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PREFACE

This is an exploratory collection of notes containing worked examples of a number of introduc-
tory applications of Geometric Algebra (GA), also known as Clifford Algebra. This writing is
focused on undergraduate level physics concepts, with a target audience of somebody with an
undergraduate engineering background.

These notes are more journal than book. You’ll find lots of duplication, since I reworked
some topics from scratch a number of times. In many places I was attempting to learn both the
basic physics concepts as well as playing with how to express many of those concepts using GA
formalisms. The page count proves that I did a very poor job of weeding out all the duplication.

These notes are (dis)organized into the following chapters

e Basics and Geometry. This chapter covers a hodge-podge collection of topics, including
GA forms for traditional vector identities, Quaterions, Cauchy equations, Legendre poly-
nomials, wedge product representation of a plane, bivector and trivector geometry, torque
and more. A couple attempts at producing an introduction to GA concepts are included
(none of which I was ever happy with.)

e Projection. Here the concept of reciprocal frame vectors, using GA and traditional matrix
formalisms is developed. Projection, rejection and Moore-Penrose (generalized inverse)
operations are discussed.

e Rotation. GA Rotors, Euler angles, spherical coordinates, blade exponentials, rotation
generators, and infinitesimal rotations are all examined from a GA point of view.

e Calculus. Here GA equivalents for a number of vector calculus relations are developed,
spherical and hyperspherical volume parameterizations are derived, some questions about
the structure of divergence and curl are examined, and tangent planes and normals in 3
and 4 dimensions are examined. Wrapping up this chapter is a complete GA formulation
of the general Stokes theorem for curvilinear coordinates in Euclidean or non-Euclidean
spaces.

e General Physics. This chapter introduces a bivector form of angular momentum (instead
of a cross product), examines the components of radial velocity and acceleration, ki-
netic energy, symplectic structure, Newton’s method, and a center of mass problem for a
toroidal segment.

Xi



I can not promise that I have explained things in a way that is good for anybody else. My
audience was essentially myself as I existed at the time of writing, so the prerequisites, both for
the mathematics and the physics, have evolved continually.

Peeter Joot  peeterjoot@protonmail.com

Xii



CONTENTS

Preface Xi

I BASICS AND GEOMETRY 1

1 INTRODUCTORY CONCEPTS 3
1.1 The Axioms 3
1.2 Contraction and the metric 3
1.3 Symmetric sum of vector products 4
1.4 Antisymmetric product of two vectors (wedge product)
1.5 Expansion of the wedge product of two vectors 7
1.6 Vector product in exponential form 9
1.7 Pseudoscalar 10
1.8 FIXME: orphaned 11

2 GEOMETRIC ALGEBRA. THE VERY QUICKEST INTRODUCTION
2.1 Motivation 13
2.2 Axioms 13
2.3 By example. The 2D case 13
2.4 Pseudoscalar 15
2.5 Rotations 16

3 AN (EARLIER) ATTEMPT TO INTUITIVELY INTRODUCE THE DOT, WEDGE, CROSS, AND
GEOMETRIC PRODUCTS 19
3.1 Motivation 19
3.2 Introduction 19
3.3 What is multiplication? 20

3.3.1 Rules for multiplication of numbers 20
3.3.2  Rules for multiplication of vectors with the same direction

34 Axioms 22
3.5 dot product 23
3.6 Coordinate expansion of the geometric product 24
3.7 Some specific examples to get a feel for things 25
3.8 Antisymmetric part of the geometric product 27
3.9 Yes, but what is that wedge product thing 28

4 COMPARISON OF MANY TRADITIONAL VECTOR AND GA IDENTITIES

4.1

Three dimensional vector relationships vs N dimensional equivalents

4.1.1 wedge and cross products are antisymmetric

21

xiii



Xiv

CONTENTS

4.1.2 wedge and cross products are zero when identical 31

4.1.3 wedge and cross products are linear 31

4.1.4 In general, cross product is not associative, but the wedge product is 32

4.1.5 Wedge and cross product relationship to a plane 32

4.1.6 norm of a vector 32

4.1.7 Lagrange identity 33

4.1.8 determinant expansion of cross and wedge products 33

4.1.9 Equation of a plane 34

4.1.10 Projective and rejective components of a vector 34

4.1.11 Area (squared) of a parallelogram is norm of cross product 34

4.1.12 Angle between two vectors 35

4.1.13 Volume of the parallelepiped formed by three vectors 35

4.2 Some properties and examples 35

4.2.1 Inversion of a vector 36

4.2.2  dotand wedge products defined in terms of the geometric product 36

4.2.3  The dot product 36

4.2.4 The wedge product 37

4.2.5 Note on symmetric and antisymmetric dot and wedge product formu-
las 37

4.2.6  Reversing multiplication order. Dot and wedge products compared to
the real and imaginary parts of a complex number 37

4.2.7 Orthogonal decomposition of a vector 38

4.2.8 A quicker way to the end result 39

4.2.9 Area of parallelogram spanned by two vectors 40

4.2.10 Expansion of a bivector and a vector rejection in terms of the standard
basis 41

4.2.11 Projection and rejection of a vector onto and perpendicular to a plane 43

4.2.12 Product of a vector and bivector. Defining the "dot product" of a plane
and a vector 44

4.2.13 Complex numbers 45

4.2.14 Rotation in an arbitrarily oriented plane 47

4.2.15 Quaternions 47

4.2.16 Cross product as outer product 47

5 CRAMER’S RULE 49

5.1 Cramer’s rule, determinants, and matrix inversion can be naturally expressed in
terms of the wedge product 49

5.1.1
5.12

6 TORQUE

Two variables example 49
A numeric example 50
53



10

CONTENTS

6.1 Expanding the result in terms of components 54

6.2 Geometrical description 54

6.3 Slight generalization. Application of the force to a lever not in the plane 54
6.4 expressing torque as a bivector 55

6.5 Plane common to force and vector 56

6.6 Torque as a bivector 57
DERIVATIVES OF A UNIT VECTOR 59
7.1  First derivative of a unit vector 59
7.1.1  Expressed with the cross product 59
7.2 Equivalent result utilizing the geometric product 59
7.2.1 Taking dot products 59
7.2.2  Taking wedge products 60
7.2.3  Another view 61

RADIAL COMPONENTS OF VECTOR DERIVATIVES 63

8.1 first derivative of a radially expressed vector 63

8.2 Second derivative of a vector 63

ROTATIONAL DYNAMICS 65

9.1 GA introduction of angular velocity 65
9.1.1 Speed in terms of linear and rotational components 65
9.1.2 angular velocity. Prep 66
9.1.3 angular velocity. Summarizing 67

9.1.4 Explicit perpendicular unit vector 67
9.1.5 acceleration in terms of angular velocity bivector 68
9.1.6  Kepler’s laws example 70
9.1.7 Circular motion 72
BIVECTOR GEOMETRY 73
10.1 Motivation 73
10.2 Components of grade two multivector product 73

10.2.1 Sign change of each grade term with commutation 74
10.2.2 Dot, wedge and grade two terms of bivector product 75
10.3 Intersection of planes 76
10.3.1 Vector along line of intersection in R? 77
10.3.2 Applying this result to RV 77
10.4 Components of a grade two multivector 79

10.4.1 Closer look at the grade two term 80

10.4.2 Projection and Rejection 82

10.4.3 Grade two term as a generator of rotations 83
10.4.4 Angle between two intersecting planes 85

XV



XVi CONTENTS

11

12
13

14

10.4.5 Rotation of an arbitrarily oriented plane 85
10.5 A couple of reduction formula equivalents from IR? vector geometry

TRIVECTOR GEOMETRY 89
11.1 Motivation 89
11.2 Grade components of a trivector product 89

11.2.1 Grade 6 term 89
11.2.2 Grade 4 term 90
11.2.3 Grade 2 term 91
11.2.4 Grade O term 92
11.2.5 combining results 92

11.2.6 Intersecting trivector cases 93
MULTIVECTOR PRODUCT GRADE ZERO TERMS 95
BLADE GRADE REDUCTION 99
13.1 General triple product reduction formula 99

13.2 reduction of grade of dot product of two blades 101
13.2.1 Pausetoreflect 103

13.3 trivector dot product 104

13.4 Induction on the result 106
13.4.1 dot product of like grade terms as determinant 106
13.4.2 Unlike grades 107
13.4.3 Perform the induction 107

MORE DETAILS ON NFCM PLANE FORMULATION 109

14.1 Wedge product formula for a plane 109
14.1.1 Examining this equation in more details 109
14.1.2 Rejection from a plane product expansion 110

14.1.3 Orthonormal decomposition of a vector with respect to a plane

14.1.4 Alternate derivation of orthonormal planar decomposition

86

111

14.2 Generalization of orthogonal decomposition to components with respect to a

hypervolume 113

14.2.1 Hypervolume element and its inverse written in terms of a spanning

orthonormal set 113
14.2.2 Expanding the product 113

14.2.3 Special note. Interpretation for projection and rejective components of

aline 115
14.2.4 Explicit expansion of projective and rejective components
14.3 Verification that projective and rejective components are orthogonal

15 QUATERNIONS 119

15.1 quaternion as generator of dot and cross product 120

116



16

17

18

19

20

i
21

CONTENTS

CAUCHY EQUATIONS EXPRESSED AS A GRADIENT 123
16.1 Verify we still have the Cauchy equations hiding in the gradient 125
LEGENDRE POLYNOMIALS 127
17.1 Putting things in standard Legendre polynomial form 129
17.2 Scaling standard form Legendre polynomials 130
17.3 Note on NFCM Legendre polynomial notation 131
LEVI-CIVITICA SUMMATION IDENTITY 133
18.1 Motivation 133
18.2 A mechanical proof 133
18.3 Proof using bivector dot product 135
SOME NFCM EXERCISE SOLUTIONS AND NOTEs 137
19.0.1 Exercise 1.3 138
19.1 Sequential proofs of required identities 139
19.1.1 Split of symmetric and antisymmetric parts of the vector product 139
19.1.2 bivector dot with vector reduction 142

19.1.3 vector bivector dot product reversion 143
OUTERMORPHISM QUESTION 145
20.1 145

20.1.1 bivector outermorphism 145

20.1.2 Induction 146

20.1.3 Can the induction be avoided? 147
20.2 Appendix. Messy reduction for induction 147
20.3 New observation 148

PROJECTION 151
RECIPROCAL FRAME VECTORS 153
21.1 Approach without Geometric Algebra 153
21.1.1 Orthogonal to one vector 153
21.1.2 Vector orthogonal to two vectors in direction of a third 155
21.1.3 Generalization. Inductive Hypothesis 157
21.1.4 Scaling required for reciprocal frame vector 157
21.1.5 Example. R? case. Perpendicular to two vectors 158
21.2 Derivation with GA 158
21.3 Pseudovector from rejection 160
21.3.1 back to reciprocal result 161
21.4 Components of a vector 161
21.4.1 Reciprocal frame vectors by solving coordinate equation 162
21.5 Components of a bivector 164
21.5.1 Compare to GAFP 165

Xvii



Xviii

CONTENTS

21.5.2 Direct expansion of bivector in terms of reciprocal frame vectors 166

22 MATRIX REVIEW 169

23

24

25

26

27

22.1 Motivation 169
22.2 Subspace projection in matrix notation 169
22.2.1 Projection onto line 169
22.2.2 Projection onto plane (or subspace) 171
22.2.3 Simplifying case. Orthonormal basis for column space 173
22.2.4 Numerical expansion of left pseudoscalar matrix with matrix 173
22.2.5 Return to analytic treatment 174
22.3 Matrix projection vs. Geometric Algebra 175
22.3.1 General projection matrix 176
22.3.2 Projection matrix full column rank requirement 176
22.3.3 Projection onto orthonormal columns 177
22.4 Proof of omitted details and auxiliary stuff 178
22.4.1 That we can remove parenthesis to form projection matrix in line pro-
jection equation 178
22.4.2 Any invertible scaling of column space basis vectors does not change
the projection 178
OBLIQUE PROJECTION AND RECIPROCAL FRAME VECTORS 181
23.1 Motivation 181
23.2 Using GA. Oblique projection onto a line 181
23.3 Oblique projection onto a line using matrices 183
23.4 Oblique projection onto hyperplane 185
23.4.1 Non metric solution using wedge products 185
23.4.2 hyperplane directed projection using matrices 186
23.5 Projection using reciprocal frame vectors 188
23.5.1 example/verification 189
23.6 Directed projection in terms of reciprocal frames 190
23.6.1 Calculation efficiency 191
23.7 Followup 191
PROJECTION AND MOORE-PENROSE VECTOR INVERSE 193
24.1 Projection and Moore-Penrose vector inverse 193
24.1.1 matrix of wedge project transformation? 194
ANGLE BETWEEN GEOMETRIC ELEMENTS 195
25.1 Calculation for a line and a plane 195
ORTHOGONAL DECOMPOSITION TAKE 11 197
26.1 Lemma. Orthogonal decomposition 197

MATRIX OF GRADE K MULTIVECTOR LINEAR TRANSFORMATIONS 199



28

1
29

30

31

CONTENTS

27.1 Motivation 199

27.2 Content 199

VECTOR FORM OF JULIA FRACTAL 203
28.1 Motivation 203

28.2 Guts 203

ROTATION 207
ROTOR NOTES 209
29.1 Rotations strictly in a plane 209
29.1.1 Identifying a plane with a bivector. Justification 209
29.1.2 Components of a vector in and out of a plane 209
29.2 Rotation around normal to arbitrarily oriented plane through origin 211
29.3 Rotor equation in terms of normal to plane 213
29.3.1 Vector rotation in terms of dot and cross products only 215
29.4 Giving a meaning to the sign of the bivector 216
29.5 Rotation between two unit vectors 218
29.6 Eigenvalues, vectors and coordinate vector and matrix of the rotation linear
transformation 220
29.7 matrix for rotation linear transformation 222
EULER ANGLE NOTES 225
30.1 Removing the rotors from the exponentials 225
30.2 Expanding the rotor product 226
30.3 With composition of rotation matrices (done wrong, but with discussion and
required correction) 227
30.4 Relation to Cayley-Klein parameters 230
30.5 Omitted details 232
30.5.1 Cayley Klein details 232
SPHERICAL POLAR COORDINATES 233
31.1 Motivation 233
31.2 Notes 233
31.2.1 Conventions 233
31.2.2 The unit vectors 234
31.2.3 An alternate pictorial derivation of the unit vectors 236
31.2.4 Tensor transformation 237
31.2.5 Gradient after change of coordinates 239
31.3 Transformation of frame vectors vs. coordinates 240
31.3.1 Example. Two dimensional plane rotation 240
31.3.2 Inverse relations for spherical polar transformations 241
31.3.3 Transformation of coordinate vector under spherical polar rotation 241

X1X



XX CONTENTS

32 ROTOR INTERPOLATION CALCULATION 243
33 EXPONENTIAL OF A BLADE 245
33.1 Motivation 245
33.2 Vector Exponential 245
33.2.1 Vector Exponential derivative 246
33.3 Bivector Exponential =~ 248
33.3.1 bivector magnitude derivative 248
33.3.2 Unit bivector derivative 249
33.3.3 combining results 249
33.4 Quaternion exponential derivative 250
33.4.1 bivector with only one degree of freedom 251
34 GENERATOR OF ROTATIONS IN ARBITRARY DIMENSIONS 253
34.1 Motivation 253
34.2 Setup and conventions 254
34.3 Rotor examples 256
34.4 The rotation operator 258
34.5 Coordinate expansion 262
34.6 Matrix treatment 263
35 SPHERICAL POLAR UNIT VECTORS IN EXPONENTIAL FORM 267
35.1 Motivation 267
35.2 The rotation and notation 267
35.3 Application of the rotor. The spherical polar unit vectors 268
35.4 A consistency check 269
35.5 Area and volume elements 270
35.6 Line element 271
35.6.1 Line element using an angle and unit bivector parameterization 272
35.6.2 Allowing the magnitude to vary 274
36 INFINITESIMAL ROTATIONS 275
36.1 Motivation 275
36.2 With geometric algebra 275
36.3 Without geometric algebra 277

v caLcurLus 279
37 DEVELOPING SOME INTUITION FOR MULTIVARIABLE AND MULTIVECTOR TAYLOR SE-
RIES 28]
37.1 Single variable case, and generalization of it~ 281
37.2 Directional Derivatives 282
37.3 Proof of the multivector Taylor expansion 284
37.4 Explicit expansion for a scalar function =~ 285



38

39

40

41

42

CONTENTS

37.5 Gradient with non-Euclidean basis 287
37.6 Work out Gradient for a few specific multivector spaces 288
EXTERIOR DERIVATIVE AND CHAIN RULE COMPONENTS OF THE GRADIENT 295
38.1 Gradient formulation in terms of reciprocal frames 295
38.2 Allowing the basis to vary according to a parametrization 295
SPHERICAL AND HYPERSPHERICAL PARAMETRIZATION 299
39.1 Motivation 299
39.2 Euclidean n-volume 299
39.2.1 Parametrization 299
39.2.2 Volume elements 300
39.2.3 Some volume computations 301
39.2.4 Range determination 302
39.3 Minkowski metric sphere 305
39.3.1 2D hyperbola 305
39.3.2 3D hyperbola 306
39.3.3 Summarizing the hyperbolic vector parametrization 307
39.3.4 Volume elements 307
394 Summary 309
39.4.1 Vector parametrization 309
39.4.2 Volume elements 310
VECTOR DIFFERENTIAL IDENTITIES 311
40.1 Divergence of a gradient 311
40.2 Curl of a gradient is zero 312
40.3 Gradient of a divergence 312
40.4 Divergence of curl 312
40.5 Curlofacurl 313
40.6 Laplacian of a vector 314
40.7 Zero curl implies gradient solution 314
40.8 Zero divergence implies curl solution 316
WAS PROFESSOR DMITREVSKY RIGHT ABOUT INSISTING THE LAPLACIAN IS NOT
GENERALLY V-V 319
41.1 Dedication 319
41.2 Motivation 319
41.3 The gradient in polar form 320
41.4 Polar form Laplacian for the plane 322
DERIVATION OF THE SPHERICAL POLAR LAPLACIAN 325
42.1 Motivation 325
42.2 Our rotation multivector 325

XX1



XXii CONTENTS

42.3 Expressions for the unit vectors 325
42 .4 Derivatives of the unit vectors 327
42.5 Expanding the Laplacian 327
43 TANGENT PLANES AND NORMALS IN THREE AND FOUR DIMENSIONS 329
43.1 Motivation 329
43.2 3D surface 329
43.3 4D surface 331
44 STOKES’  THEOREM 335
44.1 Curvilinear coordinates 338
44.2 Green’s theorem 339
44.3 Stokes theorem, two volume vector field 341
44.4 Stokes theorem, three variable volume element parameterization 353
44.5 Stokes theorem, four variable volume element parameterization 359
44.6 Duality and its relation to the pseudoscalar. 359
44.7 Divergence theorem. 360
44.8 Volume integral coordinate representations 368
44.9 Final remarks 370
44.10Problems 371
45 FUNDAMENTAL THEOREM OF GEOMETRIC CALCULUS 381
45.1 Fundamental Theorem of Geometric Calculus 381
45.2 Green’s function for the gradient in Euclidean spaces. 386
45.3 Problems 391

V  GENERAL PHYSICS 393
46 ANGULAR VELOCITY AND ACCELERATION (AGAIN) 395
46.1 Angular velocity 395
46.2 Angular acceleration 397
46.3 Expressing these using traditional form (cross product) 398
46.4 Examples (perhaps future exercises?) 400
46.4.1 Unit vector derivative 400
46.4.2 Direct calculation of acceleration 400
46.4.3 Expand the omega omega triple product 401
47 CROSS PRODUCT RADIAL DECOMPOSITION 403
47.1 Starting point 403
47.2 Acceleration 404
48 KINETIC ENERGY IN ROTATIONAL FRAME 407
48.1 Motivation 407
48.2 With matrix formulation 407



49

50

51

52

53

CONTENTS

48.3 Withrotor 409
48.4 Acceleration in rotating coordinates 411
48.5 Allow for a wobble in rotational plane 412
48.5.1 Body angular acceleration in terms of rest frame 414
48.6 Revisit general rotation using matrices 415
48.7 Equations of motion from Lagrange partials 418
POLAR VELOCITY AND ACCELERATION 419
49.1 Motivation 419
49.2 With complex numbers 419
49.3 Plane vector representation 419
GRADIENT AND TENSOR NOTES 421
50.1 Motivation 421
50.1.1 Raised and lowered indices. Coordinates of vectors with non-orthonormal
frames 421
50.1.2 Metric tensor 422
50.1.3 Metric tensor relations to coordinates 423
50.1.4 Metric tensor as a Jacobian =~ 424
50.1.5 Change of basis 424
50.1.6 Inverse relationships 425
50.1.7 Vector derivative 426
50.1.8 Why a preference for index upper vector and coordinates in the gradi-
ent? 428
INERTIAL TENSOR 429
51.1 orthogonal decomposition of a function mapping a blade to a blade 430
51.2 coordinate transformation matrix for a couple other linear transformations 431
51.3 Equation 3.126 details = 432
51.4 Just for fun. General dimension component expansion of inertia tensor terms 433
51.5 Example calculation. Masses in a line 435
51.6 Example calculation. Masses in a plane 435
SATELLITE TRIANGULATION OVER SPHERE 439
52.1 Motivation and preparation 439
52.2 Solution 441
52.3 matrix formulation 442
52.4 Question. Order of latitude and longitude rotors? 442
EXPONENTIAL SOLUTIONS TO LAPLACE EQUATION IN RV 445
53.1 The problem 445
53.1.1 One dimension 445
53.1.2 Two dimensions 445

Xxiii



XX1V CONTENTS

53.1.3 Verifying it is a solution 447
53.1.4 Solution for an arbitrarily oriented plane 448
53.1.5 Characterization in real numbers 448
54 HYPER COMPLEX NUMBERS AND SYMPLECTIC STRUCTURE 451
54.1 On 4.2 Hermitian Norms and Unitary Groups 451
54.2 5.1 Conservation Theorems and Flows 452
55 NEWTON’S METHOD FOR INTERSECTION OF CURVES IN A PLANE 455
55.1 Motivation 455
55.2 Root finding as the intersection with a horizontal ~ 455
55.3 Intersection with a line 458
55.4 Intersection of two curves 459
55.5 Followup 461
56 CENTER OF MASS OF A TOROIDAL SEGMENT 463
56.1 Motivation 463
56.2 Volume element 464
56.3 Center of mass 465
56.4 Center of mass for a circular wire segment 466

VI APPENDICES 469

vl APPENDIX 471
A NOTATION AND DEFINITIONS 473
A.l1  Coordinates and basis vectors 473
A.2  Electromagnetism 474
A.3 Differential operators 476
A4 Misc 476
B SOME HELPFUL IDENTITIES 477
C SOME FOURIER TRANSFORM NOTES 485
c.1 Motivation 485
c.2  Verify transform pair 485
c.3 Parseval’s theorem 487
c.3.1 Convolution 487
c.3.2 Conjugation 488
c¢.3.3 Rayleigh’s Energy Theorem 488
D A CHEATSHEET FOR FOURIER TRANSFORM CONVENTIONS 489
p.1 A cheatsheet for different Fourier integral notations 489
D.2 A survey of notations 491
E PROJECTION WITH GENERALIZED DOT PRODUCT 493



CONTENTS

MATHEMATICA NOTEBOOKS 497

G FURTHER READING 499

G.1
G.2
G.3
G.4
G.5
G.6
G.7
G.8
G.9
G.10
G.11
G.12
G.13

Geometric Algebra for Computer Science Book 499
GAViewer 500

Other resources from Dorst, Fontijne, and Mann 500
Learning GA 501

Cambridge 501

Baylis 502

Hestenes 502

Eckhard M. S. Hitzer (University of Fukui) 503
Electrodynamics 504

Misc 504

Collections of other GA bookmarks 504

Exterior Algebra and differential forms 505
Software 505

VI CHRONOLOGY 507

H CHRONOLOGICAL INDEX 509

IX INDEX 515

X BIBLIOGRAPHY 521

BIBLIOGRAPHY 523

XXV



LIST OF FIGURES

Figure 2.1
Figure 2.2
Figure 4.1
Figure 10.1
Figure 22.1
Figure 22.2
Figure 29.1
Figure 29.2
Figure 29.3
Figure 29.4
Figure 31.1
Figure 34.1
Figure 34.2
Figure 39.1
Figure 43.1
Figure 44.1
Figure 44.2
Figure 44.3
Figure 44.4
Figure 44.5
Figure 44.6
Figure 44.7
Figure 44.8
Figure 44.9
Figure 44.10
Figure 52.1
Figure 55.1
Figure 55.2

Figure 55.3
Figure 56.1

XXVi

Plane rotation 16

3D rotation 17

parallelogramArea 40

Bivector rejection. Perpendicular component of plane 83
Projection onto line 170

Projection onto plane 171

Rotation of Vector 211

Direction vectors associated with rotation 215

Orientation of unit imaginary 217

Sum of unit vectors bisects angle between 219

Angles and lengths in spherical polar coordinates 234
Rotating vector in the plane with bivectori 254

Bivector dot product with vector 260

Tangent vector along curves of parametrized vector 300

A portion of a surface in 3D 330

Infinitesimal loop integral ~ 340

Sum of infinitesimal loops 341

Oriented area element tiling of a surface 342

Clockwise loop 344

Euclidean 2D loop 345

Cylindrical polar parameterization 346

Outwards normal 352

Boundary faces of a spherical parameterization region 357
Normals on area element 363

Outwards normals on volume at upper integration ranges. 3066
Satellite location by measuring direction from two points 439
Refining an approximate horizontal intersection 456

Refining an approximation for the intersection with an arbitrarily ori-
ented line 457

Refining an approximation for the intersection of two curvesin a plane 460
Toroidal parametrization 463



List of Figures XXVii

Figure E.1 Visualizing projection onto a subspace 493






Part I

BASICS AND GEOMETRY






INTRODUCTORY CONCEPTS

Here is an attempt to provide a naturally sequenced introduction to Geometric Algebra.
1. THE AXIO0MS
Two basic axioms are required, contraction and associative multiplication respectively

a2

a(bc) = (ab)c = abc

scalar

(1.1)

Linearity and scalar multiplication should probably also be included for completeness, but
even with those this is a surprisingly small set of rules. The choice to impose these as the rules
for vector multiplication will be seen to have a rich set of consequences once explored. It will
take a fair amount of work to extract all the consequences of this decision, and some of that will
be done here.

