Relativistic Scattering of Solitons in
Nonlinear Field Theory

by

Benjamin Gutierrez
B.Sc., Universidad Nacional Autonoma de Mexico 2002

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY
in
The Faculty of Graduate Studies

(Physics)

THE UNIVERSITY OF BRITISH COLUMBIA
(Vancouver)
May 2013
(© Benjamin Gutierrez 2013



ABSTRACT

This thesis presents results from numerical studies of the dynamics of three classical nonlinear field
theories, each of which possesses stable, localized solutions called solitons. We focus on two of the
theories, known as Skyrme models, which have had application in various areas of physics. The
third, which treats a complex scalar field, is principally viewed as a model problem to develop
solution techniques. In all cases, time dependent, nonlinear partial differential equations in several
spatial dimensions are solved computationally. Simulation of high energy collisions of the solitons
is of particular interest.

The solitons of the complex scalar field theory are known as ()-balls and carry a charge Q. We
investigate the scattering of these objects, reproducing previous findings for collisions where the
Q@-balls have charge of the same sign. We obtain new results for interactions where the @-balls
have opposite charge, and for scattering of )-balls against potential obstructions.

The chief contributions of this thesis come from simulations performed within the context of a
Skyrme model in two spatial dimensions. This is a multi-scalar theory with solitons known as baby
skyrmions. We concentrate on the rich phenomenology seen in high-energy scattering of pairs of
these objects, each of which has a topological charge that can be either positive or negative. We
extend the understanding of the role of different parameters of the model in governing the outcome
of head-on and off-axis collisions.

The study of instabilities seen in previous simulations of Skyrme models is of central interest.
Our results confirm that the governing partial differential equations become of mixed hyperbolic-
elliptic type for interactions at sufficiently high-energy, as originally suggested by Crutchfield and
Bell [1]. We present strong evidence for the loss of energy conservation and smoothness of the
dynamical fields in these instances. This supports the conclusion that the initial value problem at
hand becomes ill-posed, so that the observed instabilities result from the nature of the equations
themselves, and are not numerical artifacts.

Finally, we present preliminary results for the typical phenomenology seen in head-on scattering
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of solitons in the Skyrme model in three spatial dimensions.

iii



PREFACE

The identification of the research area and specific problems addressed in this thesis was made by
the author in consultation with the research supervisor. All parts of the research, including the

analysis of data, were carried out by the author.

iv



TABLE OF CONTENTS

Abstract . . . . .. ii
Preface . . . . . . e iv
Table of Contents . . . . . . . . . . .. . v
List of Tables . . . . . . . . . e X
List of Figures . . . . . . . . e xi
List of Abbreviations . . . . . . . .. xvii
Acknowledgements . . . . . . ... xix
Dedication . . . . . . . XX
1 Imtroduction . . . . . . . . . e 1
1.1 Skyrme Model in Three Spatial Dimensions . . . . . . . ... ... ... ... .... 3
1.1.1 Topological Solutions . . . . . . . .. .. .. L 5

1.1.2 Historical Background . . . . . . ... .. .o oo 6

1.1.3  Applications . . . . . .. L 7

1.2 The Skyrme Model in Two Spatial Dimensions . . . . . ... .. ... ... ..... 7
1.2.1 Historical Background . . . . . . ... ... Lo L oo 8

1.2.2  Applications . . . . . .. 9

1.3 @-balls in Two Dimensions . . . . . . . . . ... . 9
1.3.1 Existence of @-ball Solutions . . . . . .. ... ... .. L. 10

1.4 Overview of Previous Numerical Work . . . . .. ... .. .. ... ... ... ... 11
1.4.1 Skyrme Model in Three Spatial Dimensions . . . . . ... . ... ... ... 11

1.4.2  Skyrme Model in Two Spatial Dimensions . . . . .. ... ... ... .... 12



TABLE OF CONTENTS

1.4.3 Observed Instabilities in the Skyrme Model . . . . . .. ... ... ... ... 12
1.4.4 (@-balls in Two Spatial Dimensions . . . . . . . ... ... ... ....... 13
1.5 Aims of This Thesis . . . . . . . . . . . . 13
1.5.1 Phenomenology of General Collisions . . . . . . . . ... ... .. ...... 13
1.5.2 High Energy Collisions and Hyperbolicity . . . . . . ... ... ... ..... 14
1.6 Summary of Numerical Approach and Methodology . . . . ... ... .. ...... 15
1.7 Summary of Thesis . . . . . . . . . e 16
1.8 Notation and Conventions . . . . . . . . .. .. 17
Numerical Methods . . . . . . . . . ... . 19
2.1 Finite Difference Basics . . . . . . . . . . 19
2.1.1 Richardson Expansions and Convergence Tests . . . . . ... ... ... ... 25
2.1.2  Construction of Finite Difference Approximations . . . ... ... ... ... 26
2.1.3 Explicit and Implicit Schemes for the Wave Equation . . . . .. .. ... .. 28
2.1.4 Independent Residual Evaluation . . . . .. .. ... .. ... ... .. 30
2.2 Kreiss-Oliger Dissipation . . . . . . .. .. . L 33
2.3 Newton-Gauss-Seidel Relaxation . . . . .. . ... ... ... L 0. 35
2.4 Adaptive Mesh Refinement . . . . . . . .. . ... ... 38
Relativistic Scattering of @)-balls in 2 + 1 Dimensions . . .. ... ... ... ... 43
3.1 Imtroduction . . . . . . . . .. 43
3.2 Planar Q-balls . . . . . . . . 43
3.2.1 Solution of the @Q-ball ODE . . . . . .. .. .. ... ... ... ... 46
3.3 Equations of Motion . . . . . . . . ... 48
3.3.1 Finite Difference Approach . . . . . .. .. .. ... ... ... ... 50
3.3.2 Implementation Strategy . . . . . . . . ... 53
3.3.3 Interpolation and Translation of @Q-ball Data . . . . ... ... ... ..... 55
3.3.4 Boosted Initial Data . . . . . . . . ... 56
3.4 Code Validation . . . . . . . . . . . .. 58
3.4.1 Natural Scales of Length and Time . . . . .. ... ... ... ... .... 59
3.4.2 Computation of the Conserved Charge, @ . . . . . . . ... ... ... .... 59
3.4.3 Independent Residual Evaluators . . . ... ... ... .. ... ....... 60

vi



TABLE OF CONTENTS

3.4.4 Gaussian Initial Data . . . . . .. .. o Lo 61
3.4.5 Stationary @Q-ball and Stability . . . . ... .. ... 0oL 63
3.4.6 Boosted Q-ball . . . . . . ... 69
3.5 Head-on Scattering of @Q-balls . . . . . .. .. ... 72
3.5.1 General Features of Q-ball Scattering: Previous Work . . . . . ... .. ... 73
3.5.2  Unigrid Calculations of @Q-ball Collisions . . . . . . .. ... ... ...... 74
3.6 AMR Calculations of @-ball Collisions . . . . . . ... ... ... ... ....... 76
3.6.1 Stability of Unigrid and AMR Calculations . . . . ... ... ... ...... 85
3.6.2 Comparison of Equal-Charge and Opposite-Charge Collisions . . . . . . . .. 86
3.6.3 @-ball Collisions with Varying @ . . . . .. .. .. ... ... ... ...... 97
3.7 @-ball Scattering by a Potential Obstruction . . . . . ... ... ... ... ..... 97
3.7.1 Unigrid Calculations for Potential Barriers . . . . .. .. ... ... ... .. 99
3.7.2 AMR Calculations for Potential Barriers . . . . ... ... ... ... ... 107
3.8 Summary . ... e e 112
Relativistic scattering of Baby Skyrmions in 2+ 1 Dimensions . .. .. ... .. 114
4.1 Introduction . . . . . . . . . L e 114
4.2 The Model . . . . . . e 115
4.2.1 Topological Structure and Static Solutions . . . . ... .. ... ... .... 116
4.2.2 Solution of the Baby Skyrmion ODE . . . .. ... .. ... .. ....... 119
4.3 Equations of Motion . . . . . . .. Lo 120
4.3.1 Finite Difference Approach . . . . . .. ... ... .. 0 L. 121
4.3.2 Implementation Strategy . . . . . . . . ... Lo 124
4.3.3 Constraint Enforcement . . . . . . .. ... oo oL 125
4.3.4 Initial Data . . . .. . .o 127
4.3.5 Boosted Initial Data . . . . . .. ... . oo oo 128
4.3.6 Imitial Data: Two Skyrmions . . . . . . .. .. ... .. .. .. ... ... 130
4.4 Code Validation . . . . . . . .. L e 131
4.4.1 Computation of the Topological Charge B . . . . . .. .. ... .. ..... 132
4.4.2 Computation of Energy Quantities . . . . . .. ... .. .. ... ... 132
4.4.3 Independent Residual Evaluators . . . . ... ... .. ... ... .. .... 134
4.4.4 Gaussian-smooth Data . . . . . ... ... o oo oo 135

vii



TABLE OF CONTENTS

4.4.5 Static Hedgehog and Stability . . . . . ... ... ... ... ... ... 138

4.4.6 Boosted Skyrmion . . . . ... L L 145

4.5 General Features of Baby Skyrmion Scattering: Previous Work . . . . ... ... .. 150
4.6 Single-boosted Skyrmions . . . . . ... oL oL 157
4.7 Baby Skyrmion Head-on Collisions . . . . . . . . ... . ... ... ... ... 160
4.7.1 Baby Skyrmion Head-on Collisions with the Same Internal Phase . . . . . . 162

4.7.2 Baby Skyrmion Head-on Collisions with Different Internal Phase . . . . . . . 167

4.8 Grazing Baby Skyrmion Collisions . . . . . . . . ... ... 0 180
4.9 Baby Skyrmion-Baby Anti-skyrmion Collisions . . . . . ... ... ... ... .... 182
4.9.1 Other Indications of Non-hyperbolicity . . . . .. ... ... ... .. .... 196

4.10 Comparison of Constraint Enforcement Methods . . . . . ... ... ... ... ... 196
4.11 Conclusions and Future Developments . . . . . . ... . ... ... ... ....... 199

5 Relativistic Scattering of Skyrmions in 3+ 1 Dimensions . . . ... ... ... .. 204
5.1 Introduction . . . . . . . . L 204
5.2 The Model . . . . . . e 204
5.2.1 Finite Difference Approach . . . . ... . ... ... L o L. 207

5.2.2 Implementation Strategy . . . . . .. . . ... o 209

5.2.3 Constraint Enforcement . . . . . . .. ... o oo oL 211

5.2.4 Initial Data: Two Skyrmions . . . . . . . . . . . .. ... ... .. ..... 211

5.2.5 Computation of Conserved Quantities . . . . . . ... ... ... ... .... 215

5.3 General Features of Skyrmion Scattering: Previous Work . . . . . .. ... ... .. 218
5.4 Skyrmion Head-on Collisions . . . . . . . . . .. .. ... . . 222
5.5 Conclusions and Future Developments . . . . . . .. ... ... ... .. ....... 223

6 Conclusions . . . . . . . . . 230
Bibliography . . . . . . .. 233
Appendix . . . . .. 242
A Finite Differencing: Further Details . . . ... ... .. ... ... ... ....... 242
A.1 Stability of a Numerical Approximation Scheme . . . . ... ... ... ....... 242
A.2 The Courant Number, A . . . . . . . . . ... 243



TABLE OF CONTENTS

B Miscellaneous @-ball Calculations . . . . . ... ... .. ... ... .........
B.1 Variation of the @-ball Action . . . . . . . . ... ... ...

B.2 General Arguments for the Existence of @-balls . . . .. . ... ... ... .....

C Hyperbolicity and Linearized Analysis . ... ... .. ... ... .. ........
C.1 Hyperbolicity and Well-posedness of Time-dependent PDEs . . . . . .. .. .. ..

C.2 Linearized Mode Analysis of the Baby Skyrme Equations . . . ... ... ... ...

D Miscellaneous Skyrmion Calculations . . . ... ... .. ... ... .........
D.1 The Hobart-Derrick Argument . . . . . . . . . . . . .. .. ... .. .. .. .. ...
D.2 Explicit Form of the Lagrange Multiplier . . . . . . ... ... ... ... ......
D.3 The W-formalism, or Rational Ansatz . . . . . ... ... ... ... ... ......
D.4 Variation of the Skyrme Action . . . . . . . ... ..

D.5 Regularity of a Hedgehog Configuration at the Origin . . . . . . ... ... ... ..

E Boundary Conditions . . . . . .. .. ..
E.1 Dirichlet (Reflective) Boundary Condition . . . . . .. .. ... ... .. ......

E.2 Sommerfeld (Outgoing Radiation) Boundary Condition . . . ... ... ... . ...

ix



LIST OF TABLES

3.1 Eigenvalues w and oy for static @-ball solutions. . . . . . .. ... ... ... ... .. 48
3.2 Crank-Nicholson (CN) two-(space) dimensional finite difference stencils for the 2+ 1

Q-ball model. . . . . . . .. e 50

4.1 Crank-Nicholson (CN) two-(space) dimensional finite difference stencils for the 241
baby Skyrme model. . . . .. ... Lo 126
4.2 Two-(space) dimensional forward finite difference stencils for the calculation of the

independent residuals I (4,5). . . . . . . . . o 135

5.1 Crank-Nicholson (CN) two-(space) dimensional finite difference stencils for the 3+1

Skyrme model. . . . . ... 210



LIST OF FIGURES

2.1

2.2

2.3

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11

3.12
3.13
3.14
3.15
3.16
3.17
3.18

Finite difference stencil for fully-centred O(h?) approximation of the wave equa-
tion (2.42). . .. 29

Finite difference stencil for O(h?) Crank-Nicholson approximation of the wave equa-

tion (2.42) written in the first-order-in-time form (2.46-2.47). . . ... . ... ... 30
A typical grid hierarchy. . . . . . . . . . 38
@-ball profile function and potential. . . . . . . . .. ... o 0oL 47
Time stepping algorithm for @-ball evolution . . . . . ... .. ... ... .. .... 54
Gauss-Seidel update in 2D. . . . . ..o 54
Interpolation and translation of the @-ball soliton to (¢, ye). - -« . . . . o o o . .. 55
Evolution of the modulus |¢| for Gaussian initial data. . . . . . .. ... .. ... .. 62
Convergence factor for Gaussian initial data for the fields ¢y and 7. . . . . . . . .. 64
Independent residual test for Gaussian initial data. . . . . . . ... ... ... .... 64
Evolution of the modulus |¢| for a stationary Q-ball . . . . .. ... ... ... ... 65
Evolution of the real component ¢; of the stationary @Q-ball. . . . . . . ... ... .. 65
Convergence factors for the fields ¢; and m for a stationary @Q-ball. . . . . . .. .. 66

Rescaled ls-norms of the independent residuals of ¢1, and 7 for stationary initial

Q@ charge evolution for stationary initial data. . . . . . ... .. .. .. ... ... 68

Numerical and trial profile functions to test stability for the stationary @-ball solution. 70

Convergence factors for the fields ¢; and m; for a boosted Q-ball. . . . . . . . .. .. 71
Independent residual test for a boosted @Q-ball at y=1.15 . . . . .. ... ... ... 71
Evolution of the modulus |¢| of a boosted @Q-ball at y=2.4. . . . . . ... ... ... 72
Lorentz Contraction of a Q-ball. . . . . . ... .. ... ... ... .. ........ 76
Convergence factors Q" for a head-on collision QT Q* at y=1.6 (v=0.8). . ... 77

xi



LIST OF FIGURES

3.19

3.20
3.21
3.22
3.23

3.24

3.25

3.26
3.27

3.28
3.29
3.30
3.31
3.32
3.33
3.34
3.35
3.36
3.37
3.38
3.39
3.40
3.41

3.42

Rescaled l5 norm of the independent residuals of 7y and ¢; for a head-on collision

QT QT aty=1.6 (v=08). . . . . . 77
Charge @ evolution for a QT Q7 collision at y=1.6 (v=0.8). . ... ... ..... 78
Evolution of the modulus |¢| of a QT Q~ collision at y=2.4. . . . .. ... ..... 79
Convergence factor for a head-on collision Q1 Q~, v = 2.4, opposite charge. . . . . . 80

Rescaled l5-norms of the independent residuals of 7, and ¢; for Q@ Q™ collision at
Y =240 e 80
Evolution of the modulus |§| of a grazing QT Q~ collision at v = 2.4, with impact
parameter b=10.. . . . . . . L L e 81
Evolution of the charge density, @, of a grazing Q™ Q™ collision at v = 1.09, with
impact parameter b=8. . . . . . ... L e 82

head-on QT @~ AMR collision at v = 2.41, seen from above. . . . ... ... .. .. 84

Comparison of the convergence factors for a unigrid and AMR run of a collision at

Fm2AL L 85
Snapshots of the late stages of AMR @Q-ball collisions releasing radiation. . . . . . . 87
Central stages of the collision of two @)-balls with charge @ of the opposite sign . . . 88
Central stages of the collision of two @-balls with charge @ of the same sign . . . . . 88
Right-angle scattering of a Q* QT Q-ball collision at v = 1.04 (v =0.3). . ... .. 89
Fragmentation after a Q* QT Q-ball collision at v = 1.15 (v =10.5). . . .. ... .. 90
Forward scattering after a QT QT collision at y =14 (v=0.7) . . . . .. ... ... 91
Fusion of a QT @~ collision at y =1.04 (v=10.3). . .. ... ... ... ....... 92
Scattering of a QT Q~ collision at v =1.09 (v =04). . ... ... ... ... .... 93
Charge Q density of a QT Q™ collision at vy =1.09 (v =0.4). . . . ... ... .... 94
Forward scattering of a Q@ Q™ collision at y =14 (v=0.7). .. ... ... .... 95
Charge @ density of a QT Q™ collision at y =14 (v=0.7). ... ... ... .... 96
Profile functions of ()-ball solutions for different valuesof w. . . . . . . ... ... .. 98
Scattering of a @-ball and a barrier obstruction H =2 at y=24. ... ... .... 101

Evolution of the conserved charge @) for the scattering of a @-ball and a barrier
obstruction H =2at vy =24. . . . . . .. e 101
Convergence factors for m; and ¢; for the scattering of a @-ball and a barrier ob-

struction H =2 at y=2.4. . . . . . . e 102

xii



LIST OF FIGURES

3.43

3.44
3.45

3.46

3.47

3.48
3.49

3.50

3.51
3.52
3.53

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14

Rescaled I norms of the independent residuals of m; and ¢; during the scattering
of a @-ball and a barrier obstruction H =2aty=24.. ... ... ... ... .... 102
Scattering of a -ball by a potential obstruction H =10 at y=2.4. .. ... .. .. 103
Evolution of the conserved charge ) for the scattering of a @-ball and a barrier
obstruction H =10at y=2.4. . . . . .. ... e 103
Convergence factors for m; and ¢; during the scattering of a @-ball and a barrier
obstruction of height H =10atvy=2.4. . . . . . . .. ... .. ... 104
Rescaled I3 norms of the independent residuals of m; and ¢; during the scattering
of a @-ball and a barrier obstruction H =10at y=24. . . . . . .. ... ... ... 104
Scattering of a @-ball by a potential obstruction H =10 at v =3.5. . . .. ... .. 105
Convergence factors for m; and ¢; during the scattering of a -ball and a barrier
obstruction (H =10) at y=3.5. . . . . . . . . .. 106
Rescaled I3 norm of the independent residuals of m; and ¢, during the scattering of
a @-ball and a barrier obstruction (H =10) at y=3.5. . . .. .. ... ... .... 106
Scattering of a ()-ball by a wide barrier obstruction H = 10, width=8, at v =3.5. . 109
Scattering of a )-ball by a trench potential obstruction H = -2 at y=3.5. . . . . . 110

Scattering of a )-ball by a wide barrier obstruction H = 10, of unit width, at v = 7. 111

Baby skyrmion vector field on the plane. . . . . . . . ... ... ... ... ... 118
Baby skyrmion static profile functions. . . . . . . . .. ... oL 120
Time stepping algorithm for the baby Skyrme evolution . . . . ... ... ... ... 124
Interpolation and translation of a baby skyrmion to (., yc). - - - .« . . . . L. 127
Initial data for a B =1 baby skyrmion. . . . . .. .. ... ... ... ... ..., 129
Field components for generic initial smooth data for the baby-Skyrme model. . . . . 136
Evolution of Gaussian initial data for the baby Skyrme model. . . . . ... ... .. 136
Q" factors for generic smooth initial data for the baby Skyrme model. . . . . . . .. 137

|74, |12 and |Ir, ;2 for the evolution of smooth initial data in the baby Skyrme model. 137

Evolution of the total energy F for Gaussian smooth data.. . . . . . .. .. ... .. 139
Size of the static baryon density of a baby skyrmion. . . . . . .. .. ... ... ... 140
Evolution of the baryon density for a static hedgehog . . . . . . . . ... .. ... .. 141
Q" factors for the static baby skyrmion initial data. . . . .. ... ... .. .. ... 142

Independent residual evaluation for the static baby skyrmion. . . . . . . .. ... .. 142



LIST OF FIGURES

4.15
4.16
4.17
4.18
4.19
4.20
4.21

4.22
4.23
4.24
4.25

4.26
4.27
4.28

4.29

4.30

4.31

4.32

4.33
4.34

4.35
4.36

4.37

4.38

Evolution of the baryon number, B, and total energy, F, for static initial data. . . . 143
Baby skyrmion static and trial profile function. . . . . . . . .. ... .. 144
Evolution of the baryon density of a perturbed hedgehog. . . . . .. ... ... ... 146
Evolution of the baryon number density By of a boosted hedgehog at v =1.6. . . . . 147
Q" factors for the fields ¢ and ¢1 for a boosted baby skyrmion at vy =1.6. . . . . . 148
Independent residual evaluation for a boosted skyrmion at v =1.6. . . . . . ... .. 148
Evolution of the baryon number B and total energy E for a boosted skyrmion at

Surface plot of the the evolution of the 7 field for a single boosted baby skyrmion. . 159
Total energy FE of a non-adaptive calculation of a boosted baby Skyrmion at v = 5.79.160

Evolution of the baryon number density By for a v = 1.6 (v = 0.8) head-on BB

collision in the repulsive channel. . . . . . . . . .. .. . Lo oL 163
Q" factors for the fields ¢; and ¢1 for head-on BB collision at v = 1.6. . . . .. .. 164
Independent residual evaluation for a BB head-on collision at vy =1.6. . . . . .. .. 164

Convergence and evolution of the baryon number B and total energy E for a head-on
BB collisionat y=1.6. . . . .. . ... 165

Onset of the non-hyperbolic region for head-on BB collision in the repulsive channel. 168

Evolution of the baryon number density for a head-on BB collision at v =2.1. . . . 169
AMR Calculation of a head-on BB collision with W =0aty=2.1.. ... ...... 170
Wire-mesh contour plot of the evolution of the baryon density By as previously

shown in Fig. 4.31. . . . . . . oL e 171
Evolution of the baryon number for a head-on BB collision at v = 1.6, and ¥ = 7. . 172
Convergence and evolution of the baryon number B and total energy F for a head-on

BBcollisionaty=16and V=7 . .. ... ... .. ... ... 173

Onset of the non-hyperbolic region for head-on BB collision in the attractive channel.174

Unigrid calculation of the transition of a BB collision with ¥ = 7 and v = 5
(v = 0.98) into the mixed hyperbolic-elliptic regime. . . . . . .. .. ... ... ... 175
Central stages of an AMR Calculation of a head-on BB collision with ¥ = 7 at

=32 177

Development of energy gap for a head-on BB collision at y=32and V=7 . .. .178

Xiv



LIST OF FIGURES

4.39
4.40
4.41
4.42

4.43

4.44

4.45

4.46

4.47
4.48

4.49

4.50

4.51

4.52

4.53
4.54

4.55

5.1
5.2
5.3
5.4

AMR Calculation of a head-on BB collision with ¥ =mat y~195. . ... ... .. 179
AMR Calculation of a head-on BB collision with ¥ =7/2aty=1.6. ... ... .. 181
Onset of the non-hyperbolic region for head-on BB collisions with ¥ =x/2. . . . . . 182
AMR Calculation of a head-on BB collisions with different nonzero values of ¥

between 0 and 7w, at y=1.6. . . . . . .. .. L 183
AMR Calculation of a BB grazing collision at v = 1.6, with ¥ =0and b=5. . . . . 184
AMR calculation of a BB grazing collision with v =1.6, V=7 and b=5.. . . . . . 185
Non-adaptive calculation of BB annihilation at y =1.6and U =7.. . ... ... .. 188

Energy density of a non-adaptive calculation of BB annihilation at v = 1.6, and

Non-adaptive calculation of BB collision at y =2.1and ¥ =0. . . . ... ...... 190
Convergence and evolution of the energy E for skyrmion antiskyrmion head-on BB
collisions for the repulsive and attractive channels. . . . . . .. ... ... ... ... 191
Energy gap in the conservation of total energy E of head-on BB collisions for dif-
ferent values of v, for both the attractive and repulsive channels. . . . . . . ... .. 192

Energy Density of an AMR calculation of a BB grazing collision with vy = 1.6, ¥ = 7

Energy density of a non-adaptive calculation of BB annihilation at v = 1.6 and
U =7, for a 42 = 0.1 potential parameter. . . . . . . . .. ... ... ... ... ... 194
Radiation pattern of the final bound state of a BB collision with v = 1.6 and ¥ = 7,
for a p? = 0.1 (non-adaptive) . . . . . . . .. ... 195
Total energy calculation of a BB collision with v = 1.6, ¥V =7 and x> =0.1. ... .195
Evolution of the baryon density By of a head-on BB collision at v = 1.6, using
constraint damping. . . . . . ... L 197

Log of the ls norm of the constraint violations of a BB collision at v = 1.6, ¥ = 7,

using constraint damping. . . . . ... Lo L 198
Time stepping algorithm for the full Skyrme model evolution . . . .. ... ... .. 209
Skyrmion static profile functions in spherical symmetry. . . . . . .. .. ... .. 216

AMR calculation of a S'S head-on collision at v = 1.6 and ¥y = 0 (repulsive channel).224

AMR calculation of a S\S head-on collision at v = 1.6 and ¥, = 7 (attractive channel).225

XV



LIST OF FIGURES

5.5

5.6

5.7

Al

B.1

Wire-mesh contour plot of the evolution of the baryon density By as previously
shown in Fig. 5.4. . . . . .. oL 226
Wire-mesh contour plot of the evolution of the baryon density By as previously
shown in Fig. 5.3. . . . . . . . oL e 227

Detailed illustration of the AMR hierarchy of grids for a head-on SS collision for

the attractive channel (¥; = 7), in the plane 2 =0. . . . . ... ... ... ..... 228
Physical and numerical domains of dependence. . . . . . . . . ... ... 244
Inverted effective potential V& (02) = —~U,(0?). . . . . ... . ... ... ... ... 250

Xvi



LIST OF ABBREVIATIONS

AMR: Adaptive Mesh Refinement.

AMRD: Adaptive Mesh Refinement Driver.

CN: Crank-Nicholson numerical scheme.

FDA: Finite Difference Approximation.

KO: Kreiss-Oliger dissipation.

MAPLE: a general-purpose commercial computer algebra system.

MPI: Message Passing Interface.

NGS: Newton-Gauss-Seidel Relaxation Technique.

ODE: Ordinary Differential Equation.

ODEPACK: A collection of Fortran solvers for the initial value problem for ODE systems.

PAMR: Parallel Adaptive Mesh Refinement: refers to set of libraries written by Frans Pretorius.

PDE: Partial Differential Equation.

RNPL: Rapid Numerical Prototyping Language.

xvii



LIST OF ABBREVIATIONS

TRE: Truncation Error Estimate.

xviii



ACKNOWLEDGEMENTS

I would like to express my deepest and most sincere gratitude to my supervisor, Matthew W.
Choptuik, for all his support and patience during all these years. I would like to thank the members
of my graduate committee: Jeremy S. Heyl, Moshe Rozali and William G. Unruh. I owe a special
debt of gratitude to Fernando Quevedo, who has always provided me guidance and support. My
special gratitude to Frans Pretorius for his continuous advise and his generous share of the Woodhen
facility, and to Luis Lehner, for his hospitality at the Perimeter Institute. I also want to thank
Doug Bonn, Rebecca Trainor, Roman Baranowski, Timothy Yuswack, Dario Nunez and Tonatiuh
Matos for all their kind support and help.

I would like to thank UBC for the UGF Scholarship I was awarded. This research was supported
by NSERC, CIFAR, and the Westgrid, Scinet and Clumeq consortia. Likewise, I would like to thank
Gerhard Huisken and the Albert Einstein Institute for their hospitality and support during my visit
in 2008.

I want to thank my family, my mother Blanca, my sister Karla and Jean Vincent, for their
continuous love and support, without whom none of this would have been possible.

Finally, special thanks to my friends and colleges Anand, Arman, Bruno, Daniel Lindstrom,
Daoyan, Federico, Fernando Herrejon, Hendrik, Hissam, Jason, Lucia Hernandez, Martha, Miguel

Angel, Miguel Lerma, Naayeli and Silvestre.

Xix



DEDICATION

This thesis is dedicated to the loving memory of my father, Benjamin, and my friend Gustavo.

They are very much missed.

XX



CHAPTER 1

INTRODUCTION

The study of nonlinear wave equations arising from classical field theories is among the most
active and exciting areas of mathematical physics. An especially interesting feature of many of
these equations is that they admit solutions describing localized concentrations of energy known
as solitons. It is widely accepted that the identification of solitons is one of the most important
discoveries in nonlinear science [2, 3].

As we shall see, there are many different classes of solitons. Historically, the first to be studied
in detail are governed by time-dependent partial differential equations having the property that
dispersion is counterbalanced by nonlinearities. In this case the solitonic solutions are persistent,
particle-like solitary waves that have remarkable stability properties [4, 5, 2]. Famously, the first
report of this type of soliton was published by Russell in 1845, and described the observation
of stable, large amplitude solitary water waves generated by a horse-drawn boat in a narrow
channel [6]. The first documented search for a mathematical model that could explain these
waves was made by Boussinesq and Rayleigh in the 1870s [7], and in 1895 Korteweg and De Vries
showed that a nonlinear hydrodynamic equation—the celebrated KdV equation—had solutions
corresponding to Russell’s observations [2].

Despite this and some other early work! the investigation of complex nonlinear systems did
not begin in earnest until the 1950s, when computer resources started to be sufficient to allow
direct assault on otherwise intractable problems. Particularly notable in this regard are the 1953
numerical experiments of one-dimensional lattices by Fermi, Pasta and Ulam [8, 9] that produced
surprising results that were in apparent contradiction with statistical mechanics. The lattice model
was further considered by Zabusky and Kruskal in the 1960s [10], who found that in the continuum
limit the dynamics of the lattice was governed by the KdV equation. Furthermore, they discovered
that the results of Fermi et al [8, 9] were explained by the existence of KdV solitons and showed

that the solitary waves could propagate through one another without disturbing each other’s shape.

1Here, Frenkel and Kontorova’s model for crystal dislocation is especially worth mentioning [7,2].
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They also found that the collisions preserved the localized energy density of each wave. Indeed,
it was in the work of Zabusky and Kruskal that the term “soliton”—intended to emphasize the
particle-like properties of the waves—first appeared [2, 10].

Since that time, stable localized solutions of wave-type equations arising in many disciplines have
been identified [11, 4]. These include biology (neural pulses), plasma physics, ferromagnets (domain
walls), superfluids (vortices) and nonlinear optics (solitary electromagnetic pulses) [12, 11, 4, 2].
Perhaps the most spectacular examples are found in the Earth’s atmosphere (tornadoes) and in
the ocean (tsunamis), although it is still debated whether the latter are really solitons [13].

This thesis is focused on the study of nonlinear classical field theories called Skyrme models,
which have solitonic solutions aptly named skyrmions [14, 15, 16, 17, 4]. The dynamical behaviour
of skyrmions is rich and complicated, and can only be examined in detail by numerical means. We
thus aim to use computational techniques to probe some of the phenomenology of the models, as
well as to investigate some interesting mathematical features that will be subsequently described.
As we will discuss, Sykrme models have physical applications, but this aspect of the theories
will not be our main concern. Rather, we adopt the view that, in the context of nonlinear science,
understanding the dynamical nature of skyrmions—and, in particular, interactions between them—
is a worthy pursuit in its own right.

We consider two specific Skyrme theories. One is the original model proposed by Skyrme in
which the fields have dependence on all three spatial dimensions and time. The other, known as
the baby-Skyrme model, is closely related to the first, but is restricted to two spatial dimensions.
Because of the reduced dimensionality, calculations in the baby-Skyrme theory are much less com-
putationally expensive than those in the full model. Primarily for this reason, the bulk of the
computations described in this thesis involve the baby-Skyrme model.

Since the equations of motion that govern the Skyrme systems are quite complicated, we found it
useful to begin our numerical work by considering an even simpler model field-theory that describes
the evolution of a complex scalar field with a non-trivial potential. This model also has localized
solutions—known as -balls—that can be interpreted as solitons. We use this theory primarily
to develop a computational approach and infrastructure that is then applied to the studies of
the Skyrme systems. As a consequence of a particular symmetry of this theory, Q-balls carry a
conserved Nother charge @ [18], which can either positive, or negative. In spite of the role of Q-balls

as a model problem for this work, we found novel results on the interaction of @)-ball pairs where
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each soliton carries a charge Q of opposite sign—an issue so far absent from the literature—and
on the scattering of @-balls against potential obstructions. We will elaborate on this aspect in
Chap. 3.

All of the theories that we study are governed by sets of partial differential equations (PDEs)

2, Assuming

of evolutionary type, and thus we must formulate and solve initial-value problems
well-posedness—a concept which is crucial to our studies, and which will be discussed in more
detail in Sec. 1.5.2—if we specify smooth initial data, we can expect a unique solution. We will
be especially interested in evolutions describing two initially-separated solitons that subsequently
collide (or otherwise interact), and where the relative initial speed (boost factor) between the
solitons is viewed as a control parameter. Attention will further be concentrated on cases where

the boost factor is large, so that—since our models are all Lorentz-invariant—we say that the

dynamics is in the ultrarelativistic regime.

1.1 Skyrme Model in Three Spatial Dimensions

The Skyrme model provides a description of nuclear matter in which only meson fields appear
explicitly. Nucleons (the proton and the neutron) then emerge precisely as skyrmions [19, 20],
i.e. as collective excitations of mesons [16, 21]. Although the model superficially appears to
describe bosonic matter, a key property that provides physical plausibility is that quantization
of the skyrmion is consistent only if the associated quantum state has spin-1/2, i.e. if it is a
fermion [20, 15, 16].

Skyrmions share some of the properties seen in the “classical” solitons mentioned previously,
including localization [3, 4, 5, 2, 22]. However, they do not necessarily preserve their shape after
interacting with one another: in particular they can merge, annihilate or radiate energy. Nonethe-
less, in this work we follow Coleman [23] and Vachaspati [24] and use the term soliton to refer to
a static, localized classical lump.

The Skyrme model is usually presented in terms of an SU(2)-valued field, U, with a Lagrangian
density [25, 26, 20, 27],

e [(0,0) U, (0,0) U (L1)

2Strictly speaking we must deal with initial-boundary-value problems, since our computational domains do not
extend to spatial infinity.

F2
L= TgTr(aﬂUaﬁUT) -
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where the Greek indices p,v... = 0,1,2,3 run over the dimensions of spacetime, while t and Tr
denote the adjoint and trace operators respectively. In addition, F}; is taken to be the pion weak
decay constant [28], and e is a dimensionless real parameter. We observe that (1.1) includes an
ordinary kinetic term, and a second term which is fourth order in the derivatives of the fields.
The latter is required for the existence of static skyrmions® [31, 32, 33]. Its functional form is
not arbitrary, but is the most general fourth order term compatible with chiral symmetry. This
symmetry is observed in nuclear phenomenology, and it treats “left-handed” and “right-handed”
particles independently. In other words, chiral transformations do not “mix” left and right-handed
particles, so a left-handed particle can not be mapped into a right-handed, or vice versa. The
inclusion of a potential (or mass term) in the Lagrangian is optional, and we have not added one
in our work.

We can write U and UT in terms of a four component real-valued vector representation of

SU(2) [25, 26, 20, 27] (see Sec. 5.2), by defining ¢, (z") = (¢1(z"), p2(x*), p3(z#), pa(z")). We

then have
1 Iz 1 Iz 2 1 Iz v
L= 5 u¢aa d)a + Z(au¢aa ¢a) - z(auqsa&/d)a)(a ¢ba ¢b) + /\LM(Qban)a - 1) . (1'2)
Here the Latin indices a,b,... = 1,2, 3,4 label the components of the fields and obey an Einstein

summation convention (see Sec. 1.8). The parameters F,; and e have been scaled away by means of
a change of our units of energy (F;/4e) and length (2/eFy) [20]. Chiral invariance of (1.2) requires
that the ¢, satisfy the chiral constraint ¢,¢, = ¢? + ¢3 + ¢2 + ¢2 = 1, which is enforced by the
addition of a Lagrange multiplier (Ary) term to (1.2) (see Chap. 5 for details). The equations of

motion derived from the Lagrangian density (1.2) are

(1 + 8u¢aau¢a) D¢a + auaud)baﬂd)bayﬁba - 8M¢bay¢ba,uau¢a - D¢bay¢bau¢a + >\LM¢a ) (13)

where O = 9%0,, is the usual wave (d’Almbertian) operator.

3The Hobart-Derrick argument [29, 15, 30, 31] provides a criteria for the existence of minimal energy static
solutions, according to the dimensionality and field content of the model. We discuss this topic in detail in (D.1).
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1.1.1 Topological Solutions

A novel feature of skyrmions is that they possess a particular type of conserved quantity known as
a topological charge, [23, 24, 31, 16, 34], and thus are examples of what are known as topological
solitons 4. This concept can be understood in the following way. The space of physical configura-
tions of the theory can be divided into a number (finite or infinite) of topologically disconnected
sub-regions. Although all configurations evolve according to the same equations of motion, they
satisfy different boundary conditions. A configuration can be viewed as a map from physical space
to the internal space of the theory, and maps corresponding to configurations in different sub-
regions can not be deformed into each other continuously. In other words, the configurations have
distinct homotopies [16, 24, 21]. In general, every sub-region can be labelled with an integer, or
topological invariant, which is precisely the topological charge [15, 16, 35].

In theories with topological solitons, the ground state is degenerate; that is, distinct field states,
known as vacuums, can have the same minimum energy®. This means that in different spatial
regions of the domain, the configuration may tend to different vacuum states, with infinite energy
barriers separating the regions. Skyrme was the first to realize the significance of the topological
charge in a physically motivated model [16], identifying it (for the case of his theory) as the baryon
number, B [35],

1
— / €afrb€upo a0’ 0p0° 6,07 05 d°x, (1.4)

= on2
(where €43,5 and €,,, are anti-symmetric Levi-Civita symbols [36]). He thus provided a interpre-
tation for the (classical) conservation of B based on topological concepts ©.
The Lagrangian density (1.2) defines one example of a general class of theories known as sigma
models, which are scalar field theories with multiple field components [37], and whose Lagrangian

densities can be written in the form

'CO' = gab(¢a)au¢aaﬁt¢b . (15)

Here ¢, (a*) are the scalar field components, and g, is the metric of the so-called target space. If

4The archetypal example of a simple model with topological solitons is a single real scalar field in 1+1 dimensions,
with a quartic potential, known as the ¢*-theory [24]

5In quantum field theory, the vacuum refers to a state with no particle content. It is common in the literature to
abuse this language and refer to the ground state, even in a purely classical theory, as the vacuum.

6The baryon number B allows us to define an anti-skyrmion: a skyrmion has a baryon number B > 0, while an
anti-skyrmion is a skyrmion with baryon number —B.
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Jab = Jab(da), the sigma model is nonlinear.

The first application of sigma models in physics was to describe, not surprisingly, chiral inter-
actions. Specifically, Gell-Mann and Levy [37] introduced a fourth non-physical field, o, along with
the three pions 7,7, 7%, to expand the symmetry group of strong interactions, with the aim
to describe the phenomenology of strange particles (the so called chiral modification [14, 15, 16]).
Again, the fields satisfy a constraint, o2+ (77)2+(77)%+(7%)? = 1, to ensure that chiral symmetry
was always satisfied.

A sigma model (or wave map) defines a map between Lorentzian flat space-time, and a Rie-
mannian target space (i.e. the target space is smooth and equipped with a metric function), such
that the fields can be viewed as taking values on the target space. While properties such as chiral
invariance are interesting to the physicist, the mapping between spaces provides much of the moti-
vation for their study by mathematicians. As we will discuss in detail in subsequent chapters, the
target spaces of the Skyrme theories considered in this thesis are S? (baby Skyrme model) and S3
(“full” Skyrme model).

1.1.2 Historical Background

During the 1950’s and early 1960’s, solitons emerged as obvious candidates for modelling entities
such as monopoles, kinks and domain walls [23, 24, 31, 34]. Not surprisingly, the concept was
taken even further, with the suggestion that what were previously viewed as fundamental fields
could themselves be solitons of some underlying self-organizing structures, with properties that
emerge from the more basic degrees of freedom [29, 38]. In 1961, and following this trend, Skyrme
was the first to propose a topological model for nuclear matter [14, 16]. It is important to note
that at that time understanding of hadrons—particles that interact through the strong nuclear
force—was basically limited to the interaction of pions and nucleons. In 1962, Perring and Skyrme
hypothesized that an elementary solitonic solution of the sine-Gordon equation might be relevant
to hadron physics [39, 40], and the skyrmion is the direct descendant of these ideas [14, 16, 4, 17].

In the late 60’s and early 70’s, deep inelastic scattering at high energy revealed that hadrons had
an underlying substructure. Quantum chromodynamics (QCD) successfully described the observed
phenomenology, and largely sidelined Skyrme’s approach for several decades [15, 41]. However,
QCD turned out to be very difficult to solve in the strong coupling regime (low energies), even when

numerical (lattice) methods were adopted. Attention thus turned to simpler phenomenological
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models, including Skyrme’s, that could provide reasonably accurate descriptions of low-energy
hadron physics. Such models exploit the fact that since quarks are confined it is possible to
eliminate degrees of freedom not directly relevant to phenomenology, while still retaining many of
the fundamental symmetries of QCD (Lorentz, chiral, etc.) [42]. The resulting effective models,
cast in terms of pion fields, simplified calculations at the expense of providing an incomplete
(approximate) physical picture.

At the beginning of the 1980’s, Witten [43, 44] discovered that the Skyrme approach is equivalent
to QCD in the large N, limit (where N, is the number of colors), with baryons being identified as
quantized states of the classical soliton solutions. This realization sparked a resurgence of interest
in the Skyrme model as an effective theory of pions (mesons), and specifically how to describe

baryons and their interactions within the formulation.

1.1.3 Applications

A discussion of the calculation of low-energy observables of baryons including comparison to exper-
imental data can be found in [17, 42, 45]. The calculations of baryonic structure by Adkins, Nappi
and Witten [44] based on the Skyrme model achieved an accuracy of the order of 20 — 30%. Later
calculations on bound two-baryon systems produced similar results [17]. More recent phenomeno-
logical work is based on the chiral quark-soliton model (xgsas), which is an extended version of the
original Skyrme theory [45]. Additionally, and although controversial, claims of the observation of
a pentaquark state ©T [46] in the mid 2000s brought renewed focus on low energy QCD and the
relative merits of constituent-quark versus solitonic interpretations of light baryons.

We conclude this brief synopsis of the Skymre model by noting that many excellent reviews of

the subject are available, including [15, 16, 17, 46, 47, 48, 49, 27, 50, 28, 51, 52, 41, 53]

1.2 The Skyrme Model in Two Spatial Dimensions

As mentioned before, the baby-Skyrme model (also known as the pseudo-Skyrme model) is an
analog of the original Skyrme model, but in this case the fields depend on two spatial dimensions
plus time [20, 35, 54]. Interestingly enough, this theory also has stable localized solitonic solutions,
which are known as baby skyrmions.

The Lagrangian density of the model [31, 35, 55, 56], which is similar to its three dimensional



1.2. THE SKYRME MODEL IN TWO SPATIAL DIMENSIONS

counterpart (1.2), is given by

1 1 1 y
L= 5 u%a“% + 1(au¢aau¢a)2 - Z(aﬂ¢aau¢a)(au¢ba ¢b) + V(¢a) . (16)
Once again, Latin indices a,b,... = 1,2, 3 label the components of the fields, while Greek indices
label the dimensions of spacetime, u,v... = 0,1,2. Analogously to the three dimensional model,

the first term in (1.6) is an ordinary kinetic term for a O(3) sigma model, the second and third
terms are fourth order in the derivatives, and an additional potential term V (¢, )—which breaks the
manifest O(3) symmetry—is included [31, 32, 33]. Besides the reduced dimensionality of the baby
theory with respect to the full three dimensional model, the key differences between the two are:
(1) (1.6) describes the dynamics of a three component vector field, ¢, = (1, d2, ¢3), rather that
the four component field appearing in (1.2). (2) Correspondingly, in this case the chiral constraint
is datba = 3 + 03 + ¢3 = 1. (3) The existence of non-trivial static solutions in the baby Skyrme
model requires the Lagrangian density to have both the fourth order terms and the potential term
(See App. D.1) [31, 32, 33]. The functional form of the latter defines the overall properties of the
model [35], and we will elaborate on our choice of potential function in Chap. 4.

The equations of motion derived from (1.6) are

(1 + 8/J¢aau¢a) D(ba + 8uau¢bau¢bay¢a - au¢bay¢bapau¢a - D(bbayqbbaud)a

dV(¢a)

+ )\LM¢a - d¢

=0. (1.7)

As in the case of the full model, Ay is a Lagrange multiplier introduced to enforce the chiral

constraint.

1.2.1 Historical Background

Interest in two-dimensional sigma models has its roots in the work of Belavin and Polyakov
(1975) [33, 57], who pointed out the presence of non-trivial static solutions in an O(3) model
of ferromagnets. Further work focused on their use as toy models for Yang-Mills theories and
supersymmetry [58, 59]. The direct ancestor of the baby-Skyrme model is the O(3) theory written
in terms of complex variables, and is known as the CP' model [60]. The theory also possesses

non-trivial localized (albeit unstable) solutions that are referred to as CP' lumps [20]. Subsequent
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work by Leese [61] introduced modifications to the theory, which has static stable solutions known
as Q-lumps (in analogy with the @Q-balls that we will subsequently describe). In view of these
developments, Wilczek and Zee [58, 57] suggested that a two dimensional sigma model could be
interpreted as a toy model for skyrmions. Finally, we note that the term “baby skyrmion” first

appeared in the literature in the 1994 work of Piette, Schroers and Zakrzewski [55].

1.2.2 Applications

Progress in the understanding of ferromagnetic materials and liquid crystals led to the realization
that the two dimensional baby-Skyrme model is not just a toy theory, but can describe real physics,
such as that seen in ferromagnetic quantum Hall systems [20, 62, 63, 64, 65, 66]. In that context,
baby skyrmions correspond to texture (extended) excitations in the spin density which have been

observed in the laboratory [67].

1.3 (-balls in Two Dimensions

The term @Q-ball was coined by Coleman [68, 69, 70] to refer to stable, localized (solitonic) solutions
of a relativistic complex scalar field theory with a nonlinear quartic potential. Here we note that
supersymmetric models of the type proposed to exist in nature generally have a field content
that includes several scalars [18]. In particular, this is the case for the Minimal Supersymmetric
Standard Model (MSSM), which has both baryonic and leptonic @-ball solutions [71, 18, 72]. In
addition, @-balls have been suggested as possible fossil dark matter in the universe, and have also
been postulated to be trapped in the interiors of gravitationally-compact astrophysical objects [73].

Q@-ball type solutions also appear in nonlinear Schrodinger systems (e.g. Gross-Pitaevskii), where
they can be used, for example, to describe Bose-Einstein condensates of weakly interacting atoms
in harmonic traps [74, 75]. They also arise in planar models of the quantum-Hall effect (Maxwell-
Chern-Simons @-balls) [76]. Other examples include non-Abelian @-balls, spinning Q-balls and
Q-rings [77].

Despite their possible physical relevance, in this work we regard our study of @-balls primarily
as a “warm up” problem that allows us to develop our computational methods and infrastructure.

The @-ball model we consider is described by the Lagrangian density for a complex scalar field,
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¢, in two spatial dimensions [18, 78, 79, 80],
L= 08,00"¢" —U(|6]%), (1.8)

where Greek indices range over 0,1,2. Due to the invariance of the Lagrangian density under the
U(1) symmetry transformation, ¢ — ¢ei®, the theory has a conserved Noether current, J# (see

Sec. 3.2 for details). The corresponding conserved charge, @, is given by
1
Q= /d%; JO = ?/d% (¢*0°p — 0" ¢). (1.9)
7
We emphasize that, in contrast to the Skyrme model, @ (1.9) is not a topological invariant [18, 78].

1.3.1 Existence of ()-ball Solutions

There are certain requirements that the potential U(c) in (1.8) must satisfy in order for the model
to admit @-ball configurations. These will be discussed in detail in Sec. 3.2 and App. B.2. In our
study, we have used a polynomial potential for which @-ball solutions are known to exist [18, 78, 81].

Specifically, we take

U(1871) = 5mlof? — Salgf + 7B10l" (1.10)

where m, « and 3 are positive real-valued parameters. Using this form for the potential, and
performing suitable rescalings that are described in Sec. 3.2, the equations of motion derived

from (1.8) read
=V +¢—|¢l¢+ Blo|*¢ = 0. (1.11)

Here, an overdot denotes differentiation with respect to time, |$| is the modulus of the complex
scalar field ¢, V? is the usual Laplacian operator in the plane, and B is another positive real-valued

parameter.

10
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1.4 Overview of Previous Numerical Work

1.4.1 Skyrme Model in Three Spatial Dimensions

As discussed previously, the Skyrme model provides an effective-field framework in which to perform
calculations relevant to nuclear physics phenomenology. The first attempts to solve the Skyrme
equations of motion numerically aimed to calculate nucleon-nucleon scattering amplitudes [82],
where atomic nuclei were viewed as semi-classical bound states of solitons [83]. Additional pio-
neering work was due to Verbaarschot, Walhout and Wambach [84] (1986), who carried out cal-
culations of head-on collisions of skyrmions in axisymmetry (1986), and Allder, Koonin, Seki and
Sommermann [85] (1987), who performed the first truly three dimensional numerical calculations
of skyrmion-skyrmion collisions (i.e. in three dimensional Cartesian coordinates), although the in-
teractions studied were still head-on. In an attempt to reproduce the properties of the deuteron,
Crutchfield, Snyderman and Brown [83] (1992) simulated the classical evolution of bound-states of
skyrmions. The same year, Sommermann, Seki, Larson and Koonin [86] carried out the first three
dimensional simulation of baryon—anti-baryon annihilation in the Skyrme model [86]. Wambach [28]
provides a review about the Hamiltonian formulation of the model that was popular at that time,
as well as the numerical techniques employed during the 1980’s and early 1990’s.

