented by two parameters:662

1. Space curvature is represented by the density of these space points and by the arrangement of663

the connections between them. As described in Section 6.4, energy-carrying space points follow664

geodesic paths in space. If a geodesic path lies on a surface layer around the gravitational source665

(i.e., if the path moves from space point sp1 to sp1, where both space points are at equal distances666

from the source), the geodesic path continues at the surface layer, forming a "geodesic loop".667

2. The gravitation field ψG is assigned to each space point in form of the gravitationspec (see668

Definition 4). The variations in the gravstrength may be viewed as the establishment of space669

curvature. 7
670

Both effects may contribute to the confinement of the quantum loop within the quantum loop shell.671

Scenarios can be imagined in which the collective behaviour of the energy-carrying space points results672

in a significant proportion of them ending up in a geodesic loop. Fig. 4 shows the mapping of the673

surface of the space object shown in Fig. 2 to a two-dimensional flat plan, and an example of a geodesic674

loop on that surface (the space curvature is not recognisable in both Fig. 4 and Fig. 2). With the chosen675

type of 2D mapping, one pole of the surface (e.g., the north pole P1) is shown at the centre, while the676

opposite pole (e.g., the south pole, P188) appears eight times. The bold path shown in Fig. 4 represents677

a simple geodesic loop around the surface, which meets the space points P1 and P188, among others.

Figure 4. 2D-map of the spherical surface of the space object shown in Fig. 2.
678

We assume that of the Nec energy-carrying space points, Nloop end up in geodesic loops (possibly679

at different surface layers). The remaining Nradial points (Nradial = Nec − Nloop) cannot be prevented680

from periodically leaving the scope of the (narrow) quantum loop surface, resulting in an oscillating681

behaviour. These oscillating energy-carrying space points will leave the quantum loop only for a small682

distance before returning to the quantum loop. The set of energy-carrying space points belonging to683

the quantum loop have an overall vector of momentum with a specific direction (and size). The overall684

direction is preserved during and after the formation of the quantum loop. However, the Nloop looping685

energy-carrying space points cannot contribute to the overall direction of momentum. The looping686

energy-carrying space points are direction-neutral. This leads to Proposition 13:687

Proposition 13. The overall momentum (direction and amount) of the quantum loop and the momentum-related688

energy are determined by the sum of the momenta of the oscillating energy-carrying space points. The mass689

7 GRT formulates this the other way around, i.e., the space curvature controls the variation in the gravitation strength.
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(energy) of the quantum object represented by the quantum loop is determined by the sum of the energies of the690

looping energy-carrying space points.691

Notice that the total energy Etotal of the quantum loop is not simply the sum of the momentum692

energy p · c and the mass energy mc2, but is determined by693

Etotal =
√
(pc)2 + (mc2)2.694

7.2. QFT within the quantum loop695

The second type of condition that must be satisfied for a quantum loop to form and remain stable696

concerns the QFT-related details of the quantum loop internal dynamics, and in particular the details of697

the interaction operator χ (see Section 6.3). The essential part of the quantum loop dynamics concerns698

the fermionic and bosonic energy-carrying space points. In each state update cycle of the process, the699

interaction operator χ is applied to the energy-carrying space points (see Definition 10). This means,700

the propagation of the energy-carrying space points is a continuous series of χ applications, i.e., a701

continuous series of Spread-out/Bundle processes. Instead of the simple example of a geodesic loop702

shown in Fig. 4, a complex "geodesic loop network" develops.703

The detailed χ function is derived from the rules of QFT, which describe the interaction (i.e.,704

scattering) between particles. However, with the adaptation of the rules of standard QFT to the causal705

model of spacetime dynamics, a number of alternatives exist. Their impact on the final result of the706

nonlinear collective behaviour process cannot be determined purely from mathematical calculations,707

and computer simulations are required to determine the optimal algorithm. The following list of708

questions will be answered with the help of computer simulations:709

• Is there a minimal number of energy-carrying space points that is required to enable the collective710

behaviour process?711

• Is there a minimum amount of energy of the collection of energy-carrying space points that is712

required to enable interactions and thus the collective behaviour process?713

• What are the rules for the distribution of the energy (amplitude and frequency) to the multiple714

out-connections?715

This is a major area for experimentation. The goal of maintaining compatibility with QFT716

establishes a frame within which alternative strategies are possible.717

• If χ has only a single fermionic or bosonic in-connection, under what conditions is there only a718

single out-connection (i.e., an unchanged in-connection)?719

• When more than one fermionic in-connection occur at a space point, is it acceptable to just let720

these pass the space point, or should a superposition of the in-connections be performed?721