1.2 CONTRACTION AND THE METRIC

Defining a? itself requires introduction of a metric, the specification of the multiplication rules
for a particular basis for the vector space. For Euclidean spaces, a requirement that

a2 = |a|2 (1.2)

is sufficient to implicitly define this metric. However, for the Minkowski spaces of special
relativity one wants the squares of time and spatial basis vectors to be opposing in sign. Defer-
ring the discussion of metric temporarily one can work with the axioms above to discover their
implications, and in particular how these relate to the coordinate vector space constructions that
are so familiar.



INTRODUCTORY CONCEPTS

1.3 SYMMETRIC SUM OF VECTOR PRODUCTS

Squaring a vector sum provides the first interesting feature of the general vector product

(a+b)2:a2+b2+ab+ba (1.3)

Observe that the LHS is a scalar by the contraction identity, and on the RHS we have scalars
a* and b? by the same. This implies that the symmetric sum of products

ab + ba (1.4)

is also a scalar, independent of any choice of metric. Symmetric sums of this form have a
place in physics over the space of operators, often instantiated in matrix form. There one writes
this as the commutator and denotes it as

{a,b} = ab + ba (1.5)

In an Euclidean space one can observe that equation 1.3 has the same structure as the law of
cosines so it should not be surprising that this symmetric sum is also related to the dot product.
For a Euclidean space where one the notion of perpendicularity can be expressed as

la + b = lal* + |b? (1.6)

we can then see that an implication of the vector product is the fact that perpendicular vectors
have the property

ab+ba=0 (L.7)

or

ba = —ab (1.8)

This notion of perpendicularity will also be seen to make sense for non-Euclidean spaces.

Although it retracts from a purist Geometric Algebra approach where things can be done
in a coordinate free fashion, the connection between the symmetric product and the standard
vector dot product can be most easily shown by considering an expansion with respect to an
orthonormal basis.



1.4 ANTISYMMETRIC PRODUCT OF TWO VECTORS (WEDGE PRODUCT)

Lets write two vectors in an orthonormal basis as

(1.9)

Here the choice to utilize raised indices rather than lower for the coordinates is taken from
physics where summation is typically implied when upper and lower indices are matched as
above.

Forming the symmetric product we have

ab + ba = Z a'e,b’e, + bleja’e,
Ly

=) d'b” (euey +evey) (1.10)

IRy

=2 Z a”b“eﬂ2 + Z a'b” (eyey + evey)
u

HFEYV

For an Euclidean space we have eﬂ2 =1, and e,e, = —¢,e,, so we are left with

1
Za“b"zi(ab+ba) (1.11)

7

This shows that we can make an identification between the symmetric product, and the anti-
commutator of physics with the dot product, and then define

a-b= {a,b}:%(ab+ba) (1.12)

N —

1.4 ANTISYMMETRIC PRODUCT OF TWO VECTORS (WEDGE PRODUCT)
Having identified or defined the symmetric product with the dot product we are now prepared

to examine a general product of two vectors. Employing a symmetric + antisymmetric decom-
position we can write such a general product as

a-b a something b

(1.13)

ab = +

1
E(ab + ba)

1
E(ab —ba)
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What is this remaining vector operation between the two vectors

1
a something b = E(ab —ba) (1.14)

One can continue the comparison with the quantum mechanics, and like the anticommutator
operator that expressed our symmetric sum in equation eq. (1.5) one can introduce a commutator
operator

[a,b] = ab — ba (1.15)

The commutator however, does not naturally extend to more than two vectors, so as with
the scalar part of the vector product (the dot product part), it is desirable to make a different
identification for this part of the vector product.

One observation that we can make is that this vector operation changes sign when the opera-
tions are reversed. We have

1 ,
b somethinga = E(ba — ab) = —a something b (1.16)

Similarly, if @ and b are colinear, say b = aa, this product is zero

a something(aa) = %(a(aa) — (@a)a) (1.17)

=0

This complete antisymmetry, aside from a potential difference in sign, are precisely the prop-
erties of the wedge product used in the mathematics of differential forms. In this differential
geometry the wedge product of m one-forms (vectors in this context) can be defined as

1
ayNay---Nay, =

= 7 2y %ty di, sgn(z(iyiz -+« - im)) (1.18)

Here sgn(z(- - -)) is the sign of the permutation of the indices. While we have not gotten yet
to products of more than two vectors it is helpful to know that the wedge product will have a
place in such a general product. An equation like eq. (1.18) makes a lot more sense after writing
it out in full for a few specific cases. For two vectors a; and a; this is

arNay = % (alaz(l) +a2a1(—1)) (1.19)
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and for three vectors this is

1
arANay ANaz = 6(a1a2a3(1)+a1a3a2(—1)

+apaiaz(—1) + azajax(1) (1.20)

+arazai (1) + azazai(—1))

We will see later that this completely antisymmetrized sum, the wedge product of differential
forms will have an important place in this algebra, but like the dot product it is a specific
construction of the more general vector product. The choice to identify the antisymmetric sum
with the wedge product is an action that amounts to a definition of the wedge product. Explicitly,
and complementing the dot product definition of eq. (1.12) for the dot product of two vectors,
we say

1 1
a/\b:z[a,b] zi(ab—ba) (1.21)

Having made this definition, the symmetric and antisymmetric decomposition of two vectors
leaves us with a peculiar looking hybrid construction:

ab=a-b+aAnb (1.22)

We had already seen that part of this vector product was not a vector, but was in fact a scalar.
We now see that the remainder is also not a vector but is instead something that resides in a
different space. In differential geometry this object is called a two form, or a simple element in
AZ?. Various labels are available for this object are available in Geometric (or Clifford) algebra,
one of which is a 2-blade. 2-vector or bivector is also used in some circumstances, but in di-
mensions greater than three there are reasons to reserve these labels for a slightly more general
construction.

The definition of eq. (1.22) is often used as the starting point in Geometric Algebra intro-
ductions. While there is value to this approach I have personally found that the non-axiomatic
approach becomes confusing if one attempts to sort out which of the many identities in the
algebra are the fundamental ones. That is why my preference is to treat this as a consequence
rather than the starting point.

1.5 EXPANSION OF THE WEDGE PRODUCT OF TWO VECTORS

Many introductory geometric algebra treatments try very hard to avoid explicit coordinate treat-
ment. It is true that GA provides infrastructure for coordinate free treatment, however, this
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avoidance perhaps contributes to making the subject less accessible. Since we are so used to
coordinate geometry in vector and tensor algebra, let us take advantage of this comfort, and
express the wedge product explicitly in coordinate form to help get some comfort for it.

Employing the definition of eq. (1.21), and an orthonormal basis expansion in coordinates
for two vectors a, and b, we have

2(a A b) = (ab — ba)

= Z a'bve,e, — Z a“bﬁeaeﬁ

+ Z a'b’eye, — Z a“bﬂeae,g (1.23)

JEa% a#f

Z a'b’ — Z a’b®
o a

= Z(a“b"eﬂev +a’'blese,) - Z(a“bﬂe(,eﬁ + aﬁb“eﬁe(,)

uU<v a<f
=2 Z(a“bv —a’'beye,
U<v
So we have
M v
a/\bzza “lese, (1.24)
<y [P DY

The similarity to the R? vector cross product is not accidental. This similarity can be made
explicit by observing the following

ejey = ejex(ezes) = (ereze3)e3
ere3 = exes(erer) = (e1ezes3)e) (1.25)
eje3 = eje3(ezer) = —(ejeze3)er

This common factor, a product of three normal vectors, or grade three blade, is called the

pseudoscalar for R3. We write i = ejese3, and can then express the R3 wedge product in terms
of the cross product

612 3 1 a3 1 a2
aANb = ere3 + elez + eren
b2 b% 1
(1.26)
a o a a' a2
= (e1e2e3) s el e e3
b b b bt b2




1.6 VECTOR PRODUCT IN EXPONENTIAL FORM
This is

aNb=ilaxb) (L.27)

With this identification we now also have a curious integrated relation where the dot and
cross products are united into a single structure

ab=a-b+i(axb) (1.28)

1.6 VECTOR PRODUCT IN EXPONENTIAL FORM

One naturally expects there is an inherent connection between the dot and cross products, espe-
cially when expressed in terms of the angle between the vectors, as in

a-b=la|lb|cosb,y
o (1.29)
axb =|al|b|sin 6,0, p
However, without the structure of the geometric product the specifics of what connection is
is not obvious. In particular the use of eq. (1.28) and the angle relations, one can easily blunder

upon the natural complex structure of the geometric product

ab=a-b+i(axb)

. . (1.30)
= lal|lb| (cos O, + ifiyp SN O, p)

As we have seen pseudoscalar multiplication in IR? provides a mapping between a grade 2
blade and a vector, so this ifi product is a 2-blade.

In R? we also have ifi = fii (exercise for reader) and also i = —1 (again for the reader), so
this 2-blade ifi has all the properties of the i of complex arithmetic. We can, in fact, write

ab=a-b+ilaxb)
N (1.31)
= |allb| eXP(lna,bHa,b)

In particular, for unit vectors a, b one is able to quaternion exponentials of this form to rotate
from one vector to the other

b = aexp(if,pb,p) (1.32)

This natural GA use of multivector exponentials to implement rotations is not restricted to
IR? or even Euclidean space, and is one of the most powerful features of the algebra.
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1.7 PSEUDOSCALAR

In general the pseudoscalar for R" is a product of N normal vectors and multiplication by such
an object maps m-blades to (N-m) blades.
For IR? the unit pseudoscalar has a negative square

—(ezer)(eje2)

—es(erer)er

(e1e2)(erer)

(1.33)

—e2e2
=1

and we have seen an example of such a planar pseudoscalar in the subspace of the span of
two vectors above (where fii was a pseudoscalar for that subspace). In general the sign of the
square of the pseudoscalar depends on both the dimension and the metric of the space, so the
“complex” exponentials that rotate one vector into another may represent hyperbolic rotations.
For example we have for a four dimensional space the pseudoscalar square is

= (epereze3)(epereres)

~

—epepeeze3e ere3

—epepeélerezerenes (1 .34)

= —epepeieiere3eres

= epepelerexeze3e3

For a Euclidean space where each of the ¢;> = 1, we have i> = 1, but for a Minkowski space
where one would have for k # 0, eg?e;> = —1, we have i* = —1

Such a mixed signature metric will allow for implementation of Lorentz transformations as
exponentials (hyperbolic) rotations in a fashion very much like the quaternionic spatial rotations
for Euclidean spaces.

It is also worth pointing out that the pseudoscalar multiplication naturally provides a mapping
operator into a dual space, as we have seen in the cross product example, mapping vectors to
bivectors, or bivectors to vectors. Pseudoscalar multiplication in fact provides an implementa-
tion of the Hodge duality operation of differential geometry.

In higher than three dimensions, such as four, this duality operation can in fact map 2-blades
to orthogonal 2-blades (orthogonal in the sense of having no common factors). Take for example
the typical example of a non-simple element from differential geometry

w=e Ney+e3Ney (1.35)



1.8 FIXME: ORPHANED 11

The two blades that compose this sum have no common factors and thus cannot be formed
as the wedge product of two vectors. These two blades are orthogonal in a sense that can be
made more exact later. As this time we just wish to make the observation that the pseudoscalar
provides a natural duality operation between these two subspaces of A 2. Take for example

ie] \ ey = ejerezeqelen

—ejejereszesen

(1.36)
= —eje1erepe3zeéy

X e3€4

1.8 FIXME: ORPHANED

As an exercise work out axiomatically some of the key vector identities of Geometric Algebra.
Want to at least derive the vector bivector dot product distribution identity

a-(bAc)=(a-b)c—(a-c)b (1.37)






GEOMETRIC ALGEBRA. THE VERY QUICKEST INTRODUCTION

2.1 MOTIVATION

An attempt to make a relatively concise introduction to Geometric (or Clifford) Algebra. Much
more complete introductions to the subject can be found in [8], [7], and [15].

2.2  AXIOMS

We have a couple basic principles upon which the algebra is based

e Vectors can be multiplied.

e The square of a vector is the (squared) length of that vector (with appropriate generaliza-
tions for non-Euclidean metrics).

e Vector products are associative (but not necessarily commutative).

That is really all there is to it, and the rest, paraphrasing Feynman, can be figured out by
anybody sufficiently clever.

2.3 BY EXAMPLE. THE 2D CASE

Consider a 2D Euclidean space, and the product of two vectors a and b in that space. Utilizing
a standard orthonormal basis {e;, e,} we can write

a=e|x;+ex (2 1)

b = e1y1 + ey,

and let us write out the product of these two vectors ab, not yet knowing what we will end
up with. That is

ab = (e;x; +exx2)(ejy; +ey2) 22)

2 2
=e[X1y1 texy2 +e1€xx1y2 + €xe1x2y]

13



14 GEOMETRIC ALGEBRA. THE VERY QUICKEST INTRODUCTION

From axiom 2 we have e% = e% =1, so we have

ab = X1y1 + x2y2 +€1€2x1y2 + €2€1x2)1. (2.3)

We have multiplied two vectors and ended up with a scalar component (and recognize that
this part of the vector product is the dot product), and a component that is a “something else”.
We will call this something else a bivector, and see that it is characterized by a product of non-
colinear vectors. These products e;e; and e;e; are in fact related, and we can see that by looking
at the case of b = a. For that we have

32 = X1X] + X2X2 + €1€xX1Xxp + €2€1X2X] (2.4)
5 .
= [al” + x1x2(e1e2 + e2eq)

Since axiom (2) requires our vectors square to equal its (squared) length, we must then have

eje; +ee; =0, (2.5)

or

€e|; = —eje). (2.6)

We see that Euclidean orthonormal vectors anticommute. What we can see with some addi-
tional study is that any colinear vectors commute, and in Euclidean spaces (of any dimension)
vectors that are normal to each other anticommute (this can also be taken as a definition of
normal).

We can now return to our product of two vectors eq. (2.3) and simplify it slightly

ab = x1y; + x2y2 + ejex(x1y2 — x2y1). (2.7

The product of two vectors in 2D is seen here to have one scalar component, and one bivector
component (an irreducible product of two normal vectors). Observe the symmetric and antisym-
metric split of the scalar and bivector components above. This symmetry and antisymmetry can
be made explicit, introducing dot and wedge product notation respectively

1
a-b=—(ab+ ba) = X1y1 + X2)2
: 2.8)
anb= E(ab —ba) = elez(xlyy — X2y1).



2.4 PSEUDOSCALAR

so that the vector product can be written as

ab=a-b+aAb. (2.9)

2.4 PSEUDOSCALAR

In many contexts it is useful to introduce an ordered product of all the unit vectors for the space
is called the pseudoscalar. In our 2D case this is

i= €1eo, (2.10)

a quantity that we find behaves like the complex imaginary. That can be shown by considering
its square

(e1€2)” = (e1e)(e;e2)
ej(exer)e;
—ej(ejer)e;
—(erep)(ezez)
=12

=-1

(2.11)

Here the anticommutation of normal vectors property has been used, as well as (for the first
time) the associative multiplication axiom.

In a 3D context, you will see the pseudoscalar in many places (expressing the normals to
planes for example). It also shows up in a number of fundamental relationships. For example, if
one writes

I =ejezes (2.12)

for the 3D pseudoscalar, then it is also possible to show

ab=a-b+/(axb) (2.13)

something that will be familiar to the student of QM, where we see this in the context of Pauli
matrices. The Pauli matrices also encode a Clifford algebraic structure, but we do not need an
explicit matrix representation to do so.

15
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2.5 ROTATIONS

Very much like complex numbers we can utilize exponentials to perform rotations. Rotating in
a sense from e; to e;, can be expressed as

ae’? = (e;x; +exx2)(cos 6 + e e; sin 6) 014
= e (x] cosf — xp sinf) + e>(xp cos O + x; sin H) '

More generally, even in N dimensional Euclidean spaces, if a is a vector in a plane, and @
and v are perpendicular unit vectors in that plane, then the rotation through angle 6 is given by

a — ae""’. (2.15)

This is illustrated in fig. 2.1

Figure 2.1: Plane rotation

Notice that we have expressed the rotation here without utilizing a normal direction for the
plane. The sense of the rotation is encoded by the bivector GV that describes the plane and
the orientation of the rotation (or by duality the direction of the normal in a 3D space). By
avoiding a requirement to encode the rotation using a normal to the plane we have an method
of expressing the rotation that works not only in 3D spaces, but also in 2D and greater than 3D
spaces, something that is not possible when we restrict ourselves to traditional vector algebra
(where quantities like the cross product can not be defined in a 2D or 4D space, despite the fact
that things they may represent, like torque are planar phenomena that do not have any intrinsic
requirement for a normal that falls out of the plane.).

When a does not lie in the plane spanned by the vectors @ and v , as in fig. 2.2, we must
express the rotations differently. A rotation then takes the form

a — ¢ 0801290002 (2.16)



2.5 ROTATIONS

<>

Figure 2.2: 3D rotation

In the 2D case, and when the vector lies in the plane this reduces to the one sided complex
exponential operator used above. We see these types of paired half angle rotations in QM, and
they are also used extensively in computer graphics under the guise of quaternions.

17






AN (EARLIER) ATTEMPT TO INTUITIVELY INTRODUCE THE DOT,
WEDGE, CROSS, AND GEOMETRIC PRODUCTS

3.1 MOTIVATION

Both the NFCM and GAFP books have axiomatic introductions of the generalized (vector,
blade) dot and wedge products, but there are elements of both that I was unsatisfied with. Per-
haps the biggest issue with both is that they are not presented in a dumb enough fashion.

NFCM presents but does not prove the generalized dot and wedge product operations in terms
of symmetric and antisymmetric sums, but it is really the grade operation that is fundamental.
You need that to define the dot product of two bivectors for example.

GAFP axiomatic presentation is much clearer, but the definition of generalized wedge product
as the totally antisymmetric sum is a bit strange when all the differential forms book give such
a different definition.

Here I collect some of my notes on how one starts with the geometric product action on
colinear and perpendicular vectors and gets the familiar results for two and three vector products.
I may not try to generalize this, but just want to see things presented in a fashion that makes
sense to me.

3.2 INTRODUCTION

The aim of this document is to introduce a “new” powerful vector multiplication operation, the
geometric product, to a student with some traditional vector algebra background.

The geometric product, also called the Clifford product !, has remained a relatively obscure
mathematical subject. This operation actually makes a great deal of vector manipulation simpler
than possible with the traditional methods, and provides a way to naturally expresses many geo-
metric concepts. There is a great deal of information available on the subject, however most of
it is targeted for those with a university graduate school background in physics or mathematics.
That level of mathematical sophistication should not required to understand the subject.

It is the author’s opinion that this could be dumbed down even further, so that it would be
palatable for somebody without any traditional vector algebra background.

1 After William Clifford (1845-1879).

19
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3.3 WHAT IS MULTIPLICATION?

The operations of vector addition, subtraction and numeric multiplication have the usual defi-
nitions (addition defined in terms of addition of coordinates, and numeric multiplication as a
scaling of the vector retaining its direction). Multiplication and division of vectors is often de-
scribed as “undefined”. It is possible however, to define a multiplication, or division operation
for vectors, in a natural geometric fashion.

What meaning should be given to multiplication or division of vectors?

3.3.1 Rules for multiplication of numbers

Assuming no prior knowledge of how to multiply two vectors (such as the dot, cross, or wedge
products to be introduced later) consider instead the rules for multiplication of numbers.

1. Product of two positive numbers is positive. Any consideration of countable sets of ob-
jects justifies this rule.

2. Product of a positive and negative number is negative. Example: multiplying a debt (neg-
ative number) increases the amount of the debt.

3. Product of a negative and negative number is positive.

4. Multiplication is distributive. Product of a sum is the sum of the products. 2

alb+c)=ab+ac 3.1)

(a+b)c = ac+ bc 3.2)

5. Multiplication is associative. Changing the order that multiplication is grouped by does
not change the result.

(ab)c = a(bc) (3.3)

2 The name of this property is not important and no student should ever be tested on it. It is a word like dividand
which countless countless school kids are forced to memorize. Like dividand it is perfectly acceptable to forget it
after the test because nobody has to know it to perform division. Since most useful sorts of multiplications have this
property this is the least important of the named multiplication properties. This word exists mostly so that authors
of math books can impress themselves writing phrases like “a mathematical entity that behaves this way is left and
right distributive with respect to addition”.
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6. Multiplication is commutative. Switching the order of multiplication does not change the
result.

ab = ba (3.4)

Unless the reader had an exceptionally gifted grade three teacher it is likely that rule three was
presented without any sort of justification or analogy. This can be considered as a special case
of the previous rule. Geometrically, a multiplication by -1 results in an inversion on the number
line. If one considers the number line to be a line in space, then this is a 180 degree rotation.
Two negative multiplications results in a 360 degree rotation, and thus takes the number back
to its original positive or negative segment on its “number line”.