In an influential study, Battye and Sutcliffe [25] (1996) considered the scattering of multi-soliton
skyrmions—minimal energy solutions that describe a bound state of multiple skyrmions. The latter
work represents the beginning of what one might call the “modern era” of the field, since most
subsequent work (including this thesis) has adopted the Lagrangian formulation of the equations
of motion that they presented. The same authors [26] (2001) showed that the numerical evolution
of clusters of static skyrmions can lead to end states resembling the complex structures known
as fullerenes that are observed in large carbon molecules [26]. Other relevant work involving the
numerical solution of the Skyrme field equations includes Amado et al [87] (1999) and Halasz et
al [88] (2000). Both of these papers focus on the stabilization the skyrmion by means of vector
meson fields.

A more thorough discussion of relevant numerical work is given in Sec. 5.3.

11
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1.4.2 Skyrme Model in Two Spatial Dimensions

The literature concerning the numerical study of the baby Skyrme model is very rich and goes
back to the works of Leese, Peyrard and Zakrzewski on the scattering of CP' lumps and Q-lumps
(see Sec. 4.5) [89, 90]. During the 1990s there was a plethora of investigations that explored
the properties of different variations of the model, each defined by the specific potential function
under consideration. Among the main contributors here were Sutcliffe [91], Peyrad et al [92],
Piette [93, 55], Kudryavtsev et al [56] and Weidig [35]. The versatility of the baby-Skyrme model
was further illustrated by the work of Dwyer and Rajagopal [94], who employed it as a toy model
for more sophisticated physics—mnamely electroweak solitons.

Once more, we will provide additional details about these previous studies in a subsequent

section (Sec. 4.5).

1.4.3 Observed Instabilities in the Skyrme Model

Over the years, one of the most interesting and challenging aspects of simulations of the Skyrme
model is that instabilities have often been encountered in numerical evolutions. This has been
the case for both the full three-dimensional and baby models [85, 86, 88]. In an effort to improve
stability, some authors introduced artificial viscosity in their implementations [84], or used discrete
time steps that seemed unnaturally small. Although such strategies proved useful in many cases,
there remained evidence of instabilities that were not associated (at least completely) with the
numerical approximations being employed per se [85].

In 1991, Crutchfield and Bell [1] suggested two possible causes of the latter type of instability.
The first was due to an inadequate enforcement of the chiral constraint when a leap-frog time-
evolution scheme was adopted. The second, and far more consequential, was associated with
a possible loss of hyperbolicity—and thus well-posedness (see Sec. 1.5.2)—of the field equations
[1, 26, 25, 95]. Specifically, the authors argued that evolution of certain types of initial data
would lead to the development of regions in the solution domain where, heuristically, the equations
would become of mixed hyperbolic-elliptic type. Thus, for such initial conditions, one could not
expect solutions to exist, and, in fact, “instabilities” of the type that had been reported in some
investigations were precisely what one would expect from numerical calculations. Crutchfield and
Bell further posited that a loss of hyperbolicity could actually be expected on physical grounds, since

the Skyrme model is a low energy effective theory [1, 26], and is thus, by definition, incomplete. In

12
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particular, they noted that the model would not be suitable to describe high energy regimes. The
presumed loss of hyperbolicity is of concern since, among other things, it would determine the limits
of the application of the Skyrme model as an approximation to QCD and chiral interactions [96].

Such behaviour is also highly interesting from a mathematical point of view.

1.4.4 (@-balls in Two Spatial Dimensions

There is also significant literature on the numerical computation of @-ball collisions. Particularly
notable is the pioneering work of Battye and Sutcliffe [72] who adopted polynomial potentials and
solved the full nonlinear equations of motion in one, two and three dimensions plus time. Their
studies established the complex nature of @-ball dynamics, including fragmentation and charge
transfer. Using the same type of potential, Axenides et al. [18] classified the general outcome of Q-
ball scattering as a function of the velocity of initial approach. In contrast, work by Multamaki and
Tiro considered @-ball scattering using potentials with a functional form inspired by phenomeno-
logical models, principally the Minimal Supersymmetric Standard Model (MSSM) [81, 97, 79]. We
will review this literature in more detail in Sec. 3.5.1.

Another aspect of @-ball dynamics that we find interesting is their scattering by potential
obstructions. Numerical experiments of this type of interaction using topological solitons are nu-
merous, see e.g. Collins and Zakrzewski [98]. However, to our knowledge the only numerical study
of @-ball-obstruction scattering is due to Al-Alawi and Zakrzewski [99], and this paucity of results

inspired the calculations we describe in Sec. 3.7.

1.5 Aims of This Thesis

1.5.1 Phenomenology of General Collisions

We emphasize once more that this work is motivated by the rich and complex dynamics of the
scattering of skyrmions and @-balls, both in two and three spatial dimensions. One of our pri-
mary objectives is to use large scale numerical computations to study the nature of the nonlinear
interactions of these solitons. All of the field theories that we simulate are characterized by large
parameter spaces (especially when details of the initial data are taken into account), and our survey
of these spaces can not be comprehensive. We thus consider what we feel are representative calcu-

lations with the hope that they can provide general insight into the phenomenology (collisions) on
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which we focus.

1.5.2 High Energy Collisions and Hyperbolicity

We are also very interested in better understanding the nature of the instabilities observed in pre-
vious numerical evolutions of the Skyrme equations of motion. Specifically, we wish to investigate
the possible breakdown of hyperbolicity and well-posedness postulated by Crutchfield and Bell [1]
that was sketched above (Sec. 1.4.3).

Since we feel that the results from our study of this issue are among the most significant
contributions of this thesis, it is worth spending some time at this point to be more specific about
what we mean by hyperbolicity. Intuitively, hyperbolicity is associated with finite speeds for the
propagation of signals, such as is the case for solutions of ordinary (linear) wave equations. The
rigorous definition of hyperbolicity (see e.g. [100]), is expressed as an algebraic condition on the
(constant) coefficients on the system of partial differential evolution equations written in first-
order-in time form (see App. C.1)7. Full details aside, the key idea is that a hyperbolic PDE
system represents a well-posed initial value problem [101]. This means that, at least for some
amount of time®, the evolution of initial data having suitable smoothness properties will result
in a unique solution. Furthermore, well-posedness means that the solution depends continuously
on the (smooth) initial data and its derivatives, so that the future developments of two initial
configurations that differ slightly only diverge slightly as the evolutions proceed, and (at least
locally) in direct proportion to the initial separation of the data. In contrast, when a problem is
ill-posed (i.e not well-posed), the difference between the evolution of “nearby” initial states will
have no bound as a function of time (no matter how short a time interval is considered), and there
will be no solution for given initial data.”

In the case of a relativistic theory, such as the Skyrme model, Lorentz invariance may give the
impression that hyperbolicity (which, again, we heuristically associate with causality) is guaranteed.

Indeed, for so called semi-linear equations—in which the coefficients appearing in the principal part

7Specifically, the coefficients of a first order PDE system are used to construct a principal symbol matrix, P. If
P has only real eigenvalues, the system is hyperbolic. However, the extent of the degeneracy of the eigenvalues and
linear independence of the eigenvectors of P determine if the system is weakly, strongly or strictly hyperbolic. Only
the latter two guarantee well-posedness of the initial value problem. See App. C.1 for details.

8We add this caveat since there are systems of evolution equations that have well-posed initial value problems,
but for which sufficiently “strong” initial data leads to blow-up of the solution in finite time [102, 103, 104, 105].

9Note that ill-posed behaviour is different than the sensitivity to initial conditions seen in chaotic systems, for
example. In the latter case we still expect that the difference in solutions evolving from nearby states will remain
small (i.e. bounded in time) provided that the evolution time is sufficiently short.
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of the PDEs do not depend on the solution itself—a result due to Hawking [106] implies that if the
energy-momentum tensor of the theory satisfies a relation known as the dominant energy condition
(DEC) [96], then energy cannot flow superluminaly. Here we note that Gibbons [96] has shown that
the energy momentum tensor of the Skyrme model satisfies the DEC. However, Wong [95] points
out that since the Skyrme equations are only quasi-linear—i.e. the coefficients in the principal part
do depend on the solution—the requirement of the DEC alone might not be sufficient to rule out the
existence of superluminal propagation of signals (as encountered in the case of elliptic equations).
In fact, in [95], Wong rigorously establishes some conditions under which the Skyrme model will
lose hyperbolicity. However, his results are highly mathematical, and their precise relationship to
previous numerical work, and our own, are not clear to us at this time.

We should note that the the breakdown of hyperbolicity is not unheard of in evolution equations
associated with physical systems. The situation here may be analogous to the case of other PDEs,
such as the Tricomi equation of gasdynamics, where trans-sonic flow triggers instabilities that signal
a breakdown in hyperbolicity.

Gibbons [96], as well as Crutchfield and Bell [1], state that the loss of pure hyperbolicity is
likely to occur when the kinetic energy of the field configuration exceeds the potential energy.
This is expected to occur in situations such as the high-velocity scattering of two skyrmions, or in
skyrmion-anti-skyrmion annihilation. We thus concentrate much of our effort on the simulation of

such processes.

1.6 Summary of Numerical Approach and Methodology

We have implemented a computational infrastructure that provides automation and flexibility in
the development of finite difference codes for the approximate solution of hyperbolic time dependent
PDEs. We test this infrastructure using the complex scalar field model given its simplicity relative
to the Skyrme models (1.6) and (1.2). We consistently use second order (in the mesh spacing)
approximations to discretize our PDEs and, in particular, use a centred two time-step discretization
to treat time derivatives. The discrete nonlinear equations that result from the finite-differencing
are solved using relaxation techniques. A key aspect of our codes is the incorporation of parallel
adaptive mesh refinement (AMR). Here we make use of a set of libraries written by Pretorius [107,

108] that implement the Berger and Oliger AMR algorithm [109]. Full details of our numerical
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methods, along with a description of the diagnostic tools that we have used, are given in in Chap. 2.

1.7 Summary of Thesis

In this section we briefly summarize the organization and main contributions of this work.

Chap. 2 is devoted to an in-depth description of the computational infrastructure and the
numerical techniques that constitute the core of our methodology.

In Chap. 3 we investigate the scattering of ()-balls as a model problem to develop and test
the infrastructure. We perform adaptive (AMR) calculations that reproduce previously reported
phenomenology for collisions of @-balls having the same charge [18]. We also carry out similar ex-
periments for oppositely-charged Q-ball collisions which, so far as we know, have not been reported
previously. Next, we investigate the dynamics of )-balls as a function of the charge itself, find-
ing, for example, that right-angle scattering is completely absent if the configurations have small
enough charge. We conclude by studying the scattering of @)-balls against potential obstructions,
observing final states that represent combinations of transmission and reflection of the solitons.

The main contributions of the thesis are described in Chap. 4, which details the adaptive
(and non-adaptive), convergent numerical evolutions that we have performed within the context
of the baby-Skyrme model. We focus on two types of head-on collisions: one involving two baby
skyrmions, and the other using one skyrmion and one antiskyrmion. Both of these processes display
rich dynamical behaviour. Some instances of more general grazing (i.e. off-axis) collisions are also
modeled, further adding to our understanding of skyrmion scattering.

Our most novel results involve the investigation of the transition from pure-hyperbolic to mixed
hyperbolic-elliptic behaviour in Skymre models, posited by Crutchfield and Bell [1, 26, 95], and
described above. We find strong evidence that evolutions of initial configurations describing col-
lisions of baby skyrmions with sufficiently large relative boosts become ill-posed. Specifically, we
observe a loss of conservation of energy and smoothness of the dynamical fields, with indications
that both of these deficits worsen as the finite-difference mesh scale decreases.'® For certain types
of collisions, we determine specific parameter settings at which the lack of well-posedness sets in.
We also show that evolution of generic smooth initial data specifically designed to have kinetic

energy significantly greater than potential leads to a breakdown of hyperbolicity.

10 Additionally, in App. C.2 we provide some corroborating evidence for loss of hyperbolicity that is based on a
linearized mode analysis of the equations of motion.
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In terms of the computational approach itself, we find that the simple method that we use
to enforce the chiral constraint, as well as the specific finite-difference adopted, results in an im-
provement of stability relative to some earlier numerical work [85, 84]. Most importantly, through
careful analysis of convergence properties, we establish that our approximate results do tend to
the desired continuum solutions as the mesh spacing tends to zero (and in those cases where the
evolution is apparently well-posed).

Chap. 5 describes preliminary results from simulations of the head-on scattering of skyrmions
in three spatial dimensions, and where AMR is employed. Although our computer resources are
insufficient to establish definitive convergence behaviour (for which non-adaptive computations had
to be used), the phenomenology that we observe is consistent with previous studies [85, 28, 26].

Finally, Chap. 6 provides a further summary of our results and a discussion of possible future

research avenues and applications of our codes.

1.8 Notation and Conventions

We adopt the following index notations. Latin letters such as a,b,c,... denote field components,
while Greek indices p, v, . .. run over the spacetime values 0, 1,2, 3 (where 0 is the time index). Latin
letters such as i, 7, k,... range over the spatial dimensions. The Einstein summation convention

applies to all types of indices. For example,

N d
0400 b =Y Y 0uad" (1.12)

a=1 =0

where N is the number of field components of the tensor, and d (sometimes D) is the number of
spatial dimensions. For the specific models considered we have: d = 2, N = 1 for Q-balls; d = 2,
N = 3 for baby skyrmions and d = 3, N = 4 for skyrmions. The metric signature is (—, +, +, +)
and we denote the flat metric by 7,,. Since all of our calculations are carried out in flat spacetime,
Nuv is used to raise and lower all spacetime indices. Geometric units are used throughout this
thesis: in particular, the speed of light in vacuum is ¢ = 1. When we speak of a model being
241 or 3+ 1 (equivalently 2D or 3D), we mean that the fields have dependence on 2 or 3 spatial
dimensions plus time, respectively. The usual vector cross product is denoted by x.

The ordinary derivative of the function ¢ = ¢(t,x,y, z) with respect to a spatial coordinate x
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is denoted variously

9¢
— = = 1.1
= 0.6 = s (1.13)
while for the time coordinate, ¢, we have
P .

For functions of a single variable, we will also use the prime notation. E.g. if we have ¢ = ¢(r),

then

(bl

&

(1.15)

We need to stress that here and below—and due to our use of superscripts for other purposes—we
will often adopt a notation whereby ¢!, $? and ¢ (and similarly 7!, 72 and 73), rather than ¢,
@2 and ¢3, denote field components.

For the baby-Skyrme model (Chap. 4), we fix units so that F;; = k = 1. F, then has dimensions
of energy and x and 1/p have dimensions of length. Similarly, for the Skyrme model (Chap. 5),
the parameters F; and e are scaled away by choosing suitable units of energy (F}/4e) and length

(2/eFy) [20]. We note that k=2 in the baby-Skyrme model is the analogue of e in the full theory.
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CHAPTER 2

NUMERICAL METHODS

This chapter is devoted to the description of the numerical techniques used to solve the time
dependent partial differential equations that govern the various models of interest in this thesis. We
begin with a discussion of elementary concepts of finite difference approximation (FDA) (Sec. 2.1),
which is the discretization technique used to compute all of our numerical solutions. This is followed
by a description of the relaxation algorithm used to solve the discrete equations that result from
the finite difference process (Sec. 2.3), and a discussion of our use of Kreiss-Oliger dissipation
(Sec. 2.2) for the stabilization/regularization of our difference schemes. The chapter concludes
with an overview of our specific approach to (parallel) adaptive mesh refinement (Sec. 2.4). We
note that much of the discussion below closely follows the style and conventions of [110, 111], and

Chap. 4 of [112].

2.1 Finite Difference Basics

The solution of a partial differential equation via finite differencing first requires the discretization
of the domain of the problem. Let u(¢,x,y, z) be a solution of a certain partial differential equation
(PDE) on a continuum spatial domain. In 3D'' we discretize this domain using N,, N, and N,
points in the z, y and z directions respectively, resulting in sets of discrete coordinates that we
label z;, 1 =1,...,N;, y;,7=1,...,Nyand 2z, k=1,...,N,. We restrict attention to so-called
uniform meshes, which means that the spatial domain is an ordered set of points, (z;,y;,2k),
where the separation between contiguous points in any coordinate direction is some constant, h.

Specifically we have

Tit1l — Ty = h, yj+1 — yj = h, Zk+1 — Rk — h. (21)

' The discussion here focuses on the case of 3 spatial dimensions: the restriction to 2 space dimensions is straight-
forward and should be clear to the reader.
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We will refer to h variously as the mesh spacing, the grid spacing, or the discretization scale.
The specific grid points making up the mesh are easily determined from the coordinate ranges

defining the continuum domain. Thus, for

ZLmin S x S Tmax; (22)
Ymin < Yy < Ymax, (23)
Zmin £ 2 < Zmax, (24)

the grid points are
xr, = mmin—l—(i—l)h, i=1...Ng, (25)
yj = ym1n+(]_1) h, j = lNy, (26)
P Zmin+(k—1)h, k=1...N,, (27)

such that

T1 = Tmin and TN, = Tmax; (28)
Y1 = Ymin and YN, = Ymax, (29)
21 = Zmin and ZN, = Zmax- (2.10)

There are therefore a total of Ny = N, x N, x N, points in the mesh. The time domain, which

without loss of generality we take to be

0 <t < tmax, (2.11)

is similarly discretized using time steps of size At, resulting in a set of NV; discrete time values,
denoted t"™ and defined by

t" =nAt,n=0,1,... Ny, (2.12)

where Ny, At and t.« must satisfy N;AE = tax.

We make one further demand on our finite difference discretization, which is that whenever
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we consider a fixed problem (specific model parameters, initial data etc.), but vary the spatial
and temporal mesh spacings, h and At—as we will do when investigating the convergence of our

numerical solutions—we keep the so-called Courant number, X\, defined by

A= (2.13)

fixed. This means that we can always view our finite difference solutions as being characterized by
a single discretization scale, h.

Having defined our discrete domain (FD mesh, FD grid), we can introduce discrete functions,
or grid functions, which are defined on the mesh, and which are to approximate their continuum
counterparts. Here, and in subsequent chapters, we will denote grid function values—either indi-
vidually or as a whole—in a variety of ways. The first is to use a standard finite difference notation

whereby u;’, denotes a single grid function value with

In instances where the subscript notation for the spatial grid indices could become confusing, we
will use u™(i, 7, k) to label the same value. At times it will be convenient to refer to all of the grid
function values defined at a specific discrete time, t", and we will use u™ for that purpose. Finally,
and more abstractly, when referring to the grid function values as a whole (i.e. all values defined
on the spatio-temporal mesh), we will use the notation u”. Here the superscript emphasizes that
we are considering the discrete case with a finite difference mesh that is dependent on a single,
fundamental control parameter, namely the discretization scale, h.

The problems we wish to solve are generally expressed as systems of hyperbolic partial differ-
ential equations (PDEs). Let L represent a set of m differential operators acting on a vector, wu,
of m unknown dependent functions: u = (uq,..., %y ). Then any of our systems of interest can be
cast in the form

Lu—f=0. (2.15)

Here—and again specializing to the 3 + 1 case, each u; is a function of the independent variables,
that is, u; = u;(t,z,y,2) for ¢ = 1...m. Similarly f is a vector of m source functions, with

fi = fi(t,z,y,z). We note that a unique solution of (2.15) will require the specification of initial
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and boundary conditions: an appropriate treatment of these conditions is implicit in what follows.
For simplicity, we now restrict our discussion to the case when m =1 (a scalar equation), but we
emphasize that the development is equally applicable to the general case.

In the finite difference approach to the solution of (2.15) we replace
1. L by a finite difference approzimation, L" (also an operator),

2. v and f with grid functions u” and f" respectively.

These replacements then yield the following finite difference version of (2.15):

Lhu" — " =0. (2.16)

We observe that (2.16) will generally represent a system of algebraic equations—linear or nonlinear,
dependent on the nature of L" and the (suppressed) discrete boundary conditions—in the grid
function values, u”.

The difference between the finite difference solution «” and the continuum solution u defines

the solution error,

el =u—ul. (2.17)

We note that e is sometimes referred to as the “truncation error” (see e.g. [109]), but, as will be
discussed shortly, we reserve that nomenclature for a different quantity. The relation between h
and the solution error is a crucial aspect of any finite difference approximation. Fundamentally,
we want e’ — 0 as h — 0, a behaviour known as convergence of the finite difference scheme. The

following definitions of convergence are obviously equivalent:

lime" = 0,
h—0
limu" = w.
h—0

The order of accuracy of a FDA measures how quickly the solution error decreases as a function

of h. Specifically, the solution of a FDA shows convergence of order p if

. h _ p
}llli%e = O(h?), (2.18)

where p is an non-negative integer, and is then said to be p-th order accurate. In this thesis we
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have aimed to construct difference solutions that are second order accurate, i.e. with e? = O(h?).
In the numerical solution of finite difference equations resulting from the discretization of time
dependent PDEs, the computation generally proceeds discrete time step by discrete time step.

That is, we can write (2.16) in the schematic form
Qu" =Qp (unyu”_l,u"ﬂ, ce u"_r) , n=rr+1,... (2.19)

where @1 and Qg are operators (again, linear or nonlinear, depending on the nature of the PDEs

and the difference scheme). Given initial conditions
u'=ug, n=0...r, (2.20)

where the uj are specified quantities, (2.19) provides the means to successively determine the grid
function values at discrete times t" = t"+1 ¢7+2 . #Nt. Equation (2.19) tells us that the advanced
solution values, u"t!, depend on the most recently computed values, u”, and those at a further

r time-levels. However, it is also important to note that the operator (); may be such that the

n+1
ijk

individual advanced-time unknowns u are coupled in a nontrivial fashion. When this is the
case, we say that the scheme is implicit. On the other hand, if there is no such coupling, then
we may be able to write down explicit expressions for each ujyy, In terms of previously computed
values (i.e. values defined at earlier time steps), and the scheme itself is said to be explicit. We
note that the total number of time levels of data (i.e. 7 +2) that appears in (2.19) provides another
characterization of the finite difference method: in particular, an approximation which couples
a total of k time levels is often known as a k-level scheme. In Sec. 2.1.3 below we will briefly
consider two specific and illustrative discretizations of the 1D wave equation, one a three-level
explicit method, the other a two-level implicit scheme.

When implicit difference schemes are employed—which is the case for the systems studied
in this dissertation—it may be desirable (or essentially necessary in the nonlinear case) from a
computational standpoint to solve the algebraic equations defined by (2.16) or (2.19) using an

iterative process. That is, we introduce another grid function, @", which is to be initialized in some

fashion, and with @"* — »” in the limit of infinite iteration (assuming, of course, that the iteration
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converges).'? Associated with @” is another important quantity, the residual, v, defined by

rh = Lhat — (2.21)

and which thus quantifies by how much the current estimate of the discrete solution fails to satisfy
the difference equations. Clearly, the iterative procedure of determining u" can be equivalently
viewed as the process of driving the residual to 0.

A final basic notion that we will need is that of the truncation error associated with a finite
difference scheme. Given the FDA (2.16), and the continuum solution, u, of the PDE being

approximated, the truncation error is defined by

h = Lhy — 1. (2.22)

The difference scheme is said to be consistent, if and only if

Jim ™ =0, (2.23)

and consistency is a necessary condition for convergence. Paralleling the above discussion of the
solution error, e, we say that a finite difference scheme is p-th order accurate if

. ho_ p
%E%T O(hP), (2.24)

where p is again a non-negative integer. Finally, the Lax equivalence theorem [113]—originally
proven for linear difference equations, but expected to hold for the PDEs and difference schemes
studied in this thesis—states that given consistency, stability is a necessary and sufficient condition
for convergence. Although stability is a crucial issue in the solution of time dependent PDEs using
finite difference methods, we will not employ any rigorous definitions of the concept here. appeal to
the intuitive notion that a difference scheme for a time dependent problem is stable if the solutions

generated by the time iteration do not “blow up”, unless the continuum solutions themselves do. 3

12We note that we are abusing notation a bit here, in that @” should more properly be denoted @"t!, n =
ror+1,....
3However, for completeness we have included a standard definition of the stability of a numerical scheme in A.1
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2.1.1 Richardson Expansions and Convergence Tests

So far it is not possible to say anything about the solution error, e”, since it involves the continuum
solution, w, which is of course unknown. However, two important observations provide insight
about the functional form of the solution error. The first is that the form of the truncation error,
7l defined by (2.22) can always be inferred from the FDA and the differential equations (2.15)
(typically by means of a Taylor expansion) [111]. In particular, over a century ago Richardson [114]
noted that a completely centred (we will discuss the notion of centering below) O(h?) FDA defined

on a uniform mesh would have truncation error, 7", of the form

™ = nPry(t, ) + hira(t, ) + hOre(t, ) + ... (2.25)

Richardson then conjectured the second key point, which is that the solution error, ey, in this case
would be of the form

e = h2eqy(t, x) + hteq(t, ) + hOes(t,z) + ... (2.26)

where es, €4, €g, are continuum error functions, i.e. having no h-dependence.

Provided that such an expansion exists, we have a powerful method for investigating the con-
vergence properties of finite difference solutions. For example, assume that we have an FDA which
is O(h?) accurate (as is the case for the discretizations considered in this thesis). We then consider
performing computations using fixed initial data, but with uniform grids having resolutions h, 2h

and 4h respectively. We then have

u’ = wu+hPey+hles+ ... (2.27)
u? = u+ (2h)%es + (2h) ey + ... (2.28)
u' = w4 (4h)%es + (4h) ey + ... (2.29)

We now combine these solutions to define a convergence factor, Q" (), which we can use to measure
the rate at which the numerical solutions are approaching the continuum one. !4 Specifically, we

define

PP [t
Q"(t) = T2 =), (2.30)

4The Q" notation is standard in the numerical relativity literature. In this work it should not be confused with
the conserved Noether charge of the Q-ball solitons, Q.
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where || - [|2 is the I3 norm,
n hi271/2
Jutll = |Z=LE ] (231)
n
Here, our definition of || - || includes division by the number of grid points so that the norm is

relatively independent of the mesh resolution used.

Substituting the expansions (2.29) in (2.30), we easily see that the convergence factor as h — 0
should be

12h2

=_— " = 2.32
h—0 3h2 |lez| (2:32)

In practice, it is an easy task to compute Q" (modulo resource limitations when fine meshes
are used), and observing values that are close to what is expected provides confidence that the
numerical solutions are convergent. However, it is important to stress that this type of convergence
test does not establish that the numerical solutions are tending to the correct continuum solution.
It is for this reason that we consider the independent residual tests, described in Sec. 2.1.4, to be

so vital.

2.1.2 Construction of Finite Difference Approximations

There are various means to construct a finite difference approximation for a given differential sys-
tem. Arguably, the most straightforward approach uses Taylor series expansion. For the sake of
exposition, we first restrict attention to the one-dimensional case—extension to additional dimen-
sions is straightforward.

We thus consider a uniform mesh of grid points at locations x; where x; = x;_1 + h and h is
the mesh spacing. We again adopt the notation u; = u(z;) where u is the continuum function that
satisfies the differential equation to be solved approximately.

By Taylor series expansion we then have (for example)

1 1
wi—1 = u; —hDyu; + ihZDiut — ghgpiui + O(h4) (233)
1 1
i1 = Ui+ hDyu; + §h2D§ui + Eh?’Diui +O0(hY) (2.35)
where D,, D2, D3,... are the first-, second-, third-order, etc. derivative operators.

We can now take linear combinations of the above expressions (as well as expansions for
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Uiy2, Uj—2 etc.) to generate finite difference approximations for various derivatives. For exam-

ple, from (2.33) and (2.35) we have
Uiy1 — Ui_1 = 2hDyu; + O(h?) (2.36)

which yields the O(h?) FDA for the first derivative:

Dyu; = % +O(R?). (2.37)

This type of FDA is known as a centred approximation, since the grid locations of the function
values used in the approximation are symmetric with respect to x;. This approximation can be
used at all z;, except for the first and last mesh points. At these locations, and to maintain O(h?)

accuracy, so-called forward and backward formulae can be used:

i — Aui— i—
LO(R?),  Daus = 2 T T2y o2, (2.38)

—3u¢ + 4u7;+1 — Uj+2
Dz i —
“ 2h

We can also construct first order forward and backward approximations to the first derivative from

the Taylor expansions:

+O(h), Do = % +0(h) (2.39)

Approximations to higher differential-order operators can be constructed either using the Taylor
expansion approach we just illustrated, or by nesting formulae for lower differential-order operators.
For example, from the Taylor series expansions (2.33-2.35) we find the standard O(h?) centred
approximation of the second derivative:

D2y, — Mkl — 2u; + ui—1

2y, = - +O(h?). (2.40)

On the other hand, using the nesting approach—which is particularly useful for some multi-
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dimensional operators—we have

Puy _ 0 (Oui\ _ 1 |(0u _(Ou
dxdy Oz \ Oy ) 2h, |\ Oy i1, /)i 1

O%Uij  Uip1 41 — Wikl -1 — Wim1j+1 + Uim1j
J i+1,7+1 i+1,7—1 i—1,7+1 i—1,7—1 2 12
= +0 (hw,hy)

0xdy 4hghy

+ O(h2) (2.41)

2.1.3 Explicit and Implicit Schemes for the Wave Equation

We have already defined the notions of explicit and implicit FDAs for the case of time dependent
PDEs, but in an abstract manner (Sec. 2.1). Here we discuss specific examples of such schemes
which, for the implicit case, has the added benefit of introducing the time-discretization method
used throughout this thesis.

We thus consider the wave equation

Ot )t = Pun (2.42)

where, without loss of generality, we have set the propagation speed to unity. (Here and below
we will often used ¢ to denote a fundamental field, while = will be used for the time derivative of
that field, i.e. m = ¢;.) Using (2.40) to approximate both the temporal and spatial derivatives, and
again noting that we will always take At = Ah, where A is to be held fixed as h — 0, we have the
following O(h?) approximation of (2.42):

up = 2up by Tty — 2u) g
(\h)2 n2

(2.43)

The structure of the grid points that are involved in this approximation—the so-called stencil
of the FDA—is shown in Fig. 2.1. We note that the scheme is three-level and is fully-centred, both
in space and in time. The scheme (2.43) is explicit since we can explicitly solve for the advanced

1

n1 from the retarded values uf and u}™':

time unknowns, u,

ul T =20l — T N (uf - 2ul +uly) (2.44)

We now turn to an FDA for (2.42) which we call the Crank-Nicholson scheme since it uses the

same type of temporal discretization proposed by Crank and Nicholson in the 1940’s [115] in the
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Q n+i

i-I1 I i+1

Figure 2.1: Finite difference stencil for fully-centred O(h?) approximation of the wave equa-
tion (2.42).

context of the solution of diffusion equations.
We first rewrite (2.42) in first-order-in-time form by introducing the auxiliary variable 7 defined,
as noted above, by

= . (2.45)

Eqn. (2.42) can then be recast as the system:

¢ = m, (2.46)

Tt = Qux- (247)

As illustrated in Fig. 2.2, the Crank-Nicholson scheme involves two time levels. Like the approx-
imation (2.43) it is also fully centred in time, but in this instance the centering is at a “fictitious”
time, t"*1/2, indicated by the solid dot in the figure. The centred time discretization is based on

the observation that for any grid function u} we have

utt

J Jj o n+1/2 2
T = T oA, (2.48)

In order to complete the discretization of (2.46) we need an O(h?) approximation for 7T;-1+1/ ®. This
is achieved by simply averaging the values of 7} and ﬂ?“. Similarly, for the spatial derivative that
appears in (2.47), second order accuracy in time as well as in space is accomplished by averaging

the O(h?) approximation of ¢,, applied at each of the two time levels. The full Crank-Nicholson
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Figure 2.2: Finite difference stencil for O(h?) Crank-Nicholson approximation of the wave equation
(2.42) written in the first-order-in-time form (2.46-2.47).

scheme then reads:

ittt —gr @t 4ar (2.49)
\h o 2 ’ ’

7r;“rl — 771” . 1 ¢?:11 - 2¢?+1 + ¢?—+11 ?+1 — 2¢? + ‘ﬁ—l 2.50
A T2 h2 + h2 ' (2.50)

We observe that, as the term implicit implies, equations (2.49) and (2.50) have non-trivial cou-

n+1

plings among various of the advanced-time unknowns, ¢’

and 7T;L+1, and to advance the solution
from " to t"*! we must solve a system of equations—linear in this case—at least approximately.
As mentioned previously, we use the Crank-Nicholson approach to discretize all of the evolution

equations studied in this thesis.

2.1.4 Independent Residual Evaluation

As discussed above, we can use convergence tests to establish whether a sequence of finite difference
solutions computed with the same initial data, but using grids with different mesh spacings, is
converging to some continuum function in the limit o — 0. However, we also noted that these
tests by themselves do not guarantee that that function is the desired solution of the underlying
differential equations

Particularly for complex systems of PDEs it is very easy to make one or more mistakes—such
as coding a specific term incorrectly in the finite difference implementation—that will lead to
precisely the case of convergence to the wrong continuum solution. In order to detect such errors
and, ultimately, to provide very strong evidence for convergence to a correct solution, we use the

technique of independent residual evaluation [116, 117].
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The independent residual method involves the construction of a finite difference discretization
of the PDEs which is distinct from (independent of) the one used to generate the fundamental
discrete approximation, u”, of those PDEs. To illustrate the technique we again consider a general

set of PDEs written in the abstract form

Lu=0, (2.51)

with an associated finite difference approximation

Lh" =0. (2.52)

We note that, without loss of generality, we have suppressed the source functions used in (2.15)

and (2.16) in the above two equations. We now introduce a second discretization of (2.51)

it =o. (2.53)

k. Now,

The difference operator L" is distinct from L and consequently @” is different from u
in the independent residual approach we do not solve (2.53) for ", rather we apply the second
difference operator, L", to the discrete solution, u” (which we do compute from (2.52)) in order to

establish convergence.

To see how this works, we note that L" can be expanded as

L' =L+h*Es +... (2.54)

where we have assumed that L" is an O(h?) approximation of L. Here F is a differential operator
that, in general, will involve higher-order derivatives than those appearing in L, and whose form
can be deduced from the truncation error of the scheme. Assuming that L” is also a second-order

approximation, then we can further expect u" to have the expansion (see Sec. 2.1.1)

u =u+h%es + ... (2.55)

where €5 is a continuum function (no h-dependence). We now consider the action of L" on u"—this

defines the independent residual. Using the above two expansions, and assuming that L is linear
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(a similar argument works in the nonlinear case) we have

I"=10"" = (L+hEy+...) (u+h?:...)
= Lu+h?Ley +h*Eyu+ ... (2.56)
= h®(Ley+ Fou) + ... (2.57)

where I denotes the independent residual and in the last step we have used the original PDE
itself, Lu = 0. The key observation is that if u” is converging to the correct solution, then the
computed independent residual I" = L™u" will vanish as h — 0 (in this case, from (2.57), as an
O(h?) quantity). On the other hand, if u" was converging, but not to the exact solution, then we

would have an expansion of the form

uh = v+ h2fy+ ... (2.58)

where v would not satisfy Lv = 0. Indeed, since v would be some essentially arbitrary (smooth)
function, then the action of the differential operator on it would yield some other smooth function,

w, i.e. we would have Lu = w. The leading order terms corresponding to (2.57) would then be

w+ h? (Lfs + ev) (2.59)

so that as h — 0 we would find that the independent residual would be an O(1) quantity.
It should be clear from the above that it is extremely unlikely that the basic finite difference

h. could be tending to some fixed function other than u as h — 0, but with I’ still

solution, u
vanishing in that limit. Thus, if we find that this residual is going to 0 in the limit of infinitesimal
mesh spacing, we can be very confident that our finite difference values are converging to the desired
continuum solution.

It is important to note that LM is used strictly in an applicative fashion: again, we never solve
for the corresponding difference solution @". This means that we do not have to be concerned with
issues such as the stability, or computational complexity, in solving (2.53). Furthermore, L" need
not be the same order as L. If, for example, LM is first-order accurate, while L" is second order,

then I" = L"u" will also be O(h) but will still tend to 0 as h — 0 if and only if u” — u.

The major wrinkle in the use of independent residuals is that if we find that I does not vanish
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as h — 0, then we do not know if there is a problem with the original discretization (2.52) or
with the independent one (2.53). It is thus crucial that (2.53) be constructed and implemented
in as error-free a manner as possible. Use of symbolic manipulation can be very useful in this
context, since it enables the discretization process used to generate L" to be automated from a
high level specification of the PDEs. If the latter is not easily determined to be manifestly correct
by inspection, it is often possible—as is done in this thesis—to derive the PDEs using symbolic
techniques.

In terms of specifics of the construction of L”, we note that we can, for example, use backwards
or forwards difference approximations of derivatives should centred approximations be used for
L". Again the accuracy order of L" is not important: all we require is that it be a consistent

approximation to L.

2.2 Kreiss-Oliger Dissipation

There is another effect associated with finite difference discretization that has bearing on the
work described in this thesis. For illustrative purposes let us again consider the simple wave
equation (2.42). We can consider the decomposition of the solution, ¢(¢,x), into Fourier modes.
Because the PDE is non-dispersive, all modes propagate with the same speed. When one uses a
finite difference approximation—such as (2.43)—of the equation, one finds that this is not the case:
the discrete solution, ¢" = ¢;, has a non-trivial dispersion relation. In particular, the high frequency
components of the finite difference solution travel more slowly than the low frequency ones, and
for some schemes the highest frequency components do not propagate at all. Most importantly for
us, the high frequency components of ¢;—and the fact that they travel too slowly—can often lead
to instability (blow-ups) of the finite difference solution. This effect tends to be exacerbated for
nonlinear systems. Moreover, the use of adaptive mesh refinement of the type described in Sec. 2.4,
and used in this thesis, can magnify this problem.

Now, since the high frequency modes are not treated properly by the FDA, and since they can
be problematic, it can be argued that it is a good idea to modify the difference scheme so that
the highest frequency components are dissipated. This is a strategy that is commonly used in the
difference solution of hyperbolic PDEs.

The specific approach we use for incorporating dissipation is originally due to Kreiss and
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Oliger [118] (hereafter often abbreviated KO) and we will illustrate it here with a simple example
We first consider a difference operator, Do, whose action on an arbitrary difference solution,

u;, in one spatial dimension is given by

DKoui = T€6 (’U,i,Q — 4’LL7;,1 + 6’U,Z — 4’U,i+1 + qu) . (260)

Here € is an adjustable positive constant whose role will be discussed below. We now perform a
Fourier transform on u; = (x;), yielding a transformed solution, @(§), where £ = kAx = kh is the
dimensionless wave number with corresponding frequency k. Note that from Nyquist’s theorem we
have that the highest frequency that can be represented on the mesh is . = 7. A straightforward

calculation shows that the transform, Dko, of Dko has the following action on u(€):
Dicoi(€) = esin ($)a(e). (2.61)

We thus see that Do acts as a high-pass filter. For high frequency components, where £ — ,
Dkoii(€) — w(€), while for low frequencies, where & — 0 we have Dgoi(€) — 0.

Consider now the simple evolution equation (sometimes known as the advection equation)
Uy = AUy , (2.62)

where the constant a is the single characteristic speed. We discretize (2.62) using the centred O(h?)

explicit scheme

n+1 n—1 n n

i Y Uipg — Uig

i i ) 2.63
2Ah o (263)

u

+1

Here, as usual, A = At/Axz = At/h. Solving for the most-advanced-time unknowns, u; " ", we have

7

=l e (ulfy —uly) (2.64)

Now, to add KO dissipation to this scheme we apply Dko to the most retarded values, u?fl, and

then subtract the result from the right hand side of (2.64). This yields

u?“ = u;“l + aX (ul—ﬂrl - u?fl) - — (u’.’:zl - 4u?:11 + 61&?71 - 4u?_;11 + u?_:;) , (2.65)
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The subtraction effectively converts the operation of Dko to a low-pass filter on the solution, which
is precisely what we want for effective dissipation of high-frequency components.

We note that the addition of KO dissipation does not change the order of accuracy of the
difference scheme. To see this, we observe that when written in the form (2.64), where we have
multiplied the fundamental form (2.63) by At = Ah, the per-step truncation error is now O(h?).

At the same time we have

and

DKOU? = h4(uchx)? + O(hs) = O(h4)a (266)

so (2.65) is an O(h?) approximation of (2.62) as well.

The application of Dko to the most-retarded time values in (2.65) is motivated from consid-
erations of stability. Depending on the specifics of the difference scheme, it may be possible to
effectively apply the operator to other time levels (including more than one level). Additionally,
for Crank-Nicholson schemes Dk can often be applied as a filter on the u?“ values, once they
have been updated from the basic form of the difference equations. This is the approach we have
generally used in this thesis.

Finally, the value of the parameter € is typically restricted to the range 0 < e < 1, with
increasing values of € corresponding to more dissipation. For sufficiently large values of € one can

expect the overall scheme to become unstable.

2.3 Newton-Gauss-Seidel Relaxation

As discussed in Sec. 2.1.3, Crank-Nicholson differencing requires the solution of systems of equations
to determine advanced time values. If the finite difference mesh has n, points, and there are ng
grid functions per point, then there are a total of N = nyny unknowns to be determined at each
time step. Clearly, the FDA—including differencing of both the interior equations (the PDEs
themselves) as well as any boundary conditions—should yield N equations. If the equations of
motion are nonlinear, as is the case for the models studied here, then we have the additional

complication that the system of algebraic equations to be solved is also nonlinear.
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In this thesis, we use the simple but effective technique of one-step point-wise Newton-Gauss-
Seidel (NGS) relaxation to solve these nonlinear systems. It is best to first consider the case
when ny = 1, so that there is a single grid function. We denote the collection of N advanced
time-unknowns by

Uy, I=1,2,...N. (2.67)

It is then convenient to arrange the Uy into a length-N vector, U
U=[U,Us,...,Un] . (2.68)
The equations that need to be solved at each time step can then be written in the form
F U] = [F1(U1,Us,...,UNn), Fo(U1,Us, ..., UN),... FN(U1,Us,...,UN)]| =0 (2.69)

The NGS algorithm proceeds as follows. We first note that the procedure is iterative. We start
with some initial estimate U© for the advanced-time solution—typically using the values from the

previous time step—and then generate a sequence of approximations
U 5 u® 5 u® - S um gty (2.70)

until some convergence criteria is achieved. Each relaxation sweep that takes U™ to U(m+1)
involves a pass through all of the points in the finite difference mesh. In the current case, since
ny = 1, those points can also be labelled by the index I in (2.67), and we will assume that we
visit the points in the order I =1,2,..., N. We now view the I-th component of (2.69) as a single

nonlinear equation with unknown UI(mH) whose value we wish to update. We thus have
m+1 m—+1 m—+1 m—+1 m m
FrU™Y ot o o ot oY) =0, (2.71)

or simply

F U™y =o. (2.72)

In going from (2.71) to (2.72) we observe that we are considering all of the unknowns other than

Um+D) to be “frozen” as we perform the update. Furthermore the frozen values will correspond
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to the current iteration (m + 1) for unknowns with indices J, such that J < I and iteration (m)
otherwise. (This use of “most recently updated” values is what we mean by Gauss-Seidel iteration.)
As the nomenclature suggests, the actual update is now accomplished using the familiar Newton

technique. Specifically we have

UI( +1):U1( )—5U1=U} ) E(U) ), (2.73)
J11
where the “diagonal Jacobian element”, J;s, is 1°
OF
Jir= — . 2.74
= 0ur |, _yom (2.74)

Once we have updated U; via (2.73), we move on to the next unknown Uriq, i.e. we do not
perform additional Newton steps on the scalar equation (2.73) The restriction of the update to a
single Newton step for a single unknown at a single point is what is meant by ”one-step point-wise”.
The NGS method was originally used for the solution of FDAs of elliptic systems, where the
convergence of the method—which gets worse as h — 0—is so slow as to render it useless. This is
not the case for FDAs of hyperbolic PDEs, where acceptable convergence can usually be achieved
in just a few complete sweeps (arguably as few as 2, see [119]), and with the number of sweeps
needed independent of h. In the work described subsequently we have typically used 2-5 sweeps.
For the case of multiple grid functions, i.e. when ny > 1, there are two natural ways of extending
the scheme. The first is to update each of the grid function values at each grid point separately,
with all other values frozen. This means that the Newton step continues to be applied to scalar
equations. The second method is to update the n, function values at each point simultaneously
(this is sometimes known as collective relaxation). A Newton step for a system of ng equations is
then needed, which in turn requires the evaluation of the ng x n, Jacobian matrix of that system.
As discussed in more detail in the subsequent two chapters, this is the approach that we have

adopted in our calculations.
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Figure 2.3: A typical grid hierarchy with Ly = 3. Child grids are contained inside parent grids,
and their boundaries are parallel to each other.

2.4 Adaptive Mesh Refinement

The dynamics of nonlinear field theories often span a wide range of time and space scales. Phe-
nomena in some regions of the computational domain may need a fine grid to be resolved properly,
while a coarser spacing may be enough in other areas. Use of a single uniform grid with a meshing
sufficiently small to accurately treat the smallest-scale features can then be very inefficient and,
particularly for calculations in multiple space dimensions, may in fact be computationally pro-
hibitive. One solution to this problem, which is used in many areas of computational science, is
to adopt a single non-uniform grid which is constructed to provide an appropriate (local) mesh
spacing throughout the domain. However, for problems such as those considered in this thesis, the
regions needing higher (or lower) resolution are not known a priori and will generically evolve in
tandem with the solution itself.

This last consideration (and others) has prompted the development of methods that are col-
lectively known as adaptive mesh refinement (AMR) techniques. In this work we use a specific
AMR methodology due to Berger and Oliger [109] that was designed for the solution of hyperbolic

systems, and which has now been coded in one form or another by many researchers and research

15The full Jacobian is associated with the system (2.69) and has elements J, = 0Fk /OU,.
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groups.

In particular, Pretorius has implemented a version of the Berger and Oliger algorithm in the
form of two C libraries called AMRD (for Adaptive Mesh Refinement Driver) and PAMR (for
Parallel Adaptive Mesh Refinement) [120, 121, 107, 108]. These libraries are designed so that a
user can incorporate AMR into his/her finite difference calculations in a straightforward fashion,
without having to be concerned with most of the details of the AMR algorithm per se. Importantly,
the libraries produce code that can be run on massively parallel architectures and, again, the user
is freed from the non-trivial task of code parallelization.

We will not discuss the Berger and Oliger algorithm, nor Pretorius’ implementation of it, in
full detail here. Rather, we will provide a summary of the approach and refer the interested reader
to [120, 109, 121, 107, 108] and references therein for more information. We also note that our
synopsis closely follows the presentation of [120, 121, 107, 108].

Key features of the Berger and Oliger algorithm include the following;

1. The capability for a (finest) mesh spacing that varies from place to place in the solution
domain is achieved through the use of a hierarchy of uniform grids. The hierarchy consists of
a pre-specified number, Ly, of levels of discretization, labelled by L, so that L =1,2,..., Ly.
Each level is characterized by a constant mesh spacing, hy,, which satisfies hy, = hy_1/2. 16
(See Fig. 2.4 for an example with Ly = 3.) L =1 defines the coarsest level of discretization,
and at this level there is a single uniform grid (called the base grid) that covers the entire
domain. At subsequent levels L = 2,...Ly there may be multiple grids, each of which has
boundaries which are aligned with those of the base grid (i.e. non-rotated with respect to
the underlying coordinate system). Each grid at level L = 2 or higher must be properly
contained within a single level L — 1 grid. The latter is known as the parent of the former

and, conversely, the former is a child of the latter.

2. There are distinct time steps, Aty, associated with each level, which also satisfy Aty =

Atr_1/2: i.e. refinement is performed in time as well as in space.

3. Evolution of the finite difference solution from one time step to the next is done recursively

by level. First, we assume that the solution on all grid levels is defined at the same discrete

16By this condition we say that the hierarchy has a “refinement factor of 2”. In the original Berger and Oliger
work other integer-valued refinement factors were allowed, but Pretorius’ implementation makes the restriction to
2.
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time. To initiate the stepping cycle, the coarse grid solution (L = 1) is first advanced, using
the same discrete equations that would be used in a unigrid (i.e. non-adaptive) computation.
Then a step on all level L = 2 grids is performed, again using the fundamental discretized
equations of motion, except that for those boundaries that do not coincide with physical
boundaries, boundary values are computed via interpolation in the parental grid (the desire
to perform interpolation rather than extrapolation motivates taking the coarse grid step first).
If there are any L = 3 grids the L = 2 process is repeated, otherwise an additional L = 2 step
is taken, which brings L = 2 into time-synchronization with L = 1. An overall time-cycle is
then complete and a new one can begin. It is also important to note that whenever level L —1
has been integrated to the same time as level L, level L grid function values are overwritten

by child values defined at the same spatial locations.

The process sketched here is easily and naturally extended in recursive fashion for arbitrary

Ly and is described in full detail in the references given above.

. The composition of the hierarchy—i.e. how many levels of discretization are required and
where the various grids should be located—is determined dynamically using local truncation
error (TRE) estimates as will be described subsequently. These estimates are periodically
generated on all levels except L = Ly, and then regions requiring refinement are identified,
clustered into grids, and a new hierarchy is constructed. For any refined level, L =2,..., Ly,
the initialization of grid function values in the new structure will generally involve a combi-
nation of copying old values from the same level, and interpolation of level L — 1 values. We
note that this process will also automatically derefine regions where resolution requirements

become less stringent.

Truncation error estimates are computed with a procedure completely analogous to that used

in adaptive-step-size ODE integrators. For the purpose of illustration, let L" be a second order

two-level difference operator and u(t,z) the continuum solution of the corresponding differential

system. Then the local (one-step) truncation error, 7, is defined by

u(t + M, z) — L"u(t,z) = 7 + O(h?) (2.75)

where h is the spatial grid spacing and we have again assumed that the temporal spacing satisfies
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At = \h with A constant as h — 0. If we evolve another time step we have

u(t + 20h, ) — [L"2u(t, z) = 27 + O(h?) (2.76)

We now consider a 2:1 coarsening of the finite difference grid, and use the corresponding difference

operator, L?", defined on that grid, to advance the solution. We find

u(t + 2\h, z) — L2 u(t, z) = 22T 4+ O(h®) = 87 + O(h®) (2.77)

Subtracting (2.77) from (2.76) and manipulating, we obtain the following estimate for 7

Pt ) - L*tu(t,z)) (2.78)

Provided that we can Richardson-expand the finite difference approximation, u", as

ul(t,z) = u(t,z) + h2ex(t,z) + ... (2.79)

(see Sec. 2.1.1), then it easy to argue that, to the same order of approximation, we can replace
u(t,z) with v in (2.78). Pretorius’ implementation uses a minor modification of this procedure
which is especially straightforward to code within the context of the overall Berger and Oliger
algorithm. His approach does, however, require that the entire domain be covered by a single
L = 2 grid (in addition to the base L =1 grid) whenever L; > 2.

The overall placement of grids is controlled by a single parameter, the truncation error threshold,
Tmax, Which is user-adjustable. Regions where the estimated 7 exceeds Tmax Will be covered with
finer grids, whereas areas where 7 is below the threshold will experience derefinement. For cases
such as ours where there are multiple grid functions, the overall truncation error estimate is some
function, such as the £ norm, of the individual estimates.