The major goals for the determination of the exact function of χ are (i) to enable the collective behaviour722

process; and (ii) to ensure that the continuously occurring interactions between the energy carrying723

space points do not result in the dispersion of the overall energy of the quantum loop.724

7.3. Emergence of elementary particles725

The quantum loop dynamics described in Sections 7.1 and 7.2 results in the emergence726

of elementary particles (quantum loops that constitute composite quantum objects are briefly727

discussed in Section 8). The emergence of an elementary particle means (i) the emergence728

of a stable object that behaves like an elementary particle, and (ii) the emergence of global729

particleattributes(Θmass, Θcharge, Θspin) that are associated with the elementary particle, according730

to Definition 8.731

Examples of the emergence of elementary particles in nature include the QFT scattering processes and732

the decay of composite quantum objects.733
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7.3.1. Emergence of mass734

The emergence of elementary particles includes the emergence of the mass of the particle735

(energy-carrying space points, the constituents of quantum loops, do not have a mass). In physics,736

the mass of an object is responsible for a number of effects. In a local causal model, it is not sufficient737

to specify a model for the emergence of an object-global attribute such as the mass. In addition,738

a causal model for the occurrence of the corresponding effects must be developed. In the causal739

model of quantum loops, two main effects associated with the mass of the emerged particle must be740

demonstrated: (i) the energy division of the emerged particle; and (ii) the gravitational field caused by741

the particle.742

The total energy delivered by the collection of energy-carrying space points to the quantum loop
is Eql . Under the assumption that the emergence of the elementary particle does not result in a loss of
energy, Eql is also the total energy of the emerged particle, Eparticle = Eql . The total energy Eparticle is
composed of the mass energy Em = mc2 (m = mass) and the kinetic energy Ek = pc (p = momentum).
According to relativity theory, we have

Etotal =
√

E2
k + E2

m =
√
(pc)2 + (mc2)2. (7)

Thus, the emergence of the elementary particle must achieve a division of the total energy into Ek and743

Em, satisfying Eq. 7. Proposition 13 associates the momentum-related energy Ek with the oscillating744

energy-carrying space points, and the mass energy with the looping energy-carrying space points.745

This may achieve a subdivision of energy that satisfies Eq. 7. In addition, however, the process of the746

emergence of mass has to satisfy a further condition, namely that the (rest-) masses of particles have a747

fixed value that depends only on the type of particle. In relation to Proposition 13, this means that748

the sum of the energies of the looping energy-carrying space points would require a critical value to749

obtain a stable quantum loop, that is, a stable elementary particle.750

7.4. Quantum loop evaporation751

The key characteristic of the quantum loop is the confinement of the energy-carrying space points752

within a small volume of curved space. The loop behaviour described above applies to fermionic753

and bosonic field types. In addition to these field types, in Section 6.1 the gravitational field ψG and754

Schrödinger field ψS are introduced. Fields of type ψG and ψS are continuously generated with the755

interaction operator χ(sp). In contrast to the fermionic and bosonic fields, the gravitational and the756

Schrödinger fields (i) do not dissipate energy from their source and (ii) propagate without a preferred757

direction. As a result, the gravitational and Schrödinger fields are not confined within the quantum758

loop.759

Proposition 14. The gravitational field ψG and the Schrödinger field ψS evaporate continuously from the760

quantum loop.761

7.4.1. Evaporation of the gravitational field762

In the causal model of spacetime dynamics described in [7] and [4] and in Section 4.3, quantum763

objects are treated as the sources of spacetime dynamics, that is, sources of the gravitational field. The764

assumption of quantum loops that constitute quantum objects is a refinement of the model described765

in [7] and [4]. The dynamics within the quantum loop consists of the continuous invocation of the766

interaction operator χ(sp) when the energy-carrying space points propagate from one space point767

to another. The interaction operator χ(sp) transforms the fields at the in-connections to those at the768

out-connections. The gravitational field is generated continuously, that is, with each application of the769

χ(sp) operator. The gravitational field generated within the quantum loop is not confined within the770

quantum loop, but evaporates from it.771
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7.4.2. Evaporation of the Schrödinger field772