3.3.2  Rules for multiplication of vectors with the same direction

Having identified the rules for multiplication of numbers, one can use these to define multipli-
cation rules for a simple case, one dimensional vectors. Conceptually a one dimensional vector
space can be thought of like a number line, or the set of all numbers as the set of all scalar
multiples of a unit vector of a particular direction in space.

It is reasonable to expect the rules for multiplication of two vectors with the same direction to
have some of the same characteristics as multiplication of numbers. Lets state this algebraically
writing the directed distance from the origin to the points a and b in a vector notation

a=ae 3.5)
b = be -
where e is the unit vector alone the line in question.
The product of these two vectors is
ab = abee (3.6)

Although no specific meaning has yet been given to the ee term yet, one can make a few
observations about a product of this form.

1. It is commutative, since ab = ba = abee.
2. It is distributive since numeric multiplication is.

3. The product of three such vectors is distributive (no matter the grouping of the multipli-
cations there will be a numeric factor and a eee factor.

21
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These properties are consistent with half the properties of numeric multiplication. If the other
half of the numeric multiplication rules are assumed to also apply we have

1. Product of two vectors in the same direction is positive (rules 1 and 3 above).

2. Product of two vectors pointing in opposite directions is negative (rule 2 above).

This can only be possible by giving the following meaning to the square of a unit vector

ee=1 (3.7)

Alternately, one can state that the square of a vector is that vectors squared length.

aa=da’ (3.8)

This property, as well as the associative and distributive properties are the defining properties
of the geometric product.

It will be shown shortly that in order to retain this squared vector length property for vectors
with components in different directions it will be required to drop the commutative property of
numeric multiplication:

ab # ba 3.9)

This is a choice that will later be observed to have important consequences. There are many
types of multiplications that do not have the commutative property. Matrix multiplication is not
even necessarily defined when the order is switched. Other multiplication operations (wedge
and cross products) change sign when the order is switched.

Another important choice has been made to require the product of two vectors not be a vector
itself. This also breaks from the number line analogy since the product of two numbers is still
a number. However, it is notable that in order to take roots of a negative number one has to
introduce a second number line (the i, or imaginary axis), and so even for numbers, products
can be “different” than their factors. Interestingly enough, it will later be possible to show that
the choice to not require a vector product to be a vector allow complex numbers to be defined
directly in terms of the geometric product of two vectors in a plane.

3.4 AXIOMS

The previous discussion attempts to justify the choice of the following set of axioms for multi-
plication of vectors



3.5 DOT PRODUCT

1. linearity
2. associativity

3. contraction

Square of a vector is its squared length.

This last property is weakened in some circumstances (for example, an alternate definition of
vector length is desirable for relativistic calculations.)

3.5 DOT PRODUCT
One can express the dot product in terms of these axioms. This follows by calculating the
length of a sum or difference of vectors, starting with the requirement that the vector square is

the squared length of that vector.
Given two vectors a and b, their sum ¢ = a + b has squared length:

¢ = (a+b)@a+b) =a’+ba+ab+b’ (3.10)

We do not have any specific meaning for the product of vectors, but eq. (3.10) shows that the
symmetric sum of such a product:

ba + ab = scalar 3.11)

since the RHS is also a scalar.
Additionally, if a and b are perpendicular, then we must also have:

a>+b?=da’+b%. (3.12)

This implies a rule for vector multiplication of perpendicular vectors

ba+ab =0 (3.13)

Or,

ba = —ab. (3.14)

23
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Note that eq. (3.14) does not assign any meaning to this product of vectors when they per-
pendicular. Whatever that meaning is, the entity such a perpendicular vector product produces
changes sign with commutation.

Performing the same length calculation using standard vector algebra shows that we can
identify the symmetric sum of vector products with the dot product:

llel> = (@+b)-(a+b) = > +2a-b+|b|> (3.15)

Thus we can make the identity:

1
a-b= E(ab+ba) (3.16)

3.6 COORDINATE EXPANSION OF THE GEOMETRIC PRODUCT

A powerful feature of geometric algebra is that it allows for coordinate free results, and the
avoidance of basis selection that coordinates require. While this is true, explicit coordinate
expansion, especially initially while making the transition from coordinate based vector algebra,
is believed to add clarity to the subject.

Writing a pair of vectors in coordinate vector notation:

a=>ae (3.17)

i

b= be, (3.18)
j

Despite not yet knowing what meaning to give to the geometric product of two general (non-
colinear) vectors, given the axioms above and their consequences we actually have enough
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information to completely expand the geometric product of two vectors in terms of these coor-
dinates:

ab = Za,-bje,-ej
—Zab e,ej+2ab i€

i#j

_Zabele,+2abee]+2abee] (3.19)

i<j Jj<i

—Zab +Zab]ee]+a]be]el

i<j

—Zab +Z(ab —bjaj)e;e;

i<j

This can be summarized nicely in terms of determinants:

e,e] (3.20)

ab = Zab +Z

i<j

This shows, without requiring the “triangle law” expansion of eq. (3.15), that the geometric
product has a scalar component that we recognize as the Euclidean vector dot product. It also
shows that the remaining bit is a “something else” component. This “something else” is called
a bivector. We do not yet know what this bivector is or what to do with it, but will come back to
that.

Observe that an interchange of a and b leaves the scalar part of equation eq. (3.20) unaltered
(ie: it is symmetric), whereas an interchange inverts the bivector (ie: it is the antisymmetric
part).

3.7 SOME SPECIFIC EXAMPLES TO GET A FEEL FOR THINGS

Moving from the abstract, consider a few specific geometric product example.
e Product of two non-colinear non-orthogonal vectors.

(61 + 262)(61 — 62) =eje; —2exep + 2ere1 —ejex = —1 + 3eqe; (3.21)

Such a product produces both scalar and bivector parts.

25
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Squaring a bivector

(e1€2)” = (e1€2)(—eze;) = —ej(erer)e; = —eje; = —1 (3.22)

This particular bivector squares to minus one very much like the imaginary number i.

Product of two perpendicular vectors.

(e1 +ex)(e; —e) = 2ezey (3.23)

Such a product generates just a bivector term.

Product of a bivector and a vector in the plane.

(xe; + y62)6182 = Xx€) —ye; (3.24)
This rotates the vector counterclockwise by 90 degrees.

General IR geometric product of two vectors.

Xy = (x1€1 + x2€2 + x3€3)(y1€; + y2€2 + y3e3) (3.25)
=X-y+ o €63 + g ’ ejes + * 2 ere; (3.26)
Y2 y3 Y1 y3 yioy2

Or,

€€3 €361 €1€,
Xy=X-y+| x X2 X3 (3.27)

y1 2 Y3

Observe that if one identifies e,es, esze;, and e;e; with vectors e, e;, and e3 respectively,
this second term is the cross product. A precise way to perform this identification will be
described later.

The key thing to observe here is that the structure of the cross product is naturally asso-
ciated with the geometric product. One can think of the geometric product as a complete
product including elements of both the dot and cross product. Unlike the cross product
the geometric product is also well defined in two dimensions and greater than three.

These examples are all somewhat random, but give a couple hints of results to come.



3.8 ANTISYMMETRIC PART OF THE GEOMETRIC PRODUCT

3.8 ANTISYMMETRIC PART OF THE GEOMETRIC PRODUCT

Having identified the symmetric sum of vector products with the dot product we can write the
geometric product of two arbitrary vectors in terms of this and its difference

1 1
ab = z(ab +ba) + E(ab — ba) (3.28)
=a- b + f(a, b)

Let us examine this second term, the bivector, a mapping of a pair of vectors into a different
sort of object of yet unknown properties.

f(a, ka) = %(aka —kaa) =0 (3.29)

Property: Zero when the vectors are colinear.

f(a,ka+b) = %(a(ka +b) — (ka + mb)a) = f(a,b) (3.30)

Property: colinear contributions are rejected.

1
f(aa.pb) = Z(@apb — fban) = aff(a.b) (3.31)

Property: bilinearity.

f(b,a) = %(ba— ab) = —%(ab —ba) = —f(a,b) (3.32)

Property: Interchange inverts.

Operationally, these are in fact the properties of what in the calculus of differential forms is
called the wedge product (uncoincidentally, these are also all properties of the cross product as
well.)

Because the properties are identical the notation from differential forms is stolen, and we
write

1
anb= E(ab—ba) (3.33)

And as mentioned, the object that this wedge product produces from two vectors is called a
bivector.
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AN (EARLIER) ATTEMPT TO INTUITIVELY INTRODUCE THE DOT, WEDGE, CROSS, AND GEOMETRIC PRODUCTS

Strictly speaking the wedge product of differential calculus is defined as an alternating, asso-
ciative, multilinear form. We have here bilinear, not multilinear and associativity is not mean-
ingful until more than two factors are introduced, however when we get to the product of more
than three vectors, we will find that the geometric vector product produces an entity with all of
these properties.

Returning to the product of two vectors we can now write

ab=a-b+aAb (3.34)

This is often used as the initial definition of the geometric product.

3.9 YES, BUT WHAT IS THAT WEDGE PRODUCT THING

Combination of the symmetric and antisymmetric decomposition in eq. (3.34) shows that the
product of two vectors according to the axioms has a scalar part and a bivector part. What is
this bivector part geometrically?

One can show that the equation of a plane can be written in terms of bivectors. One can also
show that the area of the parallelogram spanned by two vectors can be expressed in terms of the
“magnitude” of a bivector. Both of these show that a bivector characterizes a plane and can be
thought of loosely as a “plane vector”.

Neither the plane equation or the area result are hard to show, but we will get to those later.
A more direct way to get an intuitive feel for the geometric properties of the bivector can be
obtained by first examining the square of a bivector.

By subtracting the projection of one vector a from another b, one can form the rejection of a
from b:

b’=b-(b-a)a (3.35)

With respect to the dot product, this vector is orthogonal to a. Since a A & = 0, this allows us
to write the wedge product of vectors a and b as the direct product of two orthogonal vectors

aAb=aA(b-(b-2a)a))
=aAb’
= ab’

=-b’a



3.9 YES, BUT WHAT IS THAT WEDGE PRODUCT THING

The square of the bivector can then be written

(aAb)? = (ab’)(=b'a)

(3.37
Thus the square of a bivector is negative. It is natural to define a bivector norm:
laAbl= V—(aAb)? = V(@Ab)(bAa) (3.38)

Dividing by this norm we have an entity that acts precisely like the imaginary number i.

Looking back to eq. (3.34) one can now assign additional meaning to the two parts. The first,
the dot product, is a scalar (ie: a real number), and a second part, the wedge product, is a pure
imaginary term. Provided a A b # 0, we can write i = |3ﬁlﬁ| and express the geometric product
in complex number form:

ab=a-b+ilaAb| (3.39)

The complex number system is the algebra of the plane, and the geometric product of two
vectors can be used to completely characterize the algebra of an arbitrarily oriented plane in a
higher order vector space.

It actually will be very natural to define complex numbers in terms of the geometric product,
and we will see later that the geometric product allows for the ad-hoc definition of “complex
number” systems according to convenience in many ways.

We will also see that generalizations of complex numbers such as quaternion algebras also
find their natural place as specific instances of geometric products.

Concepts familiar from complex numbers such as conjugation, inversion, exponentials as
rotations, and even things like the residue theory of complex contour integration, will all have a
natural geometric algebra analogue.

We will return to this, but first some more detailed initial examination of the wedge product
properties is in order, as is a look at the product of greater than two vectors.

29






COMPARISON OF MANY TRADITIONAL VECTOR AND GA
IDENTITIES

4.1 THREE DIMENSIONAL VECTOR RELATIONSHIPS VS N DIMENSIONAL EQUIVALENTS
Here are some comparisons between standard IR? vector relations and their corresponding
wedge and geometric product equivalents. All the wedge and geometric product equivalents
here are good for more than three dimensions, and some also for two. In two dimensions the
cross product is undefined even if what it describes (like torque) is a perfectly well defined in a
plane without introducing an arbitrary normal vector outside of the space.

Many of these relationships only require the introduction of the wedge product to generalize,

but since that may not be familiar to somebody with only a traditional background in vector
algebra and calculus, some examples are given.

4.1.1 wedge and cross products are antisymmetric

vxu=—-(uxv) 4.1)

VAu=—(uAv) 4.2)

4.1.2  wedge and cross products are zero when identical

uxu=0 4.3)

uAu=0 4.4)

4.1.3  wedge and cross products are linear

These are both linear in the first variable

(V+FW)XW=UXW+VXW 4.5)
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(VEFWAW=UAWHVAW (4.6)
and are linear in the second variable

UX(V+w)=uXv+uxw 4.7)

UA(V+W)=UAV+UAW (4.8)

4.1.4  In general, cross product is not associative, but the wedge product is

UXV)XW#uX(vXw) 4.9)

WWAVIAW=UuA(VAW) (4.10)

4.1.5 Wedge and cross product relationship to a plane

u X v is perpendicular to plane containing u and v. u A v is an oriented representation of the
plane containing u and v.

4.1.6  norm of a vector

The norm (length) of a vector is defined in terms of the dot product

ul> =u-u @411

Using the geometric product this is also true, but this can be also be expressed more com-
pactly as

lull* = u? (4.12)

This follows from the definition of the geometric product and the fact that a vector wedge

product with itself is zero

uu=-u-u+uAu=u-u (4.13)



4.1 THREE DIMENSIONAL VECTOR RELATIONSHIPS VS N DIMENSIONAL EQUIVALENTS

4.1.7 Lagrange identity

In three dimensions the product of two vector lengths can be expressed in terms of the dot and
cross products

lalPIvI? = (- v)? + [la x v} (4.14)

The corresponding generalization expressed using the geometric product is

alPIvVII* = (u-v)* = (wA v)> (4.15)

This follows from by expanding the geometric product of a pair of vectors with its reverse

(uv)(vu) =(u-v+uAv)(W-v—uAv) (4.16)

4.1.8 determinant expansion of cross and wedge products

u, Uuj
uxv=Z "o eixe; 4.17)

i<j Vi Vj

u, Uuj
uav= Y 1" Ylene; (4.18)

i<j Vi Vj

Without justification or historical context, traditional linear algebra texts will often define the
determinant as the first step of an elaborate sequence of definitions and theorems leading up to
the solution of linear systems, Cramer’s rule and matrix inversion.

An alternative treatment is to axiomatically introduce the wedge product, and then demon-
strate that this can be used directly to solve linear systems. This is shown below, and does not
require sophisticated math skills to understand.

It is then possible to define determinants as nothing more than the coeflicients of the wedge
product in terms of "unit k-vectors" (e; A €; terms) expansions as above.

A one by one determinant is the coeflicient of e; for an R! 1-vector.

A two-by-two determinant is the coefficient of e; A e, for an IR2 bivector

A three-by-three determinant is the coefficient of e; A e; A e3 for an R3 trivector

When linear system solution is introduced via the wedge product, Cramer’s rule follows
as a side effect, and there is no need to lead up to the end results with definitions of minors,
matrices, matrix invertablity, adjoints, cofactors, Laplace expansions, theorems on determinant
multiplication and row column exchanges, and so forth.
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4.1.9  Equation of a plane

For the plane of all points r through the plane passing through three independent points rg, ry,
and ry, the normal form of the equation is

((r2 =) X (r; —1xp)) - (r—1r9) = 0 (4.19)
The equivalent wedge product equation is

(r2—ro) A(rp —ro) A(r—r9) =0 (4.20)

4.1.10  Projective and rejective components of a vector

For three dimensions the projective and rejective components of a vector with respect to an
arbitrary non-zero unit vector, can be expressed in terms of the dot and cross product

v=(v-)a+ax((vxi) 4.21)

For the general case the same result can be written in terms of the dot and wedge product and
the geometric product of that and the unit vector

v=(v-)a+(vAd)d (4.22)

It is also worthwhile to point out that this result can also be expressed using right or left
vector division as defined by the geometric product

v=(v- u)é +(VA u)& (4.23)

V= l(u V) + l(u A V) (4.24)
u u

4.1.11 Area (squared) of a parallelogram is norm of cross product

2

A2 = juxvp= S| W (4.25)

i<j

Vi VJ‘



4.2 SOME PROPERTIES AND EXAMPLES

and is the negated square of a wedge product

2

u, Uuj
A% = —(uAV)? = t

i<j

Vi Vj

Note that this squared bivector is a geometric product.

4.1.12  Angle between two vectors

2

(sing)? = X VIE
- 2(1vl12
[lall"]Iv]]

2

.o (@Av)

(sin@9)” = o

4.1.13  Volume of the parallelepiped formed by three vectors

2
up Uz us
V2_ 2 _
=[@xv)-wiI" =y, vy v
wp w2 w3
2
uj u; Ug uj Uuj
2 2 ~ A A
Vi=—-(uAvVAW) =— Z Vi vi Ww|GNENE] = Z Vi Vj
i<j<k i<j<k
wi Wj Wy wi Wj

4.2 SOME PROPERTIES AND EXAMPLES

Uk
Vi

Wik

(4.20)

(4.27)

(4.28)

(4.29)

(4.30)

Some fundamental geometric algebra manipulations will be provided below, showing how this
vector product can be used in calculation of projections, area, and rotations. How some of
these tie together and correlate concepts from other branches of mathematics, such as complex

numbers, will also be shown.

In some cases these examples provide details used above in the cross product and geometric

product comparisons.
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4.2.1 Inversion of a vector

One of the powerful properties of the Geometric product is that it provides the capability to
express the inverse of a non-zero vector. This is expressed by:

1 a a

-2 _-_ < 4.31)
aa |ja|

4.2.2  dot and wedge products defined in terms of the geometric product

Given a definition of the geometric product in terms of the dot and wedge products, adding and
subtracting ab and ba demonstrates that the dot and wedge product of two vectors can also be
defined in terms of the geometric product

4.2.3  The dot product

1
a-b= E(ab + ba) (4.32)

This is the symmetric component of the geometric product. When two vectors are colinear
the geometric and dot products of those vectors are equal.

As a motivation for the dot product it is normal to show that this quantity occurs in the
solution of the length of a general triangle where the third side is the vector sum of the first and
second sides ¢ = a +b.

el = > (a;+bi)* = lall” + IbI> +2 > aib; (4.33)
i i
The last sum is then given the name the dot product and other properties of this quantity are
then shown (projection, angle between vectors, ...).
This can also be expressed using the geometric product
¢ = (a+b)@+b) =a’+b’+(ab + ba) (4.34)
By comparison, the following equality exists

Z ab; = %(ab +ba) (4.35)
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4.2 SOME PROPERTIES AND EXAMPLES

Without requiring expansion by components one can define the dot product exclusively in
terms of the geometric product due to its properties of contraction, distribution and associativity.
This is arguably a more natural way to define the geometric product. Addition of two similar
terms is not immediately required, especially since one of those terms is the wedge product
which may also be unfamiliar.

4.2.4  The wedge product

1
anb= E(ab —ba) (4.36)

This is the antisymmetric component of the geometric product. When two vectors are orthog-
onal the geometric and wedge products of those vectors are equal.

Switching the order of the vectors negates this antisymmetric geometric product component,
and contraction property shows that this is zero if the vectors are equal. These are the defining
properties of the wedge product.

4.2.5 Note on symmetric and antisymmetric dot and wedge product formulas

A generalization of the dot product that allows computation of the component of a vector "in the
direction" of a plane (bivector), or other k-vectors can be found below. Since the signs change
depending on the grades of the terms being multiplied, care is required with the formulas above
to ensure that they are only used for a pair of vectors.

4.2.6  Reversing multiplication order. Dot and wedge products compared to the real and imag-
inary parts of a complex number

Reversing the order of multiplication of two vectors, has the effect of the inverting the sign of
just the wedge product term of the product.

It is not a coincidence that this is a similar operation to the conjugate operation of complex
numbers.

The reverse of a product is written in the following fashion

ba = (ab)’ (4.37)

cba = (abe)’ (4.38)
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Expressed this way the dot and wedge products are

a-b= %(ab-+(ab)T) (4.39)

This is the symmetric component of the geometric product. When two vectors are colinear
the geometric and dot products of those vectors are equal.

aAb:%@b—@mh (4.40)

These symmetric and antisymmetric pairs, the dot and wedge products extract the scalar
and bivector components of a geometric product in the same fashion as the real and imagi-
nary components of a complex number are also extracted by its symmetric and antisymmetric

components
1 _
Re(2) = E(Z +2) 4.41)
1 _
Im(z) = E(Z -2) (4.42)
This extraction of components also applies to higher order geometric product terms. For
example
1 w1 w1 s
aAbAc= E(abc —(abo)'") = E(bca —(bca)') = E(cab —(cab)") (4.43)

4.2.7 Orthogonal decomposition of a vector

Using the Gram-Schmidt process a single vector can be decomposed into two components with
respect to a reference vector, namely the projection onto a unit vector in a reference direction,
and the difference between the vector and that projection.

With, & = u/|[ul|, the projection of v onto 1 is

Projg v=10(0-v) (4.44)

Orthogonal to that vector is the difference, designated the rejection,

1

= (lal*v - u(u - v)) (4.45)

v—1a(l-v)



4.2 SOME PROPERTIES AND EXAMPLES

The rejection can be expressed as a single geometric algebraic product in a few different ways

Zv-u-v) = lurv=a@av) = vama (4.46)
u u

The similarity in form between between the projection and the rejection is notable. The sum
of these recovers the original vector

v=u(@-v)+a(@Av) (4.47)

Here the projection is in its customary vector form. An alternate formulation is possible that
puts the projection in a form that differs from the usual vector formulation

V= l(u-v)+l(u/\v) = (V-u)l+(v/\u)l (4.48)
u u u u

4.2.8 A quicker way to the end result

Working backwards from the end result, it can be observed that this orthogonal decomposition
result can in fact follow more directly from the definition of the geometric product itself.

V=0v=0{0 -v+aAv) (4.49)

With this approach, the original geometrical consideration is not necessarily obvious, but it
is a much quicker way to get at the same algebraic result.

However, the hint that one can work backwards, coupled with the knowledge that the wedge
product can be used to solve sets of linear equations, ' the problem of orthogonal decomposition
can be posed directly,

Let v = au + x, where u - x = 0. To discard the portions of v that are colinear with u, take the
wedge product

uAv=uA(au+x)=uAx (4.50)

Here the geometric product can be employed

UAV=UAX=UX—U-X = UXx (4.51)

1 http://www.grassmannalgebra.info/grassmannalgebra/book/bookpdf/TheExteriorProduct.pdf
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Because the geometric product is invertible, this can be solved for x

X = l(u AV) (4.52)
u

The same techniques can be applied to similar problems, such as calculation of the component
of a vector in a plane and perpendicular to the plane.

4.2.9 Area of parallelogram spanned by two vectors

Figure 4.1: parallelogramArea

As depicted in fig. 4.1, one can see that the area of a parallelogram spanned by two vectors
is computed from the base times height. In the figure u was picked as the base, with length
|[a]|. Designating the second vector v, we want the component of v perpendicular to @ for the
height. An orthogonal decomposition of v into directions parallel and perpendicular to @i can be
performed in two ways.

<
Il
<
=
=
Il
—

v )i+ (VA
(4.53)
(@ V) + 0@ A v)

I
[=
=
<
Il
=>

The height is the length of the perpendicular component expressed using the wedge as either
(@ A v)or (vAQ)G.