In addition to Tyax and Ly, there are a number of additional parameters which control an AMR

calculation. Among these are

1. Nyegrid, which specifies the frequency of regridding,

2. Wpufter, Which gives the number of grid points along any and all coordinate directions that a

region flagged as having high truncation error is extended prior to the recomposition of the
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grid hierarchy.

We will discuss the significance of these parameters in more detail in Sec. 3.6, which describes
some specific AMR computations.

We again note that the AMRD/PAMR infrastructure provides for parallel execution and we
have used this facility extensively in the calculations described below (we typically run on 64-128
cores). Since we used this feature strictly in a black-box capacity we will not discuss it here: details
are provided in [107, 108].

The use of Berger and Oliger AMR is not without cost. There is some computational overhead
associated with the (re-)construction of the grid hierarchy, as well as with the various inter-level
operations. More seriously, the finite difference solutions tend to systematically develop unphysical
high frequency components at those locations where grid function values are interpolated in parental
meshes [121]. The use of dissipation can help in this regard, but treatment of this problem remains
an active research topic.

If we assume the execution time on any mesh to be proportional to the number of grid points
it contains, then the expected speedup of an AMR run can be estimated by comparing the total
number of points on all levels L = 1...L; of our hierarchy with the number of points for a uniform
grid with resolution at level L. Clearly, significant speedup is only achieved when the filling factors
of fine grids shrink sufficiently rapidly that the finest-level grids do not occupy a large part of the

computational domain.
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CHAPTER 3

RELATIVISTIC SCATTERING OF @Q-BALLS IN

2+ 1 DIMENSIONS

3.1 Introduction

In this chapter we describe our implementation of a code to perform numerical experiments of the
scattering of @-ball solutions in 2 4+ 1 dimensions. The objective is to use the relatively simple
model of a complex scalar field with a quartic potential to develop an infrastructure to study
highly boosted matter collisions in more complicated theories. In particular, the latter include the
Skyrme models which are discussed in the next two chapters. Following an introduction to Q-balls,
Sec. 3.3 presents a derivation of the dynamical equations of motion for a complex scalar field, as
well as the specific implementation of the numerical methods—described in the previous chapter—
that we use to approximately solve them. We then discuss the generation of suitable initial data
for stationary and boosted @Q-balls (Sec. 3.3.4 and 3.3.3). Code validation strategies—including
convergence testing, consistency checks and monitoring of conserved quantities—are developed in
Sec. 3.4. Secs. 3.5-3.7 detail the results of our investigations of head-on @-ball collisions, and
interactions between @-balls and potential obstructions. Finally, Sec. 3.8 concludes the chapter

with a summary of our experiences.

3.2 Planar )-balls

Let us begin by considering the general features of Q-balls in 2 spatial dimensions, following [78,

79, 80, 18]. The model is described by the U(1) invariant Lagrangian density

£ = 006" — U(o]). (3.1)
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The complex scalar field possesses a conserved Noether current, a consequence of the symmetry

under the transformation ¢ — ¢e’®,
T = (606~ 90"), (32)
with a corresponding conserved charge, @, for any configuration of ¢ given by
Q= /d%; JY = %/d% (¢*0p — ¢ ¢%). (3.3)
The energy, E, (which is also conserved) is defined by
B [ |J108 + 5IVoP + Ul (3.4

where we have adopted the notation <;5 = 0;¢ for time differentiation. As discussed in more
detail in B.2, one can argue for the existence of (J-ball solutions—i.e. stable, stationary, localized
“solitons” —through energetic arguments in which the energy is minimized subject to a constraint
derived from the expression (3.3) for the conserved charge, ). The constraint is incorporated in the
Lagrangian using a Lagrange multiplier, and the energy minimization is performed at fixed charge.
Heuristically, if the energetic balance favours the creation of a @-ball instead of a more-or-less
freely propagating configuration (in other words, if E < m(@, where m is the mass parameter for
the field), then we expect the resulting soliton to be stable.

When @Q-balls are considered in the context of particle physics (i.e. in quantum field theory),
the particulars of the potential are often dictated by renormalization considerations [69]. Since we
are only considering classical dynamics, and since we are not attempting to perform a study of
Q@-balls that is comprehensive in any way, we adopt a specific potential form for which @Q-balls are

known to exist [18, 78, 81]. Specifically, we take

1 1 1

U(¢*) = sm?|6* — Salgl® + 2 Blgl*, (3.5)
2 3 4

where m, a and 3 are positive real-valued parameters. Without loss of generality we can perform

the rescalings ¢ — ¢/« and x — maz. Doing this, and then substituting (3.5) in (3.1), we have
1 1 1 1
= —0,0"0"¢ — =|9|> + = A|o|*> — =B|o|*. .
£ = 50,6"0"6 — S|6f* + AWl - Bldl (36)
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The (rescaled) values, A and B, can now be viewed as dimensionless control parameters for the
theory. In particular, the specific values of A and B that are chosen can ultimately determine if
Q@-ball solutions exist or not, and will also have an impact on the overall dynamical behaviour of the
model. Again, since our principal goal here is to gain experience with nonlinear theories admitting
solitons, we have made no attempt to make any survey of the phenomenology as a function of A
and/or B. Rather, for our numerical experimentation, and following [18], we will set A = 1 and
B = 0.5. The reader should also note that in the formal development that follows, we will tend to
drop explicit mention of A (since it has been set to unity), but will not do so for B.

With A = 1, the equation of motion obtained by varying the Lagrangian density (3.6) (see B.1)

is

-V +0¢— |86+ Blol*¢ =0, (3.7)

where we again emphasize that an overdot denotes differentiation with respect to time.

Derrick’s theorem (Sec. D.1 and [122]) provides some insight into necessary conditions that a
field theory must satisfy in order for it to admit stable, time-independent solutions: in general
these conditions depend on both the spatial dimensionality, D, of the theory, and the specific field
content. For the current case, where D = 2, and the matter is a single complex scalar field with
a polynomial potential, the theorem implies that there can be no stable, static solutions. On the
other hand, the theorem does not exclude stationary configurations, i.e. solutions with “internal”
dynamics, but where, for example, the energy distribution is static. Motivated by this observation,

and by fact that ¢ is complex, we seek circularly-symmetric stationary solutions of the form
d)(ra t) = J(T) et ’ (38)

where r = /22 4+ y? and o(r), which is real and strictly positive, will be referred to as the profile

function. The conserved charge then becomes

Q = 2mw /+OO rdr O'(T)2 . (3.9)
0
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Substitution of (3.8) into the equation of motion (3.7) yields
V2o (r) + (w? = 1)o(r) + Ao?(r) — Ba®*(r) =0, (3.10)

or
d*o(r) ldo(r)
dr? r dr

+o(r)(w? —1) + Ao?(r) — Bo®(r) = 0. (3.11)

(3.11) is to be viewed as an eigenvalue problem. For any given central value, oy = ¢(0), of the
profile function, a solution satisfying the appropriate boundary conditions—specified below—will
only exist for specific values of w = w(oy).

As with other eigenvalue problems of this type we in fact expect a countable infinity of solutions
that it this case can be labelled conveniently by the number of times that the profile function crosses
the 0 = 0 axis. In our studies we will restrict attention to the case where there are no such crossings,

or what one might view as “ground state” profile functions.

3.2.1 Solution of the ()-ball ODE

We first introduce an auxiliary variable, u(r) = do/dr, and recast (3.11) in the form:

“w

dar

du 1 2 2 3

o= U o(r)(w® —1) — Ac*(r) + Bo>(r). (3.12)

As just discussed, (3.12) is to be viewed as a boundary-eigenvalue problem. The boundary condi-

tions are
do

2. (0 =u(0) =0, (3.13)

which is required for regularity at the origin, and

lim o(r) =0, (3.14)

T™—00

which is needed for the total energy of the Q-ball to be finite.!” Solution of the ODE system (3.12),

subject to the boundary conditions (3.13) and (3.14), is achieved by treating the system as an initial

"More properly, we need to demand that o(r) decays sufficiently rapidly as » — oo to maintain finite energy.
However, the configurations that are found with the simple condition lim, ..o o(r) = 0 satisfy this requirement.
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Figure 3.1: This figure displays a typical @Q-ball radial profile function, o(r) (left), and the asso-
ciated bare and effective potentials, U(c?) and U, (c?), (right), respectively. (See App. B.2) for a
discussion of the effective potential interpretation of @-ball solutions.) As discussed in the text,
o(r) is computed using a shooting technique. Here, with o9 = 1.375, A =1 and B = 0.5, we find
w ~ 0.7739293. We note that the plots are actually comprised of subsets of discrete collections of
points, 7, p = 1,..., N, where N is of the order of 1300, 7y = 0 and 7y = Tmax ~ 300 (i.e. only
a small portion of the radial integration domain is shown here). The LSODA error tolerance is of
the order of 1.0 x 10~? which guarantees that the error in the profile function o(r) is much smaller
than the error of the evolved finite difference solutions that we subsequently generate. Note the
rapid falloff of o(r) once r 2 15. This is typical of @-ball configurations for this potential and
justifies the view of @-balls as “solitonic” (particle-like) entities.

value problem, and using shooting. Specifically, the initial values are o(0) = o and u(0) = 0. Then,
for given og, w is iteratively adjusted until (3.14) is satisfied. Also implicit in this process is the
requirement that o(r) have no zero-crossings. We also note that to compute the central value of
du/dr, we apply L’Hopital’s rule to the first term of (3.12) which yields

Ao du

200 =20 = 5 (w ~ Voo — of + Bo) (315)

Our shooting technique is a standard one [123, 124]. For any given oy, successive estimates,
@, of the desired eigenvalue w = w(op) are generated, based on the observation that depending
on whether @ < w or © > w, the behaviour of o(r) as we integrate to large r will tend to be
distinct. On one hand, we find that o diverges to oo, while on the other ¢ becomes oscillatory.
Starting from an initial bracket [w_,w], such that w_ < w < wy—and which is generally easy to
locate through experimentation—we can then use a bisection search [124] to successively narrow

the bracket until the eigenvalue w =~ © has been computed to some specified tolerance. Depending
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(o) w
0.05 || 0.9896261
0.2 0.9593800
0.5 0.9033547
1.0 0.8250378
1.3 0.7858791
1.35 || 0.7785407
1.375 || 0.7739293

Table 3.1: This table lists selected central values, og, of the @-ball profile function, along with the
associated eigenvalues, w(og), computed using the shooting method described in the text.

on the values of the parameters 0y, A and B, and the desired maximum radius of integration ry.x,
it may not always be possible to determine @ (even by iterating to machine precision) which satisfies
lim,_,,_. o(r) = 0. In such cases it is straightforward to truncate o(r) at some relatively large
distance, and then fit to an exponentially decreasing tail function. The integration of the ODEs
is performed by the LSODA routine, one of several robust solvers contained in the ODEPACK
package [125] of Fortran-callable procedures.

Table 3.1 enumerates a number of (og,w) pairs that were computed using our shooting algo-
rithm, and a typical profile function o(r) (along with the potential V(|¢|)) is shown in Fig. 3.1. To
summarize, for a specific potential (which in our case is fixed by the specification of the constants
A and B), we can compute an entire family of (ground state) @-balls, which are characterized

(labelled) by g, and which have corresponding eigenfrequencies, w = w(oyp).

3.3 Equations of Motion

We now return to the time-dependent equation of motion (3.7),

¢— V0 +¢— |86+ BloI*¢ =0, (3.16)

where an overdot again denotes differentiation with respect to time. For the purposes of our
numerical treatment of the model, it is convenient to express ¢ in terms of its real and imaginary
components, ¢1 and ¢s, respectively, each of which is to be viewed as an independent real-valued

dynamical field. Thus, restricting attention to the 2 + 1 case, and adopting the usual Cartesian
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coordinates (t,x, y) we set
¢(t,$,y) = ¢1(t,x,y) +Z¢2(t,{177y) ) (317)
with the modulus, ||, of the field given by

8] = /81 + 3. (3.18)

With the above definitions, we can take the real and imaginary parts of (3.16) to derive the evolution

equations for ¢; and ¢s:

o1 — V201 + ¢1 — |9]é1 + Blo[* ¢

Il
o

(3.19)

b2 — V22 + o — 0|2 + Blo|*¢o

Il
o

(3.20)

We intend to use a two time-level Crank-Nicholson scheme for the finite difference treatment of the
above equations. In order to eliminate the second order time derivatives (which would require a

minimum of three discrete time levels) we introduce auxiliary fields m and 72, defined by

Oa

mo(t, x,y) = B a=1,2. (3.21)

Using these definitions, the equation of motion for the scalar field can be written as the following

system of 4 first-order-in-time evolution equations:

b0 _ e,

ot ! ot~ 7

omy P 0y 2,
omy Py 029 2,
W - o2 - 8y2 +¢2_ |¢|¢2+B|¢‘ (b? =0.

These equations must be supplemented with appropriate boundary values and initial conditions.

The former are discussed in App. E, the latter in Sec. 3.3.3 below.
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o,
¢ —

¢n+1_ n

Cbt At

n+1 n 1 n+1 n n
¢ l ¢7,J,1‘r1 ]_2¢ + ¢’L +1 ,J + ’LJrl g ¢i,j+¢i71,j
T | 2 AIEZ Ax?

Table 3.2: Crank-Nicholson (CN) two-(space) dimensional finite difference stencils used to convert
the differential equations to difference equations for any of the four dynamical variables ¢, or 7,
a = 1,2. Here we use the notation ¢}, = ¢7'; = = ¢(t", x;,y;). We remind the reader that we use
(component) finite difference grids that are characterlzed by a single discretization scale, h, so that
Ax = Ay = h, and At = A\h, where )\ is the Courant number. Each of the above expressions is a
second order (O(h?)) approximation to its continuum counterpart, and is centred at (¢"*+1/2, x;, Yji)-

3.3.1 Finite Difference Approach

We proceed to discretize the equations of motion (3.23) using a second order, Crank-Nicholson
finite difference scheme. As described in the previous chapter, we use finite difference grids which
are characterized by a single discrete scale, h, so that Ax = Ay = h, and At = \h, where A is the
Courant number.'®

Using the finite difference stencils summarized in Table 3.2 and adopting the notation ¢™ (i, j) =
(", z;,y;) for grid functions, we can express the difference approximations of (3.23) in residual

form. For the ¢ fields we have

res/ - - _ 7L+1 , +7-r , ’;L+1 -7- _an .7,
0=, 5) = (11)2 "(6g) (i ]A)t 9L (0d)
ﬂ,n+1 ’L',' o i,' n+1 ni;
res(Z ]) = T2 ( J?* 3 (4,9) o (4,3 A)t by (4,9) , (323)

18 As discussed in Chap.2, when we use adaptive mesh refinement (AMR) each of the component grids in the
grid hierarchy satisfies these conditions for some hp, where L labels the level of the grid in the hierarchy and
hr =hp_1/2.
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and for the 7 fields,

o w6, 5) —n (3,5
W{eb(l,j) ="M (jA)t (4,9)
B 1T i+ 1,5) — 20771 (6, 5) + o771 (i — 1,5)
2| Az?
- L[g7(i+1,4) = 2076, 4) + o4 (i — 1,4)
2| Ax?
~ IG5 +1) = 20711 (6, 5) + o771 (6,5 — 1)
2| Ay?
- 197 (i, +1) — 207 (i, ) + o7 (g — 1)
2| Ay?
. gt () = (4,5
71'568(1,]) =T ( ]A)t (4,9)
B 15 i+ 1,7) — 2057 (6, j) + @57 (i — 1,5)
2| Ag?
2| Ax?
B 1157 (g +1) = 26571 (6, ) + 057" (1,5 — 1)
2| Ay?
2| Ay?

We emphasize that the process of computing a solution to the discrete equations is equivalent to
driving all of the residual quantities defined above to 0. We also note that each of the above finite
difference equations is naturally associated with the grid point (z;,y;).

As also discussed in Chap. 2, we solve the discrete equations using a point-wise Newton-Gauss-
Seidel scheme. This means that we sweep through the mesh, visiting each grid point (z;, y,) = (4, j)
in turn, and updating the four grid function values associated with that point by taking a single
Newton step applied to the 4 nonlinear equations defined by (3.23-3.25). We observe that the
difference equations couple values defined at (i,j) to the nearest neighbours (i + 1, 5), (i — 1,7),

(i,7 4+ 1) and (i, — 1). The Gauss-Seidel nomenclature refers to the fact that in our point-wise
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updates we always use the most recently computed (updated) values of those neighbour values in
the Newton step. This process is schematically illustrated in Fig. 3.3. Black points have already
been updated, while white points still hold “old” values for the grid functions. The points at the
physical boundaries (red) are updated according to the boundary condition selected (see App. E).

The Newton step to simultaneously (collectively) update the 4 unknowns defined at (4, j) re-

quires the construction of the 4 x 4 Jacobian matrix. The elements of this matrix are defined

by
= 8558 2 = 8;(2:5 J13 = aaqus S = 8573:3
= 8;;5?5 Joz = 655:8 Jas = aa(bfjs Ju = aafj (3.26)
s
=G G =G a-GE

where we have suppressed the (i, j) indexing, noting that all quantities in the above are evaluated

at the point (7,7). We then solve the linear system

Ju Jiz Jiz Jua 517, 7) 1°(4, )
Jor Joa Jaz Jos d2(i, 5) _ 5(i,4) (3.27)
Js1 Jza J3z Jsa omi(4,7) 1% (4, 7)
Ju Jao Jaz Jaa dma(i,7) 75 (4, 7)

using the direct solver DGESV from the LAPACK package [126] to obtain the corrections d¢ and dm

. Using the corrections, the unknowns are updated via

$1(4,7) $1(4,7) d¢1(i, 5)
b2(i,7) _ P2(i,7) 3 62 (i, j) (3.28)
m1(i, ) m1(4, ) 6m1(4, j)
(i, J) m2(4, J) 6m2(4, j)

When our code that implements this solution process is run in parallel, each processor updates
its designated portion of the finite difference grid (or grids when adaptive mesh refinement is also

used), and then a global I3 norm (see 2.31) of the residuals through the entire computational domain
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is calculated. If this norm is larger than the specified convergence criteria, another Newton-Gauss-
Seidel sweep is performed. Once convergence is achieved we advance the discrete time from t™ to

t"*+1. A pseudo-code version of the full time-stepping algorithm is given in Figure 3.2.

3.3.2 Implementation Strategy

As a first step, a prototype serial unigrid (i.e. non-parallel, non-adaptive) code was developed using
RNPL (Rapid Numerical Prototyping Language [127]). Since the continuum and finite difference
equations are relatively simple, RNPL can handle the full generation of residual-evaluating and
update routines routines automatically, and thus a minimum of coding is required.'® This prototype
runs as a single computer process (again, with no parallelization) and it established the feasibility
of the approach.

Our parallel, adaptive production code still uses RNPL, but the core driver is written using
the AMRD (Adaptive Mesh Refinement Driver) / PAMR (Parallel Adaptive Mesh Refinement)
infrastructure [120, 107, 108] that was mentioned briefly in Chap. 2. These packages constitute a
set of routines layered on top of the Message Passing Interface (MPI) library, which itself provides
low-level parallel functionality. AMRD/PAMR is designed so that a user is shielded from most
of the details of both the parallelization and adaptive-mesh capabilities of a finite difference code.
The key user input comes in the form of various hook functions which perform operations such
as evaluating the finite difference residuals or effecting an update sweep to (ultimately) advance
the solution from one discrete time to the next. Our main driver (written in C) uses the supplied
AMRD/PAMR routines, but also incorporates a few specific MPI calls for miscellaneous tasks, such
as gathering contributions to conserved quantities from each parallel sub-domain (each processor).

We also note that we developed our own software infrastructure that was designed to tackle
more complicated problems than the relatively simple equations governing a complex scalar field
in 2 4+ 1 dimensions. For example, the continuum equations of motion are derived using a Maple
[128] script, as well as a Maple-based tensor-manipulation package, TensorV6 [129]. Maple is also
used to replace the continuum derivatives with finite difference expressions, as well as to generate
the corresponding residuals and Jacobian matrix. These last quantities are converted to Fortran 77
using the codegen and CodeGeneration Maple functions. The initialization routines are generated

using RNPL, while the evolution routines are typically written directly in Fortran 77.

191t should be noted, however, that RNPL does not implement collective relaxation—rather single Newton-step
-Gauss-Seidel updates are applied pointwise, and to each individual (scalar) equation at every point in turn.
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1: for t" = At,2At,... do
2 for i =1to Nz do
3: for j=1to Ny do
4 Set initial estimate for the solution vector qbl(,o) = [¢go), éo)’ 77%0), ﬂéo)]T
5 Calculate the 4 x 4 Jacobian matrix Jgap and the residual vector B, at
this point using nearest neighbour values (some new, some old)
6: Solve Jap 6p¢p = By for the update dpp = [56\", 563", 57”5757
using DGESV and obtain a new estimate ¢, = ¢l(70) — 0p
7 end for
8:  end for
9:  Calculate the l3 norm of the residuals using the new guess ¢p*" (This is a
global norm for all subdomains used by the parallel infrastructure)
10:  if Iy norm of the residuals < tolerance then
11: Convergence achieved
12: Goto 17
13:  else
14 d)}()O) Zlew
15: Goto 2
16:  end if
17: end for

Figure 3.2: Time stepping algorithm for @)-ball evolution

i—

.]l [ ] ] [ ] [ ] o [ ] [ ]

[ ] Q Q O Q Q ]

Figure 3.3: Gauss-Seidel update of the two dimensional finite difference mesh. The update proceeds
from left to right and top to bottom. Grid function values are coupled to their nearest neighbours,
which include points already updated during the sweep (black) and points with old values (white).
The points at the physical boundaries (red) are updated according to the boundary condition
selected (see App. E).
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This strategy of using symbolic computing and script-based automation for code generation
provides us with a high degree of confidence in the correctness of our residual and Jacobian el-
ements, while minimizing both the overall amount of coding required as well as the number of
implementation errors. We stress that since the tools we have developed have very few “hard-
wired” components, the infrastructure is not restricted in any way to the problem currently under
consideration. In particular, our tools can be readily used to solve other hyperbolic problems
in a relatively straightforward fashion, and with a high degree of confidence. Again, the core of
any specific implementation is a main driver that is written in C, and which incorporates all of
the numerical subroutines—typically produced using Maple or RNPL, but also possibly coded by
hand.

3.3.3 Interpolation and Translation of ()-ball Data

In order to evolve @-ball initial data, we must set corresponding values for ¢2(i,5) and 7°(i, 5),
a = 1,2. We remind the reader that our finite difference domain is comprised of N, x N, grid points
and that (4, j) denotes the point with coordinates (x;,y;). For the case when the @-ball is at rest in
the (¢, z,y) coordinate system, this process is very easy to accomplish using interpolation. We first

specify a location (z.,y.) at which we wish to center the @-ball, and which need not coincide with

a grid point. For each (i, j) pair we compute the distance, ;; = \/(2; — )2 + (y; — yc)?, of the
grid point from the @-ball center. We then use a polynomial interpolation routine that implements
Neville’s algorithm [124] to compute o (4, j) from the o, values. The routine allows the order of the
interpolation to be adjusted, and through trial and error we determined fifth order to be adequate.

Once the values o(i,j) are in hand, we can initialize the dynamical fields. For a single @ ball

at rest, we can assume without loss of generality that the scalar field is purely real at the initial

: for i=1to N, do
for j=1to N, do
Calculate interpolation radius r;; = \/(z; — )% — (y; —
Interpolation routine computes the value o(r;;) = o(4, j)
end for
end for

Ye)?

Figure 3.4: Interpolation and translation of the @-ball soliton to (z.,y.).
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time. For the ¢, we thus have

(i,5) = olig), (3.29)

93(i,j) = 0. (3.30)

For the 7, we have (recalling the ansatz (3.8))

=0, (3.31)

™ = w-o(i,j). (3.32)

3.3.4 Boosted Initial Data

To provide a @-ball with some velocity at ¢t = 0, we apply a Lorentz transformation (or Lorentz

boost) in the x direction. In Cartesian coordinates this transformation takes the form

t'=~t+vz) 2'=~@x+vt) ¥ =y (3.33)

and their inverse transformations,

/

t=~{t —v2") z=~@" —vt') y=9v (3.34)

where v is the boost factor, and which is a key control parameter in most of the computations
described in the thesis. Primed and unprimed quantities correspond to the rest and laboratory
frames, respectively, and we continue to work in units where ¢ = 1. In the rest frame the complex

field is (again from the @-ball ansatz (3.8))

&'t 2 y) =o', y) exp(iwt’) = ¢} +idy, (3.35)

The real and imaginary components of ¢’, in the rest frame, are thus given by

o\t 2" y') = o(a,y') coswt’ do(t' 2’ y') = o(a’,y') sin(wt'), (3.36)
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and their time derivatives 7/,

o' By
T‘Jl(t/?x/vy/) = 8(?/1 = _wgb/Z ﬂé(t',x’,y/) = % = w¢l1 . (337)

We now “boost” the coordinates according to the transformations (3.33), and since the ¢, and ¢o

are scalars we can write,

Gilty) = G ) = 0l ) eos(t) = oGl + vf],y) coswh(t + ),
brltry) = G2 y) = 0wy sinet!) = o(afe + vt y) syt + oa))), (3.38)
mlty) = w0 = Sy,

malta) = O2(tay) = Ty,

Since t' = t/'(t,x,y), ' = 2'(t,z,y) and y' = ¢/ (¢, z,y), the derivatives transform as components of

(co)-vectors,

o ad)/l / ’ / o a(bll ot 8¢/1 Oz’ 8¢11 oy’
7T1(t,$7y) - ot (t (t,x,y),:r (t,;my),y (tamvy)) - ot E 31:’@ ay, 57 (339)
_ 0 /2 / / / o (9@1)'2 ot’ a(blz ox' a¢/2 oy’
W?(tamyy)_ ot (t (t,{l:,y),l’(t,l‘,y),y(t,ﬂj,y))— ot Ot + or' Ot 8y/ ot .
Again, using the inverse transformations (4.31), equations (3.39) simplify to:
_ 04} 99}
= + a0 (3.40)
O 9¢%
= A1
71-2 8:1,'/ 7U + at/ fY? (3 )
Substituting equation (3.36) in the first term of (3.40) we obtain,
10104 0 0o (y[x + vt],
004! ') = o (o, eos(t) = cos(w(t + va)]) ZAEEVID (g 49
Using (3.37) in the second term of (3.40) yields,
/
?;:/1 (t',2'y) = —wih = —wes (3.43)
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and similarly for 9¢45/0t" in (3.41).
The coordinates in the rest frame corresponding to the initial time (¢ = 0) in the laboratory

(boosted) frame are given by transformations (4.31),

t = yux = ay y =y, (3.44)

We interpolate in o(z’,y’) (obtained from LSODA) the values of o(yx,y) in the lab frame. We
actually accomplish this using ' = /2’2 + y'2, given that in the rest frame, o(2’,y’) is a circularly
symmetric function o(r’).

Collecting results from above, we have the following initial values for a boosted Q-ball:

#) = o(yz,y) cos(wyvr),
¢ = olyz,y)sin(wyvz),
do(yx,y
nd = (*(y&r)> cos(wyvx)yv — w7y, (3.45)

o(aff(%y)

0n > sin(wyvx)yv + wpry .

Here, the derivatives 0o /0x in the last two equations are calculated numerically.

3.4 Code Validation

In this section we test the convergence and consistency of the solutions generated by our code by
means of the computation of convergence factors (eqn. (2.30)) for: 1) smooth Gaussian data, 2) a
stationary Q-ball, and 3) a boosted @-ball. We also monitor the conservation of the Noether charge,
Q, of @-ball solutions, and demonstrate that independent residuals converge as expected. We will
show the results of these tests for two of the four dynamical functions of our model, namely ¢; and
m1. However, we emphasize that their counterparts ¢ and ms converge in the same manner. Qur
runs implement two types of boundary conditions: Sommerfeld outgoing and Dirichlet (reflective)
conditions (see App. E). For testing purposes there is no particular reason to prefer one or the

other.
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3.4.1 Natural Scales of Length and Time

In finite difference computations, specification of a particular grid resolution, A, is in itself largely
meaningless if not accompanied with a specification of natural, or characteristic, scales of length, L,
and time, T', associated with the solution under study. Clearly, we want to have h < L and h < T
to ensure that the finite difference solutions are close to their continuum counterparts, and this is
especially true for the relatively low-order approximations we use here and throughout this thesis.
In the current case, a natural length scale is set by the size of the @-balls, while the reciprocal of
the eigenfrequency, w, sets a time scale.

We restrict our calculations below to @-balls corresponding to the profile function shown in
Fig. 3.1, which, we recall, is computed with parameters A = 1.0, B = 0.5, o9 = 1.375 and
w = 0.7739293. The associated oscillation time scale is thus 27w ~ 8. It is desirable that our
numerical experiments last significantly longer than this time, and this is the case. We selected this
particular @-ball solution partly since it has been previously studied extensively in the literature
[18], so we can compare at least some of our results with prior work in a direct manner.

Returning to the issue of finite difference resolution, we note that the diameter of our @-ball is
~ 30 in our units. A typical evolution of a non-boosted configuration will be performed in a 40 x 40
box, where we adopt the nomenclature that an “X x Y box” means our discrete spatial domain is
0<z<X,0<y<Y. For a resolution of 513 x 513, which we consider moderate, we thus have
h =40/512 = 0.078. This means that the -ball is spanned by about 380 points in each coordinate
direction. For boosted data, this number of points is reduced along the boost direction (the z
direction), by the boost factor v and is, of course, one of the reasons that we require increasing

resolution as the boost velocity increases in order to maintain the same accuracy.

3.4.2 Computation of the Conserved Charge, ()

We calculate the total charge, @, after every update of the grid functions. When the code is run in
parallel, the domain is divided in subregions, each of which is assigned to a certain processor. We

thus first compute the charge density, ¢, at every point of the subdomain. From (3.3) we calculate

q=¢1 T2 — P2 1, (3.46)
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which is discretized trivially as

Q(ivj) = ¢1(7;7j)7r2(i7j) - ¢2(i,j)7T1(i7j) . (347)

We integrate this function, using a second order trapezoidal rule, to obtain the total charge per

subdomain,
No—1,Ny—1
Az Ay ° K7
Qsub = Y (@i + Qi1 + Gijr1 + Qiv141) (3.48)
4
%]

where Az and Ay are the grid spacings of the two-dimensional mesh as usual. Finally, one of the
processors gathers the Qg,p from every subdomain, and sums the contributions to yield the final
value of (). Care needs be taken to select correct limits for ¢ and j in the summation in (3.48),
in order to avoid double-summing contributions due to the use of ghost points in the parallel
decomposition of the computational domain. We also note that our ability to calculate @ is limited
to unigrid (non-adaptive) calculations, since the coding required for the adaptive case is beyond

the scope of the current project.

3.4.3 Independent Residual Evaluators

As discussed in Chap. 2, the use of independent residual evaluators is a powerful and general
technique to demonstrate the convergence of finite difference solutions to continuum solutions of
the PDEs under consideration. Our specific independent residual evaluators are constructed as
follows. For the ¢, variables, we replace the Crank-Nicholson approximation with the following
expression, which is first order accurate in time:

d)a(ivj)n—i_l — ¢a(i7j)n

_ - \n+1 4
AL a1, 7). (3.49)

I¢a (Z’j) =

For the 7, unknowns, we use a first order forward approximation for the second spatial derivatives

of the ¢,:
. Tt (i, 5) = mai,g) [t (,) = 2001 i+ 1,5) + (i + 2,5)
Iﬂ'a(lvj) = At - A.’EQ
utt(i,4) = 2001 (6,5 + 1) + ot (6,5 +2)
Ay?

<dV"+1(i7j) dV”(iJ)) . (3.50)

Ao (i, )] den(i, )|
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where

dvr (i, 5)

FEE Out (i, 5) — 0" (6, ) op (i, 4) + Ble" (6, 0)))2en (i, ) (3.51)

and a = 1,2. As with the residuals (3.23)—(3.25) that define the governing finite difference system
itself, these quantities should vanish in the limit h — 0, provided that our finite difference solutions
are converging to the appropriate continuum solutions. However, convergence is expected to be
only first order in the mesh spacing for any of the independent residuals. Again, we emphasize
that the stability of the independent discretization is not an issue, since we are not using the

expressions (3.49)-(3.50) to evolve any quantities.

3.4.4 Gaussian Initial Data

As a first step in the validation of our finite difference code, we consider the evolution of some
generic, smooth initial data. To this end we prepare an initial configuration where the component

scalar fields are Gaussian pulses of the form,

2 2
¢1(0,$i,yj) = A exp [— (z’4_0x0> - <y] ;yc) ] ’
. 2 o 2
¢2(Oaxiayj) = A1 exXp [— (xl 40xc> _ <y.7 3 yc) ‘| ’ (352)

where A, As, x. and y. are parameters, and where

wl(O,xi,yj) =0 WQ(Oaxiayj) =0. (353)

This type of initial data is known as time symmetric since evolution backwards in time will generate
the same dynamics as evolution forwards in time.

Fig. 3.5 shows the evolution of the modulus |¢| of the complex field for the above initial con-
figuration. The main dynamical behaviour that is observed in ¢ is a quasi-periodic oscillation of
the modulus, accompanied by outgoing radiation of circular (due to the symmetry of the initial
conditions) waves. The component fields, ¢; and ¢o, as well as their time derivatives, execute
roughly sinusoidal oscillations at any given spatial location.

Convergence factors for the fields ¢; and 7, are shown in Fig. 3.6. We observe Q" — 4 as h — 0,
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t=9 t=14 t=15

Figure 3.5: Evolution of the complex scalar field modulus |¢| for smooth Gaussian initial data of
the form (3.52) with A; = Ay = 0.25. The displayed results come from a unigrid (non-adaptive)
calculation with 513 x 513 resolution, on a 50 x 50 box (so each square in the figure has an edge
length of 1.25), and Courant number A = 0.2. Both the real and imaginary Gaussian components
of the field, and the modulus, |¢|, are confined to a circle of diameter & 28, so the pulse is resolved
by about 290 points in each coordinate direction. The maximum amplitude of the modulus |¢| is
~ 0.35. We do not use Kreiss-Oliger dissipation for this calculation, i.e. exo = 0. The wave packet
oscillates, and dissipates some charge quasi-periodically in (circular) outgoing waves.
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signalling the expected second order convergence.?’ The small bumps that are seen in the plots,
especially at lower resolution appear to be correlated with times when much of the corresponding
field is passing through a value of zero. In this instance, the computation of the convergence factor
can be expected to be relatively irregular and, in any case, all indications are that these fluctuations
die away with increasing resolution.

Fig. 3.7 shows the results of the independent residual test for the functions ¢, and 71 using four
distinct resolutions, hr, L = 1,2,3,4, where h, = hr,_1/2. It is crucial to note that here, and in all
other plots of this type that follow in this thesis, the residual norms have been rescaled by factors
of 2871 so that coincidence of the resulting plots indicates the expected first order convergence
of the residuals. We note that the oscillatory nature of the fields is also evident from this test.
Finally, we observe that the choice between reflective (Dirichlet) or outgoing radiation boundary
conditions (those used here) did not seem to affect convergence appreciably for this type of initial

data.

3.4.5 Stationary ()-ball and Stability

In this section we analyze our code’s convergence properties for the case of initial data describing
a single @-ball located at the centre of the computational domain, and at rest in the coordinate
system. As mentioned previously, the @-ball we use is calculated using parameters A = 1.0,
B =0.5, 09 = 1.375 and w = 0.7739293, resulting in an oscillation time of the component fields of
about 8. The numerical grid spans a 50 x 50 box, and, again, the diameter of the @-ball is about
30 units. We compute using a Courant number, A = 0.2 and Kreiss-Oliger dissipation parameter
exo = 0.0, since dissipation was not necessary for this test. We also describe a cursory investigation
of the dynamical stability of the @)-ball by integrating initial data that represents, in some sense,
a perturbation of the configuration.

Fig. 3.8 shows the evolution of the modulus |¢| for a period of time corresponding to about
8 oscillations of the component fields ¢; and ¢2. To “eye-ball” accuracy at least, |¢| is time-
independent as expected.

Convergence factors for ¢; and 7 are displayed in Fig. 3.10. As was the case for Gaussian

initial data, these plots provide strong evidence that the code is O(h?) accurate. In particular,

20The apparent lack of convergence at early times (also seen in many other convergence plots that follow in this
and the subsequent two chapters) is due to the fact that the solution is initialized with identical data, so that the
convergence factor—which amounts to 0/0—is formally undefined at the initial time, and is arbitrarily set to 0.
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Figure 3.6: Convergence factors for smooth Gaussian initial data for the fields ¢; and 7. Details
of the calculation are given in Fig. 3.5. We observe second-order convergence in both fields.
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Figure 3.7: Independent residual test for Gaussian initial data. Plotted are the rescaled I norms
of the independent residuals of ¢, and m; for the calculation described in Fig. 3.5 (see the text
for a description of the rescaling). The near-coincidence of the curves demonstrates the expected
first-order convergence of the residuals.
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X
2 8 B
t=0 t=19 t=356

Figure 3.8: Evolution of the modulus |¢| for stationary @-ball data. The box domain is of di-
mensions 50 x 50, with a Courant number of A = 0.2, and a dissipation parameter of exo = 0.0.
Visually, at least, ¢ is time-independent.
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Figure 3.9: Evolution of the real component ¢, of the stationary @-ball field. Both components
are oscillatory functions. For w = 0.77 we have a period of T' & 8, consistent with the two zero
crossings at t ~ 2 and t ~ 6 observed in the plot. The impact of the zero crossings on convergence
of the solution can be seen in the plots of the independent residuals for the calculation (Fig. 3.11).
The parameters for the run are listed in the caption of the previous figure.
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Figure 3.10: Convergence factors for the fields ¢; and 7; for the evolution of the stationary @-ball
shown in Fig. 3.8. Second order convergence is observed.

note that, modulo the early time behaviour—which can again be attributed to the fact that the
initial data is identical on all meshes—the convergence improves (Q" is closer to 4) as h — 0.

Fig. 3.11 plots the rescaled independent residuals for ¢; and m;. As previously, the near-
coincidence of the curves demonstrates that the residuals are first-order convergent in the mesh
spacing. We note that the oscillations in the l;-norm of the independent residuals occur at about
twice the frequency of the @-ball field components themselves. This is due to the positive definite
character of the ls-norm, whose oscillation only reflects the change of magnitude regardless the
sign of the ¢; or m; components. While the latter perform positive and negative excursions to
maximum amplitude, comprising one cycle, the lo-norm reflects this as two positive excursions.

Fig. 3.12 shows the results of the computation of the conserved charge @) at various resolutions.
At any given mesh scale, there appears to be a roughly linear “dissipation” of charge with time,
but there is clearly convergence to charge conservation as h — 0. Indeed, and as investigated
in more detail, the charge is apparently converging as O(h®) rather than the naively expected
O(h?). This behaviour is not understood at this time, although we suspect that it is at least
partly dependent on our combined use of a Crank-Nicholson evolution scheme and the trapezoidal

integration rule (3.48) for the computation of the total charge. To further investigate this effect,
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Figure 3.11: Rescaled ly-norms of the independent residuals of ¢; and 7 for the evolution of
the stationary initial data shown in Fig. 3.8. The near-coincidence of the graphs signals first
order convergence, which is consistent with the order of the finite difference approximation of the
independent residual. This coincidence constitutes strong evidence for convergence to the correct
continuum solution. The period of oscillation in the lo-norm of the independent residuals is half
that of the @-ball field components themselves. This is a consequence of the positive definite nature
of the ls-norm of the residuals.
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Figure 3.12: Resolution-dependence of the evolution of the computed total charge, @, using station-
ary initial data. As with the calculation described in the last few figures, a 50 x 50 computational
box was used and the Courant number was A = 0.2. The top plot shows that the calculated @ con-
verges to conservation as h — 0, while the bottom 4 plots show details for each resolution used. We
found that the conserved charge @ exhibits better-than-second-order convergence, possibly O(h?).
We suspect that this feature may be due to our combined use of a Crank-Nicholson time-stepping
scheme and a trapezoidal integration rule for computing Q.
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we integrated the modulus |@| of the complex field on each subdomain, using the same trapezoidal

rule as (3.48),

Az A
Dl = - = === (Io
%,J

i F 1Dl +1Plij+1 + [Olit1,541) - (3.54)

Results from this integration also converge as O(h?).
To test the dynamical stability of our @-ball we approximated (through trial and error) the

numerically computed profile, o(r), shown in Fig. 3.1, with the closed form trial function,

seron(r) = 4 arctan(expi;()]'f)(r —6))) ‘ (3.55)

As can be seen from Fig. 3.13 we can view oy,4a1 as a perturbation of o(r), but we also emphasize
that we have not made any attempt to make the notion of perturbation precise. Given oy We
initialize the dynamical fields using (3.30)—(3.32) with o(r) — otrial(r). When this data is evolved
we find that the modulus |¢| oscillates slightly at early times, but then eventually settles into a
stationary state very close to the Q-ball defined by o(r). This provides evidence that our soliton is
indeed stable under small (but finite) perturbations. Additional analysis of the convergence of the
charge and the integrated field modulus for this computation yield the same rates of convergence

as the computation using the true @Q-ball profile.

3.4.6 Boosted ()-ball

We are ultimately interested in studying collisions of ()-balls in the ultrarelativistic regime, that
is when two Q-balls collide with a large relative velocity. As a preliminary step towards this goal,
we investigate our code’s convergence properties for initial data describing a single boosted @-ball,
prepared as described in Sec. 3.3.4. Apart from Fig. 3.16, we will restrict attention here to the
case of a small boost, v = 1.15, but will consider @-balls with larger boosts in subsequent sections.
We note that a principal and rather obvious observation is that due to effects such as Lorentz
contraction along the boost direction, calculations for larger « require increased grid resolution for
fixed accuracy. Equivalently, we expect and observe that at fixed resolution the convergence of our
code degrades with increasing y. This provides a major motivating factor for our use of AMR in

such calculations, since maintaining constant accuracy through the use of an increasingly fine mesh
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Figure 3.13: Numerical and trial profile functions used to test dynamical stability of a stationary
Q-ball solution.

spacing globally is computationally expensive (not to mention wasteful).

Our convergence and independent residual tests for a boosted Q-ball were performed in a
40 x 40 box, with A = 0.4, and exo = 0.5 (we also tried increasing exo to 0.6 and 0.7, which
did not appreciably affect the results). Fig. 3.14 shows the convergence factors for ¢; and 7y,
while Fig. 3.15 shows the evolution of the I, norms of the independent residuals for those fields.
Once more we observe second order convergence of the dynamical grid functions and first order
convergence of the independent residuals, as expected.

As for the non-boosted case, we apparently have O(h3) convergence of the total charge, but in
this instance we also seem to have the same rate of convergence for the integrated modulus of the
scalar field. The source of this last behaviour also remains a mystery. However, we must emphasize

that as for the case of the *

‘superconvergence” of the charge, this is of course not indicative of any
defect in the code.

Finally, Fig. 3.16 shows the evolution of |¢| for our usual @Q-ball data, but where a more
substantial boost, v = 2.4, has been applied in the z-direction. Although not apparent from the
plots, the lab-frame shape of the Q-ball (as projected into the z—y plane) is elliptical due to Lorentz

contraction. Again, to visual accuracy, there is no change in the overall shape of the Q-ball (as

defined by |¢|) as it propagates through the computational domain.
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Figure 3.14: Convergence factors for the fields ¢; and m; for a v = 1.15 boosted @Q-ball, displaying
second order convergence. The computational box was 40 x 40, a Courant number A = 0.4 was
used and Sommerfeld (outgoing radiation) boundary conditions were applied. The @-ball begins
to leave the domain at ¢ ~ 120 resulting in the increased fluctuations in the Q" at that time.
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Figure 3.15: Independent residual test for the computation described in the caption of Fig. 3.14.
The expected first order convergence is observed.
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Figure 3.16: Evolution of the modulus |¢| for a boosted @Q-ball with v = 2.4. The calculation was
performed on a 60 x 60 box using a 513 x 513 mesh, A = 0.3, and Sommerfeld boundary conditions.
In the z-y plane the @-ball has an elliptical profile: due to Lorentz contraction its diameter in the
x direction is &~ 12.5 units, while its y-diameter is =~ 30. The latter is, of course, the same as its
diameter in the rest frame. (See Fig. 3.17 for a more extreme and visible example of the Lorentz
contraction.) The soliton travels unscathed towards the boundary of the computational domain.

To summarize the last three subsections, we have subjected our finite difference code to a
comprehensive set of tests and have found that it displays the expected rate of convergence in
the mesh spacing and, through the use of independent residual evaluation, are confident that
the solutions that are generated are indeed good approximations to continuum solutions of the
governing PDEs. We now proceed to use the code to investigate various phenomena related to

Q-ball scattering.

3.5 Head-on Scattering of ()-balls

We first consider an analysis of the head-on collision of two ()-balls, with an emphasis on the
ultrarelativistic regime. We continue to use @-balls defined by a single profile function o(r) and
associated eigenfrequency w (the same ones used in all of the calculations described thus far in
this chapter). However, as we will shortly describe in more detail, for any @-ball having total
charge ), we can construct a configuration with the opposite charge —@ by taking w — —w in

the ansatz (3.8). As we will see, the dynamics of the collisions is dependent on the relative sign
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of the total charges of the Q-balls. The issue of @)-ball scattering in 2 + 1 dimensions is one that
has been studied in the literature, and we review the main findings of this previous work in the
next subsection. Our main result, which is consistent with the prior studies, is that high-energy
collisions of @-balls is primarily elastic (solitonic) in nature. In particular for large 7y, we observe
that the scattering is almost entirely forward in nature, with the two @-balls passing through one

another and emerging essentially unscathed.

3.5.1 General Features of ()-ball Scattering: Previous Work

Past work has focused mostly on low energy scattering. This regime is germane for standard
cosmological and astrophysical scenarios, where, for example, @)-balls are considered dark matter
candidates (relics from the early universe), or as exotic matter trapped within neutron stars. The
most comprehensive study of @Q-ball appears to be due to Battye and Sutcliffe [72]. The highest
velocity (given to each @Q-ball) they analyzed was v = 0.8 (v = 1.6) and for this data they reason
that the Q-balls pass through one another so quickly that they do not have time to interact. The
calculations were performed on a uniform grid having 200 x 200 points, with A = 0.2 and A = 0.25,
and with a second order finite difference scheme that employed a time-explicit update. Similar
work by Axenides et al. [18] was performed with a 300 x 300 grid and h = 0.3. They do not specify
the order of the discretization scheme they used to approximate the spatial derivatives. However,
they do mention the use of fourth order Runge-Kutta for the time discretization (also explicit).
The highest velocity they considered was v = 0.7 (y = 1.4).

This previous work [18, 72] established the following facts about head-on @-ball collisions:

e There is a region of low velocities, 0 < v < 0.3, where we observe that @-balls with the same
charge undergo right angle scattering (similar to that of topological solitons): scattering is
consistent with the fact that @)-balls with the same charge repel one another. In contrast, Q-
balls with opposite charge fuse into a oscillatory state, consistent with the mutual attraction

of the pair in this case.

e For the intermediate range of velocities 0.3 < v < 0.7, scattering of Q-balls of the same charge
produces a much richer mixed end state—sometimes referred as fragmentation—with both
forward and right angle scattering. The size of the ejected @Q-balls depends on the initial

velocity. If v ~ 0.3, the forward scattered @-balls are small, and those scattering at right
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angles are larger. As the velocity tends to v = 0.7, the situation is reversed. Sometimes a
small residual @Q-ball is left in the center of the interaction region. We were able to reproduce

one of these events at v = 0.5 (v = 1.15), which is shown in Fig. 3.32.

e For larger velocities—above v = 0.7 (v = 1.4)— @Q-balls of the same charge simply forward
scatter, emerging from the collision mostly unscathed, and then propagate away from one

another. An example of a collision at v = 0.7 is shown in Fig. 3.33.

@-balls of opposite charge are not mentioned for the intermediate and high velocity regions. The
above phenomenology appears to hold for a variety of polynomial potentials, including the one
adopted here. However, numerical work by Multaméki and Vilja [97], who adopted a more phe-
nomenologically inspired logarithmic potential, did not show evidence of right angle scattering,
even though the velocities used seem to be quite low (v & 0.01).

It is worth noting that none of the above cited works discuss the convergence of their codes, nor
do they monitor the behaviour of conserved quantities. We thus feel that the work described here
(and throughout this thesis) represents the use of a more rigorous methodology for the numerical
analysis than prior research.

It is also worth mentioning that, beyond the Q-ball model considered here, there have been
many other numerical studies of the dynamics of interacting scalar fields that have bearing on our
work. For example, in [130] it has been shown that scalar fields with only potential interactions
behave like free fields during high-energy colisions: their ”free-passage” through each other is quite
similar to what we see in our high-speed @-ball collisions. In addition, there has been extensive
investigations of oscillons [131, 132] which are long-lived metastable configurations of a single real

scalar field with a non-linear polynomial self-interaction potential.

3.5.2 Unigrid Calculations of ()-ball Collisions

In this section we summarize typical results of our simulation of relativistic @-ball collisions, ob-
tained using the unigrid operation of our code. Subsequent sections will describe our experience
with similar calculations performed using AMR. In addition, as our interest here is primarily in
illustrating the convergence of the code, and in determining typical resolutions that are required
to observe good convergence, we will largely focus attention on two specific scenarios. We also

continue to use the same profile function, o(r), that has been adopted for all of the calculations
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thus far in this chapter.

The first scenario is the head-on collision of two Q-balls with equal charges, both in magnitude
and sign. We will refer to this configuration as a QT Q™ collision, where Q; = Q2 = QT = Q.
This unigrid (non-adaptive) calculation was performed at v = 1.6 (v = 0.8). Fig. 3.18 shows
the Convergence factors Q" of the component field ¢; and its derivative, m;. The graphs show
second order convergence as h — 0. The box domain has dimensions 50 x 50, a Courant number
of A = 0.2 and the boundary conditions are of Dirichlet type. No dissipation is used (exo = 0.0).
The independent residual tests for this calculation are shown in Fig. 3.19, which display first-order
convergence. The evolution of the charge @ is shown in Fig. 3.20.

The second scenario is the head-on collision of two @-balls with equal and opposite charges,
Q1 =Q"=Qand Q2 = Q= = —Q, respectively. We will refer to this set-up as a Q* @~ collision.
Fig. 3.17 compares the initial-time field modulus, |¢|(0,z,y), for QT Q~ configurations with no
boost (left) and with v = 2.41 (right). The Lorentz contraction of the @-balls, which are centred
at (—20,0) and (20,0), is evident in the plot of the boosted data.