The Schrödinger field ψS takes (part of) the role of the wave function of quantum mechanics773

that follows the Schrödinger equation (see Eq. 8). Like the gravitational field, the Schrödinger field774

arises as a by-product of each application of the χ(sp) operator, that is, with the propagation of the775

energy-carrying space points. Further details of the Schrödinger field are given in Section 8.776

7.5. Quantum loops of composite quantum objects777

The focus of this article is on quantum loops that constitute elementary particles; quantum loops778

that constitute composite quantum objects are not discussed in detail. Nevertheless, the author believes779

that the following characteristics of quantum loops are also applicable to composite quantum objects:780

• internal dynamics that constitutes a loop processes781

• collective behaviour of the elements (e.g., particles) that make up the composite quantum object782

• phase transition to (semi-) stable states783

In general, composite quantum objects can develop towards multiple (semi-) stable states depending784

on the overall energy of the quantum object. These (semi-) stable states are called eigenstates.785

7.6. Movement of quantum objects786

When quantum objects emerge in the form of quantum loops, part of the available energy ends787

up in the mass of the quantum object, while the remainder determines the momentum of the quantum788

object, that is, the movement in space.789

In addition to the momentum of the quantum object, further external influences and parameters790

determine the actual trajectory of the quantum objec (see below).791

8. The dynamics of quantum objects - Quantum Mechanics792

Overall objective of the present section is the description of a local causal model of QT that is793

based on the causal model of spacetime dynamics described in Section 4 and on the model of quantum794

field dynamics described in Sections 5, 6 and 7. The description focuses on the dynamics of quantum795

objects, that is, the propagation of quantum objects in their environment and the interaction between796

quantum objects. The internal dynamics within composite quantum objects is not discussed in the797

present article. 8
798

8.1. Waves and/or particles?799

In the Copenhagen interpretation of standard quantum mechanics, the particle and wave models800

are complementary, making the overall model complex and obscure. In the causal model of QT/QFT,801

the major components of the system state are: (i) space; (ii) fields; and (iii) quantum objects. Quantum802

objects are specified in Definition 8 as a collection of particles, including elementary particles. The803

dynamics of quantum objects takes place in fields, which are represented by waves. A clear separation804

between quantum objects (i.e., collections of particles) and their environment, in the form of fields and805

waves, is comparable to the assumptions used in the de Broglie-Bohm theory (see [12] and [13]), in806

which the particle configuration is separated from the wave function. This is in contrast to standard807

QT, where the Hamiltonian in the Schrödinger equation combines the particle configuration(s) with808

their environment. The separation of particles from their environment is disturbed by the assumption809

that quantum loops (representing quantum objects) continuously modify their environment by issuing810

Schrödinger fields ψS and gravitational fields ψG.811

8 The internal dynamics within elementary particles is discussed in Section 7, Quantum Loops.
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8.2. The role of the Schrödinger equation812

The model of the quantum loop described in Section 7 assumes that the quantum object813

(established by a quantum loop) continuously evaporates the Schrödinger field ψS in addition to814

the gravitational field. The Schrödinger field that is generated this way interacts with the moving815

quantum object and thereby is a major contributor to the determination of the trajectory of the quantum816

object in space. This model of the wave function is close to the de-Broglie-Bohm theory (see [12] and817

[13]).818

In standard quantum theory, the Schrödinger equation819

i d
dt |Ψ(t) > = Ĥ|Ψ(t)

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

ih̄
(

∂Ψ
∂t

)
=
−h̄2

2m
∂2Ψ
∂x2 + VΨ. (8)

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

(E−V)Ψ =
−h̄2

2m
∂2Ψ
∂x2 . (9)

Eq. 9 expresses the conservation of total energy E as the sum of the potential energy V and the kinetic820

energy, represented by the right-hand side of Eq. 9. This equation implies that the kinetic energy821

expressed by the wavelength of Ψ increases with the potential V, in accordance with Proposition 11.822

In the causal model of QT/QFT, in the same way as in the de Broglie-Bohm theory, the equation823

of motion of the particle, the Schrödinger field ψS and other environmental influences (see Section 8.3)824

determine the deterministic propagation of the particles.825

8.3. Interactions with the environment826

In contrast to earlier interpretations of QT, environmental influences must be taken into account827

more seriously in modern QT. In [14] Schlosshauer writes: "... these experiments have shown that any828

observed disappearance of quantum coherence and interference can be attributed to the environment,829

that is, to decoherence.". In addition to the momentum of the quantum object, additional external830

influences and parameters determine the actual trajectory of the quantum object, including:831