4.2 SOME PROPERTIES AND EXAMPLES
Multiplying base times height we have the parallelogram area

A(u,v) = [[ufllac@ A v)l

(4.54)
= [[a(u A V)|

Since the squared length of an Euclidean vector is the geometric square of that vector, we can
compute the squared area of this parallogram by squaring this single scaled vector

A? = (f(u A v))? (4.55)

Utilizing both encodings of the perpendicular to @t component of v computed above we have
for the squared area

A? = (4(u A v))?
= (v AwW)(a(u Av)) (4.56)
=(vAw(uAv)

Since u A v = —v A u, we have finally

A2 = —(uAv)? (4.57)

There are a few things of note here. One is that the parallelogram area can easily be expressed
in terms of the square of a bivector. Another is that the square of a bivector has the same property
as a purely imaginary number, a negative square.

It can also be noted that a vector lying completely within a plane anticommutes with the
bivector for that plane. More generally components of vectors that lie within a plane commute

with the bivector for that plane while the perpendicular components of that vector commute.

These commutation or anticommutation properties depend both on the vector and the grade of
the object that one attempts to commute it with (these properties lie behind the generalized
definitions of the dot and wedge product to be seen later).

4.2.10  Expansion of a bivector and a vector rejection in terms of the standard basis

If a vector is factored directly into projective and rejective terms using the geometric product
V= ﬁ(u -V +u A V), then it is not necessarily obvious that the rejection term, a product of vector
and bivector is even a vector. Expansion of the vector bivector product in terms of the standard
basis vectors has the following form
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Let
Lurv = 2aav = ——umav (4.58)
r=—u V)= —71 V)= —7uu v .
u u’ [[ul?

It can be shown that

1 T TH I T TF
r=—s B | B (4.59)
[l i<y Vi villei e;
(a result that can be shown more easily straight from r = v — (@ - v)).
L . . . up uj N
The rejective term is perpendicular to u, since | = 7| = 0 impliesr-u = 0.
Uu; uj
The magnitude of r, is
2
1 Ui Uj ,
P =r-v=— > " 7 (4.60)
”ll” i<j Vi Vj
So, the quantity
2
U Uj
el = > .61)
i<j |Vi Vj
is the squared area of the parallelogram formed by u and v.
It is also noteworthy that the bivector can be expressed as
U Uj
UAvV = ! ]e,-/\ej (4.62)
i<j Vi Vj

Thus is it natural, if one considers each term e; A €; as a basis vector of the bivector space, to
define the (squared) "length" of that bivector as the (squared) area.

Going back to the geometric product expression for the length of the rejection ﬁ(u AV) we
see that the length of the quotient, a vector, is in this case is the "length" of the bivector divided
by the length of the divisor.

This may not be a general result for the length of the product of two k-vectors, however it
is a result that may help build some intuition about the significance of the algebraic operations.
Namely,

When a vector is divided out of the plane (parallelogram span) formed from it and another
vector, what remains is the perpendicular component of the remaining vector, and its length is
the planar area divided by the length of the vector that was divided out.



4.2 SOME PROPERTIES AND EXAMPLES

4.2.11  Projection and rejection of a vector onto and perpendicular to a plane

Like vector projection and rejection, higher dimensional analogs of that calculation are also
possible using the geometric product.

As an example, one can calculate the component of a vector perpendicular to a plane and the
projection of that vector onto the plane.

Letw = au+ bv + x, where u-x = v-x = 0. As above, to discard the portions of w that are
colinear with u or u, take the wedge product

WAUAV=(au+bV+X)AUAV=XAUAYV (4.63)

Having done this calculation with a vector projection, one can guess that this quantity equals
x(u A v). One can also guess there is a vector and bivector dot product like quantity such that the
allows the calculation of the component of a vector that is in the "direction of a plane". Both of
these guesses are correct, and the validating these facts is worthwhile. However, skipping ahead
slightly, this to be proved fact allows for a nice closed form solution of the vector component
outside of the plane:

1 1
X=(WAUAYV) = WAVAW) (4.64)
UAV  UAYV

Notice the similarities between this planar rejection result a the vector rejection result. To
calculation the component of a vector outside of a plane we take the volume spanned by three
vectors (trivector) and "divide out" the plane.

Independent of any use of the geometric product it can be shown that this rejection in terms
of the standard basis is

1 Wi Wj Wi (Ui I/tj Uy
XZ—Z uip uj  ug||vi vj v (4.65)

Vi Vi Vk||€& € €

Where

M 2 _a A vy (4.66)

A =

i<j

Vi Vj

is the squared area of the parallelogram formed by u, and v.
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The (squared) magnitude of x is

2
1 wi wj; Wi
2
x|l :X.W:m Z wouj g (4.67)
u,v i<j<k
i<j< Vv v

Thus, the (squared) volume of the parallelepiped (base area times perpendicular height) is

2
wi Wj Wy
Z wou; ug (4.68)
i<j<k
Vi Vi Vi

Note the similarity in form to the w,u,v trivector itself

wi wj Wi
Dlw w wleine;ne (4.69)
i<j<k

Vi Vj Vi

which, if you take the set of €; A €; A €, as a basis for the trivector space, suggests this is
the natural way to define the length of a trivector. Loosely speaking the length of a vector is a
length, length of a bivector is area, and the length of a trivector is volume.

4.2.12  Product of a vector and bivector. Defining the "dot product” of a plane and a vector

In order to justify the normal to a plane result above, a general examination of the product of a
vector and bivector is required. Namely,

“ Mkl A e (4.70)
Vj Vi

wuAv) = Z wie;

i,j<k

This has two parts, the vector part where i = j or i = k, and the trivector parts where no
indices equal. After some index summation trickery, and grouping terms and so forth, this is

wi Ww; Wi
O w wy wleinejAe 4.71)

i<j<k

Uuj

wuAv) = Z(Wiej -w;e;)

uj
i<j i

Vi Vj
Vi Vj Vi
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The trivector term is w A u A v. Expansion of (u A v)w yields the same trivector term. This
is the completely symmetric part, and the vector term is negated. Like the geometric product
of two vectors, this geometric product can be grouped into symmetric and antisymmetric parts,
one of which is a pure k-vector. In analogy the antisymmetric part of this product can be called
a generalized dot product, and is roughly speaking the dot product of a "plane" (bivector), and
a vector.

The properties of this generalized dot product remain to be explored, but first here is a sum-
mary of the notation

WUAV) = W-(WAV)+WAUAY (4.72)
WAVIW=-W-(UWAV)+WAUAY (4.73)
WAUAY = %(w(u/\v)+(u/\v)w) (4.74)
W-(uAY) = %(w(u/\v)—(u/\v)w) (4.75)

Letw =x+y, where x = au+bv,andy-u = y- v = 0. Expressing w and the u A v, products
in terms of these components is

WUAV)=XUAV)+YUAV)=X-(WAV)+Y-(WAV)+YAUAYV (4.76)

With the conditions and definitions above, and some manipulation, it can be shown that the
termy - (u A v) = 0, which then justifies the previous solution of the normal to a plane problem.
Since the vector term of the vector bivector product the name dot product is zero when the
vector is perpendicular to the plane (bivector), and this vector, bivector "dot product” selects
only the components that are in the plane, so in analogy to the vector-vector dot product this
name itself is justified by more than the fact this is the non-wedge product term of the geometric
vector-bivector product.

4.2.13  Complex numbers

There is a one to one correspondence between the geometric product of two IR? vectors and the
field of complex numbers.

45



46 COMPARISON OF MANY TRADITIONAL VECTOR AND GA IDENTITIES

Writing, a vector in terms of its components, and left multiplying by the unit vector e; yields

Z =e P =ej(xe; +ye) =x(1)+y(erer) = x(1) + y(e; Aer) 4.77)

The unit scalar and unit bivector pair 1,e; A ey can be considered an alternate basis for a
two dimensional vector space. This alternate vector representation is closed with respect to the
geometric product

Z1Z, = ej(x1e1 + y1er)ei(x2e) +y2€r)
= (x1 +y1e1e2)(x2 +y2€1€2)
= x1x2 +y1y2(ejez)eer)

+(x1y2 + X2)1)€1€2

(4.78)

This closure can be observed after calculation of the square of the unit bivector above, a
quantity

(e1 A 62)2 = ejepeje; = —ejejexer = —1 4.79)

that has the characteristics of the complex number i = —1.
This fact allows the simplification of the product above to

217y = (x1x2 —y1y2) + (x1y2 + x2y1)(€1 A €2) (4.80)

Thus what is traditionally the defining, and arguably arbitrary seeming, rule of complex num-
ber multiplication, is found to follow naturally from the higher order structure of the geometric
product, once that is applied to a two dimensional vector space.

It is also informative to examine how the length of a vector can be represented in terms of a
complex number. Taking the square of the length

P-P = (xe; +yey)- (xe; + yey)
= (e12)e1Z
= ((x—yejex)e)e Z
=(x—-yler Aey))Z

(4.81)

This right multiplication of a vector with ey, is named the conjugate

Z=x-y(e; Ney) (4.82)



4.2 SOME PROPERTIES AND EXAMPLES

And with that definition, the length of the original vector can be expressed as

P.P=277 (4.83)
This is also a natural definition of the length of a complex number, given the fact that the

complex numbers can be considered an isomorphism with the two dimensional Euclidean vector
space.

4.2.14  Rotation in an arbitrarily oriented plane

A point P, of radius r, located at an angle 8 from the vector 1 in the direction from u to v, can
be expressed as

a(@ A v) (mAv)

P = r(icos 6 + ———— sin ) = rli(cos § + ———— sin 6) (4.84)
llaca A vl l[a(u A V)|
Writing Iy y = WA/\VV)”’ the square of this bivector has the property Iu,v2 = —1 of the imaginary

unit complex number.
This allows the point to be specified as a complex exponential

= 0r(cos 0 + Iy y sin 0) = trexp(Iyv6) (4.85)

Complex numbers could be expressed in terms of the IR?unit bivector e; A e;. However this
isomorphism really only requires a pair of linearly independent vectors in a plane (of arbitrary
dimension).

4.2.15 Quaternions
Similar to complex numbers the geometric product of two R3 vectors can be used to define

quaternions. Pre and Post multiplication with e;e;e3 can be used to express a vector in terms of
the quaternion unit numbers i, j, k, as well as describe all the properties of those numbers.

4.2.16  Cross product as outer product

Cross product can be written as a scaled outer product

axb =—i(aAb) (4.86)
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2 2
i” = (erexe3)

€1€€e3€1€2€3

—e1ere1e3e2e3 (4 87)

€1€1€2€3€2€3

—€3€2€,€3
-1

The equivalence of the IR? cross product and the wedge product expression above can be
confirmed by direct multiplication of —i = —e;e,e3 with a determinant expansion of the wedge
product

UAvV = Z (M,'Vj - viuj)ei ANej= Z (u,-vj — viuj)eiej (4.88)

I<=i<j<=3 l<=i<j<=3



CRAMER’S RULE

5.1 CRAMER’S RULE, DETERMINANTS, AND MATRIX INVERSION CAN BE NATURALLY EX-
PRESSED IN TERMS OF THE WEDGE PRODUCT

The use of the wedge product in the solution of linear equations can be quite useful.

This does not require any notion of geometric algebra, only an exterior product and the con-
cept of similar elements, and a nice example of such a treatment can be found in Solution of
Linear equations section of [2].

Traditionally, instead of using the wedge product, Cramer’s rule is usually presented as a
generic algorithm that can be used to solve linear equations of the form Ax = b (or equivalently
to invert a matrix). Namely

1

= a2 (5.1)

X

This is a useful theoretic result. For numerical problems row reduction with pivots and other
methods are more stable and efficient.

When the wedge product is coupled with the Clifford product and put into a natural geometric
context, the fact that the determinants are used in the expression of R" parallelogram area and
parallelepiped volumes (and higher dimensional generalizations of these) also comes as a nice
side effect.

As is also shown below, results such as Cramer’s rule also follow directly from the property
of the wedge product that it selects non identical elements. The end result is then simple enough
that it could be derived easily if required instead of having to remember or look up a rule.

5.1.1 Two variables example

=ax+by=c (5.2)

[a o]|

Pre and post multiplying by a and b.

(ax+by)Ab=(@Ab)x=cAb (5.3)
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an(ax+by)=(aAb)y=aAc (5.4)

Provided a A b # O the solution is

1 A
x| _ cAb (5.5)
y anb anc
For a,b € IR2, this is Cramer’s rule since the e; A e, factors of the wedge products
u/\v:u1 261/\62 (5.6)
1% B %)
divide out.
Similarly, for three, or N variables, the same ideas hold
X
la b c||y|=4d (5.7)
Z
X dAbAc
S 5.8
Y= aabrel|ardAc (5.8)
Z anbAd

Again, for the three variable three equation case this is Cramer’s rule since the e; A e; A e3
factors of all the wedge products divide out, leaving the familiar determinants.

5.1.2 A numeric example
When there are more equations than variables case, if the equations have a solution, each of the

k-vector quotients will be scalars
To illustrate here is the solution of a simple example with three equations and two unknowns.

1 1 1
Hx+|1]y=|1 (5.9)
0 1 2



5.1 CRAMER’S RULE, DETERMINANTS, AND MATRIX INVERSION CAN BE NATURALLY EXPRESSED IN TERMS OF THE WEDGE PRODU(

The right wedge product with (1, 1, 1) solves for x

1| [ 1l |1
tUalilx=]1A]1 (5.10)

0 1 2 1

and a left wedge product with (1, 1, 0) solves for y

1 1 1 1
ATy =]1|A]1 (5.11)
0 1 0 2

Observe that both of these equations have the same factor, so one can compute this only once
(if this was zero it would indicate the system of equations has no solution).
Collection of results for x and y yields a Cramer’s rule like form (writing €; A €; = €;)):

= [_1} (5.12)
2

x| 1 (L L2)A(,1,1) _ 1 —€13 — €23
y| (LLOAMLD(1,1,00A(1,1,2)

€13+ €23 2eq3 + 2ex3






TORQUE

Torque is generally defined as the magnitude of the perpendicular force component times dis-
tance, or work per unit angle.

Suppose a circular path in an arbitrary plane containing orthonormal vectors @ and V is
parametrized by angle.

r = r(icos @+ vsin6) = rii(cos 6 + GV sin 6) (6.1)

By designating the unit bivector of this plane as the imaginary number

izav=0aA" (6.2)

iZ=-1 (6.3)

this path vector can be conveniently written in complex exponential form

r = ritel? (6.4)

and the derivative with respect to angle is

dr .
— = rie? =

T ri (6.5)

So the torque, the rate of change of work W, due to a force F, is

aw dr
T:—:F'—:F‘ri 66
70 70 (ri) (6.6)
Unlike the cross product description of torque, T = r X F no vector in a normal direction
had to be introduced, a normal that does not exist in two dimensions or in greater than three
dimensions. The unit bivector describes the plane and the orientation of the rotation, and the

sense of the rotation is relative to the angle between the vectors @t and V.
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TORQUE

6.1 EXPANDING THE RESULT IN TERMS OF COMPONENTS

At a glance this does not appear much like the familiar torque as a determinant or cross product,
but this can be expanded to demonstrate its equivalence. Note that the cross product is hiding
there in the bivector i = @ A V. Expanding the position vector in terms of the planar unit vectors

ri = (r,a+r¥)av=r,9-ria (6.7)
and expanding the force by components in the same direction plus the possible perpendicular
remainder term

F:Fuﬁ+Fv€,+FJ_ﬁ’€7 (68)

and then taking dot products yields is the torque

t=F-(ri) = r,F\, - nF, (6.9)

This determinant may be familiar from derivations with @ = e;, and ¥ = e, (See the Feynman
lectures Volume I for example).

6.2 GEOMETRICAL DESCRIPTION

When the magnitude of the "rotational arm" is factored out, the torque can be written as

= F- (ri) = |r|(F - (#)) (6.10)

The vector Fi is the unit vector perpendicular to the r. Thus the torque can also be described
as the product of the magnitude of the rotational arm times the component of the force that is
in the direction of the rotation (ie: the work done rotating something depends on length of the
lever, and the size of the useful part of the force pushing on it).

6.3 SLIGHT GENERALIZATION. APPLICATION OF THE FORCE TO A LEVER NOT IN THE PLANE

If the rotational arm that the force is applied to is not in the plane of rotation then only the
components of the lever arm direction and the component of the force that are in the plane will
contribute to the work done. The calculation above was general with respect to the direction



6.4 EXPRESSING TORQUE AS A BIVECTOR

of the force, so to generalize it for an arbitrarily oriented lever arm, the quantity r needs to be
replaced by the projection of r onto the plane of rotation.
That component in the plane (bivector) i can be described with the geometric product nicely

1
ri =(r-i)- = —(r-ii (6.11)
i
Thus, the vector with this magnitude that is perpendicular to this in the plane of the rotation
is
rji = —(r- )i’ = (r-i) (6.12)

So, the most general for torque for rotation constrained to the plane i is:

t=F-(r-i (6.13)

This makes sense when once considers that only the dot product part of ri = r-i+rAi
contributes to the component of r in the plane, and when the lever is in the rotational plane this
wedge product component of ri is zero.

6.4 EXPRESSING TORQUE AS A BIVECTOR

The general expression for torque for a rotation constrained to a plane has been found to be:

T=F-(r-i (6.14)

We have an expectation that torque should have a form similar to the traditional vector torque

T=rxF=-i3(rAF) (6.15)

Note that here i3 = ejeyes is the unit pseudoscalar for R3, not the unit bivector for the
rotational plane. We should be able to express torque in a form related to r A F, but modified in
a fashion that results in a scalar value.

When the rotation is not constrained to a specific plane the motion will be in

. FATY 6.16)
i=— .
EAL] ’
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56 TORQUE
The lever arm component in this plane is

1
r-i:E(ri—ir)

= W(r(f'/\r’) —(®AT)r) (6.17)

r(f Ar))

e Al

So the torque in this natural plane of rotation is

7=F-(r-i

— F-(x(fATY))
lIE A x| ( )

= F A/\ / ,/\A F 618
ey FTEA)FE ADE) (19

1 o1 .
= 5 (Fri+ (Fri)") = 5 rF + (irF)")
= (irF),

The torque is the scalar part of i(rF).

= -F+rAF), (6.19)

Since the bivector scalar product i(r - F) here contributes only a bivector part the scalar part
comes only from the i(r A F) component, and one can write the torque in a fashion that is very
similar to the vector cross product torque. Here is both for comparison

T=3{r AF)) 6.20)
T=-is(r AF) '

Note again that i here is the unit bivector for the plane of rotation and not the unit 3D pseu-
doscalar is.

6.5 PLANE COMMON TO FORCE AND VECTOR

Physical intuition provides one further way to express this. Namely, the unit bivector for the
rotational plane should also be in the plane common to F and r

jo_fAr 6.21)
“(F A1)



6.6 TORQUE AS A BIVECTOR

So the torque is

1

= ——((FAD)(rAF)

’ V-(F A1) ’
1

— _FADEAF

V=(F A T)

—(r AF)?

V=(r AF)
= \/=(r AF)?
= e AF|

Above the (- - )¢ could be dropped because the quantity has only a scalar part. The fact that
the sign of the square root can be either plus or minus follows from the fact that the orientation
of the unit bivector in the r, F plane has two possibilities. The positive root selection here is due
to the orientation picked for i.

For comparison, this can also be expressed with the cross product:

= vV-((r x P)i3)(i3(r x F))

= [jr < F||

= |7l

)

35

(6.22)

(6.23)

6.6 TORQUE AS A BIVECTOR

It is natural to drop the magnitude in the torque expression and name the bivector quantity

rAF (6.24)

This defines both the plane of rotation (when that rotation is unconstrained) and the orienta-
tion of the rotation, since inverting either the force or the arm position will invert the rotational
direction.

When examining the general equations for motion of a particle of fixed mass we will see this
quantity again related to the non-radial component of that particles acceleration. Thus we define
a torque bivector

7=rAF (6.25)
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The magnitude of this bivector is our scalar torque, the rate of change of work on the object
with respect to the angle of rotation.



DERIVATIVES OF A UNIT VECTOR

7.1 FIRST DERIVATIVE OF A UNIT VECTOR
7.1.1  Expressed with the cross product
It can be shown that a unit vector derivative can be expressed using the cross product. Two cross

product operations are required to get the result back into the plane of the rotation, since a unit
vector is constrained to circular (really perpendicular to itself) motion.

dfr 1 dr R 1 dr) |
— |5 = =5 |rx 5 |xr=|fx ——|x# (7.1)
dr \||r| (x| dt IIrl| dt

This derivative is the rejective component of % with respect to £, but is scaled by 1/||r]|.
How to calculate this result can be found in other places, such as [27].

7.2 EQUIVALENT RESULT UTILIZING THE GEOMETRIC PRODUCT

The equivalent geometric product result can be obtained by calculating the derivative of a vector
r = rf.

dr dt  dr
b il 7.2
a ~ar (7:2)
7.2.1 Taking dot products

One trick is required first (as was also the case in the Salus and Hille derivation), which is
expressing % via the dot product.

dir) __ dr
=2r—
dt dt (7.3)
dir-r) or dr '
e dt
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Thus,
dr dr
—=f.-— 7.4
dt r dt (74)

Taking dot products of the derivative above yields

cdr_ o db
ar " ar dt
dt dr
L 7.5
“u T ar (7.5)
_ b
Tt dt
dt
= r-—=0 7.6
r 7 (7.6)

One could alternatively prove this with a diagram.

7.2.2 Taking wedge products

As in linear equation solution, the  component can be eliminated by taking a wedge product

=TA— (7.7)
dar dr
dt dt

This allows expression of % in terms of % in various ways (compare to the cross product
results above)

a1
dt r dt
1 dr
= —7F|tA— 7.8
||r||'r(r dz) (7.8)

B 1 (dr P dr)
el \ e dt



7.2 EQUIVALENT RESULT UTILIZING THE GEOMETRIC PRODUCT 61

1 dr

Thus this derivative is the component of el dr

in the direction perpendicular to r.

7.2.3 Another view

When the objective is not comparing to the cross product, it is also notable that this unit vector
derivative can be written

dr dr
— =FfA— 7.9
rdt r dt (7.9)






RADIAL COMPONENTS OF VECTOR DERIVATIVES

8.1 FIRST DERIVATIVE OF A RADIALLY EXPRESSED VECTOR

Having calculated the derivative of a unit vector, the total derivative of a radially expressed
vector can be calculated

) = 't +rt’
Fa L Al A v (8.1)
=rt+t(EAr)

There are two components. One is in the f direction (linear component) and the other perpen-
dicular to that (a rotational component) in the direction of the rejection of £ from r’.

8.2 SECOND DERIVATIVE OF A VECTOR

Taking second derivatives of a radially expressed vector, we have

) = ('t +ri’)
=r't+ ¢ + (it (8.2)
="t + (' /DREATY) + ()

Expanding the last term takes a bit more work

(rt) = (R(E A Y)Y
=VEAY)+RE AY)+REAT)
=(1/nNEEAY)EAT)+E® AT)+EEAT)
= (1/NEEAY) + 2@ AT)+EERATY)

(8.3)
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64 RADIAL COMPONENTS OF VECTOR DERIVATIVES

There are three terms to this. One a scalar (negative) multiple of £, and another, the rejection
of # from r”’. The middle term here remains to be expanded. In particular,

4

PAY = AGE +FT)
=r¥ AP
= 2 F - B
/2 ) (8.4)
= J21((F A B)RE — BR(E A T))
=/ [2r(d AR - AT)
=—{'/NEAY
— () = (1/PRE AT = (F [ORGE AT + BE AT (8.5)
— ) = R+ POREAT) (1 PDRE AT = (F [PDREAT) +EE AT
=P+ (1PNRE AT +RE AT (8.6)

= (" + (/@A) +R(EAT)

There are two terms here that are in the £ direction (the bivector square is a negative scalar),
and one rejective term in the direction of the component perpendicular to f relative to r”’.