Figs. 3.22 and 3.23 show the results of convergence and independent residual tests, respectively,
for a series of calculations performed with these boosted initial conditions, but a larger value of
v =24 (v =0.91). The computations were done on a 60 x 60 box with A = 0.2 and exo = 0.5,
Similarly to the first scenario, Dirichlet boundary conditions were used. The plots indicate second
order convergence of the difference scheme and first order convergence of the independent residuals.
However, it is also clear from comparison with Figs. 3.10 and 3.11 that significantly more resolution
is required here, relative to the case of a single Q-ball at rest, to see “good” convergence (e.g. Q"
nearly 4). This is to be expected, of course, since evolution of even a single boosted @Q-ball requires
larger field gradients to be resolved (compared to the non-boosted case), and the interaction of
the two solitons places even more demands on the finite difference approximation. Evidence for
this last observation can be seen in the fluctuations of the convergence factors and independent
residuals starting at ¢ =~ 25.

Fig. 3.21 shows the time evolution of the field modulus |¢| from this calculation. In accord
with previous simulations (although none of the published work describes collisions with + as large
as 2.4), the interaction of the @-balls can clearly be described as principally a forward-scattering
process. In addition, there is little deformation of the individual Q-balls as a result of the collision;

i.e. the interaction is largely solitonic.
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-25 0 25 -%5 0 25

Figure 3.17: This figure illustrates the significant Lorentz contraction of the initial @-ball config-
uration for some of our scattering experiments. The modulus, |¢|, of the complex scalar field is
plotted. The left @Q-ball is at rest, with a diameter of about ~ 30 units (given a radius of ~ 15
units from Fig. 3.1). The right one is boosted to v = 2.41, and we can see that its diameter in
the x direction has contracted to about 12.5 units. The contraction can be computed from the
relation [ = lo/v, where [ is the length in the laboratory reference frame, and I is the length at
rest (proper length). This relativistic effect is largely responsible for the need for higher resolutions
at high boosts (for fixed accuracy).

We performed simulations of similar head-on collisions with boosts as large as v = 7, and using
a maximum (unigrid) resolution of 2049 x 2049. All of these calculations exhibited essentially the
same elastic forward-scattering of the Q-balls.

We also experimented with off-axis collisions, in which each Q-ball was given a boost of equal
magnitude in the z-direction, but where the initial centres of the Q-balls were offset by b units in
the y direction, so that b represents the usual impact parameter. Results from a typical calculation
with v = 2.4 and b = 10—which yields a grazing collision—are shown in Fig. 3.24. As with
the head-on case, the individual @Q-balls emerge from the collision largely unscathed. The charge
density, @, of a similar calculation, this time with b = 8 and ~ = 1.09, is shown in Fig. 3.25. A
head-on collision at this value of v ends in right-angle scattering, and it is interesting to note that

a small deviation from b = 0 completely changes the outcome of the scattering.

3.6 AMR Calculations of ()-ball Collisions

We now discuss the results from calculations of the sort described in the previous section, but
where we enable the AMR capability of our code (provided by the AMRD/PAMR infrastructure,

as described in Sec. 2.4). As usual, we are interested in convergence properties, and computing Q"
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Figure 3.18: Convergence factors, Q", for a head-on Q* Q¥ collision with v = 1.6 (v = 0.8). The
graphs show second order convergence as h — 0. Results are from unigrid computations using a
domain 50 x 50 and a Courant number A = 0.2. The boundary conditions are Dirichlet and no

dissipation is used (exo = 0.0).
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Figure 3.19: Rescaled Iy norms of the independent residuals for 71 and ¢; from the QT QT head-on
collision described in the caption of the previous figure (Fig. 3.18). The plots show the expected

linear convergence as h — 0.
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Figure 3.20: Evolution of the computed total charge, @, for the Q* Q¥ collision described in
Figs. 3.18. Convergence is evident as h — 0, and we find that the rate of convergence is quadratic,
as expected.

for adaptive calculations is more involved than it is for the unigrid case. The complications arise
from the fact that the grid pattern in space and time is determined dynamically and automatically
by the code, in an attempt to keep a measure of the local solution error (which, following Berger
and Oliger, we will tend to call the local truncation error) below some specified threshold. Recall
that the mesh refinement algorithm starts with some base grid, having mesh spacing h, that covers
the entire computational domain. In order to perform a basic three-level convergence test we will
need the results from calculations that use base grids with spacings h, h/2 and h/4, and we further
require that the regridding patterns be the same for all of the computations. This last restriction
ensures that the h/2 and h/4 calculations are true 2 : 1 and 4 : 1 refinements, respectively, of the
computation carried out at scale h. To achieve such a set of computations we make use of a feature
implemented in AMRD/PAMR and described in Sec. 2.3.9 of [121]. The code is first run in fully
adaptive mode, with a base mesh spacing h, and a record of the regridding pattern is saved in a

script. For the h/2 and h/4 calculations, the adaptivity is disabled and the regridding operations
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Figure 3.21: Evolution of the modulus |¢| for a QT Q~ collision with v = 2.4. This data comes
from a unigrid run on a 50 x 50 domain, with a mesh resolution of 513 x 513. The Courant number
was A = 0.2 and the dissipation parameter was exo = 0.4. At the level of detail visible in the plot
the solitons emerge from the interaction unscathed.
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Figure 3.22: Computed convergence factors for the head-on Q™ Q™ collision described in Fig. 3.21.
We observe O(h?) convergence as h — 0.
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Figure 3.23: Rescaled ls-norms of the independent residuals for the fields m; and ¢; from the
v = 2.4, Q* @ collision described in Fig. 3.21. Again, the plots show the expected linear
convergence as h — 0.
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Figure 3.24: Evolution of the modulus |¢| for a grazing QT Q~ collision at v = 2.4, with impact
parameter b = 10. The numerical parameters are the same as those listed in Fig. 3.21. It is evident
that—at least at this velocity—the off-axis nature of the collision does not appreciably affect the
dynamics of the Q-balls, which again emerge unscathed.
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t=81.25 t=87.5 t=73.75

t=988.75 t=123.75 t=148.75

Figure 3.25: Evolution of the charge density, @, for a grazing Q™ Q™ collision at v = 1.09 (v = 0.4),
and impact parameter b = 8. The numerical parameters are the same as those listed in Fig. 3.21.
The @-balls appear to lose some charge to a small “remnant” in the center, although the remnant
is probably unstable. The same set-up with b = 0 leads to right-angle scattering. We note that
each )-ball has a diameter in the y direction ~ 30. It is thus interesting that a small change in
b seems to affect the outcome of the encounter dramatically. In particular, right-angle scattering
appears to be largely a consequence of a very symmetric initial configuration.

82



3.6. AMR CALCULATIONS OF Q-BALL COLLISIONS

are driven by the information in the script. The results from the three calculations can then be
used to compute Q" as usual.?!

Following this prescription, we performed an AMR convergence test of our code using the
Q" Q~ collision data described in the previous section (again, with v = 2.41). The computations
were carried out in a 40 x 40 box, with A = 0.3, exo = 0.6, and Timayx = 5 x 107%. Following the
notation introduced in Sec. 2.4, L = 1 had a resolution of 257 x 257, and the evolution reached
Ly = 4 levels of refinement during the calculation. Results from the test are shown in Fig. 3.27,
from which we see that convergence appears to be second order.

Fig. 3.27 compares the convergence factors for the AMR run with those from a set of unigrid
calculations with comparable resolutions, namely 257 x 257, 513 x 513 and 1025 x 1025. Overall,
the convergence behaviour is quite similar, although the fluctuations in Q" during the time the
@-balls are interacting is somewhat smaller for the AMR calculations.

As mentioned in Sec. 2.4, AMRD/PAMR'’s implementation of the Berger and Oliger algorithm
includes a number of key parameters that can be tuned in order to optimize code performance.
Two of these which are related to one another are the regridding interval, n,egria, and the buffering
width, wpuger- The first of these specifies the number of time steps to be taken on any level
between regridding operations, while the second determines the width (in number of grid spacings)
by which a region flagged as needing refinement is extended in each direction (+x, 4y in the 2D
case). Assuming a maximum speed of signal propagation of 1 (which is true in our case), then
provided that

)\nregrid < Whuffer (356)

where A is the Courant factor, signals travelling out of the flagged region will remain within the
(refined) buffered region until the next regrid operation. Adjustment of nyegria and Whufrer amMounts
to an optimization process: increasing nyegria reduces the regridding overhead, while increasing
Whuffer adds to the overall computational cost of the calculation. For typical @Q-ball collisions with
v = 2.4 or larger we found that n,egriqa in the range 50 to 60 produced good results.

Another very important control parameter of the adaptive algorithm is the truncation error
threshold, 7hax. In principle, this parameter, more than any other, controls the overall behaviour of

the algorithm: in particular, decreasing 7,,x should result in better resolution of extreme solution

21However, due to limitations imposed by the utility we use to compute Q", we must first restrict the grid function
values that are defined on the adaptive hierarchy to a (global) uniform grid.
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t=0.00

t=8.75

t=1425

t=21.75

t=38.75

t=48.30

Figure 3.26: Top view of the evolution of the modulus, |¢], for a head-on QT Q~ collision at v = 2.4,
and where AMR, was used. The collision is almost elastic, except for the radiation released. The
AMR parameters (see Sec. 2.4) were: 513x513 base level (L = 1), finest level Ly = 4 and truncation
error threshold, Tmax = 5 x 1074, The Courant number was A = 0.2, the dissipation parameter was
exo = 0.5 and Dirichlet boundary conditions were used. Each snapshot has been clipped from the
60 x 60 complete domain to about 60 x 30 units.
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Figure 3.27: Comparison of the convergence factors from unigrid and AMR runs for a collision at
v =241.

features, and in increased solution accuracy. However, we have not done much in the way of
experimentation with 7, apart from determining a value for which good convergence was observed

when evolving typical collision data.

3.6.1 Stability of Unigrid and AMR Calculations

Stability is a key issue in the solution of time-dependent PDEs using finite difference approxi-
mations, and the fact that the iterated Crank-Nicholson scheme has proven to be quite robustly
stable in this context [115, 133, 119] was a prime motivating factor in our adopting it. In order
to address the question of stability of our code, we performed experiments in which we varied the
Courant factor for fixed initial data. We set the Kreiss-Oliger dissipation parameter to exo = 0.5.
For unigrid computations we observed that for 0.1 < A < 0.6, there was little, if any, variation in
the stability or rate of convergence of the code. However, for adaptive calculations, we found that
A was restricted to significantly smaller values. For example, a typical AMR run for a v = 2.4
collision that used 2 or 3 additional levels of refinement beyond a 513 x 513 base grid would become
unstable for A > 0.4. The instability would manifest itself as a nonconvergence of the overall point-
wise Newton-Gauss-Seidel iteration that advances the difference solution from t = " to t = t"*1.
Enabling additional levels of refinement exacerbated this problem: if a total of 5 levels were used,
we found that we needed A < 0.2. We were not able to definitively identify the source of this
instability, although we suspect that it may be associated with the interpolation of values at fine

grid boundaries (from coarse grids) that occurs in the Berger and Oliger algorithm.
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3.6.2 Comparison of Equal-Charge and Opposite-Charge Collisions

We now compare collisions between @Q-balls having opposite charge (a QT Q= collision, as con-
sidered thus far), and the same charge (a QT QT collision). Figs. 3.29 and 3.30 show edge-on
snapshots of |¢(t, z,y)| for QT Q= and QF QT collisions, respectively, during intermediate times
when the interaction of the @-balls is most significant. The key qualitative difference that is evident
from these plots is that the QT Q~ case appears to exhibit purely constructive interference, while
the QT Q7 collision shows signs of destructive interference.

Closer examination of the evolution of the field modulus |@| reveals another interesting difference
in the two types of collisions. Fig. 3.28 shows contour plots of |¢(t,x,y)| from the late stages of
the two collisions (left panel, QT Q~; right panel, QT Q7). As was already seen in Fig. 3.26, the
opposite-charge collision generates a small but significant amount of scalar radiation that seems
largely absent in the QT QT case. Convergence testing strongly suggests that this is a genuine
effect. We thus conclude that @™ Q7 collisions are even more elastic than Q% Q™ ones.

Figs. 3.31-3.37 illustrate the most typical scattering patterns that Q™ Q™ and Q™ Q~ collisions
exhibit as a function of velocity The former were discussed in Sec. 3.5.1, and we reproduced these
results using AMR runs, as shown in Figs. 3.31, 3.32 and 3.33. We note that there has been
little reference to Q™ Qv scattering in previously reported work [18, 72]. We investigated QT Q™
scattering for the same dynamical regimes as for our earlier QT Q7 collisions and found that
these produce significant residual outgoing scalar radiation, supporting the conclusion of the last
paragraph about the elasticity of QT QT and QT @~ collisions. This is the case independently of
the type of boundary condition used (Dirichlet or Sommerfeld). The evolution of the modulus |¢]
for QT Q~ interactions is illustrated in Figs. 3.34, 3.35 and 3.37. Below v = 1.09 (v = 0.4), QT Q~
initial data resulted in the formation of a bound state, with the @-balls performing oscillations
around the center of the collision. At v = 1.09 (v = 0.4) the outcome of the interaction is quite
complex, and it is difficult to determine a defined trend either towards forward or right-angle
scattering. For larger boosts, forward scattering seems to be dominant, with little evidence of
right-angle scattering. Nonetheless, the end state of the evolutions typically contains a significant
amount of scalar radiation which complicates the identification of the actual @-ball products. In
order to shed some light on this issue, we looked at the evolution of the charge density for the
collisions. Figures 3.36 and 3.38 show the time development of the charge density for @t Q~

collisions at v = 1.09 and v = 1.4, respectively. These results provide a much clearer picture of
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Figure 3.28: Late stages of AMR calculations for @-ball collisions with v = 2.41. At these times
the Q-balls are receding from one another. The sequence on the left shows a +Q — @ calculation
(opposite charge), while the one on the right displays a £@Q + @ computation (same charge).
Radiation is observed in the opposite-charge case, and we believe this a genuine physical effect
since the pattern converges as the resolution is increased. Generally, collisions between @-balls
with the same charge are “cleaner”, than those with opposite charges; again, the latter usually
emit radiation, and are thus less elastic. Each snapshot of the collision has been clipped from the
60 x 60 computational domain, to about 60 x 15 units. The AMR parameters here are a 257 x 257
base grid, Ly = 4 and Tiax = 1074,

the interaction. In particular, since scalar radiation does not carry charge, effects from radiation
do not appear in the plots of the charge density. From the plots of Q we unambiguously conclude
that QT @~ collisions always exhibit forward scattering.

We have made a crude effort to assess the degree of elasticity of Q@ Q™ collisions by estimating
the post-interaction speeds of the @Q-balls. For example, we simulated a QT QT collision with
v =3.2 (v =v9 =0.95) in a 50 x 50 box, and with the @-balls initially centred at (x1,y1) = (—20,0)
and (x2,y2) = (20,0).

By tracking relative maxima in |¢(t, z, y)|, we estimate the time ¢4 at which one of the Q-balls
reaches the center of the computational domain, as well as the time g when the @-ball reaches the
starting position of its counterpart. Estimates of the average velocities in the intervals 0 <t <ty4
and t4 <t < tp are then given by vqg = 20/t4 and vg = 20/(tp — ta) respectively. We found
ta ~ 21.25 and tp ~ 42.5, yielding v4 =~ 0.94 and vg = 0.95—which is to be compared with the
initial velocity vg = 0.95. Another computation with v = 5.0 (v = vy = 0.98) gave t4 = 20.625 and
tp = 41.25 — 20.625 = 20.625. The estimated velocities were v4 = vp &~ 20/20.625 = 0.97. These
estimates provide additional support for the claim that high energy head-on collisions of @-balls

are increasingly elastic for larger and larger relative velocities.
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Figure 3.29: Central stages of a v = 2.41 collision between two @-balls with equal and opposite
charges. During the interaction a transient state that looks like a larger ()-ball develops. The
calculation used AMR with a 257 x 257 base grid, Ly = 4 and Tmax = 8 X 10~4.
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Figure 3.30: Central stages of a v = 2.41 collision between two @-balls with the same charge.
In contrast to what is seen in Fig. 3.29 for oppositely-charged @-balls, an interference pattern is
observed during the interaction.
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t=48.8

Figure 3.31: Scalar field modulus, ||, for a Q* Q™ collision at v = 1.04 (v = 0.3). For the range of
low velocities, 0 < v < 0.3, we observe right-angle scattering as in the case illustrated here: this is
similar to what is seen in the collision of topological solitons. The plots also show the development
of a small “remnant” )-ball—which is at rest at the centre of the computational domain—as
well as an additional pair of small @)-balls that are forward-scattered. This phenomenology has
previously been reported in [18, 72]. For this and the subsequent collision experiments described
in this section and illustrated in Fig. 3.31 to Fig. 3.37 we used AMR with a fixed set of control
parameters. Specifically, we used a base mesh with 257 x 257 points, Ly = 4 and Tax = 5 x 107°.
In addition we imposed Dirichlet boundary conditions (unless otherwise stated) and set the Kreiss-
Oliger dissipation parameter to exo = 0.5 (we could also achieve stable evolution with exo = 0.0).
The computational domain was [—25,25] x [—25,25] and the Q-balls were initially centred at
(—20,0) and (20,0). The domain and starting locations are also the same in the calculations
described in the rest of this subsection.
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Figure 3.32: Scalar field modulus, |¢], for a Q* Q7 collision at v = 1.15 (v = 0.5). For an
intermediate range of velocities 0.3 < v < 0.7, QT Q7T scattering produces a mixed end state,
with both forward and right angle scattering. On the time scales simulated, we find a small
residual @-ball remaining in the center of the computational domain, while the rest of the collision
products eventually escape through the domain boundaries. We refer to this mixed scattering as
fragmentation. Similar results were previously reported in [18]. The relative size of the Q-balls that
are forward- or right-angle scattered depends on the initial velocity. At low velocities the right-
angle products are larger than the forward ones, while the situation is reversed for higher velocities
(close to v = 0.7). The field excitations that join the different @-balls eventually dissipate.
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Figure 3.33: Scalar field modulus, |¢|, for a QT Q% collision at v = 1.4 (v = 0.7). For velocities
above v = 0.7 (y = 1.4)—a Q" QT collision exhibits almost purely forwarding scattering. The
process is quite elastic, with the solitons emerging from the interaction mostly unscathed. This
behaviour is to be expected since the soliton potential and rest mass energies are much smaller
than the kinetic energy at high . Similarly to the mixed scattering case shown in Fig. 3.32, the
waves between the Q-balls eventually dissipate.
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Figure 3.34: Scalar field modulus, |¢|, for a QT Q™ collision at v = 1.04 (v = 0.3). In this
instance—and, more generally, for initial velocities below ~ v = 0.4—the @-balls fuse and form
an oscillatory bound state. This can be understood in terms of an effective trapping potential
that results from the attractive interaction between @)-balls with charges of opposite sign: here the
kinetic energy initially imparted to the @-balls is insufficient to allow them to escape the trap.
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Figure 3.35: Scalar field modulus, ||, for a Q™ Q™ collision at v = 1.09 (v = 0.4). The dynamics in
this case is quite complex, and at late times it is difficult to distinguish between outgoing radiation,
and scattered @-balls (both right-angle and forward).
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1=81.25 t=875 t=73.75

t=123.75 t=148.75 t=173.75

Figure 3.36: Charge density, @, for a QT Q™ collision at v = 1.09 (v = 0.4). In contrast to the
previous plot of |@| from the same calculation (except that outgoing radiation conditions are used
here) it is evident from this sequence that the collision describes a primarily forward-scattering
process. The opposite signs of the Q-ball charges can also be clearly inferred. We note that many
of the features appearing in the |¢| plot do not appear here, indicating that the corresponding
excitations do not carry charge (this is also the case for the scalar radiation that is seen in some of
the previous figures).
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Figure 3.37: Scalar field modulus, |¢|, for a QT @~ collision at v = 1.4 (v = 0.7). For initial
velocities v > 1.4 (v > 0.7) the forward-scattering nature of the interaction becomes evident in the
plot of the modulus. (this was also the case for QT Q7 collisions, where the velocity threshold was
approximately the same). Again, this is an indication of kinetic-energy dominance of the process.
Relative to the QT QT collisions, there seems to be more radiation emitted here, an effect that was
previously seen in Fig 3.26. This provides additional support for the claim that QT Q% collisions
are more elastic than Q@+ @~ ones.
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tw81.25 t=87.5 tm738.75

Figure 3.38: Charge density, @, for the QT Q~ collision at v = 1.4 (v = 0.7) described in the
previous figure. Again, examination of the evolution of @ gives a clear picture of the forward-
scattering nature of the interaction. Outgoing radiation conditions were used in the computation.
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3.7. @Q-BALL SCATTERING BY A POTENTIAL OBSTRUCTION

3.6.3 (-ball Collisions with Varying @)

So far our numerical experiments have used only a single static profile, namely the configuration
with w &~ 0.7739293 as listed in Table 3.1 of Sec. 3.2.1. It is of interest to ask if evolutions involving
other @-ball solutions defined by that table result in similar dynamics. We thus performed a set
of AMR experiments to investigate this issue. The o(r) profiles of the additional configurations
that we considered are shown in Fig. 3.39, along with the corresponding values of w and Q. Note
that all of the configurations have about the same size (&~ 10) for a fairly wide range of charges
(Q = 2.8-127).

The numerical experiments involved head-on QT QF and QT Q~, equal-Q collisions (i.e. both
participants had the same value of @)) with @ varying from 2.8 to 127.3, and with v in the range
1.005 < v <5 (0.1 < v <0.98). A very interesting feature emerged from the calculations. For
charge values below Q = 71.3 (Q = 2.8, 8.2 and 26.6) and for both the QT Q" and QT Q™ cases,
we saw neither right-angle scattering nor fragmentation, but only forward scattering. For values
of v < 0.2 the @-balls form a bound, oscillatory state, while for larger velocities, we observe only
forward scattering. We note that Multaméki and Vilja [97] have previously reported the absence
of right angle scattering—even at low velocities—for a @)-ball model whose potential includes both
polynomial and logarithmic terms. At first glance this seemed surprising, but our current results
with low @ configurations seem consistent with their results. We will return to this issue in the

context of the baby Skyrme model in Sec. 4.5.

3.7 ()-ball Scattering by a Potential Obstruction

One of the most interesting aspects of the dynamics of ()-balls is scattering by obstacles, which we
will define here to be obstructions that are generated through ad hoc, position-dependent modifi-
cations of the scalar field’s self-interaction potential. These obstacles can take the form of barriers,
wells, etc. and which aspects of @-ball phenomenology—such as wave/particle “duality”??—are
seen will depend on the precise nature of the obstruction. Although there is substantial literature

on the interaction of topological solitons with obstructions—in particular, see the extensive work

due to Collins and Zakrzewski [98]—there has not been much research that uses Q-balls. A notable

22We emphasize that the notion of wave/particle duality that we use here is different from that encountered in
quantum mechanics. In our case, the notion of “particle” corresponds to a “solitonic” solution of a nonlinear PDE,
while the “wave” nomenclature appeals to the fact that the PDE generally describes wave-like behaviour (i.e. is of
hyperbolic type).
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Figure 3.39: Profile functions of @-ball solutions for different values of w, previously listed in
Table 3.1. The charge, @), decreases as w increases. We compared the dynamics of @-balls of
varying ), and we found that right-angle scattering is completely absent from the dynamics of
small @-balls, specifically for @ < 71.3.

exception is the study by Al-Alawi and Zakrzewski [99] who considered the relativistic scattering of
@-balls in both 141 and 2+ 1 dimensions, for different values of the @-ball internal phase w. They
found that the 141 case was very similar to the topological one, provided that the @-balls remained
dynamically stable. They determined the critical velocity necessary to overcome a given barrier
or hole, of a specified height or depth, respectively, and found that the critical velocity was also a
function of the charge (w) of the @Q-ball. They also observed that some @-balls became unstable
and fragmented into smaller ones. This type of fragmentation is not possible in the topological
case, where the solitons have specific (quantized) charges. On the other hand, their investigations
in 2 4+ 1 were limited to determination of the deflection angles for scattering of a @-ball against a
localized hole or barrier. The maximum v they used was 1.02 (v = 0.2).

We note that the calculations reported in [99] used grid sizes of the order of 300 x 300, with a
mesh spacing h = 0.1 and A = 0.2. The @-balls used had typical diameters ~ 6. Further details
on the numerics, such as the FDA scheme, were not discussed.

In this section we report results that extend the study of Al-Alawi and Zakrzewski to higher

energies, using ()-balls boosted to v of the order of 2 to 3. A main aim of this work is to see
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whether high energy @Q-balls still fragment into stable end-products following interaction with an
obstacle. As usual we will provide evidence through convergence tests and monitoring of conserved
quantities that our results are trustworthy.

Following [99] we implement a potential obstacle as follows. Consider the equations of motion
(3.23). We modify the self-interaction potential of the complex field by introducing a position-
dependent (but time-independent) multiplicative obstacle function, ¥.(z,y), yielding new evolution

equations for the 7, variables:

om &251 3¢1

5 o oy +3(x,y) (61 — |¢l¢1 + Blod1) =0 (3.57)
0 0 0
T B2 G S(w) (92— [0l + Blofo) =0 (3.58)

The specific form of the obstacle function that we adopt is defined by three parameters, Xin,

Xmax and H:

H If Xmin S x S Xmax
% (xay;XminaXmaxaH) = (359)
1 Otherwise

Loosely speaking, we can view H as the “height” of the obstacle, and we note that in the region
where ¥ (2, ¥; Xmin, Xmax, H) # 1 (i.e. for Xpnin < 2 < Xpax), which is the part of the domain
occupied by the obstruction??, the original Q-ball configurations are no longer stationary solutions
of the (modified) equations of motion.

We now turn to the results and convergence properties of some numerical experiments involving

the scattering of boosted @-balls against obstacles of the form (3.59).

3.7.1 Unigrid Calculations for Potential Barriers

Potential barrier H =2, v =24
Our first simulation used a potential barrier of unit width and height H = 2, located slightly to the
right of the centre of a 50 x 50 computational box: the obstacle function was thus ¥(z, y;0.0,1.0,2).
The initial data consisted of a single boosted @-ball (once again with oy = 1.375) centred at
(—20,0). The boost parameter was v = 2.4, the Courant number was A = 0.2 and no Kreiss-Oliger
dissipation was used, i.e. exo = 0.0.

As can be seen from Fig.3.40, it appears that the initial @-ball fragments into two stable

23In our coordinate system, the origin (0, 0) is always located at the center of the domain
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products after encountering the barrier at this velocity. Most of the original soliton penetrates the
barrier, and a small @-ball is reflected. No outgoing scalar radiation is observed. The convergence
factors for the representative fields ¢; and m; are shown in Fig. 3.42. We observe second order
convergence in the Q" for high enough resolution, and the independent residuals of both fields
(Fig. 3.43) show first order convergence. The Q-ball collides with the barrier at ¢ ~ 21, and

convergence degrades somewhat during the collision.

Potential barrier H = 10, v =24

We increased the barrier parameter to H = 10 (so the obstacle function becomes ¥(z, y;0.0, 1.0, 10))
and left the rest of the parameters as above. The exception is that we used exo = 0.6 since a
non-zero value of the dissipation parameter improved convergence, especially at high resolution.
Repeating the scattering experiment, we found this time that—not surprisingly—most of the Q-
ball reflected back from the barrier while only a small component penetrated to the other side
(Fig. 3.44). The convergence properties of this experiment are shown in Figs. 3.46 and 3.47. We
observe that the deviation from O(h?) convergence (O(h) for the independent residuals) during the

encounter is more pronounced than for the H = 2 case.

Potential barrier H = 10, v = 3.5

For the next experiment we increased the boost of the @-ball to v = 3.5, keeping the same obstacle
function, X(z,y;0.0,1.0,10). In this case we performed the computation in a 40 x 40 box, since the
Q@-ball length in the boost direction x is significantly more contracted than for the previous two
experiments. The use of the smaller domain yields higher resolutions at fixed grid sizes (these are
unigrid calculations and practical concerns limit us to a maximum grid size of 2049 x 2049) which
aids in keeping the solution error reasonable.

With this setup we again find an end state describing one )-ball that has penetrated the barrier,
and another of smaller amplitude that has reflected from it (see Fig. 3.48). Both end products are
stable, and no scalar radiation is observed. The calculation shows O(h?) convergence of the Q",
as can be seen from Fig. 3.49, but the independent residual convergence is even more degraded in
this case than previously. However, there is still evidence that the independent residuals will tend
to 0 as h — 0. Investigation of charge conservation in this case yields a graph similar to Fig. 3.45.

Further experimentation for the case of the obstacle function used in the previous two compu-
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t= 0 t=25 t=28

Figure 3.40: Plot of scalar field modulus |¢| for the scattering of a @-ball by a barrier defined by
an obstacle function X(z;y,0.0,1.0,2) (see (3.59) for the definition of 3). The initial boost of the
Q-ball is v = 2.4 (v = 0.91). The barrier is located slightly to the right of the center of the domain
and the @-ball is initially centred 20 units from it. The interaction of the Q-ball with the barrier
begins at ¢t &~ 21. The end products are a small reflected @-ball and a larger transmitted one. The
computation was performed on a 50 x 50 box with A = 0.2, exo = 0.0, and with Dirichlet boundary
conditions. The domain has been cropped in the y direction for illustrative purposes.
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Figure 3.41: Resolution-dependence of the evolution of the computed total charge, @, for the
calculation described in Fig. 3.40.
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Figure 3.42: Convergence factors for the fields m; and ¢; from the calculation described in Fig. 3.40.
Evidence for second-order convergence is seen, although there is a degradation of convergence during
and after the interaction of the @-ball with the barrier.
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Figure 3.43: Rescaled I3 norm of the independent residuals for the fields m; and ¢; from the

calculation described in Fig. 3.40. The expected linear convergence as h — 0 is observed.
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t= 0 =25 =30

Figure 3.44: Plot of scalar field modulus |¢| for the scattering of a @-ball by a barrier defined by an
obstacle function X(z;y,0.0,1.0,10). As in the previously described computation, the initial boost
of the @-ball is v = 2.4 (v = 0.91), the barrier is located slightly to the right of the center of the
domain and the @-ball is initially centred 20 units from it. In this case, most of the soliton reflects
from the barrier with a small @-ball penetrating it. Both end products are stable. Computational

parameters are as listed in Fig. 3.40, except that exo = 0.6.
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Figure 3.45: Resolution-dependence of the evolution of the computed total charge, @, for the
calculation described in Fig. 3.44.
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Figure 3.46: Convergence factors for the fields m; and ¢; from the calculation described in Fig. 3.40.
Again, a trend to second order convergence is observed. However the effect of the collision of the
@-ball with the obstruction is even more pronounced here than it is in Fig. 3.44.
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Figure 3.47: Rescaled ls norms of the independent residuals for the fields m; and ¢; from the
calculation described in Fig. 3.44. The graphs show a trend to linear convergence with high
resolution, but the degradation of convergence due to the interaction is again apparent.
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im 38 tm 42 t=m 50

Figure 3.48: Plot of scalar field modulus |¢| for the scattering of a @-ball by a barrier defined by
an obstacle function 3(z;y,0.0,1.0,10), and with v = 3.5 (v = 0.91). Relative to the calculation
described in Fig. 3.44 (y = 2.4), the initial boost in this case is significantly higher. Otherwise the
setup of the numerical experiment is the same. In this instance the end state also contains reflected
and transmitted Q-balls, with the latter being slightly larger than the former. Both end products
are stable, and minimal scalar radiation is seen.
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Figure 3.49: Convergence factors for the fields m; and ¢; from the calculation described in Fig. 3.48.
A trend to second order convergence is observed, but with fluctuations in the convergence factors
during and after the collision.
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Figure 3.50: Rescaled l2 norms of the independent residuals for the fields m; and ¢; from the
calculation described in Fig. 3.48. Again, although there is degradation of convergence during the
interaction, the plots provide good evidence for the expected behaviour of the residuals.
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tations, X(x,y;0.0,1.0,10), showed that the critical v factor at which the two end-product @-balls
have the same size is somewhere in the range 3.2 < v < 3.5 (0.95 < v < 0.96).

In total, the experiments described above demonstrate that @-balls behave as we might expect
when scattered against a potential barrier. For fixed barrier height, if we increase the velocity of the
Q@-ball, we find that, as expected, a larger fraction of the field penetrates the barrier. In all cases
we observe conservation of charge (see e.g. Fig. 3.45) for the combined reflected and transmitted
components. It is perhaps most notable that the end-products of the interactions appear to be
Q-balls (or at least approximate Q-balls) themselves. This is another indication that it is legitimate

to view @Q-balls as solitons.

3.7.2 AMR Calculations for Potential Barriers

In this section we will discuss further phenomenological results involving potential obstructions,
but now exploiting the AMR capability of our code (as discussed in Sec. 3.6 and Sec. 2.4). In the
computations described here we used, for the most part, a fixed set of parameters to control the
AMR algorithm. In particular we used an L = 1 base grid having 257 x 257 mesh points, Ly =5
and Tmax = 0.01. The computations were performed on a 50 x 50 box with A = 0.2 and exo = 0.5
(we could also get stable evolutions with exo = 0.0).

We also used outgoing radiation (Sommerfeld) boundary conditions in order to minimize the

effects of reflections on the dynamics.

Wide Barrier H =10, v = 3.5

The first experiment involved scattering of a boosted @-ball with v = 3.5 (v = 0.96) by a barrier
with H = 10 but now with width 8 units, corresponding to an obstacle function X(z, y; 0.0, 8.0, 10).
This width of the barrier is comparable to the (contracted) diameter of the @-ball for this value of
v, which is ~ 8.5.

The resulting evolution of the modulus |¢| of the complex scalar field is shown in Fig. 3.51. As
the @-ball enters the barrier region it loses amplitude, while another @-ball is ejected backwards—
typical of what we have seen in previous experiments of this type. However, at late times there is
now a small amount of field remaining in the barrier region, similar to those found in some of the
QT QT and QT Q7T collisions described in Sec. 3.6. At the end of the computation the reflected
@-ball has a larger amplitude than the transmitted one. Considering that the adaptive algorithm

reached a Ly = 5, and the fact that Sec. 3.7.1 provided evidence that the code is O(h?) convergent,
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we feel that the observed features of the interaction are genuine. Additionally, computation of
the charge density reveals that all three end products are charged. However, calculations carried
out to later times (and perhaps the use of a more stringent truncation error threshold) would be
needed to more definitively determine if the field in the barrier region is indeed a stable product

of the scattering.

Shallow trench H = -2, v = 3.5

Next we considered the following scenario: a v = 3.5 boosted @-ball is scattered by a potential
obstruction describing a shallow trench having unit width and H = —2. The trench is centred
in the same position as the barriers used above, and thus corresponds to an obstacle function
¥(z,y;0.0,1.0,—2). Again, the az-diameter of the Q-ball at this velocity is ~ 8.5. We note that
we discovered by trial and error that for deeper trenches, i.e. for H < —2—and independently of
the value of y—the code becomes unstable, in the sense that the point-wise Newton iteration stops
converging.

The @Q-ball encounters the obstruction at ¢ ~ 21, and the end-state seen in this instance is
again quite rich. Specifically, we see a small reflected @-ball, and a larger ()-ball that penetrates
the trench. Perhaps the most interesting outcome of the scattering is that part of the field “falls”
into the trench, and forms an oscillating wall that persists for the rest of the evolution. This is
perhaps not surprising, since a region with negative potential is expected to give rise to bound-
states, or trapped configurations. In order to further investigate the nature of the end product in
the trench, we examined the charge density: interestingly, we found that the field trapped in the
obstruction contained no charge. We suspect this is due to the boundary conditions on the trench
at the edges of the computational domain. It appears that only field configurations that vanish at
infinity carry charge, and the trench clearly does not satisfy this requirement.

Potential Barrier H =10, v =7

The last configuration we considered was a boosted @-ball with v = 7, scattered by a a potential
barrier having unit width and H = 10. The obstacle function is thus X(x,y;0.0,1.0,10). At this
value of v the @-ball has an z-diameter of ~ 4.2. In this case, as can be seen in Fig. 3.53 the Q-ball
is largely unaffected by the barrier, emerging mostly unscathed from the encounter, with only a
small lump of the field back-scattered. In other words, the kinetic energy of the soliton completely

dominates the potential obstruction.
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t= 36 t= 49 t= 81

Figure 3.51: Plot of scalar field modulus |¢| for the scattering of a @-ball by a barrier defined by
an obstacle function ¥(z;y, 0.0, 8.0, 10), and with v = 3.5 (v = 0.91). The setup of this experiment
is similar to that described in Fig. 3.48, except that the barrier is wider in this case (8 units vs 1).
The boosted @-ball is initially centred 20 units to the left of the obstruction. We again see both
transmitted and reflected @Q-balls, as well as some remnant field in the barrier: the latter probably
decays away. The calculation was performed using AMR on a 50 x 50 computational domain, a
base grid having 257 x 257 points, Ly = 5, Tmax = 0.01, A = 0.2 and exo = 0.5
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t= 36 t= 49 t= 81

Figure 3.52: Plot of scalar field modulus |¢| for the scattering of a @-ball by a trench obstruction
defined by an obstacle function X(x;y,0.0,1.0,—2), and with v = 3.5 (v = 0.91). Other than
the use of a different obstacle (in particular a well rather than a barrier) the numerical setup—
including the AMR parameters—is the same here as in Fig. 3.51. The final configuration includes
a large transmitted @)-ball, a small reflected one—both of which are stable—and little evidence of
radiation. There is also some scalar field trapped in the well which carries no charge.
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tm@ tm23.75 t=48.75

t=61.25 t=687.5 tm73.75

Figure 3.53: Plot of scalar field modulus |¢| for the scattering of a @-ball by a barrier defined by
an obstacle function ¥(x;y,0.0,1.0,10), and with v = 7.0 (v = 0.99). This calculation is similar to
that described in Fig. 3.44 except that the boost factor is significantly higher. Indeed, the extreme
amount of Lorentz contraction is readily apparent. In this case, and as expected, the interaction is
characterized by almost total transmission of the initial (-ball. However, a small reflected Q-ball
can also be seen. The numerical parameters here are the same as those listed in the caption of
Fig. 3.51 apart from the truncation error threshold which is 7y,.x = 0.001.
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3.8 Summary

We now conclude with a summary of this chapter.

e With the aid of symbolic manipulation techniques, we successfully developed a computational
infrastructure that we could use to develop finite difference codes for the approximate solution
of hyperbolic time dependent partial differential equations. As a model problem, we studied a
theory describing the dynamics of a complex scalar field, and which possesses stable, localized

(solitonic) solutions called Q-balls.

e For the temporal discretization of the equations of motion, and motivated by its stability
properties observed in previous computations of this type [133, 119], we used an implicit

two-level Crank-Nicholson scheme.

o We validated our code using different types of initial data, including smooth Gaussian profiles
and single @-balls, which were either at rest, or boosted to moderate values of ~. Our
tests displayed the expected O(h?) convergence for the dynamical grid functions and O(h)
convergence for the independent residuals. Together these tests provide strong evidence
that the results produced by our code tend to correct continuum solutions as h — 0. The
computed total charge @ displayed O(h®) convergence, possibly due to the fact that we
combined a Crank-Nicholson scheme with a second order trapezoidal rule for the integration

of the charge density.

e We studied some aspects of the dynamics of Q-balls. We concentrated on two main scenarios:
collisions between Q-balls having opposite charges, QT @, and those between configurations
with the same charge, QT QT. The observed interactions during the collision were qualita-
tively different for the two scenarios. QT Q™ interactions exhibited purely constructive
interference, whereas Q™ Q™ collisions showed destructive interference patterns. We investi-
gated the convergence properties of our collision experiments, obtaining the same satisfactory
results as before. We then used the AMR capabilities of our code to perform calculations that
reproduced the previously reported phenomenology of QT Q% scattering that were carried
out for v < 1.4 [18]. Namely, we found that QT Q" scattering results in (1) bound states
for v < 0.3, (2) fragmentation into a combination of right-angle and forward-scattering (with
the trend depending on the velocity) for 0.3 < v < 0.7, and (3) strictly forward-scattering for
v > 0.7.
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To our knowledge, QT Q~ collisions have not been described in any previous work, and
we thus performed experiments using AMR to explore their dynamics. We found that the
collisions in this case resulted in bound states for v < 0.4, and exhibited forward scattering
at any higher velocity. In contrast to the QT Q7 interactions, QT Q= collisions typically
produced a significant amount of scalar radiation, and analysis of the properties of this
radiation required the consideration not only of the modulus |¢| of the complex field, but also

other quantities, such as the charge density.

For the higher boosts we considered—y = 1.2 to 7—and for both QT Q* and Q* Q~
collisions, we observed almost exclusively forward scattering We believe that at such velocities
the nonlinearities which would give rise to significant interaction of the solitons are effectively
very weak. Not surprisingly, we also found that at high boosts, and due to effects such as
Lorentz contraction, substantially more finite-difference resolution was required to maintain

a roughly constant solution error.

We found that unigrid (non-adaptive) calculations were typically stable for a wide range of
values of the Courant factor: in particular we investigated the regime 0.1 < A < 0.6 and
found no indications of instabilities. For the AMR computations we found a more restrictive
condition on J; typically we needed A < 0.3. We suspect that the instability that set in for
higher values of the Courant number was related to the interpolation of values from coarse

grids to boundaries of fine grids, which is part of the adaptive Berger and Oliger algorithm.

We investigated the dynamics of @-balls for different values of w (Fig. 3.39), noting that
the charge decreases with increasing w. We found that right-angle scattering was completely

absent from the dynamics of sufficiently low-charge Q-balls.

We performed numerical experiments of the scattering of ()-balls against potential obstruc-
tions, using boosts in the range 2.4 < v < 7. We validated the expected convergence prop-
erties of the results, but noted that convergence during the interaction of the @-balls with
the obstructions was significantly degraded. Scattering against barriers was characterized by
a combination of transmission and reflection of the soliton. Scattering against a trench of a
certain depth resulted in part of the field being trapped in the trench (along with transmitted

and reflected @-balls). The trapped field possessed no significant charge density.
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CHAPTER 4

RELATIVISTIC SCATTERING OF BABY

SKYRMIONS IN 2+ 1 DIMENSIONS

4.1 Introduction

This chapter is devoted to a description of our numerical simulations performed within the context
of the baby Skyrme model, with an emphasis on the collision of baby skyrmions. Before proceeding
to the scattering work, we discuss the formalism underlying our specific calculations, and describe
some basic computations that were performed principally to test our numerical implementation.
To this end, we start in Sec. 4.2 with a detailed formulation of the model, and discuss the static
solitonic solutions it admits. We then derive the dynamical equations of motion in Sec. 4.3, and
detail the specific implementation of the numerical methods—previously described in Chap. 2—
that we use to approximately solve these equations. Secs. 4.3.4, 4.3.5 and 4.3.6 then discuss the
generation of suitable initial data for static and boosted baby skyrmions, respectively. Code vali-
dation strategies—including convergence testing, independent residual evaluation and monitoring
of conserved quantities—are developed in Sec. 4.4. Once the reliability of our code has been estab-
lished, we proceed to use it as a laboratory to study the dynamics of baby skyrmions by means of a
series of unigrid and adaptive computations. Sec. 4.5 describes general features of baby skyrmion
scattering, and presents a survey of previous work relevant to our calculations. Experiments with
single boosted skyrmions are discussed next in Sec. 4.6, followed by Sec. 4.7, which details the core
results of this work on head-on baby skyrmion collisions (BB). Our investigations of BB grazing
collisions are discussed in Sec. 4.8, while baby skyrmion-baby anti-skyrmion (BB) scattering is
covered in Sec. 4.9. The performance of the different constraint enforcement methods is discussed
in Sec. 4.10. We conclude the chapter with a summary of our findings, as well as suggestions for
extensions of our code (Sec. 4.11).

As discussed in the introduction (Sec. 1.5.2), a chief motivation of this work is to study in
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detail the nature of the hyperbolic-elliptic transition (loss of well-posedness) in the baby Skyrme
model [1, 26, 95]. By observing the behavior of the total energy, as well as by direct examina-
tion of the numerical solution, we provide strong evidence for the loss of hyperbolicity in certain
situations—most notably in collisions at sufficiently high energies. By means of detailed explo-
rations of parameter space for the classes of skyrmion interactions summarized above, we find
specific conditions for the loss of well-posedness, and thus the limits for physically meaningful

dynamics in those cases.

4.2 The Model

The baby Skyrme model describes the dynamics of a nonlinear vector field in D = 2 space plus
one time dimension, and which, modulo the appearance of a potential term, possesses an O(3)
rotational symmetry. Extensive reviews have been written on the subject [31, 35, 55, 56], and we
refer the interested reader to these references for details beyond those provided here. The model
has the Lagrangian
1 K v s 2
£ = Fr (50000000 + L 0y00 x 0,000 00 x 0 + i (1= 0a)) . (4)
where Latin indices, such as a, label the 3 real components of the field i.e. ¢, = (@1, @2, ¢3), Greek
indices label the dimensions of space-time, u,v = 0,1,2, and summation conventions apply to
both index types. In the above X denotes the usual vector cross product. The vector field is thus
viewed as a triplet of real scalar fields, and due to the “bare” (i.e. without a potential) rotational
symmetry, must satisfy the ”chiral” constraint ¢,¢, = 1. The first term in (4.1)—a quadratic
kinetic energy—defines the ordinary O(3) sigma model. The second term, which is fourth order in
the derivatives, is the planar equivalent of the 3 + 1 Skyrme term in [31, 32, 33|, and allows the
model to admit non-trivial static solutions. As we will discuss immediately, the last term, which is
a potential (and which breaks the O(3) symmetry), is needed to stabilize the solitonic solutions of
the theory. The constants F;, k and u are parameters that are analogous to their 3+ 1 dimensional
counterparts. F has dimensions of energy and « and 1/u have dimensions of length. Here we will
fix units so that F, = x = 1.
A consequence of Derrick’s argument (Sec. D.1) is that for D = 2 we need to include a potential

term (with no derivatives) in order for stable solitonic solutions to exist. The form of the potential
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is largely arbitrary, and this freedom gives rise to a series of different baby Skyrme models [134].
Our specific choice of potential in (4.1) yields what is known as the old baby Skyrme model [35].
We have adopted this potential principally since it is the most widely studied in the literature, and
as a consequence we can compare our results with previous work.

We note, however, that for collisions in the ultrarelativistic regime, intuition suggests that the
particular choice of the potential is not expected to affect the dynamics in a significant way, since
the kinetic energy will be much larger than the potential energy in this case. Thus, we expect that
the phenomenology we observe at high boosts should be generic to most, if not all, baby Skyrme
model variants.

It is convenient and conventional to rewrite the Skyrme term in (4.1) using Lagrange’s identity:

(Opuda X Dya) (0" 1 x 0" d) = (0u0a0"$a)® — (OubaOuba) (9" 00" ) - (4.2)

Then, with F, = x = 1, we have,

1 1 2

£= 30,000 60+ 1060000 — 1(0u60D000) (@ 6,0 0) + 5 (1~ [65) . (43)

We will work with 12 in the range 0.001 < p? < 0.4 in order to determine the effect of the potential

term on the dynamics. A typical value used in previous studies is u? ~ 0.1 [135, 35, 55, 56].

4.2.1 Topological Structure and Static Solutions

We are interested in studying baby skyrmions, which are minimum energy static solutions of the
model defined above. We will briefly discuss the existence of these solutions as a consequence of the
non-trivial topology of the theory, and then move on to a description of their concrete computation.

The fields ¢, can be visualized as orthogonal directions of an Fuclidean internal space [31], as
illustrated in (Fig. 4.1). It is easy to see that the constraint ¢,¢, = 1 restricts the fields to “live”
on a S? unit sphere, in the tridimensional space spanned by (¢1, $2,#3). The fields themselves
are functions of the space-time coordinates, ¢, = ¢, (¢, x,y), and this defines a correspondence,
or a mapping, between physical space (in this case R?) and the space of triplets, or states, S?,
i.e. M : R? — S?. The S? manifold is known as the target space of the theory [122].

The non-trivial topology of the maps we consider is provided by a specific choice of boundary

conditions. In particular, we demand that (¢1(x,y), d2(x,y), d3(z,y)) — (0,0,1) at + — oo,
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y — oo, and (¢1(x,y), p2(x,y), p3(x,y)) — (0,0, —1) at the origin, z = y = 0. The first condition
identifies infinity in any direction on the zy plane as the same point, effectively compactifying space
into a sphere, R? U oo ~ S2. Hence our maps become M : S? — S2. One possible structure arising
from these boundary conditions is illustrated in Fig. 4.1, from which we see that the map M defines
one possible configuration of the vector field in the plane. In accord with the boundary conditions,
the vector (¢1, g2, ¢3) points downwards at the origin, and upwards at large distances—and in any
direction—from (0,0). At intermediate distances, and, again, in any radial direction, we find a
twist in the field. This (extended) twist is known as a texture. The existence of a baby skyrmion is
possible precisely due to the non-trivial topology of the mapping M, since a solution with a twist
cannot deform continuously into a solution without it, unless we break the twist. Assuming that
such breakages cannot occur, the number of twists is conserved.

In analogy to the classification of kinks and anti-kinks of the ¢*-theory into equivalence
classes [24], we can group our mappings, M, of vector field configurations in the plane, according
to the number of twists we encounter as we move outwards from the origin to spatial infinity. This
conserved (integer) number of twists is known as the topological charge, B, and is the analog of
the conserved baryon number in the 3 + 1 Skyrme model. Technically, B is the spatial integral of

the zero component, By, or baryon number density, associated with the current,

B, = €"€,1,p0a 00 0p0p e - (4.4)
Specifically, we have [35],
1 2 1 2 abc 1 abc
B = e d“x By = = d°z €€y a0y Pr0pde = e de dy € Pq(0z¢p)(0ype). (4.5)

It is interesting to mention that by writing the energy density derived from the Lagrangian (4.1)

as a perfect square, and using the the triangle inequality, it is possible to show that, [24, 15],
E >4nB. (4.6)

This is known as the Bogomol’nyi bound [24], and can be shown to mean that as long as the
topology of the map remains non trivial, minimal energy stable solutions for B # 0 will exist.

We will focus on the study of baby skyrmions with B = 1, although static solutions with
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Figure 4.1: We can think of a baby skyrmion as a topological structure (twist or texture, Fig. 4.1a)
in a planar configuration of a 3 dimensional vector field, defined by an internal 3D space spanned by
(p1(t,x,y), p2(t, x,y), ¢3(t, x,y)). Due to the normalization condition, ¢,¢, = 1, the value of the
vector field at any point in the zy plane is equivalent to its direction there. Away from the origin,
x =y = 0, the field approaches one vacuum state (0,0, 1) (pointing upwards), while at the origin,
it attains the other vacuum state (0,0, —1) (pointing downwards). Any radial trace of the field
direction from the origin to large distances exhibits a topological twist (kink). Fig. 4.1b shows a
view from above of the xy plane, making manifest the circularly-symmetric hedgehog configuration
of outward-pointing radial vectors.

B = 2 and higher are well known [56, 20]. As already noted, the choice of potential in (4.1) breaks
the target space invariance under O(3) rotations. Specifically, the invariance becomes O(2) x Zs,
where the discrete Zy symmetry corresponds to the two distinct vacua of the potential, namely
¢3 = ¢4+ = +1. This in turn allows for domain wall solutions, which are an example of B = 0
configurations.