• Interaction with the gravitational field, i.e., the space curvature832

• Interaction with the Schrödinger field ψS833

• Weak interactions with other quantum objects (decoherence)834

• Strong (destructive) interactions with other quantum objects.835

These (destructive) interactions take place between quantum objects, and typically between836

the elementary particles described by the rules of QFT (e.g. the scattering matrix, particle837

creation/annihilation). This implies that the interacting particles are de facto destroyed (i.e.,838

annihilated). Although they may be resurrected (i.e., created again), this would imply a new839

wave function or at least a nonlinear change in the interacting quantum objects (i.e., a collapse840

of the wave functions). In the following, these types of interactions are referred to as QFT841

interactions.842

8.4. The QT measurement problem843

Theories and models of QT measurement are typically called interpretations of QT, which844

appear to be less important add-ons to QT. In contrast, the author believes that a model of the845

QT measurement is essential for a deeper understanding of QT. This view is supported by Maudlin’s846
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famous formulation of the QT measurement problem, in which he listed three basic assumptions of847

standard QT and showed that these are partly contradictory. In [15], Maudlin formulated the QT848

measurement problem in form of a trilemma, in which he claimed that the following three statements849

are mutually incompatible:850

1. The wave function is a complete description of the state of a QT system.851

2. The wave function always evolves in accordance with a linear dynamical equation (e.g., the852

Schrödinger equation).853

3. Each measurement has a definite result which is one of the possible results for which the854

probability distribution satisfies the Born rule.855

Maudlin also gives variations of these contradictory claims that are also contradictory. Thus, we need856

to give up at least one of these three statements in order to come up with a non-contradictory theory857

of QT measurement (and hence an acceptable interpretation of QT). In fact, the major interpretations858

of QT can be classified based on which of the three statements is discarded. In the causal model of859

QT/QFT, the claims that (i) the wave function is a complete description of the state of the system860

and (ii) the wave function always evolves in accord with the Schrödinger equation are not supported.861

As described in Sections 4-7, in the causal model, the system state is more extensive than the wave862

function. 9
863

In addition, the causal model described here originated from the author’s experience that linear864

equations such as the Schrödinger equation are not sufficient to express complex causal relationships865

of the type occurring in QT/QFT. A determination of which of the basic QT claims are not supported866

by the causal model does not of course imply the specification of a causal model/interpretation of867

QT measurement; in a causal model of QT/QFT, measurements must be part of the normal causal868

development of the system that is considered. In a causal model that adheres to the specification869

given in Section 2, this means three requirements: (i) the laws of physics of the causal model must870

not contain any specific laws that refer to measurement situations (e.g., "IF measurement THEN ... ");871

(ii) the laws of physics must not refer to any parameters that are not contained in the system state;872

and (iii) the system state must not contain any parameters or components that are not subject to873

the causal development. These requirements apply to causal models in general and, for example,874

exclude a reference to a thing called an "observer" in the causal model. In local causal models, further875

requirements are obvious and are therefore not further addressed. Interactions between the measured876

quantum object and the measurement apparatus play a key role in a model of the QT measurement877

process, which is an integral part of the normal causal model of QT.878

Proposition 15. A QT measurement requires at least one QFT-interaction between the measured quantum879

object and the measurement apparatus.880

(The term "QFT interaction" has been introduced in Section 8.3 above.)881

For an explanation of claim (iii) above, i.e,. the selection of a definite measurement result, a further882

proposition can be established:883

Proposition 16. Measurement in QT is, in general, the measurement of the position of the measured quantum884

object. Other attributes that are indirectly measured are typically deduced from the measured position.885

If the measurement of the position of the quantum object has the goal of determining the value of886

another observable, the objective of the measurement arrangement is to enable a unique mapping of887

the position to the desired observable. Having determined a definite measurement result, the question888

9 It may be possible to specify a subset of the system state of the causal model and to explain the major QT features in terms
of this subset. However, it is claimed that such a subset would not be sufficient to explain QT measurement.
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remains as to why the other alternative measurement results are also eliminated from occurring889

(possibly later). Three main types of models have been proposed, based on various interpretations890

of QT: (i) the collapse of the wave function; (ii) the many worlds theory (see [16]); and (iii) the de891

Broglie-Bohm theory.892

As described above, in a similar way to the de Broglie-Bohm theory, the causal model of QT/QFT893

separates (i) the actual configuration of the quantum object from (ii) the wave function (i.e,. the894