ROTATIONAL DYNAMICS

9.1 GA INTRODUCTION OF ANGULAR VELOCITY

By taking the first derivative of a radially expressed vector we have the velocity

V=rt+fEAY) =P, +FAYV) (9.1)
Or,

ftv=v,+f AV (9.2)

tv=v,+(1/NrAv 9.3)

Put this way, the earlier calculus exercise to derive this seems a bit silly, since it is probably
clear thatv, = - v.
Anyways, let us work with velocity expressed this way in a few ways.

9.1.1 Speed in terms of linear and rotational components
V2 = v2 + (B(F A V))? (9.4)
And,

®E A V)2 = (vADREE A V)
= (VAREAY)

v (9.5)
= [f AV
= V=V +[EAVP
(9.6)

=2+ AV

65



66 ROTATIONAL DYNAMICS

So, we can assign a physical significance to the bivector.

B AV = vl 9.7)

The bivector |f A v| has the magnitude of the non-radial component of the velocity. This
equals the magnitude of the component of the velocity perpendicular to its radial component
(ie: the angular component of the velocity).

9.1.2 angular velocity. Prep

Because |t A v]| is the non-radial velocity component, for small angles v, /r will equal the angle
between the vector and its displacement.

This allows for the calculation of the rate of change of that angle with time, what it called the
scalar angular velocity (dimensions are 1/ not x/¢). This can be done by taking the sin as the
ratio of the length of the non-radial component of the delta to the length of the displaced vector.

. [E(F A dr)|
djg = ——= 9.8
- Ir + dr]| ©-8)
With dr = %dt = vdt, the angular velocity is
indf = £(f A v)dt
sin r— [B(E A v)dt|
= |(® A v)di
[r + vdt| 9.9)
sindf 1 B AV '
dt] |+ vdi|
=——IrA
vt Y

In the limit, taking dt > 0, this is

w=—=—=[rAV| (9.10)
r



9.1 GA INTRODUCTION OF ANGULAR VELOCITY

9.1.3 angular velocity. Summarizing

Here is a summary of calculations so far involving the r A v bivector

N

r
V=f'v,+|—(r/\v)

r|
it t

— =—=([AYV)
dt r?

) (9.11)

vil==lrAv|
||

= do _ r Av|
dt 2

It makes sense to give the bivector a name. Given its magnitude the angular velocity bivector
w is designated

rAv

w =

> (9.12)

So the linear and rotational components of the velocity can thus be expressed in terms of this,
as can our unit vector derivative, scalar angular velocity, and perpendicular velocity magnitude:

do
w=— =0l
vV="1v,+rw
=P, + rw) (9.13)
di
E =Tw
vil = rlwl

This is similar to the vector angular velocity (w = (r X v)/r?), but instead of lying perpendic-
ular to the plane of rotation, it defines the plane of rotation (for a vector a, a A w is zero if the
vector is in the plane and non-zero if the vector has a component outside of the plane).

9.1.4  Explicit perpendicular unit vector

If one introduces a unit vector  in the direction of rejection of r from dr, the total velocity takes
the symmetrical form

vV = v, I+ rwl

_dr,, do, 9.14)
= Er+ra
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9.1.5 acceleration in terms of angular velocity bivector

Taking derivatives of velocity, one can with a bit of work, express acceleration in terms of radial
and non-radial components

a=(fv, +rw)

v, + 8V +rw+ro’
T , (9.15)
=fwv, + v, +1r'w + rw

= fwv, + ta, + vo + ro’
But,

o = ((1/r)(x AV
(=2/PW @ AV)+(1/rP)(VAV+TAa) (9.16)
—Q2/rv,w + (1/r)(r A a)

So,

a = fa, —twv, + vw + £(f A a)
=fa, — (V-rw)w + vw + t(f A a)
9.17)

fa, + rw’ + £ A a)

#(a, + r?) + £ A a)

2

Note that w? is a negative scalar, so as normal writing llwl*> = —w?, we have acceleration in

a fashion similar to the traditional cross product form:

a 2 aAra
a=r(a,—rjlw +r(rAa

(ar =]l IIZ) (t Aa) ©.18)
= f(a, — rllwl” + £ A a)

In the traditional representation, this last term, the non-radial acceleration component, is often
expressed as a derivative.
In terms of the wedge product, this can be done by noting that

(rAv) =vAvV+rAa=rAa (9.19)



9.1 GA INTRODUCTION OF ANGULAR VELOCITY

N 2 r
a = t(a, — rllwll”) + ﬁ(r AV))

b, - rl) + 14T o
= t(a, — rl|lw -
" r dt
Expressed in terms of force (for constant mass) this is
F = ma
1 d(mr?w)
N 2
= r + -
t(ma,) + (mr)w - dr (9.21)
1 d(mr?
_F, + (mrje? + LT 9)
r dt
Alternately, the non-radial term can be expressed in terms of torque
t(f A a) = &(f A ma)
= 2@ AF)
,
1 (9.22)
=—(rAF
r
1
= -7
r

Thus the torque bivector, which in magnitude was the angular derivative of the work done by

the force ||7|| = 7 = cg_v;/ =F- g—g is also expressible as a time derivative

= d(mr*w)
o dt
_d(mr A V)
o dt
_d(r Amv)
S dr
_d(rAp)
S dr

(9.23)

This bivector mr’w = r A p is called the angular momentum, designated J. It is related to the

total momentum as follows

p=FfFE-p)+ ;J (9.24)
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So the total force is

F=F, + mro® + 1d) (9.25)
r dt

Observe that for a purely radial (ie: central) force, we must have % = 0 so, the angular

momentum must be constant.

9.1.6  Kepler’s laws example

This follows the [27] treatment, modified for the GA notation.
Consider the gravitational force

M
ma = ~Goo-
I
) P ¢ (9.26)
a= _GMr_2 = —pﬁ
Or,
'y 1dv
3 = _;E (9.27)
The unit vector derivative is
dar t
— =—(tA
dt r(r v)
B
C2m
1 dv (9.28)
C mp dt
d(—-Lv])

The last because J, m, and p are all constant.

Before continuing, let us examine this funny vector bivector product term. In general a vector
bivector product will have vector and trivector parts, but the differential equation implies that
this is a vector. Let us confirm this

vJ = v(r A mv)
= (mvH)¥(r A V) (9.29)

= —(mvz)V(V AT)
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So, this is in fact a vector, it is the rejective component of r from the direction of ¥ scaled by
—mv?. We can also calculate the product Jv from this:

v] = —(mv)¥F AT)

= —(mv*)(r A9V

(9.30)
= —(r Amv)v
=-Jv
This antisymetrical result vJ = —Jv is actually the defining property of the vector bivector

“dot product” (unlike the vector dot product which is the symmetrical parts). This vector bivector
dot product selects the vector component, leaving the trivector part. Since v lies completely in
the plane of the angular velocity bivector v A J = 0 in this case.

Anyways, back to the problem, integrating with respect to time, and introducing a vector
integration constant e we have

1
f+—v]=e (9.31)
mp
Multiplying by r

1
r+ —rvJ =re
X e (9.32)
r+—2(r-p+J)J:r-e+r/\e
m-p

This results in three equations, one for each of the scalar, vector, and bivector parts

J2
r+——=r-e
m2p
L rwI=0 (9.33)
rhne=0

The first of these equations is the result from Salas and Hille (integration constant differs in
sign though).

L e (9.34)
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9.1.7 Circular motion

For circular motion v, = a, = 0, so:

V=ro (9.35)

v2
a:f‘(——+f'/\a) (9.36)
r

For constant circular motion:

|
|
H

a=vw+ro
= vw +r(0)
2 (9.37)
=r(w)
= —rlw
ie: the &(f A a) term is zero... all acceleration is inwards.
Can also expand this in terms of r and v:
a=r(w)’
1 \2
A
r
. 11
=-r(v-—-v
rr (9.38)



BIVECTOR GEOMETRY

10.1 MOTIVATION

Consider the derivative of a vector parametrized bivector square such as

4 nkr [ dx
ﬁ(’“\k) _(d/lAk)(XAk)+(XAk)(d/lAk) (10.1)

where Kk is constant. In this case, the left hand side is a scalar so the right hand side, this
symmetric product of bivectors must also be a scalar. In the more general case, do we have any
reason to assume a symmetric bivector product is a scalar as is the case for the symmetric vector
product?

Here this question is considered, and examination of products of intersecting bivectors is
examined. We take intersecting bivectors to mean that there a common vector (k above) can
be factored from both of the two bivectors, leaving a vector remainder. Since all non copla-
nar bivectors in R? intersect this examination will cover the important special case of three
dimensional plane geometry.

A result of this examination is that many of the concepts familiar from vector geometry such
as orthogonality, projection, and rejection will have direct bivector equivalents.

General bivector geometry, in spaces where non-coplanar bivectors do not necessarily inter-
sect (such as in IR*) is also considered. Some of the results require plane intersection, or become
simpler in such circumstances. This will be pointed out when appropriate.

10.2 COMPONENTS OF GRADE TWO MULTIVECTOR PRODUCT

The geometric product of two bivectors can be written:

AB = (AB), + (AB), + (AB), = A -B + (AB), + AAB (10.2)

BA = (BA), + (BA), + (BA), =B-A + (BA), + BA A (10.3)

Because we have three terms involved, unlike the vector dot and wedge product we cannot
generally separate these terms by symmetric and antisymmetric parts. However forming those
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sums will still worthwhile, especially for the case of intersecting bivectors since the last term
will be zero in that case.

10.2.1  Sign change of each grade term with commutation

Starting with the last term we can first observe that

AAB=BAA (10.4)

To show thislet A =aAb,and B=cAd. When
A AB # 0, one can write:

AAB=aAbAcAd
=-bAcAdAa
(10.5)
=cAdAaAb

=BAA

To see how the signs of the remaining two terms vary with commutation form:

A+B?=(A+B)A+B
( ) (2 )2( ) (10.6)
=A“+B“+AB +BA

When A and B intersect we can write A = a A X, and B = b A x, thus the sum is a bivector

(A+B)=(a+b)Ax (10.7)

And so, the square of the two is a scalar. When A and B have only non intersecting compo-
nents, such as the grade two R* multivector e, + €34, the square of this sum will have both
grade four and scalar parts.

Since the LHS = RHS, and the grades of the two also must be the same. This implies that the
quantity

AB+BA=A-B+B-A+(AB), + (BA) +AAB+BAA (10.8)

is a scalar &< A + B is a bivector, and in general has scalar and grade four terms. Because
this symmetric sum has no grade two terms, regardless of whether A, and B intersect, we have:

(AB), + (BA), = 0 (10.9)



10.2 COMPONENTS OF GRADE TWO MULTIVECTOR PRODUCT

= (AB), = —(BA), (10.10)

One would intuitively expect A - B = B - A. This can be demonstrated by forming the com-
plete symmetric sum

AB+BA=A-B+B-A+(AB); +(BA) +AAB+BAA
=A-B+B-A+(AB), —-(AB) +AAB+AAB (10.11)
=A-B+B-A+2AAB

The LHS commutes with interchange of A and B, as does A A B. So for the RHS to also
commute, the remaining grade O term must also:

A-B=B-A (10.12)

10.2.2  Dot, wedge and grade two terms of bivector product

Collecting the results of the previous section and substituting back into eq. (10.2) we have:

A-B-= <M> (10.13)
2 0
AB-BA
<ABh=-—j;—— (10.14)
AB +BA
AAB= <;> (10.15)
2 4

When these intersect in a line the wedge term is zero, so for that special case we can write:

AB = AB + BA
2
AB - BA
<AB>2:T
AAB=0

(note that this is always the case for IR?).
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10.3 INTERSECTION OF PLANES

Starting with two planes specified parametrically, each in terms of two direction vectors and a
point on the plane:

X=p+au+pv (10.16)
y=q+aw+bz '

If these intersect then all points on the line must satisfy x =y, so the solution requires:

p+au+pv=q+aw+bz (10.17)

— (P+au+pLVYAWAZ=(Q+aW+DZ)AWAZ=QAWALZ (10.18)

Rearranging for 5, and writing B = w A z:

_qAB-(pt+au)AB
B vAB

B (10.19)
Note that when the solution exists the left vs right order of the division by v A B should not
matter since the numerator will be proportional to this bivector (or else the 5 would not be a
scalar).
Substitution of 8 back into x = p + au + Sv (all points in the first plane) gives you a parametric
equation for a line:

1
+ av X B((v AB)u—(uAB)v) (10.20)

Where a point on the line is:

+(q;£)I;\BV (10.21)

And a direction vector for the line is:

1
vAB

(vAB)u—-(uAB)v) (10.22)



10.3 INTERSECTION OF PLANES

o« (vAB)Yu— (vAB)(uAB)v (10.23)

Now, this result is only valid if v A B # 0 (ie: line of intersection is not directed along v), but
if that is the case the second form will be zero. Thus we can add the results (or any non-zero
linear combination of) allowing for either of u, or v to be directed along the line of intersection:

a ((v AB)?u— (vAB)u A B)v) +b ((u AB)2v—(uAB)(V A B)u) (10.24)

Alternately, one could formulate this in terms of A = u A v, w, and z. Is there a more sym-
metrical form for this direction vector?

10.3.1  Vector along line of intersection in R?

For R? one can solve the intersection problem using the normals to the planes. For simplicity
put the origin on the line of intersection (and all planes through a common point in R? have at
least a line of intersection). In this case, for bivectors A and B, normals to those planes are iA,
and /B respectively. The plane through both of those normals is:

(iA)@B) - (iB)(iA)  BA-AB

(IA)A(B) = 7 3 = (BA), (10.25)
The normal to this plane
i(BA), (10.26)

is directed along the line of intersection. This result is more appealing than the general RV
result of eq. (10.24), not just because it is simpler, but also because it is a function of only the
bivectors for the planes, without a requirement to find or calculate two specific independent
direction vectors in one of the planes.

10.3.2  Applying this result to RN

If you reject the component of A from B for two intersecting bivectors:

Reiy(B) = 1 (AB), (10.27)
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the line of intersection remains the same ... that operation rotates B so that the two are mu-
tually perpendicular. This essentially reduces the problem to that of the three dimensional case,
so the solution has to be of the same form... you just need to calculate a “pseudoscalar” (what
you are calling the join), for the subspace spanned by the two bivectors.

That can be computed by taking any direction vector that is on one plane, but is not in the
second. For example, pick a vector u in the plane A that is not on the intersection of A and B.
In mathese that is u = %(A -u) (oru A A = 0), where u A B # 0. Thus a pseudoscalar for this
subspace is:

. uAB
i= u A B (10.28)

To calculate the direction vector along the intersection we do not care about the scaling above.
Also note that provided u has a component in the plane A, u - A is also in the plane (it is rotated
n/2 from 1 (A - u).

Thus, provided that u - A is not on the intersection, a scaled “pseudoscalar” for the subspace
can be calculated by taking from any vector u with a component in the plane A:

i (u-A)AB (10.29)

Thus a vector along the intersection is:

d=((u-A)AB)XAB), (10.30)

Interchange of A and B in either the trivector or bivector terms above would also work.
Without showing the steps one can write the complete parametric solution of the line through
the planes of equations eq. (10.16) in terms of this direction vector:

x:p+(%)(d-A)+ad (10.31)
Since (d-A) # 0 and (d-A) AB # 0 (unless A and B are coplanar), observe that this is a
natural generator of the pseudoscalar for the subspace, and as such shows up in the expression
above.
Also observe the non-coincidental similarity of the q — p term to Cramer’s rule (a ration of
determinants).



10.4 cOMPONENTS OF A GRADE TWO MULTIVECTOR

10.4 COMPONENTS OF A GRADE TWO MULTIVECTOR

The procedure to calculate projections and rejections of planes onto planes is similar to a vector
projection onto a space.

To arrive at that result we can consider the product of a grade two multivector A with a
bivector B and its inverse ( the restriction that B be a bivector, a grade two multivector that can
be written as a wedge product of two vectors, is required for general invertability).

1 1 1
“A- %
1 1 1 (10.32)
(), o)) (o), e
B B/, /, B/,

+(A ) A/\lB +A/\l/\B
B /, B

Since % = _BLF’ this implies that the 6-grade term A A % A B is zero. Since the LHS has
grade 2, this implies that the 0-grade and 4-grade terms are zero (also independently implies
that the 6-grade term is zero). This leaves:

1 1 1
A =A-§B +<<A§>2B>2+(AA E)B (10.33)

This could be written somewhat more symmetrically as

PR

(10.34)
= A1B+A1 B+A1 B
B B B/, By [,
This is also a more direct way to derive the result in retrospect.
Looking at eq. (10.33) we have three terms. The first is
1
A-—B (10.35)
B

This is the component of A that lies in the plane B (the projection of A onto B).
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The next is

1
A<)B (10.36)
(5]5),

If B and A have any intersecting components, this is the components of A from the intersec-
tion that are perpendicular to B with respect to the bivector dot product. ie: This is the rejective

term.
And finally,

1
(A/\ E)B (10.37)

This is the remainder, the non-projective and non-coplanar terms. Greater than three dimen-
sions is required to generate such a term. Example:

A=ep+exstey (10.38)
., R

Product terms for these are:

A-B=1
(AB), = ey (10.39)
AAB = e

The decomposition is thus:

= (1 +ex4 +e1234)€43 (10.40)

1
A=(A-B+(AB), +AAB) &

10.4.1  Closer look at the grade two term

The grade two term of eq. (10.36) can be expanded using its antisymmetric bivector product

representation

1 ({1 1

A— =-|Az -=-A|B

A
1 A 1AB (10.41)
S 2 B '
1 | N
=—-|A-<AB
2



10.4 cOMPONENTS OF A GRADE TWO MULTIVECTOR

Observe here one can restrict the examination to the case where B is a unit bivector without
loss of generality.

1 1
<A¥>2i = 5 (A +iAi)

(10.42)
- LA
= 3 (a-iai)
The second term is a rotation in the plane i, by 180 degrees:
i'Ai = e 2A"? (10.43)

So, any components of A that are completely in the plane cancel out (ie: the A - %i compo-
nent).
Also, if (Ai), # 0 then those components of Ai commute so

<A - i*Ai> L= (A - (iTAi) \
= (A), - (iT iA)4
=(A) —(A)
=0

(10.44)

This implies that we have only grade two terms, and the final grade selection in eq. (10.36)
can be dropped:

(i

It is also possible to write this in a few alternate variations which are useful to list explicitly
so that one can recognize them in other contexts:

(%3],

S
|
w| —
>
=

>
+
==
>
=

(10.46)

N~ N = N~

1 Il
2w

> >

- ~—
>
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10.4.2  Projection and Rejection

Equation (10.45) can be substituted back into eq. (10.33) yielding:

1 1 1
A=A B A=)B+|AA=|-B 10.47
B +< B>2 +( B) ( )

Now, for the special case where A A B = 0 (all bivector components of the grade two multi-
vector A have a common vector with bivector B) we can write

1 1
A=A -B+(A-)B
(v,

| | (10.48)
=B—--A+B(-A
5 ),
This is
A = Projz(A) + Rejg(A) (10.49)
It is worth verifying that these two terms are orthogonal (with respect to the grade two vector
dot product)
Projg(A) - Rejg(A) = (Projg(A) Rejg(A))
B B /,
1
= —((AB +BA)(BA - AB
182 (( X ) (10.50)

1
= E(ABBA — ABAB + BABA - BAAB)

1
= —(~ABAB + BABA)
4B2

Since we have introduced the restriction A A B # 0, we can use the dot product to reorder
product terms:

AB=-BA +2A-B (10.51)

This can be used to reduce the grade zero term above:

(BABA — ABAB) = (BA(-AB + 2A - B) — (-BA + 2A - B)AB)
+2(A - B)(BA — AB)
+4(A - B){((BA),)

=0

(10.52)



10.4 cOMPONENTS OF A GRADE TWO MULTIVECTOR

This proves orthogonality as expected.

10.4.3  Grade two term as a generator of rotations

Figure 10.1: Bivector rejection. Perpendicular component of plane

Figure 10.1 illustrates how the grade 2 component of the bivector product acts as a rotation
in the rejection operation.

Provided that A and B are not coplanar, (AB), is a plane mutually perpendicular to both.

Given two mutually perpendicular unit bivectors A and B, we can in fact write:

B = A(BA), (10.53)

B = (AB)A (10.54)

Compare this to a unit bivector for two mutually perpendicular vectors:

b =aaAb) (10.55)

b=(bAa)a (10.56)
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In both cases, the unit bivector functions as an imaginary number, applying a rotation of /2
rotating one of the perpendicular entities onto the other.

As with vectors one can split the rotation of the unit bivector into half angle left and right
rotations. For example, for the same mutually perpendicular pair of bivectors one can write

B = A(BA),
— AeBART/2

— ~(BART/4 A (BAYT/4 (10.57)
1 1

=|—(- BA)) A (—(1 + BA))

( V2 V2

Direct multiplication can be used to verify that this does in fact produce the desired result.
In general, writing

- (BA),

= 10.58
(BA),| (10.58)

the rotation of plane B towards A by angle 6 can be expressed with either a single sided full
angle

Rg.aoB(A) = Ae’

N (10.59)
or double sided the half angle rotor formulas:
Roasp(A) = e 927692 = RTAR (10.60)
Where:
R = 92
= cos(6/2) + (BA) sin(6/2) (10.61)

[(BA),|

As with half angle rotors applied to vectors, there are two possible orientations to rotate.
Here the orientation of the rotation is such that the angle is measured along the minimal arc
between the two, where the angle between the two is in the range (0, ) as opposed to the (i, 27)
rotational direction.



10.4 cOMPONENTS OF A GRADE TWO MULTIVECTOR

10.4.4  Angle between two intersecting planes

Worth pointing out for comparison to the vector result, one can use the bivector dot product to
calculate the angle between two intersecting planes. This angle of separation 6 between the two
can be expressed using the exponential:

. L B

B = Ael®an] (10.62)
o ®BAY o

_—_— —AB = e|<BA>2| (1063)

Taking the grade zero terms of both sides we have:

. BA)

_<AB> = <el<“A>2| > (10.64)
A-B

- 005(0) = —m (10.65)

The sine can be obtained by selecting the grade two terms

cov (BA), |

—<AB>2 = (BAL sin(6) (10.66)
- (BA),|

== sin(f) = —|A||B| (10.67)

Note that the strictly positive sine result here is consistent with the fact that the angle is being
measured such that it is in the (0, 7r) range.

10.4.5 Rotation of an arbitrarily oriented plane

As stated in a few of the GA books the rotor equation is a rotation representation that works
for all grade vectors. Let us verify this for the bivector case. Given a plane through the origin
spanned by two direction vectors and rotated about the origin in a plane specified by unit mag-
nitude rotor R, the rotated plane will be specified by the wedge of the rotations applied to the
two direction vectors. Let

A=uAv (10.68)
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Then,

R(A) = R(u) A R(V)
= (R'uR) A (RTVR)

1
= 5(RTuRRTvR ~R'VRR'uR)

1
= 5(RTuvR —R'vuR) (10.69)
uv —vu
=R’ R
2
=R'uAvR
=R'AR

Observe that with this half angle double sided rotation equation, any component of A in
the plane of rotation, or any component that does not intersect the plane of rotation, will be
unchanged by the rotor since it will commute with it. In those cases the opposing sign half
angle rotations will cancel out. Only the components of the plane that are perpendicular to the
rotational plane will be changed by this rotation operation.