Clearly, the solution ¢, = (0,0, 1), wherein the field is everywhere in the same vacuum state,
is a minimal energy solution. However, it is topologically trivial; that is, it satisfies B = 0. A
more interesting question is whether there are stable static configurations which are topologically
nontrivial (B # 0), with localized energy density, and satisfying ¢, = (0,0, 1) at infinity. Derrick’s
theorem (App. D.1) provides arguments for the existence of such solutions. More rigorous methods
found that the answer is yes, and that the solutions could be determined via a specific rotationally
symmetric ansatz, known as a hedgehog configuration

Introducing the usual polar coordinates (r, ), the explicit form of this circularly symmetric
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ansatz is

sin f(r) sin BO
$a = | sin f(r)cos B (4.7)
cos f(r)

where f(r) is a radial profile function that must satisfy the boundary conditions f(0) = Brm and
f(00) = 0 (localization). As mentioned earlier in this section, we will limit our attention to baby
skyrmions with B = 1, so that central boundary condition is f(0) = . Substitution of (4.7) in the

Lagrangian (4.3) leads to a static energy density,

E—(47r);/ooordr<f +n2 2 B (f)), (4.8)

where f/ = df /dr. Minimization of (4.8) yields a second-order ordinary differential equation [56],

(T bm2f>f +( sin2f+sinfcosff’>f/_ sin feos f 1dV(f) —0. (4.9)

72 T r "9 df

4.2.2 Solution of the Baby Skyrmion ODE

As for the @-ball ODE described in Sec. 3.2.1, we numerically solve (4.9) using the LSODA routine
from the ODEPACK package [125], which requires that we rewrite the ODE in first-order form.

We thus introduce an auxiliary variable u(r) = df /dr and recast (4.9) as

4t

= 4.10
dr b ( )
d7u _ —urcosrsinr — ur +usinr + r3 cosrsinru? + rcosrsinr (4.11)
dr r(1+sinr) '
The boundary conditions are
f0) =m, lim f(r)=0. (4.12)

T™—00

The system (4.10-4.12) is solved using a shooting method, as previously described in Sec. 3.2.1,
and adapted to this particular context. We first note that u?, the square of the potential constant,
is a non-zero free parameter of the problem. We thus fix i to some specific value, set the central

value of f(0) via (4.12), and then adjust the other initial value required by ODEPACK ,

2 (0 =u(0), (4.13)
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Figure 4.2: This figure displays baby skyrmion radial profile functions, f(r), for various values
of the squared potential parameter, p?. Also listed are the corresponding values of the shooting
parameter, f' = df /dr (We have fixed fy = 7 as a boundary condition). The sizes of the baby
skyrmions seem to be roughly inversely proportional to x2. We note that the plots show subsets
of the full computations, which generally comprise discrete collections of points, 7, p=1,..., N,
where N is of the order of 1300, 7y = 0 and 7y = rmax = 300 (i.e. only a small portion of the radial
integration domain is shown here). The LSODA error tolerance is of the order of 1.0 x 10~ which
guarantees that the error in the profile function f(r) is much smaller than the error of the evolved
finite difference solutions that we subsequently generate. Note the rapid falloff of f(r) once r 2 40.
This is typical of a static localized baby skyrmion, and justifies the view of such configurations as
“solitonic” (particle-like) entities.

by trial and error, until the solution satisfies the large-r boundary condition (4.12). As was the case
for the @-ball profiles of Sec. 3.2.1, we restrict attention to “ground state” profiles, f(r), that are
characterized by no crossings of the f(r) = 0 axis (no nodes). Fig 4.2 shows some profile functions,
f(r), for different values of u?, along with the corresponding values of the shooting parameter
f' = df/dr. We notice that the size of the baby skyrmion is roughly inversely proportional to the

value of p2.

4.3 Equations of Motion

The time-dependent equations of motion are derived from the Lagrangian (4.1), and details are

provided in App. B. Special attention is required to impose the “chiral” constraint ¢,¢, = ¢? +
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#3+¢3% = 1. The addition of a Lagrange multiplier is the traditional method to extremize functions,
or functionals, subject to a constraint [31, 32, 25]. Accordingly, a constraint term is added to the

Lagrangian (4.3)

L= %8#‘%3”% + %(%%@%)2 - %(@%33%)(3"%5”%)
2
+ %(1 — [¢3]*) + Aom(fada — 1), (4.14)

where Apy is the Lagrange multiplier. We again remind the reader that Latin indices a,b,... =
1,2,3 label the components of the dynamical fields, while Greek indices label the dimensions of
spacetime, u,v...=0,1,2. Again, relegating the details of the derivation to App. D.4, we find the

following equations of motion:

(1 + au(baauqﬁa)md)a + 8uau¢bau¢bay¢a - au¢bay¢bap,au¢a - D¢bay¢bau¢a

+ ALM®a + 123 =0. (4.15)
We can further compute the exact form of the Lagrange multiplier term Ay (App. D.4) to obtain

(1 + 6u¢aau¢a)‘j¢a + apau¢balt¢bay¢a - 8u¢bay¢baﬂau¢a - D¢bau¢bau¢a

+ (1 + au(baa#d)a)(al/(baau(ba) - (au¢aau¢a)(a#¢bay¢b) - ,u2¢§ ¢a + M2¢3 . (416)

As was the case for the @Q-ball PDEs described in Sec. 3.3, we wish to rewrite (4.16) as a set of
first-order-in-time equations, in order to employ a two time-level Crank-Nicholson finite-difference
scheme. We thus eliminate the second order time derivatives (which would require a minimum of

three discrete time levels) by introducing auxiliary fields m, mo and 73, defined by

0o (t,z,y)

et (4.17)

’/T(l(t’ 1’7 y) =

4.3.1 Finite Difference Approach

The discretization of the equations of motion (4.16) follows the same methodology used for the
@-ball equations in Sec. 3.3.1. We again adopt a second order, Crank-Nicholson scheme, expressed

on finite difference grids that are characterized by a single discrete scale, h. We thus have Ax =
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Ay = h, and At = \h, where ) is the Courant number.?*

Due to the appearance of mixed derivatives, we have more extensive finite-difference expressions
for the baby Skyrme model than for the @-ball case. The finite-difference formulae used here are
summarized in Tab. 4.1, where we continue to use the notation ¢" (i, j) = ¢(t", z;,y;) for grid func-
tions. Also following our previous procedure, we will express the difference approximations of (4.16)
in residual form, and remind the reader that the process of computing a solution to the discrete
equations of motion is equivalent to driving all of the residual quantities @1, p5°, d5°°, w1, w5, w5
to 0.

For the ¢ fields the residual form of the difference approximations are simply

T R i CF ) s { ) N S O ) Bt A CY)

2 At
res(i .7) = 7T51+1(i7j) + WS(Z,]) _ 3+1(i7j) — (bg(Z’])
2\ 2 At ’
s 7Tn+1 Z,j 4+ Z,j n+1 27.7 _Hn Z,]
3%(2,]) _ 3 ( )2 3( ) _ 73 ( )At 3( ) . (418)

res res

The task of writing the residuals 7], 75%, w5° fields explicitly is formidable, since equations
(4.16) are long and complicated. Therefore, a Maple-based script was written to automate this
task, substituting the finite difference stencils (4.1) into the continuum PDEs in order to construct
the residual expressions.

The overall time-stepping methodology is also the same as that employed in Sec 3.3.1 for
the @-ball equations of motion. However, in contrast to the ()-ball case, where we had four
fields, the baby Skyrme model has six independent dynamical fields. Correspondingly, at any
grid point (7, j) the Crank-Nicholson discretization yields six nonlinear equations (defined by the
three residual expressions (4.18) and 73°, 73, w5%) for the unknowns ¢"1(i,5) and 77 *1(i, 5).
The global system of equations is again solved using point-wise-Gauss-Seidel relaxation sweeps.

During one sweep, each grid point is visited in turn, and the 6 unknowns defined at that point

are simultaneously (collectively) updated by performing a single Newton-step. This step in turn

24As discussed in Chap.2, when we use adaptive mesh refinement (AMR), each of the component grids in the
grid hierarchy satisfies these conditions for some hjy, where L labels the level of the grid in the hierarchy and
hr =hr_1/2.
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requires the construction of the 6 x 6 Jacobian matrix, [J.4, with matrix elements defined by

R. = Residual Equations = [¢7°, 5%, ¢5°°, 11, 755, m5%°]
V. = Variables = [¢1, ¢2, ¢3, 71, T2, T3] , (4.19)
OR*
jcd an .
Here the auxiliary Latin indices ¢,d... = 1...6 label the rows and columns for our 6 x 6 linear

system. We have also suppressed the finite-differencing indexing for simplicity of expression, so the
reader should note that we have, for example,

9™ _ 0¢1%(i,J)

961~ 90771, j) (4.20)

We then use the routine DGESV from the LAPACK package [126] to directly solve the following

6 x 6 linear system at every grid point (z;,y;)

Ju Ji2 Jiz Jis Jis T 81 (i,
T T2 Joz Jou Jos Jos dpa (i
Som (i
Ta1 T2 T3z Jza T35 Js6 o3 (4.21)
Ju T2 Taz Jas Jas Jus omi (4,4
Ts1 Ts2 Tsz Tsa Tss  Tse dma (i
(

Jo1 T2 Te3 Jea Tss Tes o3 (i, J

Once the corrections d¢ and dm have been obtained, the advanced-time unknowns are updated

using
T, ) 1L ) 8¢ (i, §)
5 (i, ) 5, ) 8¢, )
57A) | [T | | 9¢s(in) (122
(i, 5) (i, 4) dm1 (i, 7)
w3 (i, 4) w3 (i, 4) dma (i, 7)
w3 (i, 4) w3 (i, 4) oms (i, 7)

When the global I3 norm of the corrections (see 2.31 and Sec. 3.3.1) is below a specified threshold,

the solution is deemed converged, and we can advance from t" to t"t!; otherwise we execute
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1: for t" = At,2A¢t,... do
2. for 1=1to Nx do

3: for j=1to Ny do
4: S% )initial Oestir%ate f(;or t%e soléltio% vector
b = [ (1 )7 g )7¢1(3 )vﬂ-i )’ﬂ-é ),71'1(3 )]T

5: Calculate the 6 x 6 Jacobian matrix J,p and the residual vector B, at
this point using nearest neighbour values, (some new, some old)

6: Solve Jap 0p = B, for the update
Sp = [5¢§°), 5¢§0), 5(;5&0)57?50), 57?50),57r§0)]T using DGESV and obtain a
new estimate ¢, = éo) — 0p

7 end for

8:  end for

9:  Calculate the I3 norm of the residuals using the new guess ¢p*" (This is a
global norm for all subdomains used by the parallel infrastructure)

10:  if Iy norm of the residuals < tolerance then

11: Convergence achieved
12: Goto 17

13 else

14 ¢1(,0) _ gew

15 Goto 2

16: end if

17: end for

Figure 4.3: Time stepping algorithm for the baby Skyrme evolution

another Newton-Gauss-Seidel sweep. A pseudo-code version of the full time-stepping algorithm is

given in Fig. 4.3.

4.3.2 Implementation Strategy

The implementation of the algorithm described above closely followed that for the @Q-ball code. In
this case, however, we did not begin with a prototype serial unigrid (i.e. non-parallel, non-adaptive)
version. Rather, we directly implemented our code using the AMRD (Adaptive Mesh Refinement
Driver) / PAMR (Parallel Adaptive Mesh Refinement) infrastructure [120, 107, 108] (see Chap. 2
and Sec. 3.3.2 for more details).

The use of scripting and symbolic manipulation in the implementation process was significant.
The derivation of the initial data equation, the continuum equations of motion, and their ensuing
discretization, were all achieved using Maple [128] scripts and a Maple-based tensor-manipulation
package [129].

The procedure to obtain the initial data ODE (4.9), described in Sec. 4.2.1, is managed by a

Maple script. The script recasts the Lagrangian (4.3) in polar coordinates, substitutes the hedgehog
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ansatz, and, following the Euler-Lagrange prescription, obtains and rewrites the resulting second
order ODE as Fortran 77 code for subsequent solution using LSODA.

The discretization of the field equations, i.e. the replacement of the continuum differential
operators by finite difference expressions, is divided into two steps.

Maple is used to algebraically perform a first partial discretization of the differential operators
that involve values of the fields at (4, j), and the Jacobian matrix elements are then generated using
symbolic differentiation. Finite difference versions of other operators, such as the mixed partial
derivatives, do not reference (4,j) grid values, and can thus can be evaluated in a straightforward
fashion directly in the final Fortran code.

The corresponding residuals for the ¢ and = fields are also generated symbolically with Maple.
Both the residuals and the Jacobian matrix elements are then exported as Fortran 77 using Maple’s
code generation facility. This capability is essential for the baby Skyrme code since, as we noted in
Sec. 4.3.1, the residuals for the 7 fields are too complicated to be written explicitly (not to mention
by hand) in an error-free fashion.

Without the strategy of using symbolic computing, and script-based automation for code gen-
eration, it would be impractical to quickly implement any changes to the equations of motion or
the discretization scheme, and the correctness of the residual and Jacobian elements would be very
much in doubt. As stressed in Sec. 3.3.2, the flexibility of our infrastructure was successfully ex-
hibited by the fact that once it had been developed in the context of the @-ball study, it could be

reused in a straightforward fashion to implement the baby Skyrme code.

4.3.3 Constraint Enforcement

In Sec. 4.3 we discussed a mechanism to impose the ”chiral” constraint ¢,¢, = ¢? + ¢3 + ¢3 = 1,
which involved the introduction of a Lagrange multiplier A\ p2° [31, 32, 25] to the Lagrangian
(4.3). However, we have found that, in practice, when numerical errors in the integration of the
field equations lead to a violation of the constraint, the Lagrange-multiplier mechanism is not
enough to confine the fields to the vicinity of the unit 2-sphere. Any small perturbations grow
rapidly to the point that the whole evolution becomes unstable.

We thus have had to investigate and implement additional methods to enforce the constraint

®a®e = 1 in numerical calculations. The simplest one involves the reprojection ( normalization,

25 \1,m should not to be confused with the Courant number, A, used elsewhere.
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Table 4.1: Crank-Nicholson (CN) two-(space) dimensional finite difference stencils used to convert
the differential equations to difference equations, for any of the six dynamical variables ¢, or m,
Here we use the notation ¢}, = ¢'; = ¢(t", x;,y;). We remind the reader that we use (component)
finite difference grids that are characterized by a single discretization scale, h, so that Ax = Ay = h,
and At = Ah, where X is the Courant number. Each of the above expressions is a second order
(O(h?)) approximation to its continuum counterpart, and is centred at (t"71/2, z;, y;).

rescaling) of the dynamical fields after one or more time steps [35, 136],

Da
Voudy

Du0:dp

ba = dodp

Tgq — Tq

Pa- (4.23)

As we will see, this is a very effective method to reproject the field back into the S? sphere.

A more elaborate technique that parallels an approach that has been used very effectively in
numerical relativity [137, 138] is known as constraint damping. One specific implementation of
the technique involves the introduction of the constraints of the Einstein equations as independent
fields, Z, followed by the addition of a damping (or frictional) term. Since the added terms do not
contain higher derivatives, they do not affect the hyperbolicity (and thus the well-posedness) of

the original equations of motion. The evolution equation for Z has the form,

0z

ot

= Einstein constraints + damping terms..., (4.24)

126



4.3. EQUATIONS OF MOTION

In our case, the constraint C(t,z,y) = ¢a¢, — 1 is algebraic in the dynamical fields, ¢. Thus, it
is not necessary to promote C(t,z,y) to an independent field. We simply add a damping term
—&C = =& (dada — 1), where & is an adjustable positive parameter, to the evolution equations

(4.17), yielding

09q(t,z,y)

It = 7Ta(ta CC,y) - gl(gba(ba - 1) : (425)

Authors of previous implementations [137, 138] report that this modification is expected to expo-
nentially damp violations from the constraint on a time scale ~ 1.

The constraint C' = ¢,¢, — 1 only involves the ¢, fields. However, we have evolution equations
for both the ¢ and the time derivatives w. We have found that it is advantageous to include

constraint damping for the 7 fields. We thus define

C
= ¢17m1 + Pam2 + P3my =0, (4.26)

0_25t

and then modify the residual form of the equations for the 7@ (4.16), via

a/]T(l (t’ x’ y)

En = ... = &(dpm) (4.27)

where &> is another adjustable positive parameter.

4.3.4 Initial Data

In order to investigate the dynamics in the baby Skyrme system we need to construct initial data
#2(i,j) and 72(i,5), a = 1,2,3 (i.e. initial values defined on the finite difference grid (z;,y;). For
a static baby skyrmion, this is achieved by first interpolating and translating the profile function
f(r) in exactly the same manner as was done for @-ball initial data in Sec. 3.3.3. The procedure

is summarized in Fig. 4.4.

1: for ¢ =1to Nz do do

2. for j=1to Ny dodo

3 Calculate interpolation radius r;; = \/(z; — z¢)? — (Y; — ye)?
4: Interpolation routine computes the value of f(ri;) = f(4,5)
5

6:

end for
end for

Figure 4.4: Interpolation and translation of a baby skyrmion to (z.,y.).
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Once the profile function has been transferred to the finite difference mesh, yielding values

f(i, ), the dynamical field values ¢2(i,j) are set via

#Y(i,j) = sin f(i,5)cosb(i,j),

#5(i,5) = sin f(i,)sin6(i.5), (4.28)

#9(i,j) = cos f(i,])

where

Tj — Te

0(i, j) = tan™ <w> . (4.29)

Since we are considering a static initial configuration, the values for the 7 fields are simply given
by

m} (i, 5) = m3(i, j) = (i, j) = 0. (4.30)

We refer to the angle 6 that appears in (4.28) as the internal phase of the skyrmion, and for

single-skyrmion initial data it can be chosen arbitrarily with no impact on the subsequent evolution.

4.3.5 Boosted Initial Data

The procedure for determining initial data describing a boosted baby skyrmion is essentially the
same as that used for generating boosted @-ball initial conditions as described in Sec. 3.3.4. We
again consider a boost with Lorentz factor v in the +x direction, and use primes to denote the

coordinate system associated with the rest frame of the skyrmion. We thus have

/

t'=~t+vz) 2'=~@x+vt) ¥ =y, (4.31)

and

t=v(t' —va') z=~@" —vt') y=y. (4.32)
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Figure 4.5: Initial data for the fields of a B = 1 baby skyrmion. This figure shows the profile
function f(r), along with the two non-vanishing field components, ¢; and ¢, which follow from
the hedgehog ansatz (4.28) with § = 7/2. A natural length scale is defined by the size of the baby
skyrmion field, which appears to be around = 50 units in radius (= 100 in diameter). We use this
size to determine acceptable dimensions for our computational domains, noting that, as usual, the
meaning of high (or low) resolution for a finite difference grid will always be relative to the natural
scale.

From equations (3.39) the dynamical fields ¢, (¢',2’,3’) have the following values in the boosted

frame:
o1tz y) = O, 2 y") =sin f(a',y') cosO(z',y") = sin f(y[x + vt],y) cos O([y(z + vt),y]),
(b?(t’ Z, y) = ¢/2(t/’ CC/, y/) = sin f(xl> yl) sin e(mlv yl) = sin f(’Y[x + Ut]? y) Sine(h/(x + Ut)» y]) )
d3(t,x,y) = @5t 2’ y") = cos f(2',y') = cos f([y(x +vt)],y), (4.33)
where

_ —1 Y—Yc
O(z,y) = tan (7[@ . vt]) . (4.34)

The time derivatives, 7, (t, z,y), transform according to (3.40) and (3.41), yielding

_ 09}

ooy lolog
oz 1Y = 3o’ = 3

oz’ YU, 3 oz’ YU, (435)

1 2

129



4.3. EQUATIONS OF MOTION

where we have used the fact that the rest-frame time derivatives, «/ (¢, 2, y’), are identically 0.

At the initial time, t = 0, the coordinates in the rest frame are

t' = vz x = ay Yy =y. (4.36)

Again following the method described in Sec. 3.3.4, we interpolate in f(a’,y’) to determine the
values f(yx,y) in the lab frame, using ' = y/x’2 + y’2, as well as the fact that in the rest frame
f(@,y') is a circularly symmetric function, i.e. f(z',y") = f(r’). A complete set of initial values

for a boosted baby skyrmion then follows by substituting ¢ = 0 in (4.33). For the ¢, we have

P (z,y) = sinf(yz,y)cosb(yz,y),
P(z,y) = sinf(ya,y)sind(yz,y), (4.37)
o3z, y) = cos f(yz,y).
while for the 7w, we find
0 a(b(l) a 2 0 a 3

m(z,y) = 55w, m(ey) = 3;%7 9 (x,y) = 8;70- (4.38)

We note that the derivatives 9¢2/0z’ in this last set of expressions are computed numerically.

4.3.6 Initial Data: Two Skyrmions

An important observation is that for the case of initial data describing two skyrmions we are free
to choose separate internal phases to set the ¢ = 0 values of the ¢, fields.

Specifically, let us consider two skyrmions, each defined by the hedgehog ansatz (4.7), but char-
acterized by separate internal angles 6, and 6. Then denoting the fields for the two configurations

by ¢((11) and ¢((12), respectively, we have from (4.28)

sin f(ry) sin(61)
oM = | sinf(ri)cos(6r) | (4.39)
cos f(r1)
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sin f(ry) sin(f2)
¢ = | sin f(rs) cos(6o) | (4.40)
cos f(ra)

where r; and 79 are the radial distances from the centres of the corresponding hedgehogs. We then
refer to the parameter W, defined by
v = 92 — 91 5

as the relative phase between the skyrmions. This quantity plays an important role in the dynamics
of skyrmion collisions.

In particular, one of the well-known results from earlier studies is that a pair of skyrmions (or an
skyrmion and antiskyrmion) separated by some distance, and at rest with respect to one another,
will experience mutual forces ranging from maximally attractive to maximally repulsive, dependent
on the value of ¥ [55, 139, 140]. Piette et al [55] define the attractive channel as a configuration of
two hedgehogs with an initial ¥ = +7, while the repulsive channel corresponds to ¥ = 0 (i.e. no

phase difference). We will adopt this terminology in the following.

4.4 Code Validation

In this section we describe the various tests that we have used to establish the correctness of
our numerical implementation of the baby Skyrme model. These tests include 1) computation of
convergence factors (eqn. (2.30)), and verification that the expected values are apparently achieved
in the limit » — 0; 2) a similar analysis of the convergence of independent residuals; and (3) where
suitable, investigation of the conservation of the topological charge B and the the total energy F
(defined below), again as function of the grid resolution. We note that the computation of B and
E is limited to unigrid (non-adaptive) calculations, since the coding required for the adaptive case
is beyond the scope of the current project.

We apply our tests to the following initial data sets: 1) smooth Gaussian data, 2) a static baby
skyrmion, and 3) a boosted baby skyrmion. We will show the results of these tests for two of the
six dynamical fields of our model, namely, ¢ and m;. Nevertheless, we emphasize that the other
fields—¢s9, ¢3 and 7y, m3—converge in the same manner. For all of the test calculations described

here we used Dirichlet boundary conditions, (see App. E), and enforced the constraints using
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the reprojection method given by (4.23). Additionally, all of the tests were run with a potential

parameter u? = 0.001.

4.4.1 Computation of the Topological Charge B

We calculate the total topological charge (or baryon number), B, in the same fashion as the total

charge, @, was computed in Sec. 3.4.2. The baryon number density, By, is given by (4.5),
By = eabceup¢aau¢bap¢c = eabe Da (8a:¢b)<ay¢0) . (4'41)
The total baryon number, B, is then given by the spatial integral
B= S / By dx d (4.42)
= A 0o ar ay. .

When our computations are run in parallel the computational domain is divided into several subre-
gions, and we thus perform the integration locally (i.e. one every subregion), using a second order

trapezoidal rule. For the I-th subregion, we have a contribution, Bj, given by

LN Ag Ay Vel
xr
b= (47T> 4 ’ ZZJ: ([Bolij + [Boli+1,j + [Bolij+1 + [Boli+1,j+1) » (4.43)

where Az and Ay are the grid spacings of the two-dimensional mesh. We then sum the B; to
determine the final value of B, where care must again be taken to avoid “double counting” in

overlapping regions introduced by the parallelization.

4.4.2 Computation of Energy Quantities

In the course of a calculation we compute the following locally defined energy densities: 1) total,
Too; 2) kinetic, T and 3) potential, P. We also evaluate the integrals of these quantities over the
solution domain, yielding values denoted by E, K and U, respectively.

Computing the local energy demnsity, Too, is accomplished by first calculating the energy-
momentum tensor, 7, of the model. As usual, Too describes the density and flow of the (local)
3-momentum. We have [32],

oL

,];LV = mayéa — ng£7 (444)
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where L is given by (4.14). The local energy density, Tyo, is then given by
Too = 1, UMUY =Ty, (4.45)

where U* = (1,0,0) is the 3-velocity of a coordinate-stationary observer [141]. The calculation of
the kinetic K and potential U energy densities follow from the decomposition of the Lagrangian

density (4.1) as £ = K — U, yielding the expressions [55],

K= /dz:r %éa@ga + %(Qba X 8i¢a)(¢.a X ai¢a)7 (446)

and?6
2

1 1
U= /d% 5060dida + 1 (Dida X 0100) (Digha x 0i) — (1~ 63). (4.47)
The specific forms for Ty, K and U are calculated using symbolic manipulation, exported to
Fortran 77, and then computed as separate grid functions in our code.
The total energy, F, is then calculated in complete analogy with the computation of B described
above. Sub-integrals, F;, are given by

Ny—1,N,—1

Az A
Er = /inE E= Ty > ([Toolis + [Toolisry + [Toolijr1 + [Toolivrj+1) »  (4:48)
i

and then the E are summed to yield the value of E. Correspondingly, the subintegrals for K and

U are calculated via

Ay Ay Ve LN
z Ay
Ki= [ 7= 252 ST (a4 B+ Do + D) . (449)
,J
A Ag VN
T
Ur = /d2$ pP= 1 Y Z ([Pooli.j + [Pooli+1,5 + [Poolij+1 + [Pooli+1,j+1) - (4.50)
,J

Similarly to Ey, the K; and U; are summed to yield the values of K and U.

26The potential energy U is the sum of the spatial gradients and the potential function V.
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4.4.3 Independent Residual Evaluators

As in Sec. 3.4.3 for the case of )-ball evolution, we evaluate independent residuals for the field
equations to provide strong evidence for the convergence of our finite difference approximations to
the continuum solutions (see Chap. 2). Our specific independent residual evaluators are constructed
using the same approach described in that section, although in this case we use a wider variety of
finite difference operators due to the appearance of mixed spatial derivatives in the equations of
motion. For the ¢, variables, we replace the Crank-Nicholson approximation with the following
expression, which is first order accurate in time:

I i.g) = 2T 00T gy, (451)

As noted in Sec. 4.3.1, it is not practical to write the explicit expressions for the residuals of
the m, evolution equations, and for the independent residuals we are confronted with the same
problem. Therefore we again use a Maple script to replace differential operations by finite difference
approximations to generate the independent residual expressions I (7, 7). Here we use first order
forward approximations for the first and second spatial derivatives of any of the ¢, or 7., as well
as a first order approximation for the time derivatives of the m,:

Oma _ my (i, 5) — my (i, §)

o = N +O(A). (4.52)

The differential operators employed to construct the equations for I, (7, j) are summarized in Table
(4.2).

If our finite difference solutions are converging to the appropriate continuum solutions, the
independent residuals Iy, (4, ) and I, (4, j) should vanish in the limit A — 0. As is the case for the
Q-ball evolution, although we anticipate the finite difference solution itself to be O(h?) accurate, the
independent residuals—which are constructed with first-order approximations—are only expected
to be O(h) as h — 0. We also re-stress that since the independent residual operators are only
applied to the fundamental difference solution—and not used in any evolutionary capacity—the
stability of the FDAs used to construct them is not relevant.

In the following subsections we show results of independent residual tests for the functions ¢,

and w1, and for the three different types of initial data we listed at the beginning of this section.
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¢ n+1
j
b —3¢" 1 (6,7) +40" T (i4-1,5) —¢" T (i+2,5)
€ 2Az

¢ _3¢n+1(7/).7)+4¢n+1(Za.j+1)_¢n+1(zv.]+2)
Y 2Ay

n+1
& Py i
t At

b ¢ (6,5) 20" (i+1,5)+¢"H (i42,5)
Trr A$2

b ¢ (6,5) 20" (i,j +1)+¢"H (i, +2)
vy Ay?

¢ _3¢x(iaj)+4¢x(i7j+1)_¢x(iaj+2)
Ty Ay

Table 4.2: Two-(space) dimensional forward finite difference stencils used to compute independent

residuals for any of the six dynamical variables ¢, or m,. The mixed derivative is nested, i.e. the ¢,

terms are to be replaced by the corresponding forward approximation listed in the table. Here we
o= Hpn.

use the notation ¢} = ¢'; = ¢(t",x;,y;). We remind the reader that we use (component) finite

difference grids that are characterized by a single discretization scale, h, so that Az = Ay = h,
and At = Ah, where X\ is the Courant number. Each of the above expressions is a first order (O(h))
approximation to its continuum counterpart at (¢, z;,y;).

We use four distinct resolutions, hr, L = 1,2,3,4, where hy, = hy_1/2. The residual norms have

2L—1

been rescaled by factors of , so that coincidence of the resulting plots indicates the expected

first order convergence of the residuals.

4.4.4 Gaussian-smooth Data

We begin our tests with the evolution of “generic” initial data which, as was the case for the Q-ball
test in Sec. 3.4.4, is based on a Gaussian form for the ¢, fields, and which is time-symmetric,

so that the 7, identically vanish at ¢ = 0. The initial data needs to satisfy the chiral constraint
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Figure 4.6: Field components for initial smooth data. The Gaussians ¢; and ¢3 are concave down
(left), whilst ¢ is concave up (right). The three fields satisfy the chiral constraint ¢,¢, = 1.

t= 0

im 8 i= 10 t= 12

T[T

Figure 4.7: Evolution of ¢; for a computation with Gaussian initial conditions. The three compo-
nents of the field satisfy the chiral constraint ¢,¢, = 1. This particular sequence corresponds to a
unigrid resolution of 513 x 513 points, in a domain of dimensions 160 x 160 ([—80, 80] x [—80, 80]), a
Courant number of A = 0.2, and a Gaussian pulse of width 20. The initial amplitude is A = 1//2,
which is the maximum value allowed given (4.55). No KO dissipation was used, i.e exo = 0.0.
Boundary conditions are reflecting (Dirichlet).
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Figure 4.8: Q" Convergence factors for the functions ¢; and 71, corresponding to the evolution of
the smooth initial data in Fig. 4.7. Second order convergence is observed, since Q" — 4 as h — 0.
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Figure 4.9: Rescaled l; norm of the independent residuals for the functions ¢, and 71, corresponding
to the smooth initial data in Fig. 4.7. The near coincidence of the lines at different resolutions
indicates first order convergence, as the mesh spacing h — 0.
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Pa®a = 1, so we set,

$1(0,24,y;) = Aexp

_ (xi ;x)Q _ (yﬂ;y)Q] (4.53)
_ (m wxc)2 _ <%wi‘/)2] (4.54)

2 2
03(0,25,;) = |1—2A2exp [-2(””_””0) —2<yi_yc>] (4.55)

¢2(07xi7yj) = Aexp

where w, A, x. and y. are parameters, and

7"-1(075624734_74) =0 WQ(vaivyj) =0 773(0,131‘,yj) =0. (456)

From (4.55), the maximum value of A that can be used is 1/4/2. An illustration of this type of initial
data is given in Fig. 4.6. As shown in Fig. 4.7, the data evolves as an outgoing circularly-symmetric
wavepacket, (plots of ¢ and ¢3 are very similar).

Results for the convergence factors and independent residuals for ¢; and m; are shown in
Figs. 4.8 and 4.9. Quadratic convergence of the finite difference solution is evident, since Q" — 4
as h — 0, consistent with the O(h?) accuracy of the underlying difference scheme. Furthermore, the
near-coincidence of the rescaled independent residuals indicates that, as expected, they converge
linearly as h — 0. We note that here—as well as in similar plots shown for the hedgehog evolutions
described below—since the initial data is identical on all meshes, the t = 0 value of of Q" is not
defined (see 2.30) and has been arbitrarily set to 0.

The topological charge B for this type of initial data is effectively zero (< 10719) even for the
coarsest resolution of our calculations (257 x 257 points). The computation of the conserved total
energy, E/, at various resolutions, is shown in Fig. 4.10. It converges quadratically to conservation
as h — 0, consistent with the O(h?) approximation of the finite difference scheme and the numerical

integration technique (trapezoidal rule).

4.4.5 Static Hedgehog and Stability

We now turn our attention to the testing of our code using static initial data. Fig. 4.12 shows
the numerical evolution of a single static hedgehog centred in the computational domain, with

a potential parameter p? = 0.001 (Fig. 4.2). The numerical domain is 160 x 160 ([—80,80] x
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Figure 4.10: The top figure shows the evolution of the total energy E at different resolutions
corresponding to the smooth initial data plotted in Fig. 4.7. Quadratic convergence to conservation
is observed, as expected, since F is integrated using the second order trapezoidal rule on each
subdomain as given by (4.48). The bottom plot shows the decomposition of E into kinetic energy
K and potential energy U, for the same initial data at a resolution of 513 x 513 points. The
kinetic energy increases from zero, while the potential energy proportionally decreases, and after
some oscillations, K and U approach steady state values, corresponding to the circularly symmetric
expanding wave front seen in Fig.4.7.
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(b)

Figure 4.11: Comparison of the size of a skyrmion as defined by the baryon density, By, (top) and
the field component, ¢, (bottom). In both cases we define the approximate size via the distance
from the center where the tail of the quantity is sufficiently small. Using By this gives a diameter
of &~ 20 units, while using ¢; we find a diameter of ~ 100. 140
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Figure 4.12: Evolution of the baryon density, By, for a static hedgehog sitting at the origin. The
resolution is 513 x 513 points, on a domain of dimensions 160 x 160 ([—80,80] x [—80,80]), but
the figure has been cropped to [—40,40] x [—40, 40] for illustrative purposes. The Courant number
is A = 0.2, and the potential parameter is u?> = 0.001. The boundary conditions are Dirichlet
(reflecting). No dissipation was used (exo = 0.0). After a brief period of relaxation the hedgehog
reaches a (visually) time-independent state.
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Figure 4.13: Convergence factors for the functions ¢; and 7y, corresponding to the static baby
skyrmion evolution in Fig. 4.12. Quadratic convergence is achieved, i.e. Q" — 4 as h — 0, as
expected from our finite difference approximation.
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Figure 4.14: Rescaled ls norms of the independent residuals of ¢; and 7y, at different resolutions,
for the static baby skyrmion evolution shown in Fig. 4.12. Once again, the trend to coincidence of
the lines as resolution is doubled signals the expected O(h) convergence.
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Figure 4.15: Evolution of the baryon number, B, (Fig. 4.15a) and total energy, E, (Fig. 4.15b) at
different resolutions for the evolution of the static baby skyrmion initial data plotted in Fig. 4.12.
The top plot shows the evolution of the baryon number B, while the bottom one shows the evolution
of the total energy E. The kinetic energy K is of the order of 1 x 10™%, thus for all practical
purposes FE is purely potential. Although at any fixed resolution there appears to a roughly linear
“dissipation” of F and B with time, the expected quadratic convergence of both quantities is
clearly observed. The use of a Dirichlet or Sommerfeld boundary condition did not produce any
appreciable difference in the results of this test.
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Figure 4.16: This figure displays a baby skyrmion radial profile function, f(r), with u? = 0.001
and a trial profile function g(r) = 7 exp (—r/8.8).

[—80,80]). 27 We note that this choice of domain ensures that the hedgehog, which has a diameter
of about 100 units, is properly contained on the grid. The Courant number for this calculation is
A = 0.1, and Kreiss-Oliger dissipation is not used (exo = 0.0) since the evolution is not affected
(appreciably) by high frequency components in the solution. Again, the boundary conditions are
Dirichlet (reflecting). After a brief period of relaxation, the skyrmion sets into a (visually) static
state, inferred from the apparent time-independence of By.

Calculation of the convergence factors, Q", (Fig. 4.13) unambiguously reveals that they tend
to four, which indicates second order (O(h?)) convergence, consistent with our FDA scheme. The
rescaled independent residuals for ¢; and m; are shown in Fig. 4.14. As before, the trend to
coincidence of the curves demonstrates that the residuals converge linearly (O(h)) with the mesh
spacing h.

Fig. 4.15 shows the results of the computation of the conserved topological charge, B, and the
total energy, E, at various resolutions. Both quantities converge quadratically to conservation as
h — 0. This is the expected rate of convergence since both the finite difference scheme and the
approximate integration technique (second order trapezoidal rule) are O(h?).

We also devised a test to investigate simultaneously the dynamical stability and convergence

of baby skyrmion data. The experiment involved trial-and-error approximation of the numerically

27We remind the reader that this notation, defined in Sec. 3.4.1, means that the computational domain has extent
[wminy xmax] X [yminy ymax]
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computed profile, f(r), with the closed form trial function, g(r),

g(r) =m exp(—r/8.8). (4.57)

Fig. 4.16 shows plots of both functions. Heuristically, we can consider g(r) a small perturbation of
f(r). Initializing the dynamical fields via (4.28), but with f(r) — g(r), the baryon density of the
“perturbed” hedgehog oscillates slightly at early times, but then eventually settles into a stationary
state, very close to that produced for the corresponding true baby skyrmion. This provides evidence
that this particular soliton is indeed stable under small (but finite) perturbations. Furthermore,
investigation of the conservation of B and E for the perturbed evolution yields the same rates of

convergence as for the computations using f(r).

4.4.6 Boosted Skyrmion

As for the previously described experiments with Q-balls, one of our principal objectives is to study
collisions of baby skyrmions having large relative velocities. As a preliminary step towards this
goal, we investigate our code’s convergence properties using initial data for a single boosted baby
skyrmion, prepared as described in Sec. 4.3.6. We consider a relatively small boost with v = 1.6
(v is the boost of the skyrmion relative to the lab frame). Evolutions of baby skyrmions with
much larger boosts will be considered in Sec. 4.6. As an aside, and as stated in Sec. 3.4.6, it is
important to keep in mind that at fixed resolution, and as a consequence of effects such as Lorentz
contraction along the boost direction, the convergence of our code degrades with increasing ~.
In order to perform computations with fixed accuracy as we increase the value of v, we need an
increase in grid resolution (increasingly fine mesh spacing), albeit not globally, i.e. not required
throughout the whole computational domain. It is therefore evident that maintaining constant
accuracy globally is computationally expensive and grossly inefficient. This constitutes the major
motivating factor for the use of AMR in our calculations, as was the case for the evolution of highly
boosted Q-balls.

We performed convergence and independent residual tests for a v = 1.6 (v = 0.8) boosted baby
skyrmion (Fig. 4.18), in a box with dimensions 120 x 120 ([—60,60] x [—60,60]), with A = 0.1,
and exo in the range 0.4-0.6, (the precise choice of exo did not appreciably affect the results).

We note that the decreased domain limits, with respect to the static baby skyrmion in Fig. 4.12,
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Figure 4.17: Evolution of the baryon density of a perturbed hedgehog, initialized using the trial
function g(r) in Fig. 4.16. The parameters of this run are identical to those in Fig. 4.12. However,
each snapshot has been cropped to [—25,25] x [—25,25] for a better illustration. The soliton’s
maximum undergoes damped oscillations, and after some time it settles down around the value of
the maximum of a hedgehog initialized with f(r). Concentric outgoing waves are slightly visible:
these waves carry the excess of energy released by the perturbed hedgehog while it relaxes into a
static state, very close to that of the baby skyrmion initialized with f(r). This behaviour shows that
the hedgehog is indeed stable under small but finite perturbations. We note that the “jaggedness’
apparent in some of the above plots, as well as those in Fig. 4.18, is an artifact of the plotting,
which used a coarsening of the actual finite difference grid.
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Figure 4.18: Evolution of the baryon number density By of a boosted hedgehog at v = 1.6 (v = 0.8).
This data comes from a unigrid calculation with a numerical mesh of 513 x513 points, on a domain of
dimensions 120 x 120 ([-60, 60] x [—60, 60]), but the figure has been cropped to [—60, 60] x [—30, 30]
for clarity. The initial position of the soliton is (zg, yo) = (—30,0). The Courant number is A = 0.2
and the dissipation parameter is exo = 0.5. The diameter of the baby skyrmion (in the z-direction)
for this value of v contracts to 100/1.6 & 62.5. The boundary conditions are Sommerfeld (outgoing
radiation). We observe that the skyrmion evolves in an essentially unperturbed and stable fashion.
We applied small changes to the value of v and observed identical behaviour.
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Figure 4.19: Convergence factors for the functions ¢; and m, corresponding to the boosted baby
skyrmion evolution in Fig. 4.18. O(h?) convergence is achieved, i.e. Q" — 4 as h — 0, as expected
from our finite difference approximation. As discussed in the text (Sec. 4.4.6), at fixed resolution
the convergence of our code degrades with increasing =y, as a consequence of effects such as Lorentz
contraction along the boost direction. Computations for larger v require increased grid resolution
(increasingly fine mesh spacing) for fixed accuracy.
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Figure 4.20: Rescaled s norms of the independent residuals of ¢; and 7y, at different resolutions,
for the same boosted skyrmion evolution shown Fig. 4.18, with v = 1.6 (v=0.8). The trend to
overlap of the lines as h — 0 signals linear convergence, as expected.
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Figure 4.21: Evolution of of the baryon number B (Fig. 4.21a) and total energy E (Fig. 4.21b)
at different resolutions for the v = 1.6 boosted skyrmion evolution shown in Fig. 4.18. Quadratic
convergence is observed for both quantities. At low resolution, there appears to be roughly linear
“dissipation” of E' with time, but there is clearly convergence to conservation as h — 0. The use
of a Dirichlet or Sommerfeld boundary condition did not produce any appreciable difference.
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is motivated and justified by the severe Lorentz contraction of the highly-boosted configurations.
This adjustment attempts to keep the soliton resolved with about the same number of points as
for the static skyrmion. Fig. 4.19 shows the convergence factors for ¢; and m, while Fig. 4.20
shows the evolution of the (rescaled) I norms of the independent residuals for those fields. Once
more we observe the expected second order convergence of the dynamical grid functions and first
order convergence of the independent residuals. Finally, we computed the evolution of the baryon
number, B, and the total energy, F, at different resolutions. At any resolution there appears to
be roughly linear “dissipation” of E with time, but there is clearly convergence to conservation as

h — 0.

4.5 General Features of Baby Skyrmion Scattering:
Previous Work

The classical scattering of two B = 1 baby skyrmions has been studied extensively: here we briefly
review the work that is most relevant for this thesis.

First, we emphasize that although the original 34 1 Skymre model is of most phenomenological
interest, numerical simulations of the highly nonlinear full 3 4+ 1 equations of motion are compu-
tationally expensive. This has provided much of the impetus for the focus on the baby Skyrme
model, including the current work.

The earliest discussion of the possible presence of solitons in a sigma model in 2+ 1 dimensions
is due to Belavin and Polyakov (1975) [33, 57], who showed the existence of non-trivial static
solutions in a O(3) model describing the thermodynamics of ferromagnets, subject to the chiral

constraint,

£= 20,0006+ Arar(1 — Guda), (4.5%)

(following the same notation as in (4.14)). They also suggested that the model be reformulated
in terms of a complex field, W. This was motivated by their ability to then construct a two-
dimensional analog of Euclidean Yang-Mills theories [58, 59], which are better suited for quantiza-
tion using a path integral approach [142]. Since the boundary conditions at infinity are the same
in any direction on the plane, the complex dynamical fields live on a Riemann sphere (that is, the

complex plane plus the point at infinity, C U {oc}). The field W is therefore obtained by stereo-
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graphic projection of the original fields ¢ in (4.58) [60]. The model (4.58) was thus referred to as
the CP' model, since the geometry and topology of the target space in this formalism correspond
to the complex projective space CP'. A brief description of the W-formalism can be found in
App. D.3.

The non-trivial solutions found in the CP! model, although localized, turn out to be unstable
under perturbation of their shape, leading to the solution either shrinking to a point (becoming
an infinite spike in finite time), or expanding without bound [60, 143, 144]. Given that these
solutions are not quite solitons (due to this instability), they were referred to as CP' lumps [20].
The observed instability seems to arise from the conformal invariance of the model, i.e. for any
fixed energy there is a continuously deformable family of lump shapes (and sizes).

It was found, however, that under certain conditions it was possible to study the head-on
collision of two CP* lumps before they collapsed to zero size, and Ward [60] used that fact to study
such collisions using analytic methods to calculate geodesics in the internal space [20, 145, 146].
Using calculation of geodesic trajectories, Leese [61, 139] was the first to report the typical right-
angle scattering seen in low velocity (v ~0.2-0.3) head-on collisions of sigma-model-type solitons®.
Indeed, using the fact that lumps follow geodesic paths, Manton showed that right-angle scattering
can be understood in terms of the geometry of the internal space of the model [20, 147]. Manton
also demonstrated that the scattering angle approaches zero as the impact parameter grows.

These results were verified and extended numerically by Zakrzewski [89] using initial data
describing a two lump configuration. The lumps were specified using the W formalism, and each
had a diameter ~ 1.0. The calculations were performed on computational domain [—2,2] x [-2, 2],
using a two dimensional mesh with 201 x 201 points, a mesh spacing of Ax = Ay = 0.02, and
a Courant number At/Ax = 0.5. The time stepping was performed using a fourth order Runge-
Kutta method, and the spatial derivatives were approximated with second order stencils. The
chiral constraint was enforced by reprojection of the fields.

Zakrzewski found that head-on collisions always resulted in right angle scattering, and that a
collision triggered shrinking of the lumps, which then became “spiky”. The rate of lump shrinkage
was observed to increase with increasing initial velocity. Furthermore, it was found that head-on
scattering of two lumps of different initial sizes produced two lumps of the same size that had

scattered at right angles. For initial data of this type, but with a non-zero impact parameter,

28Unless stated otherwise, velocities are always those of each soliton relative to the laboratory frame.
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intermediate size lumps were produced (it is interesting to observe that the size of the extended
object is also relevant to non-topological solitons, as discussed in the context of our results with
small @-balls in Sec. 3.6.3). Radiation from the collisions appeared negligible, except for the case
of relatively large initial velocities (v ~ 0.4-0.5).

In order to stabilize W-lumps, thus promoting them to “true” solitons, Leese [61] introduced a
term which took advantage of the invariance of the energy of the model under transformations of
the form W — We'®. The modification effectively adds internal angular momentum to the lump
that prevents collapse. The resulting stable, static solutions are called Q-lumps, in analogy to Q-
balls. Specifically, the nomenclature is motivated by the fact that besides a topological conserved
number, N, a conserved Noether charge, @, arises from the U(1) symmetry. In the same paper
cited above, Zakrzewski [89] studied head-on collisions of @Q-lumps, observing that the relative
phase did prevent the shrinking of the soliton, and that it introduced repulsive forces that were
important in determining scattering properties.

As discussed in Sec. 4.2, the stabilization of a lump can also be achieved by adding extra terms
to the Lagrangian. Wilczek and Zee [58, 57] were the first to suggest that a 2 4+ 1 sigma model
could serve as a toy model for skyrmions. Specifically, they advocated the addition of a term that
was fourth order in the field derivatives (a Skyrme term), as well as a mass or, more generally, a
potential with no dependence on the field derivatives.

Within the context of this proposed model, Leese, Peyrard and Zakrzewski [90] then performed
simulations of head-on scattering using the same basic numerical setup described in [89]. In this
case the solitons had diameters of ~ 2 and velocities in the interval 0.2-0.6 were considered. The
calculations confirmed that the solitons were indeed stable, and that they behaved as quasiparti-
cles; i.e. their shapes were preserved after interaction. The force between the solitons was found
to be repulsive, resulting in back-scattering until some critical velocity v ~ 0.3. Higher initial
velocities led to right-angle scattering, and significant emission of radiation. These results were
then corroborated by Sutcliffe [91], who calculated the critical velocity analytically, obtaining a
value of ~ 0.21.

The term baby skyrmion actually first appears in a paper by Piette, Schroers and Zakrzewski
[55]. As previously discussed, each specific potential term defines a particular baby skyrmion model.
The one chosen in the studies just mentioned [90, 91] is V = (1 + ¢3)* and results in the so-called

holomorphic model [35, 91]. The static solutions in this model may describe either a single solition,
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or a multi-skyrmion. The latter is a minimal energy solution describing a bound state of multiple
skyrmions, with each constituent having the same specified topological charge, B [93, 148].

However, the most well-studied members within the baby Skyrme model taxonomy are arguably
1) the old baby Skyrme model [93, 55, 56], with a potential function V' =1 — ¢3, and 2) the new
model, V = 1 — ¢2, which we have adopted in this thesis. The old model gives rise to multi-
skyrmions with complex structures and is the basis for the so called skyrmion crystal [35]. It is
also of interest since it possesses multi-skyrmion ring-like solutions. The skyrmions appearing in
the new and old models are expected to differ primarily at small distances (as measured from their
respective centres), since they tend to the same vacuum state ¢, = (0,0, 1) as r — oo.

Again, we have restricted attention to the new model in the studies described here. However,
we are particularly interested in high-boost phenomenology and expect that the generic features
we observe in that case will be largely independent of the details of the potential. We have also
used the hedgehog ansatz (4.7) rather that the W-formalism in the calculation of our static initial
configurations. This choice was largely made on the basis that the former is used in most of
the more recent studies (see below), while the latter was motivated by arguments related to the
quantization of the model, and which are thus not relevant for our classical computations.

We now summarize previous studies of baby skyrmion collisions that are most pertinent to our

work. These include the following:

e One of the studies that is most relevant to this thesis is due to Crutchfield and Bell [1],
whose work was in large part motivated by the observation of instabilities in earlier numerical
investigations of the full 3+1 Skyrme model [85, 84]. Two main possible sources of instability
were posited: 1) a problem with the implementation of the chiral constraint in conjunction
with leap-frog schemes and 2) a conjectured, configuration-dependent change in character
of the dynamical equations from pure hyperbolic to mixed hyperbolic-elliptic. This second
claim is of special interest to us. Crutchfield and Bell provided a non-rigorous argument
for the loss of hyperbolicity based on the linearization of the equations of motion, and an
analysis of the conditions under which some of the characteristics of the system could become
complex (this issue is discussed in somewhat more detail in App. C.2). The argument applies
to both the 3+ 1 and 2+ 1 versions of the Skyrme model, and has apparently become widely
accepted in the field [25]. The authors also heuristically equate the loss of hyperbolicity to

Y

regions in solution space where “kinetic energy” is larger than “potential energy”, although it
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is not entirely clear how the two forms of energy were defined in their paper. In our work we
have been especially concerned with the question of whether or not hyperbolicity loss (loss

of well-posedness) is genuinely an issue in Skymre models.