Schrödinger field ψS in the causal model of QT/QFT). The measurement applies to the actual895

configuration. At the moment of measurement (i.e., when the QFT interaction occurs) there are896

no alternative eigenstates to be eliminated.897

8.5. The role of the probability amplitude898

In [17]], Feynman describes the fundamental principle of quantum mechanics (QM) as follows:899

"It has been found that all processes so far observed can be understood in terms of the following900

prescription: To every process there corresponds an amplitude; with proper normalisation the901

probability of the process is equal to the absolute square of this amplitude".902

The square of the probability amplitude |ψ|2 gives the probability of measurement of a particular903

value of a QT observable. According to Proposition 16, |ψ(x)|2 first gives the probability of finding the904

particle at position x. If an observable other than the position is to be measured„ it is the task of the905

measurement arrangement to enable a unique mapping of the position to the desired observable. In906

standard QT, the statement "the probability amplitude |ψ|2 gives the probability of the measurement907

of a particular value of a QT observable" is called the Born rule. In the de Broglie-Bohm theory and908

the causal model of QT/QFT, this statement requires a causal formulation; this is called the quantum909

equilibrium hypothesis (see [11]), and is as follows:910

Proposition 17. In quantum equilibrium the system is in a state such that the position distribution ρ of a911

particle described by the wave function ψ(x, t) is ρ = |ψ(x, t)|2.912

Thus, the Born rule is not considered a basic law of QT; instead, the condition ρ = |ψ(x, t)|2 is the913

result of a causal (nonlinear) processes with possible phases in which the condition is not satisfied. In914

the causal model of QT/QFT, processes that are assumed to lead towards a quantum equilibrium are915

related to the model of quantum loops described in Section 7. This includes916

• the emergence of elementary particles (Section 7)917

• the emergence of composite quantum objects (briefly described in Section 7.5)918

• the propagation of quantum objects919

• the transition to eigenstates920

8.6. Entanglement921

The biggest obstacle to the construction of a local causal model of QT/QFT is the local causal922

model of QT entanglement. QT entanglement is understood here as entanglement represented by923

the EPR experiment (see [18]). The realisation of the EPR experiment by Aspect (see [19]) resulted in924

confirmation of the QT predictions, which also implied a violation of Bell’s inequality (see [20]). Due925

to the violation of Bell’s inequality in the EPR experiment, QT physicists (including Bell) concluded926

that a local causal model of QT is not feasible. 10 In [5] and [8], a local causal model of QT/QFT is927

presented in which instead of space-point locality, object-locality is solely used. Object-locality means928

that actions of the causal model may refer to object global components. In the causal model of the929

EPR experiment, this means that the two entangled particles of the EPR experiment are considered to930

10 This motivated the author to develop a formal definition of a (local) causal model and to develop a (local) causal model of
QT/QFT.
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constitute a common quantum object with a common (object-global) wave function. However, it is not931

clear to the author whether this model of an "entanglement quantum object" is compatible with the932

model of quantum loops representing quantum objects, as described in Section 7. It is possible that933

such an entanglement within quantum objects would, at least, imply a size limit for quantum objects934

based on quantum loops.935

8.7. Decoherence936

In Section 8.3, four types of interactions between a quantum object and the environment are937

described. Decoherence (i.e., "weak interaction" with other quantum objects) is one of these possible938

types of interaction. In decoherence theory (see [14]), this means decoherence of the quantum object’s939

wave function. The wave function of the quantum object-1 ψ1 is coupled with the wave function of the940

quantum object-2 ψ2 to become (part of) a common wave function,941

ψcommon ← ψ1 ⊗ ψ2.942

In the causal model of QT/QFT, the model of decoherence is largely the same as in standard QT, except943

for the following differences:944

• decoherence is just one of the possible types of interactions; in particular, QFT interactions are945

also important in the model of the QT measurement process,946

• in the causal model of QT/QFT, decoherence is not only the interaction between two quantum947

objects, but it is the interaction between the Schrödinger field ψS generated by particle-1 and the948