10.5 A COUPLE OF REDUCTION FORMULA EQUIVALENTS FROM IR3 VECTOR GEOMETRY

The reduction of the IR? dot of cross products to dot products can be naturally derived using
GA arguments. Writing i as the IR® pseudoscalar we have:

anb cAd
I i
1 aAbcAd+cAdaAb)

(axb)-(exd)

[\

i i i i (10.70)

_% ((aAnb)(cAnd)+(cArd)(aAb))

—(aAb)-(cArd)—-(aAb)A(cAd)

In R3 this last term must be zero, thus one can write

(axb)-(exd)=-(aAb)-(cAd) (10.71)



10.5 A COUPLE OF REDUCTION FORMULA EQUIVALENTS FROM ]R3 VECTOR GEOMETRY

This is now in a form where it can be reduced to products of vector dot products.

(@anb)-(cAd)= %((a/\b)(c/\d)+(c/\d)(a/\b))
= %((a AbB)(eAd)+(dAc)bAa))

= %((ab—a-b)(c/\d)+(d/\c)(ba—b-a))

= %(ab(c Ad)+(dAc)ba)
= %(a(b~(c/\d)+b/\(c/\d))((d/\c)-b+(d/\c)/\b)a>

= %(a(b -(cAd))+((dAc)-b)a)

= %(a((b -e)d—(b-d)c)+ (d(c-b)—c(d-b))a)

1
=5((a-d)(b-0)—(b-d)(a-C)+(d-a)(c-b)—(c-a)(d-b))
=(a-d)(b-c)-(a-c)(b-d)

(10.72)

Summarizing with a comparison to the R3 relations we have:
(aAb)-(cAnd)=—-(axb)-(cxd)=(a-d)(b-c)—(a-c)(b-d) (10.73)
(anc)-(bAace)=—-(axe)-(bxc) = (a-c)(b-c)—cz(a-b) (10.74)

The bivector relations hold for all of RY.
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11.1 MOTIVATION

The direction vector for two intersecting planes can be found to have the form:

a((vABu-(vAB)(uAB)Y)+b((AB)?v - (uAB)vAB)u) (11.1)

While trying to put eq. (11.1) into a form that eliminated u, and v in favor of A = u A v
symmetric and antisymmetric formulations for the various grade terms of a trivector product
looked like they could be handy. Here is a summary of those results.

11.2 GRADE COMPONENTS OF A TRIVECTOR PRODUCT
11.2.1 Grade 6 term

Writing two trivectors in terms of mutually orthogonal components

A=XAyAZ=Xyz (11.2)

and

B=uAvAwW=uww (11.3)
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Assuming that there is no common vector between the two, the wedge of these is

AAB = (AB)¢
= (XYZUVW)¢
= (yZ(Xu)vw)g
= (yz(—ux + 2u - X)vw)g
—(yzu(xv)w)
—(yzu(—vx + 2v - X)W)¢ (11.4)

(yzuv(xw))g

= —(UVWXYZ)
= —(BA)s
=-BAA

Note above that any interchange of terms inverts the sign (demonstrated explicitly for all the
X interchanges).

As an aside, this sign change on interchange is taken as the defining property of the wedge
product in differential forms. That property also implies also that the wedge product is zero
when a vector is wedged with itself since zero is the only value that is the negation of itself.
Thus we see explicitly how the notation of using the wedge for the highest grade term of two
blades is consistent with the traditional wedge product definition.

The end result here is that the grade 6 term of a trivector trivector product changes sign on
interchange of the trivectors:

(AB)g = —(BA)¢ (11.5)

11.2.2  Grade 4 term

For a trivector product to have a grade 4 term there must be a common vector between the two

A=XAYAZ=XyZ (11.6)

and

B=uAvAz=uvz (11.7)



The grade four term of the product is

(BA), = (uvzxyz),
= (UVZZXY),
= 2(uvxy),
= 2 (u(vx)y),
= zz<u(—xv +2X-V)y)y
= —z*(uxvy),

= 2X(xyuv),
= (Xyzzuv),
= (XyZuvz),
= (XyZuvz),
=(AB),

11.2 GRADE COMPONENTS OF A TRIVECTOR PRODUCT

(11.8)

Thus the grade 4 term commutes on interchange:

(AB)4 = (BA)y

11.2.3 Grade 2 term

Similar to above, for a trivector product to have a grade 2 term there must be two common

vectors between the two

A=XAYyAZ=Xyz

and

B=uAyAz=uyz

(11.9)

(11.10)

(11.11)
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The grade two term of the product is

(AB), = (xyzuyz),
= (Xyzyzu),
= (y2)*(xu),
= —(yz)*(ux),
= —(BA),

The grade 2 term anticommutes on interchange:

(AB), = —(BA),

11.2.4 Grade O term

Any grade 0 terms are due to products of the form A = kB

(AB)( = (kBB),
= (BkB)g
= (BA)y

The grade 2 term commutes on interchange:

(AB) = (BA),

11.2.5 combining results

AB = (AB), + (AB), + (ABY, + (AB),

BA = (BA)y + (BA), + (BA), + (BA),
= (AB)y — (AB), + (AB)4 — (AB)¢

(11.12)

(11.13)

(11.14)

(11.15)

(11.16)



11.2 GRADE COMPONENTS OF A TRIVECTOR PRODUCT

These can be combined to express each of the grade terms as subsets of the symmetric and
antisymmetric parts:

=<AB>O=< B+BA>
0
AB-BA
(AB>2=< >
AB+BA| (11.17)
<AB>4=< >
4

AAB = (AB), = <M>
6

2

Note that above I have been somewhat loose with the argument above. A grade three vector
will have the following form:

Z D;jxe;jk (11.18)

i<j<k
Where D;ji is the determinant of ijk components of the vectors being wedged. Thus the
product of two trivectors will be of the following form:

Dij D, o (€ijeir jric) (11.19)
i<j<ki’<j<k'
It is really each of these e;jxe; v products that have to be considered in the grade and sign
arguments above. The end result will be the same though... one would just have to present it a
bit more carefully for a true proof.

11.2.6 Intersecting trivector cases

As with the intersecting bivector case, when there is a line of intersection between the two
volumes one can write:

B = (AB), = <%>
0
AB-BA
(AB), = — (11.20)
AB + BA
(AB), = <+>
4

AAB = (AB) =0
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And if these volumes intersect in a plane a further simplification is possible:

A-B = (AB), = AB+BA
AB - BA
(AB); = ——— (11.21)
(AB)4 =0

AAB =(AB); =0



MULTIVECTOR PRODUCT GRADE ZERO TERMS

One can show that the grade zero component of a multivector product is independent of the
order of the terms:

(AB) = (BA) (12.1)

Doran/Lasenby has an elegant proof of this, but a dumber proof using an explicit expansion
by basis also works and highlights the similarities with the standard component definition of
the vector dot product.

Writing:
A=Z<A>i (12.2)
B = Z (B); (12.3)
The product of A and B is:

AB = )" (A)(B),

i

min(i, j) (12.4)
:Z Z <<A>i<B>j>2k+|i—j|
ij k=0
min(i, j)
AB:Z Z <<A>i<B>J'>2k+|i—j| (12.5)
ij k=0

To get a better feel for this, consider an example

A:e1 + e +e;p+e3+e3q+eiys (]2.6)
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B=e+e + €23 (127)

AB = (e1 +e+e;p+e;3+e3y+ e345)(e2 + ey + 923) (12.8)

Here are multivectors with grades ranging from zero to three. This multiplication will include
vector/vector, vector/bivector, vector/trivector, bivector/bivector, and bivector/trivector. Some of
these will be grade lowering, some grade preserving and some grade raising.

Only the like grade terms can potentially generate grade zero terms, so the grade zero terms
of the product in eq. (12.5) are:

AB = )" ((A)(B);) (12.9)
=

Using the example above we have

(AB) = ((e1 +e)ex) +((e2 +ej3 +e34)er1) (12.10)

In general one can introduce an orthonormal basis ok = {O'f? }; for each of the (), spaces. Here
orthonormal is with respect to the k-vector dot product

ok 0_/; = (-1 k=Di2g, (12.11)

i

then one can decompose each of the k-vectors with respect to that basis:

Ay = Z (<A¥- o) ﬁ (12.12)
By = > (B - o) ﬁ (12.13)
j j
Thus the scalar part of the product is
1 1

(AB) = kZ] <(<A>k .a¥) p (BY - %) G—§>

= kZ (ofof) (A of) (B ) (12.14)

sL,J

= Z (—l)k(k_l)/2 Oij (<A>k : O'ic) (<B>k ' 0-];)
ki, j
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Thus the complete scalar product can be written

k,i

Note, compared to the vector dot product, the alternation in sign, which is dependent on the
grades involved.

Also note that this now trivially proves that the scalar product is commutative.

Perhaps more importantly we see how similar this generalized dot product is to the standard
component formulation of the vector dot product we are so used to. At a glance the component-
less geometric algebra formulation seems so much different than the standard vector dot product
expressed in terms of components, but we see here that this is in fact not the case.
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13.1 GENERAL TRIPLE PRODUCT REDUCTION FORMULA

Consideration of the reciprocal frame bivector decomposition required the following identity

(Aa/\Ab)'AczAa‘(Ab'Ac) (131)

This holds when a + b < ¢, and a <= b. Similar equations for vector wedge blade dot blade
reduction can be found in NFCM, but intuition let me to believe the above generalization was
valid.

To prove this use the definition of the generalized dot product of two blades:

(Aa ANAp) - Ar = (A AAYAL) —(a+p) (13.2)

The subsequent discussion is restricted to the b > a case. Would have to think whether this
restriction is required.

a+b
AdAA = AL — D (A
i=|b—al,i+=2 ( I 3.3)
a-1
= AdBp = D (Achbtib-a
k=0
Back substitution gives:
a-1
((Aa ANADA) (b)) = (AdAPAN c—(arb) — Z CAGAD) 24 b-aACc—a—b (13.4)
k=0
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100 BLADE GRADE REDUCTION

Temporarily writing (A;Ap)2k4p-a = Cis

c+i

(AaAp)okip-aAc = Z (CiAL);

Jj=e—i,j+=2

i

PIR(CT. o

r=0

2Utba

= Z (CiAc)c—ok-brarar
r=0

2k+b—a

= Z (CiAc)c—brarair—k)
r=0

(13.5)

We want the only the following grade terms:

c—-b+a+2(r-k)=c-b—-a = r=k—-a (13.6)

There are many such &, r combinations, but we have a k € [0, a — 1] constraint, which implies
r € [—a, —1]. This contradicts with r strictly positive, so there are no such grade elements.

This gives an intermediate result, the reduction of the triple product to a direct product, re-
moving the explicit wedge:

(Aa A Ap) - Ac = (AaApAC) ey (13.7)

<AaAbAc>c—a—b =(A, (AbAc)>c—a—b

= <Aa Z <AbAc>,»>H_b
(g

J J c¢—a-b

(13.8)

Explicitly specifying the grades here is omitted for simplicity. The lowest grade of these is
(c — b) — a, and all others are higher, so grade selection excludes them.
By definition

(ApAc)e—p = Ap- A, (13.9)



13.2 REDUCTION OF GRADE OF DOT PRODUCT OF TWO BLADES

so that lowest grade term is thus

<Aa<AbAc>c—b>c_a_b = <Aa(Ab : AC)>c—a—b = Aa . (Ab : Ac) (13- 10)

This completes the proof.
13.2 REDUCTION OF GRADE OF DOT PRODUCT OF TWO BLADES

The result above can be applied to reducing the dot product of two blades. For k <= s:

(aihayAaz---Aag)-(by Aby---Aby) (13.11)

=@ A(@Aaz---Aag)-(by Aby--- Aby)
=(a;-((aaAaz---Aag)-(by Aby--- Aby))
(ar-(ax-(az---Aag)-(by Aby--- Aby)) (13.12)

=a;-(a-(az- (- (@ - (by Aby---Aby)))))

This can be reduced to a single determinant, as is done in the Flanders’ differential forms
book definition of the A inner product (which is then used to define the Hodge dual).
The first such product is:

ap-(byAby---Aby) = Z(—l)“‘l(ak-bu)bl A---by--- Abyg (13.13)
Next, take dot product with a;_;:

1. k=2

a1 - (@ - (b1 Aby -+ Aby)
= > (=D""'@c-b,)ai -b,)

V#EU
= ;(—1)V—‘<ak ‘b,)a, -b,) + ;<—1>”“<ak “b,)(a - by) Gt
=+ > (@b b)) = ) (@ -by)a; -by)

=+ > (@ -b)@i - by) - (@ - by)@; - by)

u<vy
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102 BLADE GRADE REDUCTION

-1 - bu A1 'bv

u<v | A bu a - bv

2. k>2

a1 - (@g - (by Aby--- Aby))

= > D" @b (by Aoy Aby)

= > D@ b1 @t by A By By Ay

v<u

+ D =D @ b)) @it by A By By Ay

v>u

Add negation exponents, and use a change of variables for the first sum

= Z(—D”“(m b)) (@1 -b)(by A by -by - Aby)

u<vy

= D (D@ b)@c - b)br A BB,

u<vy
Merge sums:

= > (=D (@ - by) (@1 - by) = @k - by) (@1

u<vy

v v

(bI/\“'bu"'bv"'/\bk)

a1 - (@ (by Aby---Aby)) =

Z(_ 1)+

u<y

a-1 by a1 by (byA---b, b
u v

ak-bu ak-bv

Note that special casing k = 2 does not seem to be required because in that case

—1'*2 = —1, so this is identical to eq. (13.15) after all.

“‘/\bk)

. bv))

"'/\bk)

(13.15)

(13.16)

(13.17)

(13.18)

(13.19)

(13.20)

—1utv =



13.2 REDUCTION OF GRADE OF DOT PRODUCT OF TWO BLADES

13.2.1  Pause to reflect

Although my initial aim was to show that A, - By could be expressed as a determinant as in the

differential forms book (different sign though), and to determine exactly what that determinant

Here is a summary of some of the things figured out so far

1. Dot product of grade one blades.

is, there are some useful identities that fall out of this even just for this bivector kvector dot
product expansion.

Here we have a result that can be expressed as a one by one determinant. Worth mention-

ing to explicitly show the sign.

a-b =det[a-b]

2. Dot product of grade two blades.

a;-b ar-b
(al Aa?.)'(b] /\bz): — 1 1 1 2

a-b; a-b

3. Dot product of grade two blade with grade > 2 blade.

(@i Aag)-(by Aba--- Aby)

= Z(—l)“”_l(al Aag)- (b, Ab)(ByA---by by Aby)

u<vy

Observe how similar this is to the vector blade dot product expansion:

a-(by Aby-o-Ab) = > (=1 @ b)(by A By Aby)

= —det|a; - bj]

(13.21)

(13.22)

(13.23)

(13.24)
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13.2.1.1 Expand it for k =3

Explicit expansion of eq. (13.23) for the k = 3 case, is also helpful to get a feel for the equation:

(ar Aaz)-(b; Aby Ab3) = (a; Aaz)- (b Aby)bs
+(a; Aay)- (b3 Abypbs (13.25)

+(aj Aag) - (by Absz)by
Observe the cross product like alternation in sign and indices. This suggests that a more

natural way to express the sign coefficient may be via a sgn(r) expression for the sign of the
permutation of indices.

13.3 TRIVECTOR DOT PRODUCT
With the result of eq. (13.23), or the earlier equivalent determinant expression in equation

eq. (13.20) we are now in a position to evaluate the dot product of a trivector and a greater
or equal grade blade.

a;-((@aAaz)-(by Aby---Aby))

2D @ Aag)- (by Abyar - (by A By By Aby)

u<y

Z (=1)""(az A az) - (b, Aby)(@r-by)(by A---by, by by - Aby)

w<u<y

. . . (13.26)
£ 0 0 @y Aag) - (b A b @1 by)(bBy Ay by By Ay
u<w<y
£ (D" @y Aay) - (bu Ab@1 By A By By By Ay
u<y<w
Change the indices of summation and grouping like terms we have:
D (=1 (@ Aas) - (by Aby)a; - by)
u<y<w
— (a2 Aaz)- (b, Aby)(ar -by) (13.27)

+ (a2 Aaz)- (b, Aby)(a; -by)

wo by by Aby)

{=nl3

)by A



13.3 TRIVECTOR DOT PRODUCT

Now, each of the embedded dot products were in fact determinants:

(a Aa3) - (by Aby) = - ay-b, ay-by

(13.28)
as - bx as - by

Thus, we can expand these triple dot products like so (factor of —1 omitted):
(a2 Aaz) - (by Aby)(aj - by)
- (32 A 33) ' (bu A bw)(al ' bv)
+ (a2 Aa3)- (b, Aby)(a; -by)

-b -b,,
— (al bu) a v a w

a3'bv a3'bw

a-b, a-b,
—(a-b) | ?

(13.29)
a3 'bu as bw

+(al 'bw) az-bu az-bv

=2

asz -

u 33'bv

=

= —a

:aZ'bu az - by aZ'bw
a3'bu a3'bv a3'bw

Final back substitution gives:

(ajhnayAaz)-(by Aby---Aby)

a1'b,,, al-bv al-bw
_ Z (_1)u+v+w—l a,-b, a-b, a,-b,|d A-o-By---by---by--Aby)  (13.30)
u<y<w

a3~bu a3-bv 33'bw

In particular for k = 3 we have

(aj ANay Aa3)-(by Aby Abs)

aj-b; a;-by aj-bs
=—l|ap-b; a-by a-bs :—det[a,--bj] (13.31)
a3-b1 a3-b2 a3-b3
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106 BLADE GRADE REDUCTION

This can be substituted back into eq. (13.30) to put it in a non determinant form.

(ai Aap Aaz)-(by Aba--- Aby)

~ v v

= Z (=)@, Aay Aag) - (by Aby Aby )by A= By---By---by--- Abg) (13.32)

u<y<w

13.4 INDUCTION ON THE RESULT

It is pretty clear that recursively performing these calculations will yield similar determinant
and inner dot product reduction results.

13.4.1 dot product of like grade terms as determinant

Let us consider the equal grade case first, summarizing the results so far

a-b =det[a-Db]
(ajAay)-(b; Aby) = —det[a,--bj] (13.33)
(a; Aax Aa3z) - (b Aby Absz) = —det[a; - bj]
What will the sign be for the higher grade equivalents? It has the appearance of being related

to the sign associated with blade reversion. To verify this calculate the dot product of a blade
formed from a set of perpendicular unit vectors with itself.

(et A---Nep)-(efANex A---Aep)
= (=)D A Aep) (e A- Aea Aep)
= (=DMD%e; (e (er - (ex A+~ Aex Aer)))

13.34
= (1M D2 (e (-1 - (g1 A+~ A€y Aey))) (1339

— (_l)k(k—l)/z

This fixes the sign, and provides the induction hypothesis for the general case:

(@i A---Aag)-(by Aby A+ Aby) = (=1)** D2 det[a; - b)] (13.35)



13.4 INDUCTION ON THE RESULT

Alternately, one can remove the sign change coefficient with reversion of one of the blades:

@ A---ANay) - (b Abi_i A---Aby) = det[ai-bj] (13.36)

13.4.2  Unlike grades

Let us summarize the results for unlike grades at the same time reformulating the previous
results in terms of index permutation, also writing for brevity Ay = a; A --- A ag, and B =
by A--- Abyg:

A B = ngn(fr(i,1,2,---?---,k))(A1 “b)(by A b+ Aby) (13.37)

Ar B = ) sgn(a(iy,ia, 1,24y iy, k) (13.38)
i1<ip

Ao - (b, Aby)(by A---b; ---by, - Ay) (13.39)

A3 Br= > sgn(alin,ig, iz, 1,2, fyoriyeed3 oo k) (13.40)
i1<ip<Ii3

As- (b, Ab;, Aby)(by A---b; ---by, ---bj -~ Aby) (13.41)

We see that the dot product consumes any of the excess sign variation not described by the
sign of the permutation of indices.
The induction hypothesis is basically described above (change 3 to s, and add extra dots):

AcBe= D0 san(alin, i ois 1,2, 1oy eee iy, )
i <ip-<iy

v v v

Ag-(bi Aby - A )by A--by by -+ by - Aby) (13.42)

13.4.3  Perform the induction

In a sense this has already been done. The steps will be pretty much the same as the logic that
produced the bivector and trivector results. Thinking about typing this up in latex is not fun, so
this will be left for a paper proof.
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MORE DETAILS ON NFCM PLANE FORMULATION

14.1 WEDGE PRODUCT FORMULA FOR A PLANE

The equation of the plane with bivector U through point a is given by

x—-a)AU=0 (14.1)

or

xAU=aAU=T (14.2)

14.1.1  Examining this equation in more details

Without any loss of generality one can express this plane equation in terms of a unit bivector i

xAi=aAi (14.3)

As with the line equation, to express this in the “standard” parametric form, right multiplica-
tion with 1/1i is required.

N 1
xAD)-=(ani)- (14.4)
i i
We have a trivector bivector product here, which in general has a vector, trivector, and 5-
vector component. Since i A 1 = 0, the 5-vector component is zero:

XAiA-i=0 (14.5)

and intuition says that the trivector component will also be zero. However, as well as provid-
ing verification of this, expansion of this product will also demonstrate how to find the projective
and rejective components of a vector with respect to a plane (ie: components in and out of the
plane).
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110 MORE DETAILS ON NFCM PLANE FORMULATION

14.1.2  Rejection from a plane product expansion

Here is an explicit expansion of the rejective term above

xA i)% = —(x Ab)

|
= —E(Xl + ix)i
_ l s (14.6)
= 2(x ixi)
1 C e s
= E(X — (xi + 2i - x)i)
=x—({-x)i

In this last term the quantity i - X is a vector in the plane. This can be demonstrated by writing
i in terms of a pair of orthonormal vectorsi = GV =G A V.

i-x=W@AV)-x
(14.7)
=V -x)—¥(-x)

Thus, (i-x) Ai=0,and (i-x)i = (i-x)-i. Inserting this above we have the end result

N
(X/\I)Y—X i-x)-i (14.8)
=a-(i-a)-i
Or
x—a=(G{-(x—a))-i (14.9)

This is actually the standard parametric equation of a plane, but expressed in terms of a unit
bivector that describes the plane instead of in terms of a pair of vectors in the plane.
To demonstrate this expansion of the right hand side is required

(i-x)-i= @V -x)- v x)av

(14.10)
=¥(V-x)+0(0-x)
Substituting this back yields:
x=a+0(0-(x—a))+ ¥V (x—a))
=a+sa+1v (14.11)

—a+sy+r'w
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Where y and w are two arbitrary, but non-colinear vectors in the plane.

In words this says that the plane is specified by a point in the plane, and the span of any pair
of linearly independent vectors directed in that plane.

An expression of this form, or a normal form in terms of the cross product is often how the
plane is defined, and the analysis above demonstrates that the bivector wedge product formula,

xAU=aAlU (14.12)

where specific direction vectors in the plane need not be explicitly specified, also implicitly
contains this parametric representation.

14.1.3  Orthonormal decomposition of a vector with respect to a plane
With the expansion above we have a separation of a vector into two components, and these can

be demonstrated to be the components that are directed entirely within and out of the plane.
Rearranging terms from above we have:

x:(x-i)-%+(x/\i)-%

| | (14.13)
= (X'i)T +(X/\i)7
i i
Writing the vector x in terms of components parallel and perpendicular to the plane
X=X, +X] (14.14)

Only the x; component contributes to the dot product and only the x;, component contributes
to the wedge product:

! !
X:(X||~l)‘i+(XJ_/\l)~i
X]| :(Xl)% (]4.15)
XJ_:(X/\i)~%

So, just as in the orthonormal decomposition of a vector with respect to a unit vector, this
gives us a way to calculate components of a vector in and rejected from any plane, a very useful
result in its own right.
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112 MORE DETAILS ON NFCM PLANE FORMULATION

Returning to back to the equation of a plane we have

—(X/\i)i:—(a/\i)iza—(a-i)-% (14.16)

Thus, for the fixed point in the plane, the quantity

d:(a/\i)-% (14.17)

is the component of that vector perpendicular to the plane or the minimal length directed
vector from the origin to the plane (directrix). In terms of the unit bivector for the plane and its
directrix the equation of a plane becomes

xAi=di=dAi (14.18)

Note that the directrix is a normal to the plane.