The specific numerical calculations in [1] involved both the 2 4+ 1 baby Skyrme model (which
was referred to as the pseudo-Skyrme model)—but with no potential term—as well as the
3+ 1 model. For the 2 + 1 case the authors may have been unaware that the addition of a
potential enables the existence of static solutions, since they noted that there are no localized
solitons in the model and then focused their investigations on the evolution of generic, smooth

Gaussian initial data.

Two separate O(h?) numerical schemes were considered. The first used “leap-frog” time
stepping as employed in [85, 84], but with an improved implementation of the constraint
enforcement relative to previous work (and which is quite similar to ours). The second was
a predictor-corrector type scheme apparently largely motivated by the savings in memory it
afforded relative to the “leap-frog” method, and which was a considerably more important
consideration in the early 1990’s than it is now. The results that are presented are notable in
that convergence tests were performed, with the expected O(h?) convergence being observed

for both 2+1 and 341 computations. The 341 code was also used in a subsequent study [83].

Typical mesh sizes used were 32 x 32 to 256 x 256 in the 2D case, and 8 x 8 x 8 to 32 x 32 x 32
for the 3D computations. For both the leap-frog and predictor-corrector schemes, Courant
factors of 0.5 were used without the appearance of numerical instability: in the 3D case this

represented an order of magnitude improvement relative to the first numerical efforts [85, 84].

Peyrad et al, [92], considered head-on BB collisions using the holomorphic potential. The
rational ansatz W-formalism (App. D.3) was adopted, and in addition to the potential pa-
rameter 0, (corresponding to our p?), an adjustable coupling constant #; was introduced to
the Skyrme term. For a given initial velocity, scattering exit angles as a function of 1) the
Skyrme term parameter 61, and 2) the relative phase of the skyrmion were computed for a
range of velocities, 0.1 < v < 0.95. An effective repulsive force between the solitons was found
and, at low velocities, very little emitted radiation from the collisions was seen. The authors
further demonstrated that the critical velocity separating back- and right-angle scattering

depended on the parameters #; and 65. In addition, for the case of right-angle scattering
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close to the critical velocity they observed a quasi-bound ring-like intermediate state.

The boosted skyrmions in this study were generated using a Galilean transformation and
there is mention that skyrmions with large initial velocities radiate strongly at the beginning
of the simulation. It is possible that this may be a resolution-dependent phenomenon that
should disappear as h — 0. We note that apart from plots of scattering trajectories (which
show the time evolution of the centres of the skyrmions in the zy plane) there were no results
displayed for high-velocity computations. Additionally, there is no mention of the appearance
of any instabilities.

Calculations were performed on a domain of approximate dimensions [—5, 5] x [—5, 5], using
512 x 512 grids and a mesh spacing Ax = Ay = 0.02. The skyrmions had diameters =~ 2.
The spatial discretization technique was the same as that adopted in [90], and a fourth order
Runge-Kutta method was used for time stepping. The chiral constraint was implemented

using reprojection.

Piette et al [55] studied BB collisions—both head-on and grazing—using the old model and
the hedgehog ansatz (4.7), with u? = 0.1. Initial velocities in the range 0.1 < v < 0.6 were
considered The authors demonstrated that variation of the relative phase would produce
either attraction or repulsion between the skyrmions. They identified a maximum attractive
channel when the relative phase is &7, and a mazimum repulsive channel when the value
is zero. It was reported that during head-on collisions a large amount of energy was lost
through radiation. In fact, it was found that the skyrmions could only re-emerge from the
interaction if the initial velocity was > 0.46. At lower velocities, an intermediate “toroidal”
bound state was formed (which was also observed by Peyrad et al [92] and Kudryavtsev et
al [56]), and radiation continued to be emitted until the configuration relaxed to a static
B = 2 ring soliton. They also reported that the relative phase of the skyrmions was relevant
not only for the exit angle of the scattering, but for the post-collision velocity as well. They
noted that the outcome of grazing collisions is particularly rich, since it depends on the initial
velocity, the impact parameter b and the relative phase of the skyrmions: depending on the
values of these parameters they could form bound orbits or scatter away from each other. For
the particular case where the initial velocity was fixed to 0.4 and with the solitons prepared
in the maximum attractive channel, they identified a critical impact parameter of b = 1.5

beyond which the skyrmions had essentially no effect on one another, with both escaping to
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infinity.

The choice p? = 0.1 fixed the diameter of their solitons to ~ 28 (see Fig. 4.2). The computa-
tional domain had dimensions [—25,25] x [—25,25], and a fixed resolution of 250 x 250 grid
points was used. However, the description of the rest of their computational methodology is

somewhat sparse.

Dwyer and Rajagopal [94] studied head-on and grazing BB collisions in the range of velocities
0.1 < v < 0.8, adopting a slightly modified baby Skyrme Lagrangian which they used as a
toy model for electroweak (metastable) solitons. They used a potential V = \(¢pqpq — v?)?
and treated A\ as a parameter. For each value of A they found a critical velocity above which
a collision always ended in the annihilation of the skyrmions, i.e. the observed destruction of

the solitons was independent of the details of the initial configuration.

The authors were more explicit about their numerical setup than some of the other works
mentioned thus far. They used a fourth order Runge-Kutta time integrator, with second order
FDAs for the spatial derivatives. Static solutions were obtained by relaxation of an initial
closed form profile function. They worked on a uniform two dimensional mesh with 125 x 125
points, Az = 0.2, and Courant numbers in the range 0.05 < A < 0.25. Their solitons had
a diameter of ~ 20. Boosted initial conditions were generated by means of simple Galilean
transformations, and they did not impose any constraint during time evolution. The lack
of such a corrective mechanism, along with the coarseness of their mesh, suggests that the
numerical errors might have been substantial. It thus would have been informative to have

had information on the convergence properties of their code, but this was not provided.

Soliton-antisoliton (BB) configurations of baby skyrmions were studied in [149]. A generic
characteristic of BB collisions mentioned in that work is that the BB pair interacts rather
strongly, with mutual annihilation and the production of large amounts of radiation. It is
notable that the peaks of the outgoing waves exit at 90° from the axis of approach of the
solitons, i.e. in the transverse direction of motion. Kudryavtsev et al [56] studied excited
skyrmion states with B = 1, observing decays into a baby skyrmion plus a baby skyrmion-

antiskyrmion pair, which eventually decayed into pure waves.

The dynamics of hedgehog baby skyrmions B = 1 has also been studied in the presence of

various potential obstructions, such as barriers and holes. The obstructions are modelled
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with the same technique employed in Sec. 3.7 for Q-balls, in which one introduces a localized
spatial inhomogeneity in the coefficient of the potential term. As we mentioned in Sec. 1.2.2,
some condensed matter developments have motivated a surge in activity in this area. One
specific example is the study of magnetic bubbles [150] which are created by exposing a
ferromagnetic material to a pulsed magnetic field. Such bubbles were once considered as the
basis for computer memory storage due to the high spatial densities that could be achieved.

We have not, however, considered any potential obstruction scattering of skyrmions in this

thesis; interested readers can consult references [151, 152, 153, 98, 99].

4.6 Single-boosted Skyrmions

We now briefly describe our simulations of single boosted skyrmions. The chief aim is to understand
the general numerical characteristics of the solutions, with numerical stability being of central
interest. Our main conclusion is that the low-boost behaviour discussed in Sec. 4.4.6 is quite
generic: in particular, baby skyrmion evolution at high values of v remains stable and convergent.
(We again note that v is the boost of the skyrmion relative to the lab frame.) In addition, these
results hold for both unigrid and adaptive calculations.

In Sec. 4.4.6 we tested the convergence properties of our code for a boosted baby skyrmion with
v = 1.6 (v = 0.8). We systematically increased this value of 7, and as we did so we monitored
convergence and the conservation of the total energy F.

We performed two AMR calculations, one with v = 3.2 (v = 0.95, Fig. 4.22a) and another with
v =5.79 (v = 0.985, Fig. 4.22b). The numerical setup is detailed in the figure caption. We applied
outgoing radiation (Sommerfeld) conditions at the outer boundaries (App. E). As usual, this choice
of boundary condition is motivated by a desire to minimize the amount of radiation that reflects
from the boundaries, and which would subsequently “contaminate” the interior solution. We used
reprojection, as defined by (4.23), for constraint enforcement here and, unless otherwise stated, for
all the numerical experiments described in this chapter.

As can be seen in Figs. 4.22a and 4.22b, evolutions at large v using the resolution parameters
given above display radiation “leaking” from the solition, particularly at early times. We can
interpret this as a relaxation of the skyrmion from its initial configuration (presumably to a slightly

lower energy state) and it is almost certainly a resolution-dependent phenomenon that should
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Figure 4.22: This figure shows the evolution of the baryon number density By of two boosted baby
skyrmions, one at v = 3.2 (v=0.95, Fig. 4.22a), and another at v = 5.79 (v=0.985, Fig. 4.22b).
Evolutions at the latter values of large -, using the resolution parameters given below, display
radiation “leaking” from the solition, particularly at early times. We can interpret this as a
relaxation of the skyrmion from its initial configuration (presumably to a slightly lower energy
state) and is almost certainly a resolution-dependent phenomenon that should disappear as h — 0.
In addition, although the overall shape of a very rapidly propagating skyrmion stays the same,
the height of the central “spike” decreases slightly, indicating that the gradients of the fields have
decreased too. Note that the skyrmion in (4.22a) has contracted to 100/3.2 = 31.2 in the z
direction, while the z-extent of the fastest skyrmion (4.22b) is 100/5.79 = 17.2. These are AMR
calculations with Tmax = 5x 1073, an L = 1 mesh having 257 x 257 points, and Ly =5 (according to
the notation established in Sec. 2.4). We set the Kreiss-Oliger dissipation parameter to exo = 0.5,
and the Courant number to A = 0.2. The boundary conditions are Sommerfeld outgoing radiation
(App. E), and the domain has dimensions 120 x 120 ([—60, 60] x [—60,60]). Given the fact that
the baryon density is less extended than the Skyrme fields (see Fig. 4.11), and in order to better
visualize the solitons, the domain has been cropped to [—60,60] x [—20,20]. The starting location
of the center of each boosted baby skyrmion is (xo,y0) = (—30,0). The constraint enforcement
method was reprojection (4.23).
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Figure 4.23: Surface plot of the the evolution of the 7y field corresponding to the AMR calculation
of a single boosted baby skyrmion in Fig. 4.22a. We observe that the field for the soliton remains
smooth as it propagates.

disappear as h — 0. In addition, although the overall shape of a very rapidly propagating skyrmion
stays the same, the height of the central “spike” decreases slightly, indicating that the gradients of
the fields have decreased too. Use of a more stringent value of Tax, Which leads to larger parts of
the computational domain being covered by finer meshes, reduces these effects, providing evidence
for the claim that they will vanish in the limit of infinitesimal grid spacing. Fig. 4.23 illustrates
the grid function, 71, from the v = 3.2 calculation. We observe that m; remains smooth and stable
as the skyrmion propagates.

We also computed the evolution of the total energy, F, at different resolutions (non-adaptive
mode) for the v = 5.79 boosted skyrmion and this is shown in Fig. 4.24a. The decomposition
of F into kinetic, K, and potential, U, contributions from a 2049 x 2049 unigrid calculation is
shown in Fig. 4.24b. The expected trend towards conservation of E at an O(h?) rate is observed
(higher resolution computations would be useful to make this statement more definitive, but are
too costly). In particular, as the skyrmion travels to the right (Fig. 4.23), we do not observe the
development of any discontinuity in E. As we will describe below, this behaviour is seen in some
of our collision simulations where it is viewed as signalling a loss of hyperbolicity. We also note
that at this value of v the potential energy barely exceeds the kinetic energy.

We conclude that our numerical evolutions of single boosted baby skyrmions are stable—with

the configurations remaining localized as expected—even at large values of ~.
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Figure 4.24: Evolution of energy quantities from unigrid calculations of a boosted baby skyrmion
with v = 5.79 (Fig. 4.22b). We show the time development of the total energy, E, at different
resolutions (Fig. 4.24a), and the decomposition of E into kinetic and potential components (K and
U, respectively) using a 2049 x 2049 grid (Fig. 4.24b). Although higher-resolution calculations—
which are too costly—would allow us to make a more definitive statement, there is evidence that
E is trending towards conservation at the expected O(h?) rate. This bolsters the claim that our
simulations of propagating skyrmions remain stable even at high boosts; i.e. that the evolutions are
well-posed. Note that for this value of v the potential energy is only marginally greater than the
kinetic energy. Finally, we observe that there was no appreciable difference between calculations
that used Dirichlet instead of Sommerfeld boundary conditions.

4.7 Baby Skyrmion Head-on Collisions

In this section we analyze head-on collisions of two baby skyrmions defined by the same hedgehog
profile function, f(r), used previously and, unless stated otherwise, with a potential parameter y? =
0.001. As discussed in Sec. 4.3.6, the interaction of initially separated skyrmions is characterized
by the relative phase, ¥. One important feature of skyrmion collisions is that the end state exhibits
strong W-dependence.

In the subsections below we present the results from our simulations of various head-on collision
processes using both unigrid and AMR calculations. Our central result is the confirmation of the
existence of mixed hyperbolic-elliptic dynamical regions (loss of hyperbolicity and well-posedness),
and for the various experiments performed we approximately identify values of the critical velocity
in the lab frame (denoted by v*) where the transition takes place. To this end, we primarily rely
on the monitoring of the conservation of the total energy, E.

We first note that if a baby skyrmion has a baryon charge, B, we define a baby anti-skyrmion

as a configuration with a conjugate topological charge, —B. Specifically, the anti-skyrmion is
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obtained by charge-conjugation of a hedgehog (¢1, 2, d3) — (—¢1, —d2, ¢3) followed by a reflection
(=1, —b2, ¢3) — (P1, —d2, ¢3) [88]. This results in a hedgehog with charge —B.

We will adopt the following notation to refer to the most common type of scattering that we
consider here and in subsequent sections. BB denotes the collision of two baby skyrmions, each
with topological charge B, while BB refers to the scattering of a baby skyrmion with charge B
and an baby anti-skyrmion with charge —B. The latter case will be discussed in detail in Sec. 4.9.

We begin by describing the initial configuration for a typical BB collision. Given that the
equations of motion are nonlinear, we cannot rely on a general superposition principle to produce
an initial state that genuinely describes two distinct solitons. However, provided that we prepare
hedgehogs that are sufficiently well-separated that there is essentially no overlap between them,

then it is straightforward to argue that data given by

sin f(r1) sin(61) + sin f(r2) sin(6z)
®a = | sin f(ry)cos(6y) + sin f(rs) cos(fz) (4.59)

cos f(ry) +cos f(ra) — 1

will closely approximate a two-soliton initial configuration.?? In the last expression the subtraction
of 1 in the third component is necessary to ensure that the fields tend to the vacuum state (0,0, 1)
as r — 0o. The key physical parameters characterizing the collisions we consider here include the
Lorentz boost factor, 7, the potential parameter, 2, the internal phase, ¥, and, for the grazing (off-
axis) collisions studied later, (see e.g. Sec. 4.8) the impact parameter, b. Computational limitations
preclude an exhaustive exploration of parameter space so we focus attention on specific families of
initial data that produce dynamics that we hope to be representative of the overall phenomenology
of the model.

As well as the physical parameters there are variables that control the numerical scheme itself.
AMR-pertinent values used here include: a regridding interval of nyegria = 20-25, a buffering width
of wputter = 6, and a Courant number in the range A = 0.1-0.2. These values are consistent with
the restriction (3.56), which reads

)\nregrid < Whpuffer - (460)

The truncation error threshold values used are in the interval Tmax = 1 x 107° to 1 x 1072,

29We note, however, that we always perform a projection of the ¢t = 0 data to ensure that the constraint is precisely
satisfied.
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but a trial and error search led us to choose Timax = 6 x 107% as a default. The Kreiss-Oliger
dissipation parameter was set to exo = 0.4, and, in order to minimize any interference from
radiation reflection, Sommerfeld boundary conditions were adopted. Our default computational
domain was [—60, 60] x [—60, 60], with the boosted baby skyrmions centred at (—30,0) and (30, 0).
For the AMR calculations, the base grid (level L = 1) had 257 x 257 points, and we typically set
the maximum refinement level to Ly = 5 or 6.

Finally we point out that given that the computation of the convergence factor Q" for AMR
calculation is more complicated than for a unigrid one (see Sec. 3.6), and given that our code
in unigrid mode is apparently convergent for generic initial data (convergence tests are shown in

Sec. 4.4 and Sec. 4.7.1), we do not perform convergence testing in AMR mode.

4.7.1 Baby Skyrmion Head-on Collisions with the Same Internal Phase

We begin by focusing our attention on one specific computation with the primary goal of inves-
tigating convergence, and thereby estimating typical resolutions that are required for reasonably
accurate results.

We thus consider a v = 1.6 (v = 0.8), head-on BB collision with an internal phase difference
U = 0 (repulsive channel). Fig. 4.25 shows the evolution of the baryon number density for this
configuration. (We note that here and in the following we will typically list the numerical parame-
ters used in the figure captions and will not repeat the enumeration in the main text.) This event,
which exhibits forward scattering, is typical of what we observe for high velocity interactions in the
repulsive channel. For this initial data setup we observe back scattering for velocities lower than
v ~ 1.02 (v ~ 0.2). In such cases the skyrmions do not have enough kinetic energy to overcome
their mutual repulsion; they thus slow down, stop, and then go back along the axis of approach.
However, for « in excess of this critical value ~ 1.02, we always observe forward scattering in the
repulsive channel.

Following the same methodology used for single boosted baby skyrmions in Sec. 4.6, we per-
formed similar collisions to the one we just described (Fig. 4.25) for larger values of 7, and we
observe the same generic forward scattering behaviour. Not surprisingly, the baby skyrmions con-
tract even more, and they emerge from the encounter more perturbed from their original shapes,
a possible effect of the increase in the overall error caused by the more pronounced Lorentz con-

traction.
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Figure 4.25: Evolution of the baryon number density, By, for a v = 1.6 (v = 0.8) head-on BB
collision in the repulsive channel—i.e. the relative phase of the baby skyrmions is ¥ = 0. This
interaction exhibits forward scattering. The baryon density grows significantly during the collision
(forming spikes), a consequence of the large gradients in the spatial derivatives of the fundamental
fields. This data comes from a unigrid (non-adaptive) calculation with a 1025 x 1025 mesh and
a domain [—60,60] x [—60,60]. For illustrative purposes the region displayed has been cropped
to [—60,60] x [—40,40]. The starting locations of the centres of the boosted baby skyrmions are
(—30,0) and (30, 0), the Courant number is A = 0.2, and the KO dissipation parameter is exo = 0.5.
The diameter of the baby skyrmions in the x direction for this value of v is ~ 100/1.6 ~ 62.5. The
boundary condition is outgoing Sommerfeld, which resulted in better convergence properties than
a Dirichlet (reflecting) condition.
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Figure 4.26: Convergence factors for the functions ¢; and m; corresponding to the head-on BB
collision summarized in Fig. 4.25. O(h?) convergence is observed; i.e. Q" — 4 as h — 0. The
degradation of convergence after the collision for the the 257-513—-1025 plot is an indication of the
substantial error in the 257 x 257 run.
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Figure 4.27: Evolution of the I norm of the independent residuals of ¢; and 7, at different
resolutions, for the head-on BB collision shown in Fig. 4.25. The trend to overlap of the lines as
h — 0 signals linear convergence, consistent with the FDA of the independent residual evaluator.
Observe that even during and after the collision this overlap is maintained, at least for sufficiently
high resolution.
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Figure 4.28: Resolution dependence of the computed baryon number B (Fig. 4.28a) and total
energy E (Fig. 4.28b) for the v = 1.6 head-on BB collision shown in Fig. 4.25. Overall, the expected
quadratic convergence to conservation of both quantities is observed. However, the convergence is
clearly affected during the collision (¢ ~ 30-45), due to the large gradients in the grid functions
during that time interval. In spite of this, B and E still appear to converge to conservation during
the interaction as h — 0. The observed jump in both quantities—most visible at low resolution—
pre- and post-collision is probably correlated with the degradation of convergence of the 7 fields
shown in Fig. 4.26. The boundary condition is outgoing Sommerfeld, which resulted in better
convergence properties than a Dirichlet (reflecting) condition.
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Fig. 4.29 shows the total energy, E, of various head-on BB collisions, in the repulsive channel
(¥ = 0), with the same numerical setup, except for the value of . We also display the decompo-
sition of the total energy F into kinetic (K) and potential (U) components.

One key effect of the presumed departure from pure hyperbolic dynamics is a loss of conservation
of energy that begins to appear around v > v* ~ 2.1, although this is not clearly evident in the
plots of Fig. 4.29 until values of v &~ 3.2 (we remind the reader that, throughout this Chapter,
~* and v* denote the critical velocity in the lab frame where the transition takes place). We note
that conservation of E is always affected during a collision, irrespective of the value of . For
v < ~* the fluctuations in E decrease as h — 0, i.e. E converges to conservation, as in the data
shown Fig. 4.28b. However, for v > v* the post-collision values of E show a gap relative to the
pre-collision values, which is most clearly visible in the v = 5 plot. For v > 5 the gap becomes
even more pronounced. Moreover, the magnitude of the jumps increase as h — 0 (see Fig. 4.38a),
a clear sign that the anomalous behaviour is not due to a lack of resolution. We also note that
increasing the value of KO dissipation parameter did not improve the convergence behaviour.

Fig. 4.30 illustrates the features of this type of head-on collision (with ¥ = 0) for a value
of v = 2.1 ~ ~*, i.e. very near the upper limit for a boost before the claimed transition to a
mixed hyperbolic-elliptic regime occurs—but still in the purely hyperbolic (physical) regime. As in
Fig. 4.25 we observe forward scattering, and although the baryon density spikes significantly during
the collision, it remains bounded. In comparison to Fig. 4.25 more radiation is seen, particularly
upon closer examination of the data. Overall, the interaction has the same generic features seen in
the repulsive channel calculations.

We also performed an AMR calculation with the near-threshold boost v = 2.1 and the resulting
time evolution of By is shown in Fig. 4.31. Although the results are generally consistent with the
unigrid calculation plotted in Fig. 4.30, some differences are evident: in particular, for the AMR
case the heights of the peaks in By during the collision phase are reduced, and post-collision there
is more distortion of the skyrmions, as well as more radiation. However, use of more stringent
values of Tyax, which leads to a greater portion of the computational domain being covered by
finer meshes, reduces these differences, providing evidence that the unigrid and AMR calculations
will coincide in the h — 0 limit. In other words, we suspect that the observed deviations between
the two types of computations are largely attributable to the AMR algorithm—most likely the

interpolation needed to update boundary values on child grids from the corresponding parental
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values.

4.7.2 Baby Skyrmion Head-on Collisions with Different Internal Phase

In this subsection we summarize a series of calculations of BB collisions, showing typical results
computed with different non-zero values of the internal phase shift, W.

We begin with the case of maximal attraction, that is, when the internal phase shift ¥ = +.
Fig. 4.33 shows a head-on BB collision at v = 1.6, with the rest of the parameters as in Fig. 4.25.
The outcome is clearly the right-angle scattering typically seen for topological solitons, particularly
at low velocities (see Sec. 4.5). At ¢ = 32 we see a short-lived intermediate B = 2 bound state
previously reported by some authors (Peyrad [92] and Kudryavtsev [56]). Here the kinetic energy
is large enough to allow the baby skyrmions to easily escape from their mutual attraction, and the
late-time configuration of outwardly-propagating solitons is stable. We also observe that although
maximal values of the baryon density grow significantly during the collision—a consequence of the
enhancement in the spatial gradients of the fundamental fields—Bj remains bounded at all times.
Fig. 4.34 shows convergence tests of the baryon number B and total energy F for the calculation.
Comments concerning the observed convergence to conservation are essentially the same as those
made in Fig. 4.26 for the repulsive-channel computation.

Fig. 4.35 shows the decomposition of the total energy E into kinetic (K) and potential (U)
components for head-on BB collisions in the attractive channel (¥ = ), and for different values
of 7. In contrast to the repulsive-channel calculations (Fig. 4.29), the values of K and U tend
to approach each other as the evolutions proceed, leading to K > U during the interaction for
larger values of «. Loss of hyperbolicity appears to set in for v* ~ 1.96 (v* ~ 0.86), when the
values of K at a few grid points near the centre of the computational domain begin to exceed
the corresponding values of U. As for the repulsive-channel evolutions, conservation of energy
is no longer observed during the interaction period for boosts above +*. Instead, an apparent
discontinuity in E forms; this is most clearly visible in the bottom two plots of Fig. 4.35. Again,
the magnitudes of these discontinuities increase as h — 0. We note that the loss of hyperbolicity for
the attractive channel evolutions occurs at slightly lower velocities than for the repulsive channel
ones (for which v* ~ 2.19, v* ~ 0.89). This seems plausible since the attractive nature of the force
in this case makes it easier for kinetic energy to exceed potential, as can be deduced by comparing

Fig. 4.35 with Fig. 4.29.
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Figure 4.29: Decomposition of the total energy F into kinetic (K) and potential (U) components
for head-on BB collisions in the repulsive channel (U = 0), and for different values of v. One key
effect of the presumed departure from pure hyperbolic dynamics for v > v* is a loss of conservation
of energy, although this is not clearly evident in plots such as the above until values of v ~ 3.2.
We note that conservation of E is always affected during a collision, irrespective of the value of
~. For v < ~* the fluctuations in F decrease as h — 0, i.e. E converges to conservation, as in the
data shown Fig. 4.28b. However, for v > v* the post-collision values of E show a gap relative to
the pre-collision values, which is most clearly visible in the v = 5 plot. For v > 5 the gap becomes
even more pronounced. Moreover, the magnitude of the jumps increase as h — 0 (see Fig. 4.38a),
a clear sign that the anomalous behaviour is not due to a lack of resolution. We also note that
increasing the value of KO dissipation parameter did not improve the convergence behaviour. The
calculations were performed on a unigrid mesh of 1025 x 1025, with the rest of the numerical
parameters identical to those listed in Fig. 4.25.
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Figure 4.30: Evolution of the baryon number density By for a head-on BB collision in the repulsive
channel at v = 2.1 (v = 0.88). This value of  is very near the upper limit, v*, at which the claimed
transition to a mixed hyperbolic-elliptic regime occurs. As in Fig. 4.25 we observe forward scattering
and although the baryon density spikes significantly during the collision, it remains bounded. In
comparison to Fig. 4.25 more radiation is seen, particularly upon closer examination of the data.
Overall, the interaction has the same generic features seen in the repulsive channel calculations.
Numerical parameters, including the domain-cropping for the plots, are identical to those listed in
Fig. 4.25. The diameter of the baby skyrmions for this value of 7 is ~ 100/2.1 ~ 47.
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Figure 4.31: This figure shows the time development of the baryon number density By from an
AMR calculation that used the same initial configuration described in Fig. 4.30. Although the
AMR results are generally consistent with the unigrid calculation, some differences are evident: in
particular, for the AMR case the heights of the peaks in By during the collision phase are reduced,
and post-collision there is more distortion of the skyrmions, as well as more radiation. However, use
of more stringent values of 7,,x, which leads to a greater portion of the computational domain being
covered by finer meshes, reduces these differences, providing evidence that the unigrid and AMR
calculations will coincide in the h — 0 limit. In other words, we suspect that the observed deviations
between the two types of computations are largely attributable to the AMR algorithm—most likely
the interpolation needed to update boundary values on child grids from the corresponding parental
values. This particular run was performed with a truncation error threshold Tya.x = 6 x 1074, a
coarse level (L = 1) having 257 x 257 points and a finest level Ly = 5 (again, see Sec. 2.4 for a
definition of this notation). The finest resolution is equivalent to a 4097 x 4097 mesh. Numerical
and plotting parameters are identical to those listed in Fig. 4.25. A colour-contour representation
of this data is shown in the next figure (Fig. 4.32).
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Figure 4.32: Wire-mesh contour plot of the evolution of the baryon density By as previously
shown in Fig. 4.31. The figure shows the time-development of a typical adaptive mesh refinement
hierarchy. Finer level grids are difficult to distinguish due to resolution limitations of the figure,
as well as the fact that finer grids generally have small extent. For instance, we can identify 3
different levels in image 4.32d, while there are actually 5 levels at that time.

171



4.7. BABY SKYRMION HEAD-ON COLLISIONS

Figure 4.33: Evolution of the baryon number density for a v = 1.6 (v = 0.8) head-on BB collision
in the attractive channel—i.e. ¥ = 7. This encounter exhibits the right-angle scattering that is
typically seen for topological solitons, particularly at low velocities. At t =~ 32 we see a short-lived
intermediate B = 2 bound state previously reported by some authors (Peyrad [92] and Kudryavtsev
[56]). Here the kinetic energy is large enough to allow the baby skyrmions to easily escape from
their mutual attraction, and the late-time configuration of outwardly-propagating solitons is stable.
Numerical and plotting parameters are identical to those listed in Fig. 4.25, and the computation
is unigrid.
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Figure 4.34: Convergence tests of the baryon number B and total energy E for the attractive-
channel calculation described in Fig. 4.33. Comments concerning the observed convergence to
conservation are essentially the same as those made in Fig. 4.26 for the repulsive-channel compu-
tation.
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Figure 4.35: Decomposition of the total energy, E, into kinetic (K) and potential (U) components
for head-on BB collisions in the attractive channel (¥ = 7), and for different values of . In contrast
to the repulsive-channel calculations (Fig. 4.29), the values of K and U tend to approach each other
as the evolutions proceed, leading to K > U during the interaction for larger values of . Loss of
hyperbolicity appears to set in for v* ~ 1.96 (v* ~ 0.86), when the values of K at a few grid points
near the centre of the computational domain begin to exceed the corresponding values of U. As for
the repulsive-channel evolutions, conservation of energy is no longer observed during the interaction
period for boosts above the critical value. Instead, an apparent discontinuity in E forms; this is
most clearly visible in the bottom two plots Again, the magnitudes of these discontinuities increase
as h — 0. We note that the loss of hyperbolicity for the attractive channel evolutions occurs
at slightly lower velocities than for the repulsive channel ones (for which v* ~ 2.19, v* ~ 0.89).
This seems plausible since the attractive nature of the force in the current case makes it easier for
kinetic energy to exceed potential, as can be deduced from the plots shown above and in Fig. 4.29.
Numerical parameters are identical to those listed in Fig. 4.33, except for the KO dissipation value,
which is €KO — 0.4
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Figure 4.36: Unigrid calculation of a BB collision with ¥ = 7 and 7 = 5 which illustrates a
transition into the mixed hyperbolic-elliptic regime. The top plot shows the evolution of the baryon
density By. Figs. 4.36b and 4.36c show the resolution dependence of the convergence factors Q"
and the rescaled l3-norms of the independent residuals, respectively, for ¢; and 7. Despite the
fact that the baby skyrmions scatter at right angles, as might be expected from the value of ¥, at
the end they each disperse, and we interpret this as the solution failing to be physically meaningful
at those times. We observe that the Q" plots seem to indicate a change in convergence behaviour
from O(h?) to O(h) once the interaction begins. However, it is very clear from the behaviour of
the independent residuals that the numerical solution is not converging to a bona fide continuum
solution during and after the collision. This is especially evident from the m; independent residual
where the rescaled values display less and less overlap as A — 0. The calculation shown in the top
plot was performed on the computational domain [—30, 30] x [—60, 60], using a 1025 x 1025 mesh
and Sommerfeld boundary conditions. The baby skyrmions were initially centred at (—20,0) and
(20,0), and the By plots have been cropped to [—30,30] x [—30,30]. The rest of the parameters
are as given in Fig. 4.25.
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Fig. 4.36 shows a unigrid calculation of a BB collision with ¥ = 7 and v = 5 and which
illustrates a transition into the mixed hyperbolic-elliptic regime. The top plot shows the evolution
of the baryon density By. Fig. 4.36b and 4.36¢ show the resolution dependence of the convergence
factors, Q", and the rescaled lo-norms of the independent residuals, respectively, for ¢; and 7.
Despite the fact that the baby skyrmions scatter at right angles, as might be expected from the
value of W, at the end they each disperse, and we interpret this as the solution failing to be
physically meaningful at those times. We observe that the Q" plots seem to indicate a change in
convergence behaviour from O(h?) to O(h) once the interaction begins. However, it is very clear
from the behaviour of the independent residuals that the numerical solution is not converging to a
bona fide continuum solution during and after the collision. This is especially evident from the 7
independent residual where the rescaled values display less and less overlap as h — 0.

Direct visual inspection of grid functions from calculations with v > ~* provides additional
evidence for the breakdown of well-posedness. Fig. 4.37 shows the evolution of 7 during the
central stages of a head-on BB collision in the attractive channel (¥ = 7) with v = 3.2, which
is well above the estimated threshold, v* ~ 1.96, for a transition to non-hyperbolicity. Adaptive
mesh refinement with the same parameters listed in Fig. 4.31 was used (except that exo = 0.4
here), and the evolving structure of the mesh hierarchy is evident. The central region of Fig. 4.37d
clearly illustrates a loss of smoothness of 7. Indeed the solution there seems to be dominated
by high frequency “noise”—which is what one would expect from the time evolution of a problem
lacking a well posed initial value formulation—and this feature only worsens with an increase in
resolution. Fig. 4.38 displays and discusses the expected development of an energy gap for this
initial data set.

We now investigate solution features for a collision with v = 1.95, which is slightly less than
the estimated value (v* ~ 1.96) at which the onset to non-hyperbolic behaviour occurs. Fig. 4.39
shows the baryon number density, By, from an AMR calculation for this case. The results are
qualitatively consistent with the v = 1.6 unigrid calculation shown in Fig. 4.33, in the sense that
we also observe right-angle scattering in this instance. However, due to the increase in initial
kinetic energy, the spikes in By are larger here. A small amount of radiation is visible in the last
few frames.

In the remainder of this subsection we will further explore head-on BB collisions for values of

U in the interval [0, 7], using the adaptive capabilities of our code. Fig. 4.40 shows the baryon
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Figure 4.37: This figure shows the evolution of m; during the central stages of a head-on BB
collision in the attractive channel (¥ = 7) with v = 3.2. The value of v used is above the
estimated threshold, ~*, for a transition to non-hyperbolicity. Adaptive mesh refinement with
the same parameters listed in Fig. 4.31 was used (except that exo = 0.4 here), and the evolving
structure of the mesh hierarchy is evident. The central region of Fig. 4.37d clearly illustrates a loss
of smoothness of 71. Indeed the solution there seems to be dominated by high frequency “noise” —
which is what one would expect from the time evolution of a problem lacking a well posed initial
value formation—and this feature only worsens with an increase in resolution.

number density, By, from an an AMR calculation of a head-on BB collision with a relative phase
of ¥ = 7/2 and v = 1.6 (v = 0.8). The baby skyrmions form large By density spikes at the
collision point, and then scatter at right angles. However, the baby skyrmions that emerge from
the interaction are of different sizes: the large skyrmion scatters at an angle of 7w/2, while the small
one scatters in the opposite direction; i.e at an angle 37/2. If we change the relative phase to
U = —7/2, the scattering angles are exchanged.

Fig. 4.41 illustrates the decomposition of the total energy F into its kinetic (K) and potential
(U) components for head-on BB collisions using ¥ = 7/2 and varying values of . By monitoring
the conservation of E, we estimate that there is a transition to a mixed hyperbolic-elliptic regime

for v* ~ 2.
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Figure 4.38: Development of energy gap for a head-on BB collision with v = 3.2 and ¥ = 7.
Fig. 4.38a shows the evolution of the total energy E at different resolutions. The observed jump in E
occurs during the period when the colliding skyrmions are most strongly interacting. Furthermore,
as the mesh spacing decreases the jump becomes sharper, and actually increases in magnitude.
We interpret these features as signs of a transition into a mixed hyperbolic-elliptic regime during
the interaction. Although the jump appears to be tending towards a discontinuity for increasing
resolution, we do not yet understand why this might be so. Fig. 4.38b displays the decomposition
of E into kinetic (K) and potential (U) components for the highest resolution computation (2049 x
2049). We observe that the variation of total energy pre- and post-collision can primarily be
attributed to a loss of kinetic energy. The choice of Dirichlet or Sommerfeld boundary conditions
did not produce any appreciable difference in the results, nor did the use of different values of the
KO dissipation parameter in the range 0.2-0.6.
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Figure 4.39: This figure shows the baryon number density By from an AMR calculation of a head-
on BB collision with a relative phase ¥ = 7 and v &~ 1.95 (v ~ 0.858); this initial boost is just
below the estimated value, v*, for loss of hyperbolicity. The results are qualitatively consistent
with the v = 1.6 unigrid calculation shown in Fig. 4.33, in the sense that we also observe right-
angle scattering in this case. However, due to the increase in initial kinetic energy, the spikes in By
are larger here. A small amount of radiation is visible in the last few frames. The computational
parameters, including those controlling the AMR algorithm, are identical to those listed in Fig. 4.37.
except that we used exo = 0.4. The initial skyrmion diameters in the x direction are ~ 100/1.95 ~
51.2 units.
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Fig. 4.42 displays the baryon number density, By, at late times (end states) from AMR calcu-
lations of head-on collisions with v = 1.6, and using values of the relative phase ¥ in the interval
[7/8,m]. For small values of ¥ we observe that the baryon density, By, is concentrated along one
of the right-angle exit directions, +7/2. In these cases radiation is emitted in the other direction
in accord with momentum conservation. As ¥ increases, more and more baryon density is ejected
in the 37/2 direction, culminating with symmetric right-angle scattering for ¥ = 7. We observe
that the end state of the collision with ¥ = 7/4 (Fig. 4.42b) is somewhat toroidally shaped. If
we vary ¥ from —7/8 to —m, we obtain end states that are reflected with respect to the axis of
approach. These results clearly show that the outcome of head-on BB collisions strongly depends

on the initial value of W.

4.8 Grazing Baby Skyrmion Collisions

We now consider calculations of more general off-axis BB collisions (grazing) for different values
of the impact parameter b. Fig. 4.43 shows an AMR calculation of a BB grazing collision with
v = 1.6, ¥ = 0 (repulsive channel) and impact parameter b = 5. The baby skyrmions propagate
unscathed until they meet. Surprisingly, when the skyrmions collide they appear to attract one
another, despite the fact that the configuration corresponds to the repulsive channel (at least in
the head-on limit). In fact they seem to fuse into a single skyrmion for a short length of time. The
attractive force seems to act in an orthogonal direction (y) with respect to the axis of approach
(). After their brief interaction, the skyrmions acquire velocity components in the y direction, and
then exit at nonzero angles with respect to the axis of approach. Conversely, Fig. 4.44 displays the
results of an AMR calculation of a BB grazing collision with v = 1.6, ¥ = 7 (attractive channel)
and impact parameter b = 5. The change of the value of ¥ with respect to the calculation shown
in Fig. 4.43 results in the skyrmions exerting a repulsive force on one another in the y direction,
i.e. orthogonal to the axis of approach, x. In contrast to the ¥ = 0 case, the solitons never merge,
but are deflected at larger angles and suffer larger deformations as a result of the interaction. The
initial kinetic energy is enough to preclude the formation of a bound state.

We also experimented with small initial velocities, such as v = 1.1, in an attempt to form a
bound configuration. However, even this amount of kinetic energy is still enough to prevent the

mutual capture of the baby skyrmions. For sufficiently large impact parameters the baby skyrmions
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Figure 4.40: This figure shows the baryon number density, By, from an AMR calculation of a
head-on BB collision with a relative phase of ¥ = /2 and v = 1.6 (v = 0.8). The baby skyrmions
form large By density spikes at the collision point, and then scatter at right angles. However, the
baby skyrmions that emerge from the interaction are of different sizes: the large skyrmion scatters
at an angle of /2, while the small one scatters in the opposite direction, i.e at an angle 37/2.
If we change the relative phase to ¥ = —x /2, the scattering angles are exchanged. This run was
performed with the same parameters listed in Fig. 4.31, but this time the domain has been cropped
to [—50,50] x [—40, 40] in order to better see the small skyrmion. The boosted baby skyrmions are
again centred at (—30,0) and (30,0), and their diameters in the z direction are ~ 100/1.6 =~ 62
units.
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Figure 4.41: This graph shows the decomposition of the total energy E into its kinetic (K) and
potential (U) components for head-on BB collisions using ¥ = 7/2 and varying values of . By
monitoring the conservation of F, we estimate that there is a transition to a mixed hyperbolic-
elliptic regime for v ~ 2. The parameters for these calculations are identical to those listed in
Fig. 4.25 except that exo = 0.4.

become essentially non-interacting, as is to be expected.

4.9 Baby Skyrmion—Baby Anti-skyrmion Collisions

Soliton—anti-soliton scattering is one of the most violent processes in skyrmion dynamics: it is
characterized by rapid and extreme growth of gradients of the field variables, as well as the emission
of large amounts of radiation. In this subsection we study the dynamics of this type of interaction
for values of v similar to those used thus far in this chapter. As before, a key aim of the calculations
is to identify transitions to ill-posed (mixed hyperbolic-elliptic) behaviour.

We first remind the reader that, as discussed at the beginning of Sec. 4.7, a baby anti-skyrmion
is a skyrmion with a conjugate topological charge —B, and is obtained by charge-conjugation of
a hedgehog (¢1, d2, d3) — (—d1, —@a, @3), followed by a reflection (—¢1, —pa, ¢3) — (d1, —d2, ¢3)
[88].

In the calculations we now discuss, the values of the numerical parameters are similar to those

adopted in the preceding subsection. Specifically, unless otherwise stated they are: T = 6x 1074,
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Figure 4.42: This figure shows the the baryon number density, By, at late times (end states) from
head-on BB collisions with v = 1.6 and using values of the relative phase ¥ between /8 and 7.
For small values of U we observe that the By density is concentrated along one of the right-angle
exit directions, +7/2. In these cases radiation is emitted in the other direction in accord with
momentum conservation. As ¥ increases, more and more baryon density is ejected in the 3m/2
direction, culminating with the symmetric right-angle scattering for ¥ = 7. We observe that the
end state of the collision with ¥ = 7/4 (Fig. 4.42b) is somewhat toroidally shaped. If we vary ¥
from —7/8 to —m, we obtain end states that are reflected with respect to the axis of approach.
The calculations were performed using AMR with the same parameters given in Fig. 4.31, except
with exo = 0.4.

183



4.9. BABY SKYRMION-BABY ANTI-SKYRMION COLLISIONS

1=0.00 1=24.00

1=39.00

1=46,50 1=51.00

Figure 4.43: AMR Calculation of a BB grazing collision with v = 1.6, ¥ = 0 (repulsive channel)
and impact parameter b = 5. The baby skyrmions propagate unscathed until they meet. Surpris-
ingly, when the skyrmions collide they appear to attract one another, despite the fact that the
configuration corresponds to the repulsive channel (at least in the head-on limit). In fact they
seem to fuse into a single skyrmion for a short length of time. The attractive force seems to act in
an orthogonal direction (y) with respect to the axis of approach (z). After their brief interaction,
the skyrmions acquire velocity components in the y direction, and then exit at nonzero angles
with respect to the axis of approach. The skyrmions are initially centred at (—30,5) and (30,0).
Numerical parameters are the same as those listed in Fig. 4.31, and the maximum level of grid
refinement achieved was Ly = 5.
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Figure 4.44: AMR calculation of a BB grazing collision with v = 1.6, ¥ = 7 (attractive channel)
and impact parameter b = 5. The change of the value of ¥ with respect to the calculation shown
in Fig. 4.43 results in the skyrmions exerting a repulsive force on one another in the y direction,
i.e. orthogonal to the axis of approach, x. In comparison to the ¥ = 0 case the solitons never merge,
but are deflected at larger angles and suffer larger deformations as a result of the interaction. The
initial kinetic energy is enough to preclude the formation of a bound state. The starting locations
of the centres of the boosted baby skyrmions are (—30,5) and (30,0). Numerical parameters are
the same as those listed in Fig. 4.31.

185



4.9. BABY SKYRMION-BABY ANTI-SKYRMION COLLISIONS

exko = 0.5 and A = 0.2. Again, in order to eliminate any interference from radiation reflected from
the boundaries, we use Sommerfeld conditions. The domain is a box with dimensions 120 x 120 (
[—60,60] x [—60,60]), and the starting locations of the centres of the boosted baby skyrmions are
(—30,0) and (30,0). We continue to use the notation BB and BB to refer to a baby skyrmion-baby
skyrmion collision, and a baby skyrmion—baby anti-skyrmion collision respectively.

Our first set of computations simulate BB scattering in the attractive channel (¥ = 7) for
different values of v. We begin with a typical BB annihilation with v = 1.6 (v = 0.8); a plot of the
time evolution of By is shown in Fig. 4.45. We see that the two lumps of baryon density—which
have opposite sign—merge and annihilate one another, leaving an outgoing circular wave whose
amplitude quickly decreases to negligible levels, i.e. the baryon density vanishes. By this we infer
that the outgoing wave is not a topological object, but scalar radiation. During the evolution the
total baryon number, B, (which, in the limit A — 0 should vanish at all times) is conserved to one
part in 10°. For this type of interaction it very is instructive to consider the evolution of the energy
density, Too (defined by (4.45)), as shown in Fig. 4.46. Since Ty is a strictly positive quantity
(unlike By), “annihilation” is not seen in the time sequence. Rather, after the merger the energy is
radiated away from the center of the collision as an outgoing circular wave pulse, similar to what
was observed when we evolved a Gaussian pulse (Fig. 4.7).

We now turn to a head-on BB collision in the repulsive channel. Here we choose v = 2.1
(v = 0.88) which is marginally below the critical value, v* ~ 2.15, at which the evolutions appear to
become ill-posed (see below). Figs. 4.47a and Fig. 4.47b display the time development of the baryon
number density, By, and energy density, Tog. In contrast to the attractive channel computation
illustrated in Fig. 4.45, the soliton anti-soliton pair does not annihilate in this case. Rather, after
briefly merging and forming the characteristic spikes of baby skyrmion interactions, the solitons
back scatter, emitting a significant amount of radiation that is most visible in the energy density
plot.

Figs. 4.48a and 4.48c shows the evolution of the total energy E (at different resolutions) for the
attractive and repulsive channel collisions, respectively, and provide evidence that in both cases
the total energy converges as h — 0. Not surprisingly the fluctuations in E are most significant
(again, in both instances) while the skyrmions are interacting. Plots of the time evolution of E, K
and U for the 1024 x 1024 for the attractive and repulsive channels are shown in Figs. 4.48b and

4.48d, respectively.
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As we have already intimated, BB collisions also appear to become ill-posed for sufficiently large
~. The development of gaps in the computed total energy E for attractive-channel computations
with different values of v is shown in Fig. 4.49a. For the chosen values of v we observe the same
generic features in the graphs E(¢) that are seen for BB collisions (see Fig 4.35 for the attractive
channel BB case). Again, we interpret the appearance of the gap as an indication of a transition
into a hyperbolic-elliptic regime during the interaction of the solitons.

Similarly, the development of the gap in E for the repulsive channel is shown in Fig. 4.49b.
Note that the transition occurs at a higher velocity for the repulsive channel than the attractive
one.

We performed further experiments using the adaptive capabilities of the code. Our adaptive
calculations of head-on BB annihilation in both the attractive and repulsive channels showed the
same generic phenomenology in plots of By and Ty that are described in the captions of their
unigrid counterparts, Figs. 4.45, 4.46 and 4.47. We complemented these studies via an AMR
calculation of the evolution of of a grazing BB collision with v = 1.6, ¥ = 7 and impact parameter
b = 5. The time development of the energy density, Tyo, for this case is shown in Fig. 4.50. We
observe that after a brief merger of the soliton-antisoliton pair, the end state is a combination
of scattering—with an exit angle ~ 7/4—and emission of radiation that resembles the outgoing
waves that follow the head-on BB annihilation shown in Fig. 4.45. We conclude that grazing
baby skyrmion-antiskyrmion collisions lead to a mixture of annihilation and scattering. The initial
kinetic energy here is large enough to preclude the formation of a bound state.