Schrödinger field of the environment. 11
949

• The operator ⊗ in "ψcommon ← ψ1 ⊗ ψ2" is a simplification that needs to be refined with a causal950

model.951

9. Discussion952

9.1. Quantum gravity953

Loop quantum gravity and its derivatives, spin networks and causal dynamical triangulation are954

approaches that influenced the work described in this article. This article describes a causal model of955

both spacetime dynamics and QT/QFT. For these reasons, this model can be considered to be another956

candidate theory towards quantum gravity. However, the author does not consider this a model of957

quantum gravity for two reasons: (i) it is not clear exactly what is expected from a model of quantum958

gravity; and (ii) the work described in this article lacks the maturity of existing theories on quantum959

gravity. Nevertheless, this model does address a number of questions that are typically addressed in960

theories of quantum gravity (see [21]):961

1. Discretisation962

The models of spacetime dynamics and of QT/QFT contain discrete units of space, time and the963

derived discretisation (quantisation) of paths and waves.964

2. Approaches to quantising gravitation965

No attempt has been made to quantise gravitation. Quantum behaviour is restricted to quantum966

objects, which emerge from (non-quantised) space and energy-carrying space points.967

3. Gravitation between particles968

According to the model of spacetime dynamics, significant curvature of space (i.e., gravitation)969

already exists around particles.970

4. No quantum behaviour of the gravitational field, i.e., no uncertainty and no probabilistic971

measurement results972

This is explicitly endorsed in the causal model.973

11 This 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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5. Singularities of GRT974

The singularities at the minimal sources and at the centres of gravitation are avoided in the975

discretised causal model. The time dilation singularity at the horizon of the black hole is not976

supported by the causal model.977

6. Information loss from black holes978

The concept of "(no) information loss" is not supported by the causal model.979

7. Perturbative quantum gravity is not renormalisable980

Pertubative QFT, pertubative quantum gravity and renormalisation are (assumed to be) not981

required in the discretised causal model.982

8. Gravitons983

In the model of the emergence of elementary particles (quantum loops), the emergence of984

gravitons out of the gravitational field is not anticipated.985

9.2. Relation to loop quantum gravity986

Although the causal model of spacetime dynamics and QT/QFT is not seen by the author as987

being on an equal footing with loop quantum gravity (see [22], [23]), it is nevertheless worth pointing988

out the major differences between the two in terms of the approach and the concepts used:989

• The role of quantisation990

In the causal model, spacetime is not quantised (in the sense understood in QT/QFT), and instead991

is simply discretised. Quantisation is applied only to quantum fields and quantum objects.992

• The interpretation of QT993

Since loop quantum gravity applies quantisation at the level of the elementary structure of994

spacetime, the type of QT interpretation affects the spacetime model of loop quantum gravity.995

According to [23], loop quantum gravity assumes a relational interpretation of QT. The causal996

model of spacetime dynamics and QT/QFT implies an interpretation of QT that may be viewed997

as a "collapse theory". However, in the causal model, this collapse does not apply to the wave998

function (i.e., the Schrödinger field), but to the quantum object.999

• The elementary structure of space and time1000

As mentioned in [4], the model of spacetime dynamics described in Section 4 and in [4] is derived1001

from causal dynamical triangulation (CDT, see [24]). Unlike in CDT, there is more flexibility in the1002

causal model of spacetime dynamics in terms of the elementary units of space (structure, volume).1003

In addition, the space-time relationship is defined in a way that eliminates time dilations at the1004

elementary level.1005

9.3. The Higgs field and Higgs particle1006

In Section 6.1, where the different field types are discussed, the Higgs field is not mentioned, the1007

author has not yet determined what the role of the Higgs field should be within the causal model of1008

quantum field dynamics. From the perspective of standard QFT, the Higgs field would be considered1009

as a QFT field (with certain special properties such as spin zero). Within the model of quantum field1010

dynamics (Section 6), the Higgs field could also be considered a secondary field, that is, a field that1011

does not carry energy, like the gravitational field or the Schrödinger field. Treating the Higgs field as a1012

secondary field type would give a simple explanation for the general assumption that the Higgs field1013

fills the whole universe. It would also enable an apparently simpler explanation of the assumption1014

that the Higgs field gives rise to the masses of particles. However, the author believes that the Higgs1015

field should not be considered a secondary field, unless its relation to the other secondary field types1016

(gravitational and Schrödinger field) can be defined. One (radical) model would be that the three field1017

types (gravitational, Schrödinger and Higgs) are all the same.1018

After the role of the Higgs field has been clarified, it should be discussed whether this implies the1019

existence of a Higgs particle.1020
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9.4. Cosmology1021

The causal models presented in this article explicitly focus on the very low end of the scale.1022