14.1.4  Alternate derivation of orthonormal planar decomposition

This could alternately be derived by expanding the vector unit bivector product directly

! . !
Xi- =(X-i+xAi)<
i i

~ Do atmeant o (14.19)
=-x-D-I-xXAD)-I—-((XADi); —XAD)AI

:(X-i)-%+(X/\i)-%—((x/\i)i)3

Since the LHS of this equation is the vector x, the RHS must also be a vector, which demon-
strates that the term

(x A D)3 =0 (14.20)

So, one has

X=(X~i)~i+(X/\i)-;
1‘ . ! (14.21)
:(X‘i)i-l‘(X/\i);
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14.2 GENERALIZATION OF ORTHOGONAL DECOMPOSITION TO COMPONENTS WITH RESPECT
TO A HYPERVOLUME

Having observed how to directly calculate the components of a vector in and out of a plane, we
can now do the same thing for a rth degree volume element spanned by an r-blade hypervolume
element U.

14.2.1  Hypervolume element and its inverse written in terms of a spanning orthonormal set
We take U to be a simple element, not an arbitrary multivector of grade r. Such an element can
always be written in the form

U=kuu---u, (14.22)

Where uy, are unit vectors that span the volume element.
The inverse of U is thus

o U
uut
- ka, -y (14.23)
(kay - - - u)(kuw,_y - - uy)
_ ur “ o ul
Tk

14.2.2  Expanding the product

Having gathered the required introductory steps we are now in a position to express the vector
X in terms of components projected into and rejected from this hypervolume

1
x =xU—
U (14.24)

1
=(x-U AU)=
(x +X )U
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The dot product term can be expanded to

1
x-Ug
1
= k(- upuzus - Uy = (X W)U UG, U+ ) (14.25)
= (x-up)(uaus - u) (U o) = (X u)(Uuaty - u) (W Uy

=X-upu +(xX-wuy +- -

This demonstrates that (x - U)% is a vector. Because all the potential 3,5, ...2r — 1 grade terms
of this product are zero one can write

1 1 1
(x- U)ﬁ = <(X . U)ﬁ>1 =x-U)- T (14.26)

In general the product of a r — 1-blade and an r-blade such as (x - A,)B,) could potentially
have any of these higher order terms.
Summarizing the results so far we have

X=(X~U)l+(X/\U)l
U1 U1 (14.27)
=(x-U) 5+ xAU)G

Since the RHS of this equation is a vector, this implies that the LHS is also a vector and thus

1 1
xAU)= = <(x A U)—>
U U/, (14.28)

:(X/\U)-%

Thus we have an explicit formula for the projective and rejective terms of a vector with
respect to a hypervolume element U:

X=(X~U)11—J+(X/\U)%

1 1
=(X-U)-ﬁ+(XAU)'ﬁ (14.29)

_1r(r—1)/2
= W ((XU)U+(X/\U)U)
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14.2.3  Special note. Interpretation for projection and rejective components of a line
The proof above utilized the general definition of the dot product of two blades, the selection of

the lowest grade element of the product:

Ac-B; = (AB j>l - (14.30)

Because of this, the scalar-vector dot product is perfectly well defined
a-b=<{ab);_g=ab (14.31)
So, when U is a vector, the equations above also hold.
14.2.4  Explicit expansion of projective and rejective components
Having calculated the explicit vector expansion of the projective term to prove that the all the

higher grade product terms were zero, this can be used to explicitly expand the projective and
rejective components in terms of a set of unit vectors that span the hypervolume

1
X :(X‘U)'ﬁ
:(x-ul)ul;r(X-U2)ll2+"' (14.32)
X Z(X/\U)'ﬁ

=x—(xX-upu - (x-wuy —---

Recall here that the unit vectors uy are not the standard basis vectors. They are instead an
arbitrary set of orthonormal vectors that span the hypervolume element U.
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14.3 VERIFICATION THAT PROJECTIVE AND REJECTIVE COMPONENTS ARE ORTHOGONAL

In NFCM, for the equation of a line, it is demonstrated that the two vector components (directrix
and parametrization) are orthogonal, and that the directrix is the minimal distance to the line
from the origin. That can be done here too for the hypervolume result.

xAU=aAl
xAUU! = @@AU)U™!
xU-x-U)U ! =@aAU)U"! (14.33)
x=x-UU ' +@Aa)U!
=aU ' +d

This first component, the projective term U™ = (x-U)U~!, can be interpreted as a parametriza-
tion term. The last component, the rejective term d = (a A U)U~! is identified as the directrix.
Calculation of [x| allows us to verify the physical interpretation of this vector.

Expansion of the projective term has previously shown that given

U=kuAuy---Au, (14.34)

then the expansion of this parametrization term has the form

@ = {Z a/iu,-JU (14.35)

i=1

This is a very specific parametrization, a » — 1 grade parametrization @ with r free variables,
producing a vector directed strictly in hypervolume spanned by U.
We can calculate the length of the projective component of x expressed in terms of this

parametrization:

1\2

X’ =(x-U)u™)

ut (Ut

=0— | —| o

UUt \UU*
aﬂla-r
|U]? [UJ?
e
|Up

(14.36)
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x> = (@U ) +d>+2U)-d

2
= % +d>+2UhH-d

(14.37)

Direct computation shows that this last dot product term is zero

@U™)-d=(@UH - (arb)U
= (aU™H - (U (U A a))
(_l)r(r—l)/Z
LE
(_1)r(r—1)/2
L
_ (_l)r(r—l)/l
I

(@U™) - (UU A a))
(14.38)

<01U_1 U(U A a)>0
(a(U A a))g

This last term is a product of an r — 1 grade blade and a r + 1 grade blade. The lowest order
term of this product has grade r + 1 — (r — 1) = 2, which implies that {(@(U A a)); = 0. This
demonstrates explicitly that the parametrization term is perpendicular to the rejective term as
expected.

The length from the origin to the volume is thus

2 |a’|2

X _W+d2 (14.39)

This is minimized when @ = 0. Thus d is a vector directed from the origin to the hypervolume,
perpendicular to that hypervolume, and also has the minimal distance to that space.






QUATERNIONS

Like complex numbers, quaternions may be written as a multivector with scalar and bivector
components (a 0,2-multivector).

g=a+B (15.1)

Where the complex number has one bivector component, and the quaternions have three.

One can describe quaternions as 0,2-multivectors where the basis for the bivector part is
left handed. There is not really anything special about quaternion multiplication, or complex
number multiplication, for that matter. Both are just a specific examples of a 0,2-multivector
multiplication. Other quaternion operations can also be found to have natural multivector equiv-
alents. The most important of which is likely the quaternion conjugate, since it implies the norm
and the inverse. As a multivector, like complex numbers, the conjugate operation is reversal:

7=q =a-B (15.2)

Thus |g> = gg = a®> — B?. Note that this norm is a positive definite as expected since a
bivector square is negative.

To be more specific about the left handed basis property of quaternions one can note that the
quaternion bivector basis is usually defined in terms of the following properties

iP=j=K>=-1 (15.3)
ij = —ji, ik = —ki, jk = —Kj (15.4)
ij = k (15.5)

The first two properties are satisfied by any set of orthogonal unit bivectors for the space. The
last property, which could also be written ijk = —1, amounts to a choice for the orientation of
this bivector basis of the 2-vector part of the quaternion.
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120 QUATERNIONS

As an example suppose one picks

i= €2€3 (15.6)

Jj=ese (15.7)

Then the third bivector required to complete the basis set subject to the properties above is
ij=ee; =k (15.8)

Suppose that, instead of the above, one picked a slightly more natural bivector basis, the duals
of the unit vectors obtained by multiplication with the pseudoscalar (e;e,ese;). These bivectors
are

i=ees,j=ese,k=¢ee (15.9)

A 0,2-multivector with this as the basis for the bivector part would have properties similar
to the standard quaternions (anti-commutative unit quaternions, negation for unit quaternion
square, same conjugate, norm and inversion operations, ...), however the triple product would
have the value ijk = 1, instead of —1.

15.1 QUATERNION AS GENERATOR OF DOT AND CROSS PRODUCT

The product of pure quaternions is noted as being a generator of dot and cross products. This is
also true of a vector bivector product.
Writing a vector X as

X = Z X;€; = x1€1 + xpep + x3e3 (15.10)

1

And a bivector B (where for short, e;; = e;e; = e; A e;) as:

B= Zbieil = biex3 + byes| + bzepp (15.11)



15.1 QUATERNION AS GENERATOR OF DOT AND CROSS PRODUCT

The product of these two is

xB = (x1e| + x2€; + x3€3)(b1€23 + boe3) + b3er2)
= (x3b — x2b3)€1 + (x1b3 — x3b1)€y + (x2b1 — x1b2)e3 (15.12)

+ (x1b1 + X202 + x3b3)€123

Looking at the vector and trivector components of this we recognize the dot product and
negated cross product immediately (as with multiplication of pure quaternions).

Those products are, in fact, x - B and x A B respectively.

Introducing a vector and bivector basis @ = {e;}, and 8 = {e;I}, we can express the dot product
and cross product of the associated coordinate vectors in terms of vector bivectors products as
follows:

BAx

[x], - [Blg = 7 (15.13)

[x]e X [Blg = [B-X]q (15.14)
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CAUCHY EQUATIONS EXPRESSED AS A GRADIENT

The complex number derivative, when it exists, is defined as:

of _ flz+62) - f(2)
6z 6z

.. 1)
f /(Z) = hmltlézl—m 5_
Z

Like any two variable function, this limit requires that all limiting paths produce the same
result, thus it is minimally necessary that the limits for the particular cases of 6z = 6x + idy
exist for both éx = 0, and dy = 0 independently. Of course there are other possible ways for
0z — 0, such as spiraling inwards paths. Apparently it can be shown that if the specific cases
are satisfied, then this limit exists for any path (I am not sure how to show that, nor will try, at

least now).

Examining each of these cases separately, we have for 6x = 0, and f(z) = u(x,y) + iv(x, y):

Of _ ulx,y+0y)+iv(x,y +6y)
o7 i5y
_, _0uxy) | ov(x.y)
Qy dy

and for 6y = 0

6_f _u(x+0x,y) + iv(x +6x,y)
oz 5x
Ou(x,y) —.0v(x,y)
- +i
Ox ox

(16.1)

(16.2)

If these are equal regardless of the path, then equating real and imaginary parts of these

respective equations we have:

ov Ou

Zi =20
6x+c9y

0
ou_ov_,
ox Oy

(16.3)
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124 CAUCHY EQUATIONS EXPRESSED AS A GRADIENT

Now, these are strikingly similar to the gradient, and we make this similarly explicit using
the planar pseudoscalar i = e; A e; = eje; as the unit imaginary. For the first equation, pre
multiplying by 1 = e;;, and post multiplying by e, we have:

e 8612V+e ou _
" ox 25y B

and for the second, pre multiply by e;, and post multiply the d, term by 1 = ey, and rear-
range:

0,

ou 8612\1

e —+e
Yox T2 ay

Adding these we have:

=0.

6u+e12 (‘)u+e12v
+ e

=0.
“ 0x oy
Since f = u + iv, this is just
of  of
— — =0. 16.4
€15+ e By (16.4)
Or,
V=0 (16.5)

By taking second partial derivatives and equating mixed partials we are used to seeing these
Cauchy-Riemann equations take this form as second order equations:

VU = gy + 1ty = 0 (16.6)

V2 = v+ 1y, =0 (16.7)

Given this, eq. (16.5) is something that we could have perhaps guessed, since the square root
of the Laplacian operator, is in fact the gradient (there are an infinite number of such square
roots, since any rotation of the coordinate system that expresses the gradient also works). How-
ever, a guess of this is not required since we see this explicitly through some logical composition
of relationships.

The end result is that we can make a statement that in regions where the complex function is
analytic (has a derivative), the gradient of that function is zero in that region.

This is a kind of interesting result and I expect that this will relevant when figuring out how
the geometric calculus all fits together.



16.1 VERIFY WE STILL HAVE THE CAUCHY EQUATIONS HIDING IN THE GRADIENT

16.1 VERIFY WE STILL HAVE THE CAUCHY EQUATIONS HIDING IN THE GRADIENT

‘We have:

erl = V(elu - ezv) =0

If this is to be zero, both the scalar and bivector parts of this equation must also be zero.

(V-fer =V-(eju—ey)
= (e10, + €x0y) - (eju — eyv) (16.8)
= (Oxu—0yv) =0

(VA fler =V A(eju—erw)
= (e10, + €20,) A (eju — e2v) (16.9)
=—e1 A ez(axv + 8yu) =0

We therefore see that this recovers the expected pair of Cauchy equations:

Ou—0yw=0

(16.10)
0wv+0ou=0
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LEGENDRE POLYNOMIALS

Exercise 8.4, from [15].
Find the first couple terms of the Legendre polynomial expansion of

1
(17.1)
Ix —al
Write
J(x) : (17.2)
X)=— :
Ix|
Expanding f(x — a) about x we have
1 1 1
= E(_a.v)k_ (17.3)
Ix—a| k! Ix|
Expanding the first term we have
1 1
-a-V—=—7a-V[x|
Xl x|
1
= —a-vx)'?
X (17.4)
_1am o
= Ry VX
IxI (x|
_a-x
Ix’
Expansion of the second derivative term is
(-a-V)(-a-V) 1 _ a-V(—a-x)
2 1 xl 2 3
I ) g"( ) | (17.5)
-1({a-V(a-x
= — —+(a-x)a~V—)
2 ( Ix° IxP’
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128 LEGENDRE POLYNOMIALS

For this we need

a-V@a-x)=a-(a-Vx)=a’ (17.6)
And

1 1 1
a-V—=k——a-V—
xIF X
1 -a-x

_ a--X

- |X|k+2

Thus the second derivative term is

“1(a a-x?|_ (/3@ x7?-ax)
— £ _3 - (17.8)
2\ P IxP’
Summing these terms we have
. (1/2)(3(a-x)*> — a’x?
b o_1,ax, ( )+ (17.9)
x-al |x |x? x|
NFCM writes this as
1 _ P()(Xa) n Pl(xa) + Pz(Xa) ‘... (]7'10)

Ix —al Ix] x| x>

And calls P; = P;(xa) terms the Legendre polynomials. This is not terribly clear since one
expects a different form for the Legendre polynomials.

Using the Taylor formula one can derive a recurrence relation for these that makes the calcu-
lation a bit simpler

P —a-V( P
|X|2(k+1)+1 T k+1 |X|2k+1
-1 (a-V(Pk a-V)

= 17.11
k+1 |X|2k+1 k |X|2k+] ( )

= L (Pk(Zk +1)

a-x sa-VPy
k+1

|X|2k+3 -X |X|2k+3
Or

(k+ 1)Pys = Pe(2k+ Da-x —x%a - VP, (17.12)



17.1 PUTTING THINGS IN STANDARD LEGENDRE POLYNOMIAL FORM

Some of these have been calculated

Py=1

Py =a-x (17.13)
1

P, = z(3(a-x)2—azx2)

And for the derivatives

a- VP() =0
a-VP =a’
1 5 ) (17.14)
a-Vp, = 5((3)(2)(a-x)a —2a“x-a)
= 2a°(x - a)
Using the recurrence relation one can calculate Pz for example.
p) 2 2.2 2,2
Pz =(1/3) E(S(a-x) —a’x")(a-x)—2x"a“(x-a)
5 2 _ 2.2 2,2
=(1/3)(a-x) 5(3(a-x) —a’x”)—-2x"a
(17.15)

=(a-x) (%((a x)%) =3 /2x2a2)

- %(a -x)(5(a-x)* - 3x°a%)

17.1 PUTTING THINGS IN STANDARD LEGENDRE POLYNOMIAL FORM

This is still pretty laborious to calculate, especially because of not having a closed form recur-
rence relation for a - VPy. Let us relate these to the standard Legendre polynomial form.
Observe that we can write

Po(xa) =1

Pi(xa)
— =3 -X

x||al ]
Pyxa) 1 .. o (17.16)
xPlal = 2(3(21 X)°—1)

P3(xa)

1
e E(5(:?1-;2)3 ~3(4-%))
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130 LEGENDRE POLYNOMIALS

With this scaling, we have the standard form for the Legendre polynomials, and can write

2 3
! :i P0+@P1(ﬁ-ﬁ)+(@) Pz(ﬁ-fc)+(ﬂ) P3(a-%)+--- (17.17)
x—a [X| x| ] x|

17.2 SCALING STANDARD FORM LEGENDRE POLYNOMIALS

Since the odd Legendre polynomials have only odd terms and even have only even terms this
allows for the scaled form that NFCM uses.

Py(xa) = Py(a- %)
Pi(xa) = [x||a|P;(4-X) =a-Xx
Py(xa) = [x]*la]*P2(a - &) = (17.18)

P3(xa) = [x’la’ P3(a- %) = 56@: x)° - 3(a - x)x’a%)

Every term for the k" polynomial is a permutation of the geometric product x*a.
This allows for writing some of these terms using the wedge product. Using the product
expansion:

(a-x)zz(a/\x)2+azx2 (17.19)
Thus we have:
1
Py(xa) = (a-x)* + S@A x)*
1 (17.20)
2 2
= . —_ = A
(a-x) 2Ia x|
This is nice geometrically since the directional dependence of this term on the co-linearity
and perpendicularity of the vectors a and x is clear.
Doing the same for the P3:
1
P3(xa) = (@-X)3(5(a- x)? — 3x%a%)
1
= (a-x)§(2(a-x)2+3(a/\x)2) (17.21)

=(a-x)((a-x)7> - §|a Ax%)



17.3 NOTE ON NFCM LEGENDRE POLYNOMIAL NOTATION

I suppose that one could get the same geometrical interpretation with a standard Legendre
expansion in terms of 4 - X = cos(0) terms, by collect both sin(6) and cos(6) powers, but one can
see the power of writing things explicitly in terms of the original vectors.

17.3 NOTE ON NFCM LEGENDRE POLYNOMIAL NOTATION

In NFCM’s slightly abusive notation Py was used with various meanings. He wrote Py(a - X) =
Py(xa)
IXTklalk )

Note for example that the standard first degree Legendre polynomial P(x) = x evaluated

with a xa value:

1
e Pi(0)lixa = %4
xflal (17.22)

-a+XA/Aa

I
o

This has a bivector component in addition to the component identical to the standard Legen-
dre polynomial term (the first part).

By luck it happens that the scalar part of this equals P;(a - X), but this is not the case for other
terms. Example, P»(xa):

1
P2(X)|xexa = 5(3(xa)2 —1)

= %(3(—ax +2a-x)(xa)—1)

(17.23)
= %(3(—a2X2 +2@-x)°+2@-x)(xAa)—1)
=—(3/2)a’x* +3(a-x)> +3(a-x)(x Aa)—1/2
Scaling this by 1/(a’x?) is
3 R 1
-5 +3@-%)%+3@-R)RAA) — o (17.24)

The scalar part of this is not anything recognizable.
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LEVI-CIVITICA SUMMATION IDENTITY

18.1 MOTIVATION

In [3] it is left to the reader to show

Z € jk€kim = 0i10 jm — 0 ji0im

k

18.2 A MECHANICAL PROOF

(18.1)

Although it is not mathematical, this is easy to prove, at least for 3D. The following perl code

does the trick

#!/usr/bin/perl

$e{111} =0
$e{121} =0
$e{131} =0
$e{211} = 0O
$e{221} =

$e{231} =1
$e{311} =0
$e{321} = -1
$e{331} =0
$d{11} = 1 ;
$d{21} = 0 ;
$d{31} = 0 ;

$d{123}

$e{l12}
$e{122}
$e{132}

$ef{212}
$e{222}
$e{232}

$e{312}
$e{322}
$e{332}

$d{22} =

$d{32}

S =

# prove: \sum_k e_{ijk}
# = \delta_{il}\delta_{jm} - \delta_{jl}\delta_{im}
#print "$e{123} $e{113} $e{321}\n"

for ( my $i =
for ( my $j

1

e

; $1 <= 3

0 ; $e{113} = 0 ;
0 ; $e{123} =1 ;
-1 ; $%$e{133} = 0 ;

0 ; $e{213} = -1 ;
0 ; $e{223} = 0 ;
0 ; $e{233} =0 ;

1 ; $e{313} = 0 ;
0 ; $e{323} =0 ;
0 ; $e{333} =0 ;

$d{13}
$d{23}
$d{33}

_{klm}

;o $i++ ) {
1 ; 85 <=3 5 $j++ ) {
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134 LEVI-CIVITICA SUMMATION IDENTITY

for (my $1 =1 ; $1 <= 3 ; $1++ ) {
for (my $m =1 ; $m <= 3 ; $m++ ) {
my $1hs 0 ;
my $rhs $A{"${i}${1}"} * $d{"${j}${m}"}
- $d{"${jrs{1}r"} * $4A{"${i}r${m}"} ;

for (my $k = 1 ; $k <= 3 ; $k++ ) {
$1lhs += $e{"${i}${j3I${kI"} * $e{"${k3}${13${m}"} ;
}

if ( $rhs != $1hs ) {

print ERROR: \\sum_{k=1}4{3} \\epsilon_{’
"${i}S{j k" .
>} \\epsilon_{’
"k${1}${m}} = $1lhs\n" ;

print 'ERROR: \\delta_{’

"${i3${13}" . ’\\delta_{’
"${j3${mr" . ’} - \\delta_{’
"${j3${1}" . I\\delta_{’
"${i}${m}} = $rhs\n\n" ;

} else {

print "$lhs &= " .
"N\sum_{k=1}2{3} \\epsilon_{’

"${i3${j3 k" . '} \\epsilon_{’
"k${1}${m}} = " . "\\delta_{’
"${i¥S${133" . \\delta_{’ . "${j}${m}"
'} - \\delta_{’ . "${jrs{1" .
"IN\delta_{’ . "${i}${m33"

“A\\\W\ L " AR

LI




18.3 PROOF USING BIVECTOR DOT PRODUCT 135

The output produced has all the variations of indices, such as

3

0= €11k€11 = 011011 — 011011
=1
3

0= ) erkei2 = 011612 — 011012
=1
3

0= ) €3 =013013 — 013013
=1
3

0= ) ereir = 011621 — 021011 (18.2)
=1

3
1= Z €12k€k12 = 011022 — 021012

=1
3

0= ) er€e13 = 011623 — 021013
=1
3

-1 = ) enker = 012021 — 022011
=1

18.3 PROOF USING BIVECTOR DOT PRODUCT

This identity can also be derived from an expansion of the bivector dot product in two different
ways.