Some authors [149, 88] report a continuous emission of radiation after a baby BB annihilation,
rather than the single outgoing pulse that we observe (see Fig. 4.46). Suspecting that this discrep-
ancy was due to model-dependence (or parameter-dependence) of the annihilation phenomenon, we
explored the outcome of a baby skyrmion BB interaction using a different value for potential pa-
rameter than that adopted in all of the calculations described above. Specifically we took u? = 0.1
(all of the other computations had px? = 0.001), but initialized the solitons with the same profile
function, f(r), used previously. Fig. 4.51 shows the time evolution of the energy density Ty from
a unigrid computation of a BB collision in the attractive channel with v = 1.1 (v = 0.5), and using
p? = 0.1. This boost factor was chosen to ensure that the evolution remained well-posed (i.e. so
that there was no transition to a mixed hyperbolic-elliptic state); our experiments indicate that

~* decreases as p° increases. In contrast to the p? = 0.001 skyrmion-antiskyrmion annihilation
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t= 44 t= 51 t=83

Figure 4.45: Evolution of the baryon number density, By, for BB annihilation in the attractive
channel (¥ = 7) with v = 1.6 (v = 0.8). The end state consists of outgoing circular waves with very
small amplitude. The calculation was unigrid, using a computational domain [—60, 60] x [—60, 60]
and a 1025 x 1025 mesh. The Courant number was A = 0.2, the KO dissipation parameter was
exko = 0.4 and Sommerfeld boundary conditions were used. For illustrative purposes the domain
has been cropped to [—60,60] x [—40,40]. The boosted baby skyrmions are initially centred at
(—30,0) and (30,0) and have initial diameters in the z direction of ~ 100/1.6 ~ 62.5.
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Figure 4.46: Evolution of the energy density, Tyg, from the calculation described in Fig. 4.45. Since
Too is a strictly positive quantity (unlike By), “annihilation” is not seen in this sequence. Rather,
after the merger, the energy is radiated away from the center of the collision as an outgoing circular
wave pulse.
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Figure 4.47: Evolution of the baryon number density, By, (Fig (a)) and total energy, E, (Fig (b)) for
a BB collision in the repulsive channel (¥ = 0) with v = 2.1 (v = 0.88). In contrast to the attractive
channel computation illustrated in Fig. 4.45, the soliton anti-soliton pair does not annihilate. After
briefly merging and forming the characteristic spikes of baby skyrmion interactions, the solitons
backscatter, emitting a significant amount of radiation that is most visible in the energy density
plots. The parameters for this unigrid computation are identical to those listed in Fig. 4.45, except
that the plotted domain has been cropped to [—55,55] x [—55,55]. The initial diameters of the
skyrmions in the x direction are ~ 100/1.6 ~ 62.5.
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Figure 4.48: Convergence of computed energy quantities for the head-on BB collisions described
in the previous figures. Plots (4.48a) and (4.48b) correspond to the v = 1.6 attractive-channel
collision detailed in the caption of Fig. 4.45, while (4.48c) and (4.48d) come from the v = 2.1
repulsive-channel computation discussed in Fig. 4.47. Plots (4.48a) and (4.48¢) provide evidence
that the total energy converges as h — 0 in both cases. Not surprisingly the fluctuations in E are
most significant (again, in both instances) while the skyrmions are interacting.
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Figure 4.49: Development of the gap in the computed total energy E for head-on BB collisions
with different values of «, and for both the attractive (top) and repulsive (bottom) channels. For
these values of v we observed the same generic features in plots of By and E that are described in
the captions of Figs. 4.45, 4.46 and 4.47. However, the above graphs demonstrate the same effect
observed in the case of BB collisions and shown—for the attractive channel case—in Fig 4.35. We
again interpret the development of the gap as an indication of a transition into a hyperbolic-elliptic
regime during the interaction of the solitons. The discontinuity can be detected visually for v* ~ 2
(Fig. 4.49a). For the repulsive channel we have a similar situation, with an estimate of y* ~ 2.15
(v* ~ 0.886) for the onset of loss of hyperbolicity, and the transition becoming noticeable in a
plot at v &~ 2.9 (Fig. 4.49b). Note that the transition occurs at a higher velocity for the repulsive
channel than the attractive one. Numerical parameters for the computations were identical to those
listed in Fig. 4.45.
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Figure 4.50: Evolution of the energy density, Tyo, from an AMR calculation of a BB grazing
collision with v = 1.6, ¥ = 7 and impact parameter b = 5. We observe that after a brief merger
of the soliton-antisoliton pair, the end state is a combination of scattering—with an exit angle
~ 7 /4—and emission of radiation that resembles the outgoing waves that follow the head-on BB
annihilation shown in Fig. 4.45. We conclude that grazing baby skyrmion-antiskyrmion collisions
lead to a mixture of annihilation and scattering. The initial kinetic energy here is large enough to
preclude the formation of a bound state. Numerical parameters for this calculation were the same
as those given in Fig. 4.43, except that the truncation error threshold was set to Tiax = 5 x 107°.
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Figure 4.51: Time evolution of the energy density, Ty, for an attractive channel BB collision with
v = 1.15 (v = 0.5). The potential parameter here is > = 0.1 whereas in all previous calculations
discussed in this chapter we set p? = 0.001. In contrast to the u? = 0.001 skyrmion-antiskyrmion
annihilation shown in Fig. 4.46, the soliton-antisoliton pair now merges into a circularly symmetric
bound state centred at the origin, then emits a large pulse of radiation followed by a train of
similar waves of smaller amplitude. The emission pattern appears to be largely dipole in nature
(see Fig. 4.52). The central bound state is stable in the sense that it persisted for as long as
the calculation was run. The computation was unigrid with a domain 160 x 160—this is larger
than that used in previous calculations since at this boost the solitons are only slightly Lorentz
contracted in the x direction to ~ /1.15 = 87. A 1025 x 1025 grid was used and the rest of the
parameters were as listed in Fig. 4.45.
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Figure 4.52: Late-time evolution of Tyy from the BB computation with p? = 0.1 described in
Fig. 4.51. The dipole nature of the radiation emitted from the final bound state is apparent.
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Figure 4.53: Conservation of energy and evolution of energy components for the BB collision
described in Fig. 4.51 (y = 1.6, ¥ = 7, and p? = 0.1). Figure 4.53a shows the evolution of the total
energy F at different resolutions while Fig. 4.53b shows the kinetic (K) and potential energy (U)
components from the 2049 x 2049 calculation. There is evidence for convergence to conservation
of E although the rate of convergence is not definitive for the resolutions used here.
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shown in Fig. 4.46, the soliton-antisoliton pair now merges into a circularly symmetric bound state
centred at the origin, then emits a large pulse of radiation followed by a train of similar waves of
smaller amplitude. The emission pattern appears to be largely dipole in nature (see Fig. 4.52). The
observed behaviour is thus at least qualitatively consistent with what has been previously reported.
We also note that the central bound state is stable in the sense that it persists for as long as the

calculation is run. Convergence tests for this setup are shown in Fig. 4.53.

4.9.1 Other Indications of Non-hyperbolicity

We performed additional experiments involving smooth initial data, similar to the Gaussian pulses
evolved in Sec. 4.4.4, but with the time derivatives set to very large values at ¢ = 0. Hence, at
the initial time the kinetic energy was already significantly greater than the potential energy. Not
surprisingly these calculations exhibited a breakdown in the conservation of energy such as we have

reported above and which we again interpret as a loss of hyperbolicity.

4.10 Comparison of Constraint Enforcement Methods

In this subsection we compare the different methods presented in Sec. 4.3.3 that are used to enforce
the chiral constraint ¢,¢, = 1 in the evolution of the grid functions of our baby Skyrme model. In all
of the calculations described thus far we have imposed the constraint by means of the reprojection
technique, (4.23), which keeps the Iy norm of the violations (C' = ¢,¢, — 1) everywhere in the
computational domain at the level of machine epsilon (~ 1 x 10716) for all the types of initial
data, and the typical values of « presented in this chapter. This technique is equally effective for
adaptive and non-adaptive calculations.

As also discussed in Sec. 4.3.3, constraint damping is a dynamical alternative for enforcing the
constraint. We experimented with calculations of a head-on BB collision in the attractive channel
(U =7) with v = 1.6 (v = 0.8), employing constraint damping exclusively (i.e. with the Lagrange
multiplier and reprojection disabled). We remind the reader that the constraint damping procedure
is characterized by two adjustable parameters, £; and £. These control the amount of friction, or
damping, introduced via the “constraint-violating” terms, (4.25) and (4.27), that are added to the
fundamental dynamical equations.

We first consider the search for a suitable value of the parameter &5, which controls the constraint
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tm 14

Figure 4.54: Evolution of the baryon density By for an attractive channel head-on BB collision
with v = 1.6, using constraint damping. The values of the damping constants are £& = —900 and
&5 = 80. The results are consistent with a similar experiment that used reprojection and that is
shown in Fig. 4.33. The unigrid calculation was performed on the domain [—60, 60] x [—60, 60] with a
1025 x 1025 mesh, and, for clarity, the displayed domain has been cropped to [—60, 60] x [—40, 40].
The baby skyrmions were initially centred at (—30,0) and (30,0) and had diameters in the z
direction of ~ 100/1.6 = 62.5. The boundary conditions were Dirichlet (reflecting).
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Figure 4.55: Natural logarithm of the l5 norm of the constraint violation, C' = ¢,¢, — 1, for a BB
collision with v = 1.6, ¥ = 7, and where constraint damping is used. We show results for three
values of & (—200, —600 and —900) with & fixed to 80. In all three cases C is quickly damped and
remains small until the collision—at ¢ ~ 30—when the violations grow (presumably caused by the
strong fluctuation of the gradients) but then are damped once more at a rate which increases with
increasing &;. These plots illustrate the difference between reprojection and damping: while the
former imposes the constraint immediately after the solution is updated at each time step, the latter
is a corrective process that takes place over a period of time that is roughly inversely proportional
to the damping parameters. The numerical parameters for these calculations are described in the
caption of Fig. 4.54.

term (4.26) and which involves the field time derivatives (i.e. #®). Too large a value of &; dissipates
kinetic energy in excess, thus leading to the non-conservation of the total energy E (and, in fact,
stopping the propagation of the solitons). Conversely, very small values lead to large violations of
the constraint during collisions, which, naturally, is undesirable. Trial and error led us to a value
of &, = 80. Energy conservation with this choice of &5 is similar to that shown in Fig. 4.35 (where
reprojection was employed) for the v = 1.6 calculation. On the other hand, energy conservation
does not seem to be very sensitive to the value of ;. Having found a good setting for & we found
that, overall, constraint violations were damped exponentially, with the rate of decay controlled by
&1: the larger its value, the faster the decay.

Fig. 4.54 shows the evolution of the baryon density, By, for a unigrid constraint damping run
with the values of the damping constants set to £&; = —900 and £ = 80. The observed phenomenol-
ogy is consistent with results obtained using reprojection (Fig. 4.33). Adaptive calculations of this
type are equally consistent with the reprojection technique.

In order to demonstrate the effect of varying &;, Fig. 4.55 shows the evolution of the natural

logarithm of the ls norm of the constraint violations, C' = ¢,¢, — 1, for & = 80 and three values
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of £&: —200,—600 and —900. For all three cases C' is quickly damped to values of the order of
machine epsilon. At the time of the collision, ¢ ~ 30, the violations grow (presumably due to the
strong fluctuation of the field gradients) but are damped again following the interaction. In this
last phase one can clearly see the variation of the damping rate as a function of &. The plot also
illustrates the contrast between reprojection and damping: while the former imposes the constraint
immediately after the solution is updated at each time step, the latter is a corrective process that
takes place over a period of time that decreases with increasing & .

In conclusion, we have found that constraint damping is an effective means for constraint en-
forcement in the numerical treatment of the baby Skyrme model. However, we emphasize that
the simple reprojection method is at least as effective, easier to implement, and less costly com-
putationally than the damping approach. It is for these reasons that we have exclusively used

reprojection for the computations described in previous sections.

4.11 Conclusions and Future Developments

In this chapter we have performed adaptive and non-adaptive convergent numerical evolutions
of single-boosted baby skyrmions, head-on BB collisions, grazing BB interactions, head-on and
grazing BB collisions.

We developed a second order accurate (O(h?)) code with adaptive mesh refinement capabilities,
which were essential for optimal use of computational resources. (Sec. 4.4.6). Of central interest
was the study of the loss of well-posedness (hyperbolic-elliptic transition) [1, 26, 95] for certain
initial configurations in the model. By observing the behavior of the total energy (as well as direct
examination of the behaviour of the dynamical variables) we confirmed the loss of hyperbolicity
for specific types of evolutions, including baby skyrmion—baby skyrmion or baby skyrmion—baby
anti-skyrmion collisions at high enough energies. Using detailed parameter space surveys we were
able to define specific conditions for the loss of well-posedness, thus establishing some limits beyond
which the model ceases to describe physically meaningful dynamics.

Our unigrid calculations are stable for Courant numbers as large as A = 0.5, despite the fact
that the numerical scheme is effectively explicit (since we update the grid functions using point-wise
Newton-Gauss-Seidel iteration). This represents progress with respect to earlier numerical work

on both the baby and the full 3 + 1 Skyrme models [85, 84, 88, 86], where the Courant number
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was frequently restricted to excessively small values. This improved stability likely results from our
use of a Crank-Nicholson update scheme, as well as our constraint enforcement technique. AMR
calculations required a somewhat smaller Courant factor—typically A ~ 0.1-0.2—and this may
be related to the interpolation at parent-child grid boundaries in the AMR hierarchy that is part
of the Berger and Oliger algorithm. For both adaptive and unigrid calculations, and as long as
the evolution remains well-posed (purely hyperbolic), the baryon number B and total energy F
converge to conservation in the limit h — 0.

The results of our extensive study of baby skyrmion phenomenology in this chapter can be

summarized as follows:

e Adaptive and non-adaptive numerical evolutions of single boosted baby skyrmions (Sec. 4.6)
remain stable and localized, even at large values of 7. Given the fundamental Lorentz invari-

ance of the theory, this is to be expected.

e In contrast to the reported existence of a critical velocity separating right-angle from forward-
scattering (for the same value of W) [92], and given our specific model, our experiments of
head-on BB collisions for the attractive channel always produce right-angle scattering, and
for the repulsive channel always exhibit forward scattering, regardless of the initial velocity
(see Sec. 4.7). The baryon density By grows significantly during all collisions (forming spikes),
a consequence of the enhancement of the gradients in the spatial derivatives during the inter-
actions. Sommerfeld outgoing radiation boundary conditions resulted in better convergence

properties than did Dirichlet (reflecting) conditions.

e BB collisions in the repulsive channel (¥ = 0, Sec. 4.7.1): These collisions generically exhibit
forward scattering. One key effect of the presumed departure from pure hyperbolic dynamics
for v > ~* is a loss of conservation of energy. When v exceeds v*, post-collision values of E
show a gap relative to the pre-collision values. Moreover, the magnitude of the jumps increase

as h — 0, a clear sign that the anomalous behaviour is not due to a lack of resolution.

e BB collisions in the attractive channel (U = £, Sec. 4.7.2): Particularly at low velocities,
these interactions display the right-angle scattering typically seen for topological solitons.
During the collisions, we observe the toroidal, short-lived intermediate B = 2 bound state
previously reported by some authors (Peyrad [92] and Kudryavtsev [56]). However, with our

choice of potential parameter the initial kinetic kinetic energy imparted to the baby skyrmions
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was typically large enough to allow them to easily escape from their mutual attraction, leading
to late-time configurations of stable outwardly-propagating solitons. As for the repulsive-
channel evolutions, conservation of energy is no longer observed during the interaction period
for boosts above v*. Instead, an apparent discontinuity in F forms, and the magnitude of
the jump increases as h — 0. The loss of hyperbolicity in the attractive channel evolutions

occurs at slightly lower velocities than for the repulsive channel ones.

BB collisions with intermediate values of the internal phase (0 < ¥ < 7, Sec. 4.7.2): Here the
baby skyrmions form large By density spikes at the collision point, and then scatter at right
angles. However, the baby skyrmions that emerge from the interaction are of different sizes:
the large skyrmion scatters at an angle of 7/2, while the small one scatters in the opposite
direction, i.e at an angle 37/2. If we change the relative phase to ¥ = —x/2, the scattering

angles are exchanged. For sufficiently large v we again observe a loss of hyperbolicity.

BB grazing collisions (Sec. 4.8): In the repulsive channel (¥ = 0), and with moderate impact
parameter, the skyrmions appear to attract one another, fuse for a short time, then exit at
nonzero angles with respect to the axis of approach. In the attractive channel (¥ = ) the
skyrmions experience a mutually repulsive force and scatter without a merger period. The

solitons are deflected at larger angles and emerge more deformed relative to the ¥ = 0 case.

With the values of v that we used no loss of well-posedness was detected in either type of

grazing collision.

Head-on BB collisions: In the attractive channel (U = ), and in terms of the baryon density,
these result in annihilation, with the total energy of the configuration being released as a
pulse of radiation that propagates outwards as a circularly-symmetric wave. In the repulsive
channel case, the BB pair does not annihilate. Rather, there is a brief merger, followed by

backscattering of the solitons and the emission of a significant amount of radiation.

BB grazing collision with ¥ = 7: This interaction is characterized by a brief merger of
the BB pair, followed by evolution to an end state that is a combination of scattering and

emission of radiation.

By increasing the value of the potential parameter from p? = 0.001 to u? = 0.1 we were able

to qualitatively reproduce some previous results wherein a BB collision results in a stable
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circularly-symmetric bound state, accompanied by a train of primarily dipolar outgoing waves
(in the baryon density). Furthermore, loss of hyperbolicity for u? = 0.1 set in at a smaller

value of 7 than for p? = 0.001.

e We found that reprojection (Sec. 4.3.3) is a very robust and reliable method for enforcing
the constraint ¢,¢, = 1. We also experimented with constraint damping (Sec. 4.10) and
found that provided the adjustable parameters, £;, and, more importantly, £, were chosen

judiciously the approach was quite effective in preserving the constraint.

Finally, we make the following observation. Crutchfield and Bell [1] have conjectured that a loss
of hyperbolicity should arise when the kinetic energy of a configuration significantly exceeds the
potential energy. Although our findings are in accord with this, we have found that there are
some subtleties in correlating K > U—i.e. not necessarily K > U—with a loss of well-posedness.
For instance, the correlation appears to hold for head-on BB collisions in the attractive channel
(Fig. 4.35), but not for BB collisions in the same channel (Fig. 4.49). The correlation also appears
to fail for BB collisions with x> = 0.1 (Fig. 4.53), where K > U but the evolution appears to
be perfectly well posed. We also note that for head-on BB collisions in the repulsive channel
(Fig. 4.29) and head-on BB collisions with ¥ = /2, hyperbolicity is apparently lost even in cases
where K < U. Our experience thus suggests that the loss of well-posedness is not connected in a
simple manner to the relative magnitudes of the potential and kinetic contributions to the total
energy (considered either globally or locally).

It is quite possible that there are quantities other than the total energy, E, that are computable
from the field variables, and that could serve as additional indicators of the breakdown of hyperbol-
icity. In particular, following Crutchfield and Bell [1], we performed a linear normal-mode analysis
of the characteristic structure of the baby Skyrme model: this is described in App. C.2. Numerical
calculations based on this specific linearization confirmed the presence of unstable modes (complex
eigenvalues) for values of v > ~4*; i.e. the appearance of the unphysical modes was correlated with
the observation of loss of conservation of E in the full nonlinear evolution of the field equations.
Further investigation of this issue is an important way in which our code could be extended.

Other possible extensions of this work include a study of the scattering of a wider set of solu-
tions of the baby Skyrme model. In Sec.4.5 we mentioned that Kudryavtsev et al [56] considered
excited skyrmion highly exited skyrmion-like states with B = 1, observing decays into a skyrmion

and a skyrmion-anti-skyrmion pair, and sometimes nonlinear waves (pseudo-breathers), and other
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interesting non-topological quasi-stable objects such as breathers. Clearly the baby Skyrme model
admits a very rich phenomenology and has dynamics that warrant further investigation. An inves-
tigation of the u? dependence of scattering experiments is one such topic that immediately comes
to mind. Additionally, we are especially interested in extending the capabilities of our code to
provide an improved and fuller understanding of the hyperbolicity (well-posedness) properties of

the baby Skyrme model.
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CHAPTER 5

RELATIVISTIC SCATTERING OF

SKYRMIONS IN 3+ 1 DIMENSIONS

5.1 Introduction

This chapter of the thesis presents preliminary results of the phenomenology of head-on skyrmion
collisions in three spatial dimensions. Limitations in computer resources have prevented us from
establishing definitive convergence behaviour for unigrid computations. Nevertheless, by using
AMR we have been able to perform evolution of the dynamics of the full Skyrme model with some
confidence in our results. The development in this chapter closely parallels that of the previous
one in which we discussed our work with baby skyrmions®’. Sec. 5.2 begins with a description of
the model and the dynamical equations of motion. In Sec. 5.2.1 and 5.2.2 we discuss the specific
implementation of the numerical methods that we use to approximately solve these equations.
Sec. 5.2.4 then discusses the generation of suitable initial data for boosted skyrmions. Monitoring
of conserved quantities is described in Sec. 5.2.5. Sec. 5.3 describes general features of skyrmion
scattering, and presents a survey of previous work relevant to our calculations. We then make
a brief study of the phenomenology of head-on skyrmion collisions (SS) by means of a series of
adaptive computations—these are summarized in Sec. 5.4. Sec. 5.5 concludes the chapter with a

summary of our findings, as well as suggestions for extensions of our code.

5.2 The Model

The model is described in terms of the right SU(2) valued-current, R,,, with a Lagrangian density

[25, 26, 20, 27]
L FT%T[‘r(R R™) + ! Tr[R,, R,)? (5.1)
= T oo 5 1T v] .
16 a 322 0

30In fact, the reader will note that some of the text describing the modelling procedure has been recycled with
little or no change.
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where p,v = 0,1,2,3. Fy is the pion weak decay constant—the energy scale of chiral symmetry
breaking [28]—and e is a dimensionless real parameter. The first term is the o-model, and the
second term is added to stabilize soliton solutions. In contrast to the baby Skyrme model we
studied in Chap. 4, the presence of a potential term V (sometimes referred as a mass term) in
the full 3D Skyrme model is optional, since static solutions exist for V"= 0. Though elegant, the

Lagrangian density (5.1) is not suited for numerical treatment. We use the relation3!
R,=0,0)U ' =-U9,U ", (5.2)

to express (5.1) in sigma-model form in terms of the SU(2)-valued scalar (the Skyrme field), U,

2

L= ﬂTr(auUauUT) +

1 2
- —Tr[(0,U)U", (8,U)UT. (5.3)

32e

The parameters F, and e can be scaled away by choosing suitable units of energy (Fy/4e) and

length (2/eF,) [20], yielding
1 ty 4 1 i 12
L= iTr(aﬂUaﬂU )+ ZTr[(auU)U (0, 0)U"]7. (5.4)

We now construct a four component vector representation of SU(2) [25, 26, 20, 27], by defining

o = (P1, b2, 3, ¢4), which satisfies the constraint ¢,¢, = 1. We then have

U = g1l +i(p201 + 302 + dpa03) = Prtide gstivs ; (5.5)

—¢3 +igy 1 — iy

where o1, 09,03 are the Pauli matrices, and I is a suitable identity matrix. We note that UT =
U~Y and ¢, = ¢q(z*), with 2# the spacetime coordinates. Writing U and U~! in terms of its

components, one finds after lengthy manipulation [154, 25, 26] that

L= %Qt%aﬂ% + i(@@a@”%)z - i(auqsaavgﬁa)(a#(bbauﬁbb) + >\LM(¢a¢a - 1) . (56)

Here Latin indices a,b,... = 1,2, 3,4 label the components of the dynamical fields, while, as usual,

Greek indices label the dimensions of spacetime, p,v... = 0,1,2,3. The last term in (5.6) has

31This relation follows from the Hermiticity of U, i.e. UTU =7 — 8,(UU~1) =0
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been added to enforce the constraint ¢,¢, = ¢ + @3 + ¢3 + ¢3 = 1, analogously to the case of the
baby Skyrme model (4.1). Thus, by varying the Lagrangian constraint with respect to Apy we will
again generate equations of motion which preserve the constraint [31, 32, 25]. The time-dependent

equations of motion derived from the Lagrangian (5.6) are (See App. D.4),

(1 + aﬂ¢aau¢a)m¢a + 8,u81/¢bau¢bay¢a - 8M¢bay¢ba,uau¢a - D¢bay¢bau¢a

+ |:(1 + 8u¢a8“¢a)(au¢aay¢a) - (8u¢aay¢a)(au¢bay¢b)} (ba 5 (57)

where the exact form of the Lagrange multiplier term Apy has been computed (App. B) and
included. Note that these equations are identical to those describing the dynamics of the baby
Skyrme model (4.16) except that we now have four dynamical fields, ¢,(z*) a = 1,2,3,4, that
depend on all 3 space dimensions plus time.

As was the case for the @-ball PDEs described in Sec. 3.3 and the baby Skyrme model in
Sec. 4.3, we wish to rewrite (5.7) as a set of first-order-in-time equations, in order to employ a
two time-level Crank-Nicholson finite-difference scheme. We thus eliminate the second order time
derivatives by introducing auxiliary fields, 71, 72, m3 and 74, defined by

o 09a(t, 2,7y, 2)

Tra(taxayVZ) - at (58)

Our central interest is to study the scattering of head-on collisions of skyrmions which, again,
are solitonic solutions of the model sketched above (see Sec. 4.2.1). As with the baby skyrmion
case—which we discussed in some detail in Sec. 4.2.1—skyrmions display non-trivial topologi-
cal properties. Here, the dynamical field ¢, represents a mapping from the compactified space-
time R3 U oo ~ S into the internal space SU(2) with the condition that U(t,z,y,z) — I when
\/m — 00. We recall that maps are topologically equivalent [16, 24, 15] if they can
be deformed into one another continuously, and we say that such maps belong to the same class.
These classes are labeled by an integer, known as the topological charge, B, which is a conserved
quantity that is interpreted as the baryon number [16, 24, 15]. B can be defined by first noting

that the model admits a conserved current, B,,, given by [48, 53],

B;L = Ea,ﬁ'yéflwpagbaay¢ﬂap¢ﬂ/ag¢6 . (59)
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B is then given by the spatial integral over the first component of (5.9). We will consider the

explicit calculation of this quantity in Sec. 5.2.5.

5.2.1 Finite Difference Approach

The discretization of the equations of motion (5.7) is simply a generalization to three spatial
dimensions of the methodology used for the baby Skyrme model equations in Sec. 4.3.1. We
follow the same strategy of adopting a second order, Crank-Nicholson scheme, expressed on finite
difference grids that are characterized by a single discrete scale, h. We thus have Az = Ay = Az =
h, and At = Ah, where X is the Courant number.3?

Naturally, with the inclusion of an extra spatial dimension, namely z, we have additional finite-
difference expressions for the full Skyrme model relative to the baby Skyrme model. These are
summarized in Tab. 5.1, where we continue to use the notation ¢"(4,j,k) = ¢(t",;,y;, 2x) for
grid functions. Also following our previous procedure, we will express the difference approxi-
mations of (5.7) in residual form, and remind the reader that the process of computing a so-

lution to the discrete equations of motion is equivalent to driving all of the residual quantities,

res res res res res

res res res
175, 957, 95, 93, M1, S, e, i, to 0.

For any of the the ¢, fields the residual form of the difference approximations are simply

7T¢71L+1(iaj) +7T¢71L(Zaj) . ¢Z+1(i7j) 7¢Z(17‘7)

oy (i, 9) = 5 Y ;

(5.10)

where the Latin index a... = 1,2,3,4 labels the dynamical field. We again stress that here and
below—and due to our use of superscripts for other purposes—we will often adopt a notation
whereby ¢1, ¢ , ¢3 and ¢4 (and similarly 7y, m, 73 and 74), rather than ¢*, ¢2, ¢3 and ¢*, denote
field components.

res res

As in the case of the baby Skyrme model, the task of writing the residuals 7}*, 75

res

res
9 7T4

» T3
fields explicitly is formidable, since the equations (5.7) in three spatial dimensions are quite com-
plicated. Therefore, a Maple-based script was again written to automate this task: the script
substitutes the finite difference stencils (5.1) into the continuum PDEs, thereby constructing the

residual expressions.

320nce more we stress that, as discussed in Chap.2, when we use adaptive mesh refinement (AMR), each of the
component grids in the grid hierarchy satisfies these conditions for some hj,, where L labels the level of the grid in
the hierarchy and hy, = hr_1/2.
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The overall time-stepping methodology is also the same as that employed in Sec 4.3.1 for the
baby Skyrme model. In the current case we have eight dynamical fields so, at any grid point

(i,7,k), the Crank-Nicholson discretization yields eight nonlinear equations (defined by the four

res res

residual expressions (5.10) and 75, 755, 755 714¢) for the unknowns ¢+ (i, j, k) and 77 +1(i, 4, k).
The global system of equations is again solved using point-wise-Gauss-Seidel relaxation sweeps.
During one sweep, each grid point is visited in turn, and the 8 unknowns defined at that point
are simultaneously (collectively) updated by performing a single Newton-step. This step in turn

requires the construction of the 8 x 8 Jacobian matrix 7.4, with matrix elements defined by

OR.
ed = ) 5.11
Jed v (5.11)
where
R = Residual Equations = [¢1°, ¢5°7°, 957, ¢5°°, m1%, m5%°, w5, w4
V = Variables = [¢1, ¢2, @3, ¢a, 71, T2, T3 4] (5.12)
In (5.11) the Latin indices ¢,d... = 1...8 label the rows and columns of the 8 x 8 linear system.

We also note that we have suppressed the finite-differencing indexing for simplicity of expression,

so that we have, for example,
a(ﬁlies ¢re<(,l' j, k,)
01— 097 (i g k)

(5.13)
We then use the routine DGESV from the LAPACK package [126] to directly solve the linear

system at every grid point (z;,y;, 2):
TeadVa(i, j. k) = Ve(i, j, k) . (5.14)

Once the corrections §V; = [§¢,07] have been obtained, the advanced-time unknowns are updated

using

¢n+1(z ]7k) = ¢n+1(l ]7 )75¢a(iaj7 k)a

ma (b5 k) = m i g k) = oma(i g k) (5.15)

When the global ls norm of the corrections (see 2.31 and Sec. 3.3.1) is below a specified threshold,
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1: for t" = At,2A¢t,... do

2 for i =1to Nz do

3: for j=1to Ny do

4 for k=1to Nz do

5 Set initial estimate for the solution vector

o= o040 o 4 0 TS o
6: Calculate the 8 x 8 Jacobian matrix Jap and the residual vector B,
at this point using nearest neighbour values, (some new, some old)
7: Solve Jap 0 = B, for the update
o = [501", 505,065,660, 6m" 6wy o om T using
DGESV and obtain a new estimate ¢, = ¢)l(70) — 0p
8: end for
9: end for

10:  end for

11:  Calculate the I norm of the residuals using the new guess ¢p% (This is a
global norm for all subdomains used by the parallel infrastructure)

12:  if Iy norm of the residuals < tolerance then

13: Convergence achieved
14: Goto 17

15 else

16 d)l(,O) d)ncw

17 Goto 2

18 end if

19: end for

Figure 5.1: Time stepping algorithm for the full Skyrme model evolution

the solution is deemed converged, and we can advance from t" to t"t!; otherwise we execute
another Newton-Gauss-Seidel sweep. A pseudo-code version of the full time-stepping algorithm is

given in Fig. 5.1.

5.2.2 Implementation Strategy

The implementation of the algorithm described above closely followed that of the code for the
baby Skyrme model, including the use of the AMRD (Adaptive Mesh Refinement Driver) / PAMR
(Parallel Adaptive Mesh Refinement) infrastructure [120, 107, 108] (see Chap. 2 and Sec. 3.3.2 for
more details).

As described in Sec. 4.3.2 (and briefly above), the use of scripting and symbolic manipulation in
the implementation process was crucial, particularly given the additional complexity introduced by
the addition of a third spatial dimension, z. The derivation of the continuum equations of motion,
and their ensuing discretization, were all achieved using Maple [128] scripts and a Maple-based

tensor-manipulation package [129]. Once again, the discretization of the field equations, i.e. the
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1
2
n+1 n+1
& 1[0t 4 Pk~ Pi 1k
4 2 2Azx 2Az
n+1
Qb ¢ijk - :l]k'
t At
n+1 n+1 - n+1 .
buw || i1k 201" IR Oicy ik Pk 20N RO
zz || 9 Ax2 Ax?
n+1 n+1 n+1 n+1
¢ 1 |:¢i+1,j+1,k_¢i—1,j+1,k_¢i+1,j—1,k+¢i—1,j—1,k
ry 2 4AzAy
+¢?+1,j+1,k_¢?—1,j+1,k_¢?+1,j—1,k+¢?—1,j—1,k]
4AzAy
n+1 n+1 n+1 n+1
Cb 1 |:¢i+1,j,k+1_¢i71,j,k+1_¢i+1,j,k71+¢i71,j,k71
Iz 2 VYA JAVA
+ ?+1,j,k+1_¢?fl,j,k+1_¢?+1,j,k71+¢?71,j,k71]
YAV 7AVA
n+1 n+1 n+1 n+1
¢ 1 [¢i,j+1,k+1_¢i,j—l,k+1_¢i,j+1,k—1+¢i,j—l,k—1
Yz 2 4AyAz
+¢?7j+1,k+1_¢Zj—1,k+1_¢Zj+1,k—1+¢2j—1,k—1]
4AyAz

Table 5.1: Crank-Nicholson (CN) three-(space) dimensional finite difference stencils used to convert
the differential equations to difference equations, for any of the eight dynamical variables ¢, or
m, Here we use the notation ¢, = ¢}'; , = O(t", xi,yj, 2). We remind the reader that we use
(component) finite difference grids that are characterized by a single discretization scale, h, so
that Az = Ay = Az = h, and At = Ah, where ) is the Courant number. Each of the above
expressions is a second order (O(h?)) approximation to its continuum counterpart, and is centred
at (tn+1/2a Liy Yjs Zk)'
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replacement of the continuum differential operators by finite difference expressions, was done in

the same way as for the baby Skyrme model (see Sec. 4.3.2 for further details).

5.2.3 Constraint Enforcement

We investigated two constraint enforcement mechanisms. The first was based on the addition of
the Lagrange multiplier, Apy, to the Lagrangian. However, as was the case for the baby Skyrme
model, we found that this approach did not give satisfactory results. We thus opted for simple

reprojection of the fields (see Sec. 4.3.3 for details), and this worked well.

5.2.4 Initial Data: Two Skyrmions

We wish to evolve minimum energy, topologically non-trivial, static solutions of the full Skyrme
model, i.e. skyrmions. In order to construct a skyrmion, we adopt a generalization of the hedgehog
ansatz employed in the baby Skyrme model (4.7). This ansatz also assumes spherical symmetry,
and the configuration can again be described in terms of a radial profile function, f(r). Specifically,

adopting the usual spherical coordinates the ansatz is

sin f(r) sinf cos(yp)
sin f(r) sinf sin(yp)
)

Po = (5.16)
sin f(r) cosf
cos f(r)
Here
- B 212 1 22
oot (), 0 (YRR, 517
x z

are referred to as the internal phases of the skyrmion. Substitution of (5.16) in (5.7) leads to a a

nonlinear second order ordinary differential equation,

0, (5.18)

<r+nzsirn2f> Fan (1_ n?sin? f +n2f'sinfcosf) . n?sin f cos f _

r2 r r

where f’ = df /dr. The radial function f(r) must satisfy the boundary conditions f(0) = Bm and
f(o0) = 0 (localization), where B is the topological charge (see Sec. 5.2). As in the case of the

baby Skyrme model, we will limit our attention to skyrmions with B = 1, so that the condition at
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the center is f(0) = m. We numerically solved (5.18) using the same shooting technique described
in Sec. 3.2.1 and Sec. 4.2.2. However, in the case of (5.18) there is also approximate closed form

solution (suggested by Battye and Sutcliffe [25]),
f(r) =4tan~ ' exp(—r). (5.19)

Both numerical (which we now denote g(r)) and closed form (5.19) profile functions are shown
in Fig. 5.2. Skyrmion scattering using either the numerical solution or the approximation (5.19)
shows no appreciable difference for the type of calculations performed in this chapter. Additionally,
the closed form approximation simplifies the generation of initial data, since the interpolation of
the solution (see 4.3.4) onto our three dimensional domain is easier. We thus adopted (5.19) in
our calculations. Note that although (5.19) is not regular at the origin of an (z,y, z) coordinate
system, the components of (5.16) in those coordinates are (See App. D.5).

Let us consider two skyrmions, each defined by a hedgehog ansatz (5.16). In contrast to the baby
Skyrme model, we now have two phases, 8 and . Therefore we can characterize each skyrmion
by two separate internal angles: 61, 1 for the first, and 65, o for the second. Then denoting the

fields for the two configurations by (bgl) and qbgz) respectively, and using (5.16), we can write:

sin f(r1) sin(61) cos(i1) sin f(r1) sin(f2) cos(p2)

40 sin f(r1) sin(61) sin(1) e sin f(r1) sin(f2) sin(ip2) 7 (5.20)
sin f(ry) cos(6y) sin f(r1) cos(6y)
cos f(r1) cos f(r1)

where r1 and 79 are the radial distances from the centres of the corresponding hedgehogs. We then

refer to the parameters W1 and Ws, defined by

\1115(92—01, \IIQEQDQ—QOl,

as the relative phases between the skyrmions. In 3 + 1 dimensions it is common to refer to these
phases as the internal isospin orientation [25] of the skyrmions. As in the case of the baby Skyrme
model, these quantities play an important role in the dynamics of skyrmion collisions.

As for baby skyrmions, a pair of skyrmions (or skyrmion and antiskyrmion) separated by

some distance, and at rest with respect to one another, will experience mutual forces ranging
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from maximally attractive to maximally repulsive, dependent on the value of the phase ¥;. We
will use the nomenclature defined in Sec. 4.3.6 wherein the attractive channel is a configuration
of two hedgehogs with an initial ¥; = 47, while the repulsive channel corresponds to ¥; = 0
(i.e. no phase difference). Furthermore, we note that a configuration with ¥y = 4+ produces two
skyrmions with opposite signs of the baryon number, i.e. a skyrmion-skyrmion pair in transformed
to a skyrmion-antiskyrmion pair.

We can now define initial data ¢ (i, j, k) and 7°(i, 5, k), a = 1,2, 3,4 (i.e. initial values defined
on the finite difference grid (z;,y;, zx)). This is achieved by first interpolating and translating the
profile functions, f(ri) and f(rs), for the two skyrmions, in exactly the manner as was done for
baby skyrmion initial data in Sec. 4.3.4.

Once the profile functions have been transferred to the finite difference mesh, yielding values

f1(i, 5, k) and f»(i, 7, k), the dynamical field values ¢0(i, j) are set by

#(i,5,k) = sin f1(i,7,k)sin0y(i, j, k) cos @1 (i, j, k) + sin fo(i, j, k) sin 0 (3, 4, k) cos @a(i, 4, k),
(;Sg(i,j, k) = sin f1(i,7,k)sin61(4, 4, k) sinp1(¢, J, k) + sin fo(3, j, k) sin 01(¢, 7, k) sin 1 (4, §, k) ,
#3(i,5,k) = sinf1(i,7,k) cos 0y (i, j, k) + sin fo(i, j, k) cos 01 (i, 5, k), (5.21)
¢35, k) = cos f1(i,j, k) + cos fa(i, j, k) — 1,

where the internal phases of the skyrmion are given by

i) =t (B2,

Ti— Tc

V(@i —20)? + (Y —ye)® + (2 — Zc)2> .

(o — 20) (5.22)

0(i, 5, k) = tan_1<

Since we are interested in colliding skyrmions with non-zero initial velocities, boosted initial data
is obtained by an analogous procedure to the one described in Sec. 4.3.5. We briefly outline the
procedure for a single boosted skyrmion. Once more we consider a boost with Lorentz factor, ~, in
the +z direction, and use primes to denote the coordinate system associated with the rest frame

of the skyrmion. We thus have

t'=7t+vz) o =xyx+vt) yV=y =z, (5.23)
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and

t=~{t'—vz') z=q@" —vt') y=y 2=z. (5.24)

From equations (3.39) the dynamical fields, ¢, (¢, 2, y’, z’), have the following values in the boosted

frame:
pa(t,z,y,2) = ¢t 2",y 2") = sin f(2',y',2")sin (2, o', 2") sinp(a’, 9/, 2")
b3(t,x,y,2) = o5t 2,y 2") =sin f(2',y.2") cosO(2', 4, 2"),
Dat,x,y,2) = ¢yt 2’y 2") = cos f(a!,y'.2"), (5.25)
where
_ yj —Ye
o(z,y,z) = tan 1 <> ,
(@ = zc) + vt
0erz) = tant | YDUE =0 F ol (05 —we) (o = o) (5.26)
LRV R] (Zk 7 Zc)
The time derivatives, 7, (t, z,y, z), transform according to (3.40) and (3.41), yielding
09y Ol ¢ 09
T = o’ YU, T2 = or' YU, T3 = oz’ T, T4 = ox' YU, (527)

where we have used the fact that the rest-frame time derivatives, «/, (t',2’,y’, z’), are identically 0.

At the initial time, t = 0, the coordinates in the rest frame are

t = yvx = xy y =y 2 =z. (5.28)

Again following the method described in Sec. 3.3.4, we interpolate in f(z’,4',2") to determine the
values f(yz,y, z) in the lab frame, using r’ = \/2'2 + y’2 + 22, as well as the fact that in the rest
frame f(a2',y',2') is a circularly symmetric function, i.e. f(2/,9’,2") = f(r’). A complete set of

initial values for a boosted baby skyrmion then follows by substituting ¢ = 0 in (5.25). For the ¢,
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we have

N (z,y,2) = sinf(yz,y,2)sinb(yz,y, 2) cos p(yz,y.2),

#5(x,y,2) = sinf(yz,y,2)sinb(yx,y, 2)sinp(yx,y, 2), (5.29)
$3(x,y,2) = sinf(yz,y,z)cosO(yz,y,z),

¢a(z,y,2) = cosf(yz,y,2).

while for the 7w, we find

949 004 i 004
m(2.y,2) = 500, w(ey,z) = g2, ey = g0, meyz) =557

(5.30)

We note that the derivatives 9¢2/0z’ in this last set of expressions are computed numerically.

5.2.5 Computation of Conserved Quantities

In this subsection we will describe the computation of the total topological charge, B, the total
energy, E, and the kinetic (K) and potential (U) components of E. Once more, the procedure is
essentially the same as that implemented for the baby Skyrme model in Sec. 4.4.

The total baryon number, B, is given by the spatial integral [27, 15],

1 1
BZ%ﬁ/%d%ZZE/ammw@me%ywd%7 (5.31)

where By is the baryon number density.
We approximate this integral using a second-order trapezoidal rule, as described in Sec. 4.4.1.

For the I-th subregion, we have a contribution, By, given by (see Sec. 4.4.1 for details),

LN Ap Ag: Ag Ve BNy LN
x Ay; Az
By = <27r2) — s Z [Boli,j.k + [Bolit1,5.k + [Bolijk+1 + [Bolit1,5,k+1
i,J.k
+  [Bolij+1,k + [Bolij+1,k + [Bolij+1,k+1 + [Boli+1,j+1,6+1 5 (5.32)

where Az, Ay and Az are the grid spacings of the three-dimensional mesh. We then sum the By
to determine the final value of B.

Following Sec. 4.4.2, we compute the following locally defined energy densities: 1) total, Tpo; 2)
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__ f{r)=4 arctan[exp{—r)]

o | \\ ——__ g(r) Numerical solution _|
. \ i

f(r)

Figure 5.2: This figure displays the closed form radial profile function, f(r) (5.19) (blue), and the
numerical profile, g(r) (red). The latter is calculated with a shooting parameter ¢’ = dg/dr =
—2.008 (with boundary condition at the origin go = 7). The g(r) plot shows a subset of the full
computations, which generally comprise discrete collections of points, r,, p=1,..., N, where N is
of the order of 1300, 7y = 0 and 7 = rmax = 300 (i.e. only a small portion of the radial integration
domain is shown here). The LSODA error tolerance is of the order of 1.0 x 10~7 which guarantees
that the error in the profile function (r) is much smaller than the error of the evolved finite
difference solutions that we subsequently generate. Note that the functions are almost identical
near the origin. Both then rapidly fall off for » 2 5, departing from each other as r — oo, where
the tail of f(r) decays more rapidly than that of g(r). The form of these profiles demonstrates
manifestly the localized (particle-like) nature of the skyrmions. As for baby skyrmions, a natural
length scale is defined by the size of the skyrmion, which appears to be ~ 5 in radius (10 in
diameter). We use this size to determine acceptable dimensions for our computational domains,
noting that, as usual, the meaning of high (or low) resolution for a finite difference grid will always
be relative to the natural scale.
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kinetic, T and 3) potential, P. We also evaluate the integrals of these quantities over the solution
domain, yielding values denoted by E, K and U, respectively. Computing the local energy density,
Too, is accomplished by first calculating the energy-momentum tensor, 7,,, of the model using
(4.44). As usual, 7, describes the density and flow of the (local) 4-momentum. The local energy

density, Ty, is then given by (5.33),

Too = T, UMUY =Ty, (5.33)

where U* = (1,0,0,0) is the 4-velocity of a coordinate-stationary observer [141]. The calculation
of the kinetic K and potential U energy densities follow from the decomposition of the Lagrangian
density of the full Skyrme model (5.6) as £ = K — U, which is usually expressed in terms of the

right SU(2) valued-current R, introduced in Sec. 5 [155],

1 1
K= / Pr — STr(Ro Ro) — {TH([RoRi, RoRi)) (5.34)
and??
1
U= /d3 fTr Ri Bo) — STe(R; R, RyRi) (5.35)
where the Latin index i ... = 1,2, 3 runs over the spatial dimensions. Again, the specific expressions

for Tpp, K and U are calculated using symbolic manipulation—with currents R, written in terms
of our sigma model dynamical fields, ¢,, as prescribed in Sec. 5.2—and then exported to Fortran
77, to be computed as separate grid functions in our code.

The total energy, F, is then calculated in complete analogy with the computation of B described
above. Sub-integrals, F;, are given by

Ny—1,N,—1,N.—1

Ax Ay; Az
Er = /d?’%‘ E= Ty > [Tooli.j.k + [Tooli+1,5.6 + [Tooli j k41
1,5,k

+  [Too)i+1,5,6+1 + [Toolij+1.6 + [Tooli,j+1,6 + [To0)i,j+1,5+1 + [To0)i+1,j+1,6+1, (5.36)

and then the E are summed to yield the value of E. Correspondingly, the subintegrals for K and

33The potential energy U is the sum of the spatial gradients and the potential function V.
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U are calculated via

Ny;—1,N,—1,N,—1
Arx Ay; Az " T
K = /d?’l“ T= Ty > [Tk + [Tiv1,5k + [T k41
irjok
+  [Tisrje+1 + T + [Tigre + [Tigereer + [Tlid1 41,541 (5.37)

Ny,—1,N,—1,N.—1

Az Ay; Az " 7&K
Uy = /dSI P = —s Z [Poo)i,jk + [Pooli+1,.k + [Pooli,jk+1

0,4,k

+  [Poolit+1,5,k+1 + [Poolij+1.k + [Poolij+1,k + [Poolij+1.k+1 + [Pooli+1,j+1,k+1- (5.38)

The K; and U; are summed to yield the values of K and U.

5.3 General Features of Skyrmion Scattering: Previous

Work

This section provides a detailed summary of previous 3 + 1 skyrmion numerical studies; these have
been mentioned previously in Sec. 1.4.1. We will adopt the following notation to refer to the most
common type of scattering that we consider here and in subsequent sections. SS denotes the
collision of two skyrmions, each with topological charge B, while SS refers to the scattering of a
skyrmion with charge B and an anti-skyrmion with charge —B.

We first need to say a few words about units. The values of the constants F; and e, which
appear in our Lagrangian density (5.3), are not relevant for our calculations, since we scaled them
out in Sec. 5.2. However, we need their values when we compare with other works, which usually
express length scales in femtometers (fm), and energy in MeV. To complicate matters, F;. and e
vary greatly in the literature, depending on the phenomenological context of the model at hand.
We will adopt the values of Sommermann et al. [86], i.e. F,; = 128 MeV and e = 5.4. Therefore,
our time and length units (as stated before, ¢ = 1 throughout this thesis) are 2/eF, = 0.57 fm,
and for energy, Fy/4e ~ 6 MeV.

The most relevant numerical work in 3 4+ 1 dimensions for this thesis includes (in chronological

order):

e Verbaarschot, Walhout and Wambach (1986) [84] performed the first numerical work on
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SS and SS collisions in axisymmetry, and included a pion mass term. Their choice of
symmetry effectively reduces the problem to one in two spatial dimensions, and they adopt
cylindrical coordinates, (p, z) for their calculations. Their motivation is to determine when
collisions cease to show purely classical behaviour. They argue that the Skyrme model is a
semi-classical approximation, and therefore, at sufficiently high energy, non-classical internal
degrees of freedom are excited at a critical velocity v*—signalling semi-classical effects—and
remain in this state after the interaction. By analyzing the elasticity of collisions as a function

of the velocity, they determined the v* when kinetic energy is no longer conserved.

Their implementation adopts a leap-frog scheme for the time evolution of the Hamiltonian
equations of motion. The canonical momenta of the Skyrme fields are promoted to indepen-
dent dynamical variables. However, no details about the finite difference discretization are

provided. The chiral constraint is imposed by means of a Lagrange multiplier term.

Numerical experiments consisted of head-on encounters with initial velocities 0.2, 0.4 and 0.6.
They discovered that elasticity is maintained below v* = 0.39 (150 MeV) 3* for SS collisions,

and 75 MeV for SS pairs.

Calculations were performed on a grid with a resolution of 100x80 points in (p, z), with a mesh
spacing h = 0.075, yielding a domain with dimensions [0, 7.5] x [—3, 3]. The starting locations
of the solitons were z = —3 and z = 3. The configurations evolved were the hedgehogs studied
formerly by Adkins and Nappi [156], where the radius of the skyrmion is ~ 5 [157, 27]. They
report that stability restricts the Courant number to smaller values as one goes to higher
energy. For instance, A = 0.1 for v = 0.2-0.4 (35 and 150 MeV respectively) and A = 0.05
for v = 0.6 (390 MeV). In an effort to improve stability, artificial viscosity is introduced.
However, this modification results in undesirable side effects, such as the dissipation of F,

which prevents the meaningful monitoring of the conservation of energy.

Radiation is observed at v = 0.6, and is dubbed “mesonic” waves. An important observation
is that a SS pair with the internal phase ¥; = 0 (see Sec. 5.2.4) does not annihilate, but
forward scatters, while a value of W1 = £m causes the configuration to end in annihilation

(these results are consistent with ours in Sec. 4.9). It is customary to refer to the latter choice

341ts is customary for scattering calculations of the Skyrme model, in three dimensions, to characterize the collisions
in terms of center of mass energy (i.e. the lab frame where our experiments are described) expressed in MeV. We will
adopt this standard, and will also specify the velocity of the collisions. We remind the reader that, in this chapter,
unless we clearly state that we using MeV, the default units of energy are the ones adopted in Sec. 5.2, Fr/4e.
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of internal phase as the annihilation channel.

e Allder, Koonin, Seki and Sommermann (1987) [85] pioneered the first true 3 + 1 numerical
calculations of head-on SS collisions, motivated by the possibility of computing cross sections
for baryon resonance and meson production. They study SS collisions at various impact
parameters, for center-of-mass energies of 157 MeV (v = 0.402), 432 MeV (v = 0.603), and
885 MeV (v = 0.75). Their main result is that the inelasticity of the interaction is a function
of the impact parameter, b, as is the deflection angle. Head-on SS collisions appear to be

elastic, while off-axis encounters excite rotational and vibrational modes.

Similarly to [84], they formulate their equations of motion from a Hamiltonian, and spatially
discretize in a uniform Cartesian grid using second order centred stencils. Time stepping is
achieved by means of a staggered leap-frog method. A Lagrange multiplier term is added
to the Lagrangian density to impose the chiral constraint. No pion mass or potential terms
are included. By (chiral) symmetry arguments, they restrict the computation to just one
quadrant of the total domain. The mesh size in this quadrant is 41 x 41 x 21, with A =
0.084 fm (0.14 in our units), corresponding to dimensions [0, 3.36] x [0,3.36] x [0,1.68] fm
([0,5.89] x [0,5.89] x [0,2.94] in our units). From the information provided we can infer that
their total domain dimensions are [0,11.78] x [0, 11.78] x [0,2.94]. They do not specify the size
of their skyrmion, but from their references it is likely they used a radius ~ 2-3 fm (= 3.5-5
in our units). The baryon number density of the skyrmion shown has a diameter of ~ 1 fm
(1.7 our units). As reported by Verbaarschot et al [84], the Courant number A is constrained

to small values in the range from 0.075 to 0.013, in order to keep the evolution stable.