Nevertheless, some possible implications can be seen for the area cosmology (i.e., at the very high end1023

of the scale). Two main items of the model of spacetime dynamics may enable new interpretations and1024

new models in cosmology:1025

• The gravitational length dilation, as described in Section 4.2.1026

• The accumulation of space (curvature) changes resulting from multiple sources, as described in1027

Section 4.3.1028

Both of these items enable new interpretations of astronomical observations. One example of a possible1029

alternative interpretation of an astronomical observation is the observation of the "flat galactic rotational1030

curves" (see, for example [25] and [26]). The explanation that is favoured by most astrophysicists is the1031

existence of "dark matter". In [7] a proposal is described in which flat galactic rotational curves are1032

explained by the gravitational length dilaation.1033

9.5. Relation to String Theory1034

No attempt has been made to adopt any of the concepts of string theory. The only common1035

ground with string theory observed by the author is the possible string interpretation of the space1036

point connections.1037

10. Conclusion1038

This article covers a wide range of subjects, using a bottom-up approach. Beginning with a model1039

of spacetime dynamics, a model of quantum field dynamics and finally a model of quantum theory is1040

presented. The work described in the article was influenced by many existing theories, both established1041

and controversial. In the area of spacetime dynamics, the primary influence came from loop quantum1042

gravity and its derivatives, i.e., spin networks and causal dynamical triangulation. In the proposed1043

model of quantum mechanics, similarities to the de Broglie-Bohm theory arose. In each area, however,1044

the model contains significant deviations from the source theories. Although the areas that have been1045

addressed span a wide range, there are two subjects that are fundamental to the whole article: (i)1046

causal models and (ii) quantum loops. Over the past decade, the author has focused on causal models,1047

and is increasingly convinced that (only) causal models enforce complete models and lead to solutions1048

that are otherwise easily overlooked.1049

The overarching topic of the present paper is quantum loops, which were found to offer a possible1050

model for nonlinear processes at the very lowest scale, resulting in collective behaviour of the1051

elementary elements of space and quantum fields. Due to the size constraints on the paper, there are1052

many areas that have been only briefly addressed, and there are also areas that require further work1053

to verify and refine the proposed model, including several aspects that can be refined and verified1054

only by use of computer simulations. Models that contain discrete units of space and time, nonlinear1055

processes and collective behaviour processes cannot be evaluated using differential equations alone,1056

and this includes the topics of quantum loops and quantum equilibrium. Computer simulations are1057

planned on the subject of quantum loops.1058

1059

1. Diel, H.H. Problems and Possible Solutions with the Development of a Computer Model of Quantum Theory,1060

World Academy of Science, Engineering and Technology 74 (2013)1061

2. Diel, H.H. On the Computabilty of Quantum Theory, International Journal of Computational Physical1062

Sciences. ISSN 0976-5875 Volume 4, Number 1, 7-22 (2013)1063

3. Diel, H. The completeness, computability, and extensibility of quantum theory, (2016)1064

http://arXiv:1512.087201065

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 May 2019                   



28 of 28

4. Diel, H.H. A Local Causal Model of Spacetime Dynamics. Open Access Library Journal ,5 : e49571066

.https://doi.org/10.4236/oalib.1104957, 20181067

5. Diel, H.H. Collective Behavior in a Local Causal Model of Quantum Theory. Open Access Library Journal ,1068

(2017) 4: e3898. https://doi.org/10.4236/oalib.11038981069

6. Schutz, B.F. A First Course in General Relativity, (2009) Cambridge University Press, New York1070

7. Diel, H.H. Emerging quantum fields embedded in the emergence of spacetime,1071

doi:10.20944/preprints201804.0379.v1.1072

8. Diel, H. Quantum objects as elementary units of causality and locality (2016), http://arXiv:1609.04242v11073

9. Wong, C.W. Introduction to Mathematical Physics, Methods & Concepts, Oxford University Press, (1991)1074

10. Strassler, M. Conversations About Science with Theoretical Physicist M. Strassler,1075

http://profmattstrassler.com/articles-and-posts/particle-physics-basics/Higgs/6. Fields Of Particular1076

Significance.html1077

11. Dürr, D. Goldstein, S. Zanghi, N. Quantum equilibrium and the origin of absolute uncertaint.y1078

In: Journal of Statistical Physics. Band 67, Nr. 5, 1992, S. 843–907, doi:10.1007/BF010490041079

(https://doi.org/10.1007/BF010490 04), arxiv:quant-ph/0308039 (https://arxiv.org/abs/quant-ph/0308039)1080

12. Dürr, D. Goldstein, S. Tumulka, R. Zanghi, N. (2004)." Bohmian Mechanics" (PDF). Physical Review1081

Letters. 93 (9): 090402. arXiv:quant-ph/0303156. Bibcode:2004PhRvL..93i0402D. CiteSeerX 10.1.1.8.8444.1082

doi:10.1103/PhysRevLett.93.090402. ISSN 0031-9007. PMID 15447078.1083

13. Dürr, D. Goldstein, S. Tumulka, R. Zanghi, N. (2003). "Bohmian Mechanics and Quantum Field Theory".1084

Physical Review Letters. 93 (9): 090402. arXiv:quant-ph/0303156 (https://arxiv.org/abs/quant-ph/0303156)1085

14. Schlosshauer, M. 2007. Decoherence and the Quantum-To-Classical Transition. Berlin: Springer Verlag.1086

15. Maudlin, T. Three Measurement Problems. Topoi-Int Rev Philos 14 (1995)1087

16. Everett III, H. 1957. Rev.Mod.Phys. 1957 29, 4541088

17. Feynman, R.P. The Theory of Fundamental Processes, (1961) Westview Press, U.S.1089

18. Bell, J. S. On the Einstein-Podolsky-Rosen paradox. In Speakable and Unspeakable in Quantum Mechanics. (1987)1090

Cambridge UK: Cambridge University Press.1091

19. Aspect, A. Dalibard, J. Roger, G. Phys. Rev. Letters (1982), 49, 1804-71092

20. Bell, J. S. Beables for quantum field theory. In Speakable and Unspeakable in Quantum Mechanics. (1987)1093

Cambridge UK: Cambridge University Press.1094

21. Hossenfelder, S. Quantengravuitation auf dem Weg zur Wissenschaft, Spektrum der Wissenschaft, August1095

20161096

22. Gambini, R., Pullin J. A first course in Loop Quantum Gravity, 2011, Oxford University Press1097

23. Rovelli, C. Reality is not what it seems: The Journey to Quantum Gravity, Penguin, (2017)1098

24. Loll, R. Ambjorn, J. Jurkiewicz, J. The Universe from Scratch (2005), http://arXiv:hep-th/0509010,1099

25. Turyshev, S. Toth, V. The Pioneer Anomaly, Living Rev. Relativity, 13, (2010), 4,1100

http://www.livingreviews.org/lrr-2010-41101

26. Wikipedia on "Galaxy rotation curve",1102

27. Dabin, R. De Broglie-Bohm Theory: A Hidden Variables Approach to Quantum Mechanics. Dissertation1103

2009.1104

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 May 2019                   


	Introduction
	Causal Models
	The physics engine.
	The system state
	The laws of physics.


	Local Causal Models
	Spatial causal model
	Local causal model.
	Local spatial specifications
	Physical Objects.
	Global/local laws of physics.


	The Local Causal Model of Spacetime Dynamics
	The elementary structure of space(-time)
	The space-time relationship
	The length dilation factor  F1 .
	Energy dilation with objects moving in curved space

	The dynamics of space emergence and space changes
	Aggregation of space changes from multiple sources.
	Sources of space change dynamics.


	Application of the Model of Spacetime Dynamics to QT/QFT
	The space contents
	The space point component  
	Fields
	A quantum object

	Space contents dynamics

	Quantum Field Dynamics
	Energy-carrying space points - the sources of quantum field dynamics and spacetime dynamics
	Quantum fields are waves
	The Interaction Operator  
	The local space-point specification of directions
	Geodesics of quantum fields in the model of spacetime dynamics


	Quantum Loops
	Collective behavioral processes
	Major characteristics and parameters of a quantum loop.
	Conditions for the constitution of quantum loops.

	The gravitational field  G  around the sources of space dynamics
	QFT within the quantum loop
	Emergence of elementary particles
	Emergence of mass

	Quantum loop evaporation
	Evaporation of the gravitational field
	Evaporation of the Schrödinger field

	Quantum loops of composite quantum objects
	Movement of quantum objects

	The dynamics of quantum objects - Quantum Mechanics
	Waves and/or particles?
	The role of the Schrödinger equation
	Interactions with the environment
	The QT measurement problem
	The role of the probability amplitude
	Entanglement
	Decoherence

	Discussion
	Quantum gravity
	Relation to loop quantum gravity
	The Higgs field and Higgs particle
	Cosmology
	Relation to String Theory

	Conclusion
	References