Wambach [28] discusses Allder et al’s [85] physics and numerical setup in further detail, and

from a pedagogical perspective.

e Crutchfield and Bell (1991) [1] represents one of the studies most relevant for this thesis,
and was largely motivated by the numerical instabilities observed in Allder et al [85] and

Verbaarschot et al [84]. We have already described this work in detail in Sec. 4.5.

e Crutchfield, Snyderman and Brown (1992) [83] simulated the classical evolution of bound-
state B = 2 solutions, with the aim of reproducing properties of the deuteron. They found
that pairs of skyrmions (SS) in the maximally attractive channel (¥ = 1) form bound states

after some time, allowing the detailed measurement of certain phenomenological parameters.
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Their calculations use a numerical grid with 56 x 56 x 28 points, which translates to a
domain box with dimensions [0,8] x [0,8] x [0,4]. Following Allder et al [85], they take
advantage of symmetry properties to reduce the actual computational domain dimensions to
[0,4] x [0,4] x [0,4], with h = 0.07 and a Courant number A = 0.5. They implemented the
predictor-correct scheme developed in [1] (See Sec. 4.5). The radius of the skyrmion used can
be inferred from information in the paper to be &~ 2 fm (a2 3.5 our units). The use of viscous
“attenuation” is briefly mentioned. Notwithstanding the low velocity of these interactions,
they are illustrative of the trends in numerical methods in this area, since stability is largely

improved, allowing for larger values of the Courant number, A.

e Battye and Sutcliffe (1996) [25] is an important reference for us, since our initial data setup
(Sec. 5.2.4) and equations of motion (Sec. 5.2) follows their work closely. They studied
scattering of multi-soliton skyrmions for B = 1,2,3 and 4, with spherical, toroidal and
tetrahedral baryon density topologies. Right angle scattering is observed in SS collisions of
B = 1 skyrmions with an internal phase difference (See Sec. 5.2.4) of ¥y = 7. An intermediate
B = 2 toroidal bound state is formed at the collision point, before the skyrmions separate and
exit at right angles. The interaction is basically elastic, with little or no radiation observed.
Additional experiments are shown, notably a collision among three B = 1 skyrmions (which
we may denote SS5S5), each located at a different vertex of an equilateral triangle. The end
state consists of a B = 1 spherical skyrmion, and a B = 2 toroidally shaped one. The focus
of this work is to obtain end state configurations of minimal energy, as potential candidates
for approximations to nuclei (as well as for other applications). A dissipative term added to
the equations of motion guarantees that such configurations can relax in a computationally

reasonable time.

The Lagrangian equations of motion are discretized with fourth order finite difference stencils
in space, and a leap-frog time stepping method is used. The fields equations are cast in first
order form, using auxiliary fields 7, = <;§a. Dirichlet conditions are used, and the chiral
constraint is imposed through a combination of reprojection and a Lagrange multiplier term

(see Sec. 5.2.3).

Collisions were performed between pairs of identical skyrmions with different values of total
baryon number B, and starting locations of their centres at (0,0,1.5) and (0,0,—1.5). Ve-

locities are restricted to v = 0.17 and v = 0.3, a choice justified by the authors in light of the
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breakdown of hyperbolicity conjectured by Crutchfield and Bell [1].

The dynamical domain is discretized by means of uniform Cartesian meshes, of sizes 70 x
70 x 70 and 100 x 100 x 100 lattice points, with a grid spacing h = 0.1, and Courant
numbers in the interval 0.1 < A < 0.2. This again corresponds to maximum domain sizes of
[—5,5] x [-5,5] x [-5,5]. A priori, this appears puzzling, since as we have noted above (see
Fig. 5.2), the radius of the static skyrmion is &~ 5. The size of the computational domain
thus does not seem large enough to contain two well-separated skyrmions. However, it is
possible that the authors were only concerned with the size as defined by the localization of

the baryon density, which is significantly smaller.

e Battye and Sutcliffe (2001) [26] studied clusters of static skyrmions with a total B < 22,
producing complex end states resembling Fullerenes [26]. A dissipative term is added to the
equations of motion in order to remove kinetic energy of the system, thus allowing a quick
relaxation of the skyrmion clusters into Fullerene structures, which are the focus of their

work.

Other than the above considerations, their numerical setup is identical to the one described
in [25]. Results were obtained on Cartesian grids 100 x 100 x 100 and 200 x 200 x 200 lattice
points, a Courant number of A = 0.1, and grid spacings h = 0.1 and h = 0.2. This corresponds
to a maximum domain size [—10, 10] x [—10, 10] x [-10, 10]. Again, the size (in radius) of the

skyrmion is & 5.

5.4 Skyrmion Head-on Collisions

In this section we describe our AMR calculations of S5 head-on scattering of skyrmions in three
spatial dimensions. We perform computations in both the attractive (¥y = 7) and repulsive (¥ = 0)
channels. Our aim is to describe the generic phenomenology of these interaction types. Again, we
stress that these results are preliminary, in the sense that we do not have the same evidence for
convergence as we do for the 2 + 1 case. Specifically, lack of sufficient computer resources has
prevented us from establishing definitive convergence behaviour for our computations, and, as
described in Sec. 3.6, it is difficult for us to perform convergence tests when AMR is used.

Fig. 5.3 shows the evolution of the baryon number density, By(¢,z,y,0) (i.e. the z = 0 plane

of the 3D data set), for a SS head-on collision in the repulsive channel (¥; = 0). A boost
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factor v = 1.6 (v = 0.8) was used for each skyrmion. Fixing other parameters, we performed
computations for several velocities, ranging from v = 0.3 to v = 0.9. In all cases we found the same
generic phenomenology, i.e. forward scattering with no visible radiation present.

We then carried out runs in the attractive channel (¥; = 7) using the same interval of velocities.
In this case we found right-angle scattering for all initial boosts, again with minimal or no radiation
present. Fig. 5.4 shows B(t,z,y,0) for v = 1.6: results for the other values of v used appear very
similar.

The calculations described above, for both the repulsive and attractive channels, were performed
with a relatively large truncation error threshold of Typ.x = 1x 1072, These generated a hierarchy of
grids with a finest level Ly = 5, (Figs.5.6 and 5.5), with a base grid of 65 x 65 x 65. Not surprisingly,
setting a more stringent value of Tyua, = 6x 1072 causes the AMR algorithm to introduce additional

levels so that, as illustrated in Fig. 5.7, the finest level is Ly = 7.

5.5 Conclusions and Future Developments

In summary, we have performed a preliminary study of head-on skyrmion-skyrmion collisions.
The computations involved both the attractive and repulsive channels and were carried out for
a range of initial velocities. The observed phenomenology is consistent with that reported in
previous work [25, 85, 28]. It is also similar to what we have seen for the scattering of 2 + 1
baby skyrmions as described in Chap. 4. It would be interesting to extend our studies to include
skyrmion-antiskyrmion S5 scattering, as well as more general off-axis collisions.

Once more we emphasize that these results are preliminary, since limitations in computer re-
sources have prevented us from establishing definitive convergence of our unigrid computations.
This naturally provides one direction for future improvement of our code. Specifically we could try
to optimize those portions of the code which dominate execution time.

Clearly the issue of a transition from pure hyperbolic to mixed elliptic-hyperbolic behaviour is
still of central interest—as it was for the baby Sykrme case—mot least since the “full” model is
actually of phenomenological interest. Our experience is that high resolution is essential in firmly
establishing any such transition, through, for example, monitoring of the behaviour of the total
energy. Thus, although the results from Chap. 4, as well as the experiences of other researchers,

suggest that we should expect a breakdown of hyperbolicity, additional work with our code could
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t= 11 t= 16 t=18

Figure 5.3: AMR calculation of the evolution of the baryon number density, By(t,x,y,0) (i.e. the
z = 0 plane), for a SS head-on collision in the repulsive channel, ¥; = 0, at v = 1.6 (v = 0.8).
The interaction displays forward scattering, and no radiation is visible. A maximum of 5 AMR
levels (Ly = 5) was used in the calculation. The domain is [—9,9] x [-9,9] x [-9,9], and at this
velocity the skyrmions have a diameter ~ 6.25 in the x direction. We used Tmax = 1 x 1072 on
a 65 x 65 x 65 base grid, with Dirichlet boundary conditions. Other parameters for the run are:
exo = 0.4, and A = 0.1. The skyrmions are initially centred at (x(()l),yél),z(()l)) = (—4.5,0,0) and
(x(()Q),yé2), z(()?)) = (4.5,0,0).
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t=11 t= 16 t=- 20

Figure 5.4: AMR calculation of the evolution of the baryon number density, By(t,x,y,0) (i.e. the
z = 0 plane), for a SS head-on collision in the attractive channel, ¥; = 7, at v = 1.6 (v = 0.8).
The interaction displays forward scattering, and no radiation is visible. All additional parameters
for the run are identical to those described in the caption of the previous figure (Fig. 5.3).
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1=0.00

0.90500.

169609

(h)

Figure 5.5: Wire-mesh contour plot of the evolution of the baryon density, By, as previously shown
in Fig. 5.4. The slice corresponding to the collision plane z = 0 is shown. The figure shows the
time-development of a typical adaptive mesh refinement hierarchy. Finer level grids are difficult to
distinguish due to resolution limitations of the figure, as well as the fact that finer grids generally
have small extent. For instance, we can identify 3 different levels in images (c)—(g), while there are
actually Ly = 5 levels at that time.
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=0:00

Sl4e01

(8)

Figure 5.6: Wire-mesh contour plot of the evolution of the baryon density, By, as previously shown
in Fig. 5.3. Comments made in the caption of the previous figure (Fig. 5.5) also apply here.
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Figure 5.7: These figures illustrate the AMR hierarchy of grids at two instants of time for the initial
data described in Fig. 5.3. Here, however, we have computed with a truncation error threshold
Tmax = 6 X 1073, and the maximum level of refinement is Ly = 7. All additional parameters are as
listed in the caption of Fig. 5.3.
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shed more light on the subject.
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CHAPTER 6

CONCLUSIONS

We now summarize the main results and conclusions stemming from the work reported in this
thesis.

Chap. 2 described the development of a computational framework used to construct finite-
difference codes for the approximate solution of hyperbolic PDEs. Parallelization and adaptive
mesh refinement (AMR) capabilities were provided by the incorporation of a specific implementa-
tion of the Berger-Oliger algorithm [120, 121, 107, 108].

Primarily to test this framework, in Chap. 3 we studied a theory describing the dynamics of
a complex scalar field theory that possesses stable, localized (solitonic) solutions called @-balls.
We analyzed some aspects of the dynamics of Q-balls, focusing on two main scenarios: collisions
between @Q-balls having opposite charges, QT Q~, and those between configurations with the same
charge, QT Q1. The observed interactions during the collision were qualitatively different for the
two scenarios: QT Q7 interactions exhibited purely constructive interference, whereas Q+ Q*
collisions showed destructive interference patterns. Some phenomenology of QT Q¥ scattering had
been previously reported [18], and we were able to reproduce these results. However, to the best
of our knowledge, the QT Q~ work was original. Our key findings were that the QT @~ collisions
resulted in bound states for v < 0.4, while producing purely forward scattering at any higher
velocity.

We also investigated the dynamics of @)-balls for different values of their charge. We found that
right-angle scattering was completely absent from the dynamics of sufficiently low-charge @-balls.
Additionally, we studied scattering of @-balls against potential obstructions, and we discovered
that it was characterized by a combination of transmission and reflection of the soliton.

Chap. 4 reports our main contributions; these come from a detailed study of the dynamics of the
baby Skyrme model. Particular emphasis was placed on the exploration of the rich phenomenology
of the collisions of two baby skyrmions or of a baby skyrmion-antiskyrmion pair. The investigation

of a loss of hyperbolicity (well-posedness) for certain configurations—as suggested by Crutchfield
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and Bell [1, 26, 95]—was of central interest. By monitoring the behavior of the total energy, and
by directly examining the numerical solutions, we provided strong evidence that the evolution of
highly boosted baby skyrmion collisions becomes ill-posed. As discussed in App. C.2, corroborating
evidence for the loss of hyperbolicity was provided by the appearance of complex eigenvalues
computed in the context of a normal mode analysis for a particular linearization of the equations
of motion.

Our experiments also suggest that consideration of global and local values of energy quantities
alone is not sufficient to determine when well-posedness is lost. We present this chiefly as an
observation: claims in the literature (see e.g Crutchfield and Bell’s [1]) are not obviously inconsistent
with what we have seen.

Importantly, since we demonstrated that our code converged in strong-field cases where hyper-
bolicity was maintained, but where small changes in initial data parameters (i.e. the initial boost
parameter, 7) resulted in a loss of convergence, we are confident that the observed behavior with
respect to well-posedness is not due to the finite-difference scheme that was used (i.e. it is not a
“numerical artifact”).

As previously emphasized by Crutchfield and Bell, the loss of hyperbolicity implies a breakdown
of the physical applicability of the Skyrme model. At least heuristically, one can argue that this
is perhaps not unexpected given that the model can be viewed as an effective-field approximation
of a more fundamental underlying theory, in which high-frequency degrees of freedom have been
integrated out. Whether or not hyperbolicity can be restored through modifications of the (effec-
tive) Lagrangian and, if so, whether the resulting models will produce a more accurate description
of nucleon interactions, remain open questions.

In addition, our experiments provided further understanding of the general phenomenology of
collisions in the baby Skyrme model. For instance, previous studies had indicated that the highest-
energy skyrmion collisions (before the evolutions become ill-posed) were not very elastic, since
they were apparently always accompanied by the emission of large amounts of radiation. However,
our calculations with AMR showed reduction of these effects relative to unigrid computations,
suggesting that at least some of the previously observed non-elasticity was due to insufficient
finite-difference resolution.

In Sec. 4.3.3 we studied two different techniques for maintaining the constraint, ¢“¢* = 1, that

must be satisfied by the baby Skyrme fields. One was a simple reprojection that was found to
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be very robust and which was used almost exclusively in our numerical experiments. The other
was based on the idea of constraint damping and, provided that the two adjustable parameters
characterizing the method were chosen judiciously, also worked well.

Finally, in Chap. 5 we presented preliminary results for the head-on scattering of skyrmions in
three spatial dimensions. Although computer resource limitations prevented us from establishing
definitive convergence behaviour for unigrid computations, the phenomenology that we observed
(using AMR calculations) was consistent with previous studies [85, 28, 26].

In terms of the numerical schemes employed, the use of an implicit two-level Crank-Nicholson
scheme for the temporal discretization of the equations of motion (for all the models studied in
this thesis), yielded good stability properties. In particular, our unigrid calculations were stable
for Courant numbers as large as A = 0.5. This is an improvement relative to some of the earlier
numerical work [85, 84], where use of explicit schemes restricted the Courant number to excessively
small values.

We note that our methodology and computational infrastructure could be readily adapted to
study similar phenomena in theories including 1) sigma models (oscillons [80] and sphalerons [158]),
and 2) extensions of the Skyrme model, such as the Skyrme-Fadeev-Hopf theory [159]. In particular,
it is reasonable to expect that solutions in the latter case will also exhibit a configuration-dependent
breakdown of hyperbolicity: investigation of this conjecture would be worthwhile.

The Einstein-Skyrme model in spherical symmetry [160] has been shown to display interesting
behaviour at the threshold of black-hole formation (critical phenomena), and our studies can be
seen as a preliminary step towards extension of those calculations to the full 3D case.

We conclude by observing that topological skyrmions continue to be studied vigorously, and
that detailed numerical experimentation will become an increasingly valuable tool in such work.
For example, skyrmions emerge as holographic baryons in certain limits of five-dimensional gravity-
gauge duals, and provide a calculational framework for the strong coupling regime [46]. Branes with
low energy (effective) descriptions in terms of solitons have also been studied intensively in recent
years [161]. Finally, it is not unreasonable to expect that a thorough understanding of collisions of
self-gravitating relativistic skyrmions—or similar solitons—may shed light on many issues at the

crossroads of space-time singularity formation, astrophysics and exotic nonlinear physics [162].
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APPENDIX A

FINITE DIFFERENCING: FURTHER DETAILS

A.1 Stability of a Numerical Approximation Scheme

As mentioned in 2.1, the concept of stability of a finite difference scheme captures the notion that
a numerical solution must not “blow-up” in time unless the continuum solution does so. There
are a variety of definitions of stability in the literature, but the following [163] will suffice for our
purposes.

We assume that our finite difference scheme has been written in the two-level form
u"tl =Qu", (A.1)

where u™ and u”t! are the numerical approximations at the current and advanced discrete times,
respectively, and (@ is the finite difference update operator. We further restrict attention to the case
of one spatial dimension—the extension to additional dimensions is trivial—and assume that the
finite difference mesh has spacings Az and At in the spatial and temporal directions, respectively.
Then we say that the scheme (A.1) is stable with respect to some norm || - || if there are positive

constants Axg and Atg, and non-negative constants K and 3 such that
[+ < Ke|lul|l, (A2)

for 0 <t=(n+1)At, 0 < Az < Azg and 0 < At < Aty.

We note that the possibility for exponential growth of the numerical solution implied by (A.2)
allows for a corresponding growth rate in the continuum, and is a matter of convention. Should it
be known that the growth of the exact solution relative to the initial data can be bounded with a
less-rapidly growing function (including a constant), then the definition of stability can be adjusted

accordingly.
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A.2. THE COURANT NUMBER, \

A.2 The Courant Number, A

We consider the usual wave equation with unit propagation speed
U(t, m)tt = Uz , (A3)

and finite-difference using the standard O(h?) time explicit approximation on a uniform mesh with

spacings Ax and At in the x and ¢ directions, respectively.

n+1 n n—1 n n n—1
U; — 2“’7, + U; o U’i+1 - 2ui + U;_q
At? Ax?

The Courant factor (or number), A, is defined by

A

At
= (A.5)

For explicit schemes such as (A.4), A must be generally satisfy a restriction A < k, with x some
positive constant, to ensure stability. This restriction can be understood physically from consid-
erations of the dependence of the advanced solution, «™*!, on the retarded values, 4™ and u™ !,
and is perhaps easiest to understand in pictorial form.

Consider then Fig. A.1, which shows two finite difference meshes, one with A < 1 (Fig. A.la
(a)), the other with A > 1 (Fig. A.1b (b)). Solid lines denote the physical cones of dependence
for the advanced value u}”‘l, while the dotted lines show the numerical cones of dependence. The
structure of the latter reflects the fact that the scheme (A.4) connects only nearest neighbours. The
key observation is that if the numerical cone does not properly contain the physical one then not all
of the information necessary to determine the solution value u?"’l is available, and the numerical
solution will be unstable. In the current case, this translates to the well-known limit, A < 1. This

restriction can also be obtained easily using a Von Neumann mode analysis.
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—————————————— Numerical cone -——-———-———-—- Numerical cone
Physical cone Physical cone
n+l1
n+i
n n
Stable evolution Unstable evolution

(a) (b)

Figure A.1: Physical and numerical domains of dependence. Shown are two finite difference grids
with differing values of the Courant number, A = At/Az. In plot (a) we have A < 1, the physical
light cone is properly contained with the numerical cone, and the explicit scheme (A.4) is stable.
Conversely, in (b), where A < 1, the physical light cone lies outside the numerical cone and the
scheme is unstable.
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APPENDIX B

MISCELLANEOUS @Q-BALL CALCULATIONS

B.1 Variation of the ()-ball Action

The 2 + 1 model of a complex scalar field ¢ that is studied in Chap. 3 has a Lagrangian
1 1 1 1
— 20 0" — Z1d12 + ZAlol® — ZBlol4 B.1
£ = 50,0°0"6 = 5|6 + S A0 — {Blol* (B.1)

where Greek indices y, ... run over the spacetime values 0, 1,2 (where 0 is the time index). Here

we have adopted the specific choice of potential
2 1o 1 3 1 4
U(16?) = 516~ 5416 + 7 Blol*, (B2)

in which the mass, m, of the field is set to unity and A and B are constants.??

If we write the modulus of the field in terms of the field, ¢, and its complex conjugate, ¢*,

ie. || = V/¢*@, we have
c= Lo~ Lorot Laro)2 - Lpprey (B.3)
9K 2 3 4 ' '

Variation with respect to 0,¢* and ¢* yields

oL 1
8(8,“;5*) = 53”@5, (B.4)
and
oL 1 1 1 .
b = —50+ 5A0VET — 5Bo(T0). (B.5)

35 As discussed in Sec. 3.2, without loss of generality we can also set A = 1 by a suitable rescaling, but we will not
do so here
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B.2. GENERAL ARGUMENTS FOR THE EXISTENCE OF Q-BALLS

Thus, the Euler-Lagrange field equations of motion are

oL oL 1 - ,
Ou5a ) g = a0nde+ o~ Aldlo+ Blefo =0. (B.6)

B.2 General Arguments for the Existence of ()-balls

In this section we discuss in more detail the manner in which the particular properties of the
potential function, U(]¢|?), determine the existence of @Q-ball solutions. Our discussion follows
closely the works of Coleman [68], Kusenko [78], Multamaki [79] and Salmi [80].

The charge of a d-dimensional @-ball—where d is the spatial dimensionality—is defined by (3.3)

Q=g [d's (679~ o). (B.7)

The energy, F, is given by (3.4)
1. 1
B[t |510P + 5IV0R + U] (B5)

where we have adopted the notation ng = O0y¢ for time derivatives. We seek to minimize the energy

(B.8) for fixed charge. We thus introduce a Lagrange multiplier, w, and minimize
E,=E+uw {Q %/dd:c (as*(zsw'*)} (B.9)
with respect to ¢. Substituting (B.8) in (B.9) and regrouping terms yields
Bu= [t [§0 4 5I0of + UoP)| +e@- & [ate [@é-oi)].  (B10)
Separating time and spatial terms we have
Bo= [dte | (5108 - pwd- o) + (310eP + Uo7 )| +e@. @D
Factoring and reordering gives

E, = /ddx B (\<z'>|2 Fwid*é —wz'qsqb'*) n (;quﬁ n U(|¢2)>} +w0. (B.12)
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Now we complete the square of the time-dependent term,

B = [ dis B (1912 + wig™d - wisde + (62| - w216 + (;'v¢|2+U<l¢|2))] e
(B.13)

and since ||? = ¢*¢ we can write

Bu= [ds [5G iwo)é +ive) - 3o+ (5IV0P +UOP) )| 4@ (B0

Defining the effective potential, U, (|¢]?), by

Uu(9) = U(9P%) — 5671671, (B.15)

we have [78, 79, 80,
E, = /ddx Bw& — iwe| + %|v¢>|2 + U, (|6)*) | +w@. (B.16)
We now adopt a time-harmonic stationary ansatz for the solution ¢(t,z*) (see Sec. 3.2),
p—iwp=0 — ot z") =e“to(z?), (B.17)

where o(x?) is a static, positive, real-valued profile function with dependence on the spatial dimen-
sions of spacetime z?, with i = 1,2, ...d. Using this form for the solution we obtain a configuration

with charge
Q= w/ddx o(z")?, (B.18)

and energy

o /dd [vo (@) + Uo(o(@)?)| +w@. (B.19)

The extremization of (B.19) with respect to two parameters, namely o and w, is simplified by
noting that we seek localized solutions that vanish at infinity. It has been shown [78, 79, 80] that,
for w in some range(s), there exist configurations with monotonically decreasing o(r) which satisfy
the boundary condition o(r) — 0 as r — 0. A subset of these are precisely the static solutions that

we want. By extremizing the energy functional (B.19) with respect to o we derive the governing
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B.2. GENERAL ARGUMENTS FOR THE EXISTENCE OF Q-BALLS

ODE for the profile function:
U, (d?)

2 _ > 7
Vo = P (B.20)

Assuming spherical symmetry (circular symmetry for the d = 2 case), we have

o ([d-1)do _dUL(?)
dr? r dr do

=0, (B.21)

where U, (0%) = U(0?) — w?02/2. There are certain restrictions on the potential, U(c), in order
that (B.21) admit regular, finite-energy solutions. Specifically, U (o) must be U(1)-symmetric and
the origin in potential space must be a global minimum; i.e. U(0) = 0. Further, Coleman [68]
showed that the most important condition for the existence of Q-ball solutions in the theory is that
the effective potential, U, (o), have an (additional) minimum where o # 0.

The last requirement can easily be fulfilled through the choice of an appropriate polynomial

potential, such as the one adopted in Chap. 3:
2 Lo 1 3,1 4
U6P) = 516 - SAlof + 7 Blol*. (B.22)

The need for a second minimum of U,,(0?), with o # 0, can be understood heuristically through
an analogy from classical mechanics—also proposed by Coleman [68]—who realized that (B.21)
has the functional form of the equation of a particle moving in an (inverted) effective potential
Vell(02) = —U,(0?). We emphasize that here we are viewing w as an adjustable parameter. In
contrast, in the computation of @-ball solutions described in Sec. 3.2, w is an eigenvalue whose
value is determined by a specific choice of o = oy.

Now, in the single-particle interpretation, ¢ plays the role of the particle’s position, while r
represents time, so that the governing ODE (B.21) becomes

diojL(d—l)dg avg®
dt2 tdt do

0. (B.23)

The second term in (B.23) acts as a frictional force that is proportional to velocity and inversely
proportional to time. Thus, except for the d = 1 case, the particle energy is not conserved; i.e. the
system is dissipative. Continuing with the analogy, the boundary conditions we seek, namely
o(r — o0) = 0 and ¢’(0) = 0, correspond to o(t — oo) = 0 and do/dt(0) = 0. In other words, any

@-ball solution can be identified with the motion of a particle that starts at rest at some location,
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B.2. GENERAL ARGUMENTS FOR THE EXISTENCE OF Q-BALLS

o = op(w), and that ends up at rest at the origin, o = 0.

Now consider Fig. B.1 which shows a plot of V¢ (52) for our choice of potential —which is rep-
resentative of the type of V# that will produce Q-balls—and for the specific choice w = 0.7739293.
Clearly, due to the presence of friction we must release the particle at some position oy such that
Vet (02) > Vef(0). Moreover, since the frictional term is inversely proportional to time, we can
make the dissipation arbitrarily small by starting the particle arbitrarily close to the maximum
of V. By continuity there must be some op—as displayed in the figure—such that the particle
arrives at rest at the origin.

For a general potential, @-ball solutions will exist only for values of w in a finite range (equiv-

alently, values of o in some finite interval). In our case we have
A B ,

1 .
eff 2 2 3
Voo = 2(w 1)o= + 37 17 (B.24)

Since Vjﬂ must have a minimum at some ¢ = opiy, With o # 0 and fof(a2 ) < 0, the

min

effective potential must have two zero-crossings (at least) in the interval from o = 0 and the global

maximum. Setting the right hand side of (B.24) to zero and dividing by o2 then yields

B, A 1 ,
——0"+ =0+ = —-1)=0. .
1° 3C 2(w ) (B.25)

The discriminant condition for the existence of two additional (real) zeros is thus A4%/9 + B(w? —

1)/2 > 0, which leads to the condition,

242
1 21 -2 B.26
<w' < 0B ( )

or for the specific values A = 1, B = 1/2 adopted in Chap. 3,

l<w? < g (B.27)
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0.1 T T T 1 T T 1 T T T [ T T T T [ T T T 1]
. 005F gy = 1.375 E
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- - =
_0.05 :
-0.1 C : | I T R
4] 0.5 1 1.5 2 2.5

Figure B.1: Inverted effective potential V. (02) = —U,,(0?) for the specific choice w = 0.7739293.
In the mechanical analog, when the particle is released from rest at o = oo = 1.375, it will arrive
at the origin, 0 = 0, also at rest.
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APPENDIX C

HYPERBOLICITY AND LINEARIZED

ANALYSIS

C.1 Hyperbolicity and Well-posedness of Time-dependent

PDEs

In this section we provide further details concerning the issues of hyperbolicity and well-posedness
that were discussed briefly in Sec. 1.5.2. We closely follow the presentations of Reula [164] and
Alcubierre [100], which we emphasize provide reviews of the relevant theory that are directed at
numerical relativists and those working in related fields.

The canonical example of a hyperbolic system is the wave equation in one space variable,
Opu(t, ) = Oppul(t, x), (C.1)

where the solution, u(¢,x), describes free propagation with unit velocity. The adjective hyperbolic
originates from the hyperbolic conoid that delimits causally connected regions that are defined
with respect to any given point in the spacetime domain. More generally, and in heuristic terms,
a hyperbolic system of PDEs is one in which all signals propagate with finite speed.

We now consider a general set of PDEs of evolutionary type having linear constant coefficients.

Such a system can be cast in the form

uy = Lu(t,2"), (C.2)
where u = [ui(t, 2%), ua(t, ), ..., un(t,2%)]T is an n-component vector of dependent variables
(fields), the index i = 1,...,d labels the spatial dimensions, and L is an operator whose compo-

nents depend smoothly on the spatial derivatives of u. The issue of central interest is to determine
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C.1. HYPERBOLICITY AND WELL-POSEDNESS OF TIME-DEPENDENT PDES

under what conditions initial data u(0,2?) = ug(x;) will generate a unique solution, u(t,z*): this
is known as the Cauchy or initial value problem for (C.2). If such conditions exist, then we say
that (C.2) is well-posed. Conversely, if there are no such conditions—so that even for short times
t > 0 there is no unique solution for specified ug—then we say that the system is ill-posed. Clearly,
any physically meaningful model characterized by a set of evolutionary PDEs must be well-posed.

Again, restricting attention to the case of systems having linear constant coefficients, precise
mathematical definitions of hyperbolicity for (C.2) (there are, as we shall immediately see, several
types of hyperbolicity) are expressed as algebraic conditions on the coefficients. We further assume
that L depends only on first space derivatives so that we can write

Ou ; Ou
ot oxt

~0. (C.3)

Here, each of the A; is an n X n matrix of smooth constant coefficients. We define the principal
symbol of the system (C.3) as the matrix P(n;) = A’n;, where n; an arbitrary unit vector. The
system (C.3) is strongly hyperbolic if P(n;) has real eigenvalues and a complete set of eigenvectors
for all n;. If P(n;) has real eigenvalues for all n;, but lacks a complete set of eigenvectors, then the
system is only weakly hyperbolic. The system is symmetric hyperbolic if all the A® are symmetric.
The most restrictive type of hyperbolicity requires that the eigenvalues of P(n;) be not only real, but
also distinct for all n;. Since P(n;) is diagonalizable in this case, we note that strict hyperbolicity
implies strong hyperbolicity. It is well known that the eigenvalues of P(n;) are degenerate for
most physical models. Therefore, strict hyperbolicity is quite an unusual condition. A key result
of interest here is that it can be shown that strongly hyperbolic systems are well-posed, whereas
weakly hyperbolic ones are not.

In contrast, for an elliptic system of PDEs, all the eigenvalues of P(n;) are complex. Physically
this means that the speed of propagation of small perturbations is infinite (superluminal) and thus
incompatible with relativistic dynamics.

For our purposes, the most important observation is that a system of the form (C.3) which has
a P(n;) with at least one complex eigenvalue will not be well-posed. That is, it will not have an
initial-value formulation where initial data ug(z?) yields a unique solution u(t,x?). Furthermore,
in the main body of the thesis we use the terminology mized hyperbolic-elliptic to refer to a system

where P(n;) has both real and complex eigenvalues. Once more, in this case we cannot expect
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well-posedness.

For illustrative purposes, and again following [100], we analyze the hyperbolicity of the three

dimensional wave equation. We have

att¢(tv x, y7 Z) - 02V2¢ = 07

(C.4)

where v is the speed of propagation. (C.4) can be recast as a system of first-order-in-time equations

through the introduction of auxiliary variables, II(¢, x,y, z) and ®;(¢,z,y,2), i = 1,2,3:

With these definitions (C.4) becomes

at¢7

GtH — ’U@i\l/i = O7

891’1' - v8,H = O .

Taking an arbitrary unit vector n; we thus have

M

A2

A3

A

—Ng —MNy —Ng
0 0
0 0
0 0

(C.9)

(C.10)
(C.11)
(C.12)

(C.13)

Since two of the eigenvalues are degenerate, the system is not strictly hyperbolic. On the other
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hand, P(n;) does have a complete set of eigenvectors, given in column form by

—MNg Ny —Ny —Ny
R(n;) = . (C.14)
—ny ny 0 Ng
—N, N, Ng 0

Thus the wave equation (C.4) is strongly hyperbolic and, consequentially, is well-posed.

Finally, we reiterate that we have only discussed here the issues of hyperbolicity and well-
posedness for the case of linear constant coefficient systems. For quasi-linear PDEs of evolutionary
type, such as those describing the Skyrme models (as well as more general nonlinear systems), the
theory is much less developed. We thus adopt the assumption that, at a minimum, the equations
that result from freezing and linearizing coefficients must be hyperbolic/well-posed in order for the

full systems to have equivalent properties.

C.2 Linearized Mode Analysis of the Baby Skyrme
Equations

As emphasized in the main body, one of the principal goals of our current work is to study in
detail the previously reported claim [1, 26] that, dependent on the nature of the initial data,
the equations of motion for Skyrme models may become of mixed hyperbolic-elliptic type, rather
than purely hyperbolic. This would then imply a breakdown of the initial-data formulation of the
governing PDEs which, numerically, would presumably be manifested by non-convergence of any
possible (consistent) differencing of the PDEs.

In the numerical experiments that we described in Chapter 4, we have used monitoring of the
behaviour of the total energy E, as well as direct inspection of the grid functions, as diagnostic tools
for detecting transitions from purely hyperbolic (well-posed) to mixed hyperbolic-elliptic (ill-posed)
behaviour. We now discuss an additional method based on a characteristic (normal mode) analysis
of the linearized equations of motion that provides corroborating evidence for these transitions.

The nonlinear PDEs (4.16) that describe our model can be converted into a system with linear
constant coefficients by “freezing” the coefficients of the highest-derivative terms. As discussed

above (App. C.1), it is then relatively straightforward to determine if the system is (strongly)
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hyperbolic and thus well-posed, and this is precisely the approach adopted by Crutchfield and
Bell [1].

In Crutchfield and Bell’s analysis it was found that under certain conditions unstable modes
(i.e. complex eigenvalues of the linearized system) could appear for both the baby and full 3 +
1 Skyrme models. On the basis of this analysis the authors concluded that the models could
then exhibit non-hyperbolicity which, in numerical simulations, would be manifested as unstable
oscillatory solutions.

We now perform an analysis that parallels that in [1], but restrict attention to the baby Skyrme
model in 2 + 1 dimensions. Thus, Latin indices such as a, b, c... label the 3 real components of the
field, i.e. ¢, = (¢1, ¢2, ¢3), Greek indices label the dimensions of space-time, p,v = 0,1,2, and
indices such as 1, j, k... range over the spatial coordinates. Again, summation conventions apply to
all index types.

We begin by observing that we can write the equations of motion of the model (4.16) in the
form [1, 26, 35],

(MapOrd) ¢ — (CanOitp) i = 0, (C.15)

where we ignore the Lagrange multiplier term in (4.16) since it has no relevance for the characteristic

structure analysis (i.e. the calculation does not involve actual evolution of the fields).

Here, the coefficient matrices, Mg, and Cyp, can be written as 36
My = Gab <i + [8@6]2) —~ Dibadity (C.16)
Cor = 0 (1 +10,6) = 9,000,00. 17
The field equations (C.15) can then be rewritten as
MapOi o — Cap0iidp = (Cap) i0idp — (Map),:0ppp = 0. (C.18)

It is convenient to write the terms on the right-hand side of (C.18) so that all second order deriva-

36Tt is worth mentioning that all matrix manipulations in the present analysis are performed using symbolic
computation. Given the Lagrangian of the model as input, the coefficients M, and Cy; are computed using Maple
procedures and then converted to Fortran code. Thus, confidence is high that the numerical calculations related to
the linear analysis are reliable.
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tives of the field variables are manifest [1]:

M0ty — Cap0iidp = —Glab,i®nit + Jab,i®v,it — Hap,ijPu.ij 5 (C.19)

where the matrices Gap i, Jap,; and Hgp ;5 are given by

Gabi = —0ap®r,iPri — Ga,iPb,t + 200,10, »
Jab,i - 5ab¢‘r,i¢r,i - 2¢a,i¢b,t + ¢a,i¢b,t ) (C20)
Hupij = 0ab®rjbri + PajObi — 20a,iP,;j -

The next step in our analysis is to obtain linearized equations of motion for small perturbations,

d¢,, of the Skyrme fields. To that end we write
Ga = ¢ + 660 = ¢ + exp(—ilk - 7 — wi]), (C.21)

where ¢{” is a background field, and 4 = v/—1. We now substitute (C.21) in (C.18) and evaluate

to lowest order in d¢,. This leads to the following dispersion relation,
(Mw? + Giwk; — Jiwk; + H,jkik; — Ckik;)6¢, =0, (C.22)

where the matrices M, G;, J;, Hi; and C' are to be evaluated using the values of ¢((10) defined at any
instant of time. However, an important simplification in the calculation of the modes defined by
the dispersion relation (C.22) is achieved by assuming that the small perturbations d¢, propagate
only along one of the coordinate directions, x or y. Assuming arbitrarily that this is the x direction,
we have

ba = 0 + exp(—ilky - 7 — wt]) . (C.23)
The dot product in (C.23) between the wave vector k, and the position vector 7 is easily evaluated:

—

ky - 7= (ks2,0) - (22, yh) = kpx . (C.24)

Thus, if the perturbation (C.23) only depends on x, all terms with mixed spatial derivatives

in (C.21) vanish, while those involving spatial-temporal derivatives cancel. The result is that
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Gab,is Jab,i and Hgy ;5 vanish, and we are left with the simplified dispersion relation

(Mw? — Chyk,)d¢q = 0. (C.25)
This in turn yields the characteristic equation

det(Mw? — Ckyk,) =0, (C.26)

where, again, M and C' are evaluated using the values of ¢((10) at any given time. Equation (C.26)

leads to a sixth-order polynomial characteristic equation in w. We perform the change of variable,
z=uw?, (C.27)

and obtain a cubic equation of the type
az® + bz +cz+d=0. (C.28)

The nature of the roots of (C.28) can be determined [165] by calculating the sign of the discriminant,
A, given by
A = 18abed + b*c® — dac® — 4b>d — 27ad? . (C.29)

There are three possible cases:
1. A > 0: the equation has three distinct real roots.
2. A = 0: the equation has three real roots; either a double plus single, or a triple.

3. A < 0: the equation has one real root and two roots which are complex conjugates of each

other.

Noting that complex z implies complex w, we observe that, from the point of view of this linearized
analysis, we can expect a breakdown in hyperbolicity (well-posedness) whenever A < 0. We also
observe that it is straightforward to evaluate A on all mesh points at any discrete time.

We looked for the appearance of complex w in our numerical calculations by performing simula-
tions of head-on baby skyrmion collisions—similar to those described in Sec. 4.7—for several values

of the boost factor ~, and using initial configurations in both the repulsive and attractive channels.
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As also discussed in Sec. 4.7, for both the repulsive- and attractive-channel cases we find critical
boost parameters, v*, above which we see an apparent breakdown in hyperbolicity /well-posedness
that is signalled by a loss of conservation of energy and the development of growing, high-frequency
modes on the finite difference mesh. For the computations with v > ~4* we did find grid points
with A < 0. Conversely, when 7 < v* we found that A was strictly positive at all times, and
throughout the computational domain. Thus, the appearance of complex roots in the dispersion
relation is apparently correlated with the loss of conservation of energy and smoothness that we
use as our primary indications of loss of hyperbolicity.

Finally, we also performed calculations involving generic smooth initial data, similar to the
Gaussian pulses evolved in Sec. 4.4.4, but with the time derivatives set to very large values at
t = 0, as discussed in Sec. 4.9.1. As for the highly boosted collisions described above, we detected
complex eigenvalues during the evolutions. The loss of conservation of energy also appears to be

correlated with the observation of A < 0 for this type of initial data.
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APPENDIX D

MISCELLANEOUS SKYRMION

CALCULATIONS

D.1 The Hobart-Derrick Argument

The Hobart-Derrick argument [29, 15, 30, 31] provides a criterion for the existence of static solutions
of minimal energy in a theory, according to dimensionality and field content. We apply this theory
in the contexts of @-balls, baby skyrmions and skyrmions and view it primarily as providing
justification for the forms of the Lagrangian in the skyrmion cases.

Consider a static solution that minimizes the energy associated with one of the three models
being studied—the Lagrangian for each can be written in the form (4.3), and is a functional of
the fields ¢ = ¢(x%), i = 1,2...d, where d is the number of spatial dimensions.3” It is straightfor-
ward to show [122, 15] that if we apply a rescaling on the spatial coordinates, &* — nz?, so that
#' (%) = ¢(nx') where n a real number, the effect on the energy contributions in each term of the

Lagrangian (4.3) is [122, 15]

010" da = €2 e — 1% e,
%(aﬂ%awa)? + %(aﬂ¢aau¢a)(au¢bay¢b) =€ €4 — 774_d647

—V(¢a) VvV —n iy, (D.1)
With respect to the rescaling, the static energy, €gtatic, is therefore,

Estatic — 7’27(162 + 7747d64 + 777dV . (D2)

3THere we are suppressing internal indices for the skyrmion cases—this has no impact on the argument.
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By assumption, the energy is minimized for n = 1. It thus follows that

destatic

ar | =@ Dt (- da—dv =o0. (D.3)

For the @-ball case, d = 2 and ¢4 = 0: thus (D.3) appears to imply that for the existence of a
stable static solution we must have V = 0.38 However, we know from Chap. 3 (as well as previous
work, of course) that this is not the case. The solution to this apparent paradox is to realize that
the argument only applies to static solitons, and is not valid for stationary objects (i.e. solutions
with an internal time dependence) such as @-balls. On the other hand, for baby skyrmions, where
d = 2, (D.3) provides a condition for the existence of a stable static solution: both the fourth-order
Skyrme term and a non-zero potential are needed for such a configuration. Finally, for the original
Skymre model, where d = 3, (D.3) dictates that stable solitons can exist when es + 3V = ¢4. Thus

even for V' = 0, we can have a stable minimum provided that e = €4.

D.2 Explicit Form of the Lagrange Multiplier

In this section we calculate explicitly the Lagrange multiplier term that we add to the Lagrangian

density of the baby Skyrme model in (4.14). We begin by contracting (4.15) with ¢,:

¢a (1 + au¢aau¢a)m¢a + ayau¢bau¢bay¢a - 8M¢bay¢bayau¢a - D¢bay¢bau¢a + )\LI\/I(ba

dV(¢s)
— da3| =0. D.4
dog (D4
Since the derivative of the constraint ¢,¢, = 1 with respect to any space-time coordinate u

vanishes—i.e. ¢40,¢, = 0—we find that

dv
(140,040 64)0a00, — (04010 0)60(0,0,00) + Marbuda — T Do =0, (D)
From the second derivative of the constraint we get
¢aa,uau¢a + aﬂ%a"% =0, (DG)

38Establishing that a solution is stable requires consideration of the second variation with respect to A—as in
Derrick’s original argument—so the development here can be viewed as providing necessary conditions for stable,
static solutions.
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which can be rewritten as

¢a‘:‘¢a = - ud)aauqﬁaa <D7)

and the second term in (D.5) can be expressed as

(6#¢bay¢b)¢a(auau¢a) = (8H¢bay¢b)¢a(nuuaua#¢a) = 8H¢bau¢bnuu¢am¢a

== a'u(ybbayﬁbbnuu(*ap‘(baa“@ba) = auq&baud)b(*a,u(ﬁaavqba) . (D8)

Substituting (D.7) and (D.8) in (D.5) we find

(14 0,000 60) (~0,000"6) = D610 Gu(~0,0u0,0) + Aras6ut — T ,36, = 0. (D)
Setting ¢,¢, = 1 and solving (D.9) for Ay, finally yields
dv
)\LM = (]- + a,u(baau(ba)(aud)aau(ba) - (aud)aauﬁba)(aud)bayd)b) + dﬁ(:;g) ¢)3 : (DlO)

The calculation of the Lagrange multiplier in three spatial dimensions is completely analogous,

except that we must set V(¢q) = 0.

D.3 The W-formalism, or Rational Ansatz

Belavin and Polyakov [33] suggested that the CP' model be expressed in terms of a complex field

W (t,z,y) = W(z) = W(Z) given by a rational function of the fields, ¢,,a = 1,2, 3. Specifically,

W(z) = Lfi;? : (D.11)

where z = x + iy is the complex coordinate in the spatial plane. The Lagrangian density (4.1) then

takes the form

|VV0|2 — |Wa:|2 — |Wy‘2 (WJWy - VVOVV;)2 + (WgWac - WOW;)2

L — 20
1+|WP)? ' 1L+ [WP)
(WEW, — W, W) 1
+ 20 Y72 40 D.12
T R 2T W) (D-12)
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Solutions of the Euler-Lagrange equations derived from (D.12) are described in [61, 139, 89, 90, 91,
92, 149] (see Sec. 4.5 for more details). The inverse mapping of (D.11) is given by the stereographic
projection of the sphere S?—defined in (¢1, ¢a, #3) space—onto the complex plane, yielding

W+ W+ W—wr 1 |W]?

¢1:1+‘W|2 ¢2:1+‘W|2 ¢3_1+|W|2'

(D.13)

Specific static solutions of the equations derived from (D.12), which are reported in [92, 149], are

1/4
W(z) =W(x,y) = Mz +iy) with A= (:;) , (D.14)

where A is a parameter that fixes the size of the soliton. The corresponding anti-skyrmion is given
by
W(z)=W(x,y) = XMz —iy), (D.15)

and initial data for two baby skyrmions positioned at +a is given by,

(x4 1y —a)(x+iy +a)
2a

W=\ (D.16)

For the single baby skyrmion case, the explicit form of the solution with topological charge B =1

is [54]
$1(z,y) N (2?2 +y?) — 1
p2(z,y) | = m 2\ . (D.17)
¢s(z,y) —2\y

D.4 Variation of the Skyrme Action

The Lagrangian density for either of the Skyrme models considered in this thesis can be written

as

L= % #¢aau¢a + i(aﬂfﬁaaud)a)Q o i(aﬂfﬁaaud)a)(au(ﬁbaygbb) + V(¢3) + )\LM(¢a¢a - ]') : (Dls)

where it is understood that 1) spacetime and internal indices range over 0,1,2 and 1,2,3 for
the baby skyrmion case, and 0,1,2,3 and 1,2,3,4 for the original Skyrme model; 2) there is no

potential term in the latter instance. The variational procedure sketched here is thus suitable for
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both models.

To obtain the equations of motion from (D.18), we follow the Euler-Lagrange prescription [32]:

oL oL
_ —-0. D.1
O (ama) 960 " (B-19)
First, we find
oL
) ¢ = 6”925(1 + (8u¢b81/¢b)6“¢a - 8u¢a(a#¢bay¢b) . (D20)
nPa
Applying 0,, to the above yields
(1 4+ 0vgp0”9p)0q + 0" $a0,Pp0,0" by + 0" $a0" P9, 0, o (D.21)

- (au(baaugbbauay(bb - 8V¢aau¢b)auay¢b - au¢aau¢bm¢b .

Performing some index manipulation (recall that the flat metric 7, is used to raise and lower all

indices) and reordering of terms, we obtain the desired result:

(1 + augbaaugba)ljd)a + auau(bbaﬂ(bbayd)a - 8M¢bay¢bauau¢a - D(bbaud)baud)a

dV (¢3)

+ ALM®a — o

~0. (D.22)

D.5 Regularity of a Hedgehog Configuration at the Origin

Consider a spherically-symmetric hedgehog configuration in three spatial dimensions, as given by

(5.16):

sin f(r) sinf cos(p)

¢a:

)
sin f(r) sin@ sin(y) (D.23)
)

sin f(r) cosf

cos f(r)

Here, we have adopted the usual spherical polar coordinates (r, 0, ¢). The profile function, f(r), is
given by (5.19),
f(r) =4tan ' exp(—7). (D.24)
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As r — 0 we have

f(r) =4tan"'exp(—r) ~ 7 —2r + O(r*). (D.25)

We want to show that (D.23) describes a configuration that is regular at the origin, even though
the profile function f(r) is not.

Using elementary trigonometric identities we have

sin(m — 2r) = sin(w) cos(—2r) + cos(r) sin(—2r) = —sin(—2r) , (D.26)

cos(m — 2r) = cos(m) cos(—2r) — sin(w) sin(—2r) = — cos(—2r) .

and for r — 0, —sin(—2r) — 2r and — cos(—2r) — —1. Thus, we find

2r cos ¢ sin 6 2z

2rsin ¢ sin 0 2y
lim ¢, = lim = (D.27)
0 "0 2rcosd 2z

-1 -1

Thus the components, ¢, are all regular at the origin, as claimed (a completely analogous argument

holds in the baby Skyrme case).?’

39We thank Frans Pretorius for supplying this argument.
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APPENDIX E

BOUNDARY CONDITIONS

We begin by emphasizing that the PDEs studied in this thesis are most naturally posed as true
initial-value (Cauchy) problems, wherein the spatial domain is unbounded. Computationally, how-
ever, and unless we resort to some form of compactification, the spatial domain must be truncated
at some finite distance from the central region where the dynamics of interest unfold. The PDEs
must then be solved as initial-boundary value problems, and appropriate boundary conditions must
be imposed on the dynamical variables to generate a unique solution from given initial data.

For the calculations reported in this thesis, we have adopted two types of conditions that we

now describe briefly.

E.1 Dirichlet (Reflective) Boundary Condition

A Dirichlet boundary condition specifies the value of a function on the boundary of the solution

domain. This type of condition is trivially implemented in our numerical computations.

E.2 Sommerfeld (Outgoing Radiation) Boundary
Condition

This condition was first proposed in 1912 by Arnold Sommerfeld (see, e.g. [166]) in relation to the
Helmholtz equation and some uniqueness theorems for partial differential equations in mathematical
physics [166, 167]. The condition is most easily understood in the 1 4 1 context, where it is based
on the fact that a wave (radiation) can be written as a linear combination of right- and left-
moving pieces. Given that our initial data always describe configurations that are localized near
the center of the computational domain, and which generically lead to dynamics in which radiation
is emitted, it is physically appropriate to demand that there be no incoming radiation from any of

the boundaries for any ¢ > 0.
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To see how the Sommerfeld condition works in the 1+ 1 case, we consider a field, ¢(t, z), with

time derivative, m(t,x) = 0r¢(t, z), that satisfies the wave equation

Here, we have set the speed of propagation to unity as usual. The radiation condition means that
at & = ZTyin we must have only left-moving signals, so that ¢(¢, z) = ¢(x+1) and 7(t,x) ~ 7w(z+1),

or

¢t (t; xmin) - ¢.L (tv xmin) )

Tt (t; xmin) =Ty (t, xmin) . (EQ)

Similarly, at * = xnax We require only right-moving waves, so that ¢(t, ) ~ ¢(z —t) and 7 (¢, z) =~

m(x —t), or

(bt(ta -Tmax) = _¢w(ta xmax) 5

7"'t(tv xmax) = _Wx(ta xmax) . (E3)

For problems in higher spatial dimensionality, wave amplitudes will generally diminish as the
radiation propagates outwards. Given the dimensionality, and assuming that the propagation of
the waves is roughly spherical about some origin, r = 0, we can deduce an approximate rate of fall-
off for r — oco. For example, in 2+ 1 circular symmetry, which is the case studied most extensively

in this thesis, and assuming that the asymptotic solution is of the form

o(t,r)=ref(t—r), (E4)

we find that ¢ ~ 1/4/7, i.e. that @« = —1/2. Thus, at r = ry.x we should impose

o(Vre)
ot

o(Vre)
ot

(ta Tmax) - - (t, Tmax) . (E5)
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We can then use the chain rule to express this last condition in Cartesian coordinates:

OVre) _ zd(/To) 5 aie)

ot r Ox r Oy (E-6)

This condition is also straightforward to implement computationally by using forward and backward

difference approximations, as appropriate, for the spatial derivatives.
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