(ejnej)-(enNey) =((eA€))- ey)- e,
= (ej(ej-en) —ej(e;-ey)) - ey
= (eiéjm - ejéim) €
= 0ind jm = 0 jnOim

(18.3)

Expressing the wedge product in terms duality, using the pseudoscalar I = e;e,e3, we have

(e;i neje; = ek (18.4)



136 LEVI-CIVITICA SUMMATION IDENTITY

Or
ei/\ej=IZEl'jkek (185)
k

Then the bivector dot product is

(e A ej) (en Aey) = <Iz Eijkeklz Emnpep>
k p
2
=1 Z Eijkfmnp<ekep>
k.p
- Z Eijkemnpékp
k,p

- Z €i jk€mnk
k

Comparing the two expansions we have

(18.6)

Z €ijk€mnk = 6jn6im - 6in6jm (18.7)
k

Which is equivalent to the original identity (after an index switcheroo). Note both the dimen-
sion and metric dependencies in this proof.



SOME NFCM EXERCISE SOLUTIONS AND NOTES

Solutions for problems in chapter 2 1 recall that some of the problems from this chapter of
[15] were fairly tricky. Did I end up doing them all? I intended to revisit these and make sure I
understood it all. As I do so, write up solutions, starting with 1.3, a question on the Geometric
Algebra group.

Another thing I recall from the text is that [ was fairly confused about all the mass of identities
by the time I got through it, and it was not clear to me which were the fundamental ones.
Eventually I figured out that it is really grade selection that is the fundamental operation, and
found better presentations of axiomatic treatment in [7].

For reference the GA axioms are

e vector product is linear

a(ab + Bc) = aab + Bac

(19.1)
(aa + Bb)c = aac + Bbc
e distribution of vector product
(ab)c = a(bc) = abc (19.2)
e vector contraction
a* e R (19.3)

For a Euclidean space, this provides the length a? = |a|?, but for relativity and conformal
geometry this specific meaning is not required.

The definition of the generalized dot between two blades is

A, By = (ABY,_y (19.4)
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138 SOME NFCM EXERCISE SOLUTIONS AND NOTES

and the generalized wedge product definition for two blades is

A, ABy = (AB),,,. (19.5)

With these definitions and the GA axioms everything else should logically follow.

I personally found it was really easy to go around in circles attempting the various proofs,
and intended to revisit all of these and prove them all for myself making sure I did not invoke
any circular arguments and used only things already proven.

19.0.1 Exercise 1.3

Solve for x

ax+ax-b=c (19.6)

where « 1s a scalar and all the rest are vectors.

19.0.1.1 Solution

Can dot or wedge the entire equation with the constant vectors. In particular

c-b=(ax+ax-b)-b

(19.7)
=(a+a-bx-b
. ypo CP (19.8)
a+a-b
and
cha=(ax+ax-b)ANa
=0 (19.9)

:a(x/\a)+(x-b)/\a

1
= xAa=—(cAa) (19.10)
0%



19.1 SEQUENTIAL PROOFS OF REQUIRED IDENTITIES

This last can be reduced by dotting with b, and then substitute the result for x - b from above

(xANa)-b=x(a-b)—(x-b)a

c-b (19.11)
- . b) —
Xa-b) oz+a-ba
Thus the final solution is
1 c-b 1
= — —(cANa)- 19.12
o a-b a/+a-ba+a/(c @)-b (19.12)

Question: was there a geometric or physical motivation for this question. I can not recall one?

19.1 SEQUENTIAL PROOFS OF REQUIRED IDENTITIES
19.1.1  Split of symmetric and antisymmetric parts of the vector product

NFCM defines the vector dot and wedge products in terms of the symmetric and antisymmetric
parts, and not in terms of grade selection.
The symmetric and antisymmetric split of a vector product takes the form

1 1
ab = E(ab + ba) + E(ab —ba) (19.13)

Observe that if the two vectors are colinear, say b = aa, then this is

ab = g(az+az)+ C—y(az—az) (19.14)
2 2

The antisymmetric part is zero for any colinear vectors, while the symmetric part is a scalar
by the contraction axiom eq. (19.3).

Now, suppose that one splits the vector b into a part that is explicit colinear with a, as in
b=aa+c.

Here one can observe that none of the colinear component of this vector contributes to the
antisymmetric part of the split

l(ab —ba) = l(a(a/a +¢)— (aa + c)a)
2 2 (19.15)

= l(ac —ca)

2
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140 SOME NFCM EXERCISE SOLUTIONS AND NOTES

So, in a very loose fashion the symmetric part can be observed to be due to only colinear
parts of the vectors whereas colinear components of the vectors do not contribute at all to the
antisymmetric part of the product split. One can see that there is a notion of parallelism and
perpendicularity built into this construction.

What is of interest here is to show that this symmetric and antisymmetric split also provides
the scalar and bivector parts of the product, and thus matches the definitions of generalized dot
and wedge products.

While it has been observed that the symmetric product is a scalar for colinear vectors it has
not been demonstrated that this is necessarily a scalar in the general case.

Consideration of the square of a + b is enough to do so.

(a+b? =d*>+b*+ab+ba

 d

(19.16)

%((a+b)2—a2—b2) = %(ab+ba) (19.17)

We have only scalar terms on the LHS, which demonstrates that the symmetric product is
necessarily a scalar. This is despite the fact that the exact definition of a? (ie: the metric for the
space) has not been specified, nor even a requirement that this vector square is even satisfies
a®> >= 0. Such an omission is valuable since it allows for a natural formulation of relativistic
four-vector algebra where both signs are allowed for the vector square.

Observe that eq. (19.17) provides a generalization of the Pythagorean theorem. If one defines,

as in Euclidean space, that two vectors are perpendicular by

(a+b? =d*>+b? (19.18)

Then one necessarily has

1
S(ab+ba)=0 (19.19)
So, that we have as a consequence of this perpendicularity definition a sign inversion on
reversal
ba = —ab (19.20)

This equation contains the essence of the concept of grade. The product of a pair of vectors is
grade two if reversal of the factors changes the sign, which in turn implies the two factors must
be perpendicular.



19.1 SEQUENTIAL PROOFS OF REQUIRED IDENTITIES

Given a set of vectors that, according to the symmetric vector product (dot product) are all
either mutually perpendicular or colinear, grouping by colinear sets determines the grade

a1a2a3...a, = (bj,bj,..)(bi by, ...)...(by, by, ...) (19.21)

after grouping in pairs of colinear vectors (for which the squares are scalars) the count of
the remaining elements is the grade. By example, suppose that ¢; is a normal basis for RY
e; - ej « 0;;, and one wishes to determine the grade of a product. Permuting this product so that
it is ordered by index leaves it in a form that the grade can be observed by inspection

e3ere1ere1e7epe7 = —e3zeleere1e7€e6€7

ejezerereereqer

(19.22)
X ejejerezeqerereq
= (e1e1)ezezes(erer)er
X erezeqer

This is an example of a grade four product. Given this implicit definition of grade, one can
then see that the antisymmetric product of two vectors is necessarily grade two. An explicit
enumeration of a vector product in terms of an explicit normal basis and associated coordinates
is helpful here to demonstrate this.

Let

(19.23)
b= Z bjej
J
now, form the product
ab = Z Z aibjeiej
i
= Z aibje,-ej + Z aibjeiej + Z a,‘bjeiej
i<j i=j >]
= > abjeie;+ Y abjee;+ Y ajbiese (19.24)
i<j i=j J>i
= Z abjeie;+ Z abjeie;— Z ajbiee;
i<j i=j i<j

= Z aibi(e;)* + Z(aibj —ajbi)e;e;

i<j
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142 SOME NFCM EXERCISE SOLUTIONS AND NOTES

similarly

ba = Z aibi(ei)z — Z(aibj — ajbi)eiej (] 9'25)

i i<j

Thus the symmetric and antisymmetric products are respectively

%(ab +ba) = Z aibi(e;)?

1

1
E(ab —ba) = Z(Clibj —ajbjeie;

(19.26)
i<j

The first part as shown above with non-coordinate arguments is a scalar. Each term in the
antisymmetric product has a grade two term, which as a product of perpendicular vectors cannot
be reduced any further, so it is therefore grade two in its entirety.

following the definitions of eq. (19.4) and eq. (19.5) respectively, one can then write

a-b= l(ab+ba)
% (19.27)
ahb= E(ab—ba)

These can therefore be seen to be a consequence of the definitions and axioms rather than a
required a-priori definition in their own right. Establishing these as derived results is important
to avoid confusion when one moves on to general higher grade products. The vector dot and
wedge products are not sufficient by themselves if taken as a fundamental definition to establish
the required results for such higher grade products (in particular the useful formulas for vector
times blade dot and wedge products should be observed to be derived results as opposed to
definitions).

19.1.2  bivector dot with vector reduction

In the 1.3 solution above the identity

(anb)y-c=ab-c)—(a-c)b (19.28)



19.1 SEQUENTIAL PROOFS OF REQUIRED IDENTITIES

was used. Let us prove this.

(anb)-c={(anb))
-
2(a A b) - ¢ = {abc — bac),
= {abc — b(—ca+2a - ¢)); (19.29)
= {abc + bcay; —2b(a - ¢)
={ab-c+bArc)+(b-c+bAc)ay, —2b(a-c)
=2ab-c)+a-(bAhc)+(bAc)-a—2b(a-c)

To complete the proof we need a - B = —B - a, but once that is demonstrated, one is left with
the desired identity after dividing through by 2.

19.1.3  vector bivector dot product reversion

Provea-B =-B-a.
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OUTERMORPHISM QUESTION

20.1

[7] has an example of a linear operator.

Fa) =a+ala- fi)f>. (20.1)
This is used to compute the determinant without putting the operator in matrix form.
20.1.1  bivector outermorphism

Their first step is to compute the wedge of this function applied to two vectors. Doing this
myself (not omitting steps), I get:

F(anb) = F(a) A\ F(b)
=(a+ala- f)f2) N +ab- f1)f2)

=0
(20.2)
=anb+ala-fi)f Ab+ab- fan fr+a’(a- f)b- f1>
=aAb+a((b-fi)a—(a-fi)b) A fo
=aAb+a((@anb)-fi)Afo
This has a very similar form to the original function F. In particular one can write
F(a) = a+ala- fi)f2
=a+{ala- fi)fa) (203)

=a+{aa- f1)f2)0+1
=a+ala-fi)Af

Here the fundamental definition of the wedge product as the highest grade part of a product
of blades has been used to show that the new bivector function defined via outermorphism has
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146 OUTERMORPHISM QUESTION

the same form as the original, once we put the original in the new form that applies to bivector
and vector:

FA =A+aA-fi)A b (20.4)

20.1.2 Induction

Now, proceeding inductively, assuming that this is true for some grade k blade A, one can
calculate F(A) A F(b) for a vector b:

F(A) A F(b)
=(A+a@-f)ALIAD+ab- f)f)

=ANb+ab- AN fr+a(A- )N Ab+aPb- fXA-fOARAF (0.5
=AAb+a((b-f)A=(A-f))AD)A fo

= ANb+alb- f)A=(A- f)by A fo

Now, similar to the bivector case, this inner quantity can be reduced, but it is messier to do
SO:

1
(b fYA=(A- fi)by, = §<b fLA—Afib+ fi(bA + (—1)"Ab)>k (20.6)

1
= (- A=A f)b)y = S(bAA = Afiby + (/i AA)) (20.7)
Consider first the right hand expression:
(il NAY)y = fi-(DAA)
=(=D'fi-(AAD)

=(=D*-DXAAD) - f
= (AAD)- fi

(20.8)

The right hand expression in eq. (20.7) can be shown to equal zero. That is messier still and
the calculation can be found at the end.
Using that equals zero result we now have:

FANFb)=AAND+a((AAD)- )N fo (20.9)

This completes the induction.



20.2 APPENDIX. MESSY REDUCTION FOR INDUCTION

20.1.3  Can the induction be avoided?

Now, GAFP did not do this induction, nor even claim it was required. The statement is "It
follows that", after only calculating the bivector case. Is there a reason that they would be able
to make such a statement without proof that is obvious to them perhaps but not to me?

It has been pointed out that this question is answered, “yes, the induction can be avoided”, in
[23] page 148.

20.2 APPENDIX. MESSY REDUCTION FOR INDUCTION

Q: Is there an easier way to do this?
Here we want to show that

1
SAA=Afib) =0

Expanding the innards of this expression to group A and b parts together:

bfiA—-Afib = (fib-2b A fi)A—A(bfi —2f1 Ab)
= fibA—-Abfi —2(b A f1)A +2A(f1 A D)
=fib-A+bNA)-(A-D+AND)f (20.10)
—2((b/\f1)-A+((b/\f1)A>k+(b/\f1)/\A)
+2(A-(fi AD)+(A(fL AD)) +AN(fiL AD))

the grade k — 2, and grade k + 2 terms of the bivector product cancel (we are also only inter-
ested in the grade-k parts so can discard them). This leaves:

ND-A-A-DANfi+fi-DANA)=(AND)- f1 =2(D A fLA) +2(A(f1 AD)),

The bivector, blade product part of this is the antisymmetric part of that product so those
two last terms can be expressed with the commutator relationship for a bivector with blade:
(ByA)y = 3(B2A —ABy):

2ANi AB) = 2D A f1)A) = A(fi AD) = (fi AD)A— (b A f1))A+ A A f1)
=A(AAD)— (i AD)A+(fi AD)A—A(fi Ab)  (20.11)
=0

147



148

OUTERMORPHISM QUESTION

So, we now have to show that we have zero for the remainder:

AbfiA-Afiby = fin(b-A)—(A-D) A fi
+fi-(bAA)—(AND)- fi

==DMTAAA D) =D A A A D) (20.12)
+ (=D fi - (AAD) = (=1 fi - (AAD)
=0

20.3 NEW OBSERVATION

Looking again, I think I see one thing that I missed. The text said they were constructing the
action on a general multivector. So, perhaps they meant b to be a blade. This is a typesetting
subtlety if that is the case. Let us assume that is what they meant, and that b is a grade k blade.
This makes the coefficient of the scalar « in equation 4.147 :

a-fifinb+b-fiahfr=(b- fa+ =D a- f)b)A f (20.13)
whereas they have:
(- f)a—(a- f0b) A fa

So, no, I think they must have intended b to be a vector, not an arbitrary grade blade.
Now, indirectly, it has been proven here that for a vectors x, y, and a grade-k blade B:

AAx) - y=Ax-y)—(A-y)Ax (20.14)
Or,
AAx)-y=0O-xA +(—1)k(y-A) AX (20.15)

(changed variable names to disassociate this from the specifics of this particular example),
which is a generalization of the wedge product with dot product distribution identity for vectors:

(anb)y-c=ab-c)—(a-c)Ab (20.16)

I believe I have seen a still more general form of eq. (20.14) in a Hestenes paper, but did not
think about using it a-priori. Regardless, it does not really appear the the GAFP text was treating
b as anything but a vector, since there would have to be a (—1)* factor on equation 4.147 for it
to be general.



20.3 NEW OBSERVATION

Exercise 20.1 Elliptic parameterization (//5] ch. 3, pr. 8.6)
Show that an ellipse can be parameterized by

r(t) = ccosh(u + it). (20.17)

Here i is a unit bivector, and i A ¢ is zero (i.e. ¢ must be in the plane of the bivector i).
Answer for Exercise 20.1

Note that y, ¢, i all commute since y, ¢ are both scalars. That allows a complex-like expansion
of the hyperbolic cosine to be used

1 . .
cosh(u + if) = 3 (euﬂt n e—,u—zt)

I . . (20.18)
=5 (e!(cost + isint) + e H(cost —isint))
= coshucost + isinhusint.
Since an ellipse can be parameterized as
r(t) = acost + bsint, (20.19)

where the vector directions a and b are perpendicular, the multivector hyperbolic cosine
representation parameterizes the ellipse provided
a=ccoshu
. (20.20)
b = cisinh u.
It is desirable to relate the parameters u, i to the vectors a, b. Because ¢ A i = 0, the vector ¢
anticommutes with 7, and therefore (¢i)?> = —ciic = ¢2, which means
a? = ¢? cosh?
2 _ 22 (20.21)
b” = ¢ sinh” 4,
or
| bl

u = tanh™ .
|al

(20.22)
The bivector i is just the unit bivector for the plane containing a and b

a A'b = cosh u sinh uc A (c¢i)
= cosh yu sinh p{cci),
= cosh u sinh ,uic2

2
(20.23)

= cosh y sinh ui
cosh? u

= a’tanh i

b
_ 2P
|al

149



150 OUTERMORPHISM QUESTION

SO

. aAb
i= .
|a|[b]

(20.24)
Observe that i is a unit bivector provided the vectors a, b are perpendicular, as required

(@aAb)Y =(@Ab)-(anb)
=(aAb)-a)-b
_ (a(b-2)—bal) b (20.25)
=(a- b)2 — b%a?
= —b%a’.
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RECIPROCAL FRAME VECTORS

21.1 APPROACH WITHOUT GEOMETRIC ALGEBRA

Without employing geometric algebra, one can use the projection operation expressed as a dot
product and calculate the a vector orthogonal to a set of other vectors, in the direction of a
reference vector.

Such a calculation also yields RY results in terms of determinants, and as a side effect pro-
duces equations for parallelogram area, parallelepiped volume and higher dimensional ana-
logues as a side effect (without having to employ change of basis diagonalization arguments
that do not work well for higher dimensional subspaces).

21.1.1  Orthogonal to one vector

The simplest case is the vector perpendicular to another. In anything but IR? there are a whole
set of such vectors, so to express this as a non-set result a reference vector is required.

Calculation of the coordinate vector for this case follows directly from the dot product. Bor-
rowing the GA term, we subtract the projection to calculate the rejection.

A A

Rejy (V) = v—v-ad
1
= —(Vu2 —V-uu)
2
u
1
= P Vi€iujuj— ViUl jU;€;
(21.1)
1 Vi Vj
= — uie;
2 J
u Ui Uuj
1 Ui Uj
- J
= ; Z (uiej — ujei)
i<j Vi Vj
Thus we can write the rejection of v from 1 as:
: 1 up ujllu; uj
Rejg (V) = _22 R | (21.2)
u i<j Vi Vjll€& €j
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154 RECIPROCAL FRAME VECTORS

Or introducing some shorthand:

u; Uj

uv __ ¥ J
DY =

Vi Vj

(21.3)

u; Uj

ue __ |1 J
D¢ =

€ €5

eq. (21.2) can be expressed in a form that will be slightly more convenient for larger sets of
vectors:

, 1
Rejg (v) = — > Do (21.4)

i<j

Note that although the GA axiom u? = u - u has been used in equations eq. (21.2) and
eq. (21.4) above and the derivation, that was not necessary to prove them. This can, for now, be
thought of as a notational convenience, to avoid having to write u - u, or (2.

This result can be used to express the RV area of a parallelogram since we just have to
multiply the length of Rej; (v):

: . 1 uv)2
IRejz (V)II* = Rejg (v) -v = 2 Z (Dij ) (21.5)

i<j

with the length of the base ||u||. [FIXME: insert figure.]
Thus the area (squared) is:

2
Avy = (DY) (21.6)
i<j
For the special case of a vector in IR? this is

uy Uuj
Auy = DY =abs[’ j

] 21.7)

Vi Vj



21.1 APPROACH WITHOUT GEOMETRIC ALGEBRA

21.1.2  Vector orthogonal to two vectors in direction of a third

The same procedure can be followed for three vectors, but the algebra gets messier. Given three
vectors u, v, and w we can calculate the component w’ of w perpendicular to u and v. That is:

(21.8)

After expanding this out, a number of the terms magically cancel out and one is left with

w =wWv-@u-v)}) =u (—u cWv2 + (u-v)(v - W))
+v(-u*(v-w)— (- v)(u-w) (21.9)
+w (u2V2 —(ua- V)2)

And this in turn can be expanded in terms of coordinates and the results collected yielding

Vi Vi u; U ui U
w”:Zeiujvk ui|’ - wi|’
Wi Wk Wi Wk Vi Vi
u; I/tj 125%
:Zeiujvk Vi Vi Vg
wi W wg
wou; g (21.10)
_ M Uk
= € Vi Vi Wk
ij<k Vi Vkl| o
wi Wi Wi
uj u; Uk

Ui Uy
- j
ol DIRDIED N L S | RNV
i<j<k j<i<k j<k<i) Vi Vk
wi wj; Wi
Expanding the sum of the denominator in terms of coordinates:

2
i U (21.11)

i<j Vi Vj

u’v? - (u- V)2 =
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156 RECIPROCAL FRAME VECTORS

and using a change of summation indices, our final result for the vector perpendicular to two
others in the direction of a third is:

U; Ltj U | |U; uj Uj
Zi<j<k Vi Vj Vi | |Vi Vj Vi

wi Wi Wk €; ej €
2

uj Uuj

Zi<j

Vi Vj

S U Uuj
As a small aside, it is notable here to observe that span { b
€ €

} is the null space for the vec-

u, u j U
tor u, and the set span{|y; v; | is the null space for the two vectors u and v respectively.
€ €; €
Since the rejection is a normal to the set of vectors it must necessarily include these cross
product like determinant terms.
Asineq. (21.4), use of a D;‘}CW notation allows for a more compact result:

-1
Rejg; (W) = [Z (D;IJ.V)ZJ D DD (21.13)

i<j i<j<k

And, as before this yields the Volume of the parallelepiped by multiplying perpendicular
height:

IRejge (W)l = Rejye (W) - W = [Z (D;'])z] Z (D;;.;Wf (21.14)

i<j i<j<k

by the base area.
Thus the squared volume of a parallelepiped spanned by the three vectors is:

Voyw= ). (D}f,;w)z. (21.15)

i<j<k



21.1 APPROACH WITHOUT GEOMETRIC ALGEBRA
The simplest case is for R? where we have only one summand:

up Uz U3
Vuyw = ID?]‘/;WI =abs|lv; v vi|] (21.16)

wr w2 w3

21.1.3  Generalization. Inductive Hypothesis

There are two things to prove

1. hypervolume of parallelepiped spanned by vectors uj, uy, ..., ux

2 _ u;, U, -u;, \2
Vi, = Z (Di,;z..?,-k k) (21.17)

11 <ip<-<ip

2. Orthogonal rejection of a set of vectors in direction of another.
Wiy Wig Wiy Uy, €

_ Zi1<~-~<ik D,'I...,'k Dil“'ik

u;p )2
Z[1<~~-<l‘k71 (Dil“'ikfl )

I cannot recall if I ever did the inductive proof for this. Proving for the initial case is done
(since it is proved for both the two and three vector cases). For the limiting case where k = n it

can be observed that this is normal to all the others, so the only thing to prove for that case is if
the scaling provided by hypervolume eq. (21.17) is correct.

Rejg,.q, , (W) (21.18)

21.1.4  Scaling required for reciprocal frame vector

Presuming an inductive proof of the general result of eq. (21.18) is possible, this rejection has
the property

Rejg,.a,, (W) - @ oc 6
With the scaling factor picked so that this equals dy;, the resulting “reciprocal frame vector”
is
Wiy Wy Uiy €
‘= 2 i D . l.lllkz (21.19)
Zi1<---<ik (D ! [k)

i-ik

u
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158 RECIPROCAL FRAME VECTORS

The superscript notation is borrowed from Doran/Lasenby, and denotes not a vector raised to
a power, but this this special vector satisfying the following orthogonality and scaling criteria:

ub -, = 6. (21.20)

Note that for k = n— 1, eq. (21.19) reduces to

Dll]”'lln_]e
1---(n—-1)
Dl-l~n

This or some other scaled version of this is likely as close as we can come to generalizing the
cross product as an operation that takes vectors to vectors.

21.1.5  Example. R3 case. Perpendicular to two vectors

Observe that for R?, writingu =u;, v=up, w =uz, and w = u3> this is:

Uy Uy us
Vi V2 V3
€ € €3 uxv
w = = (21.22)
W W U (uxv)-w
Vi v2 V3

wp w2 w3

This is the cross product scaled by the (signed) volume for the parallelepiped spanned by the
three vectors.

21.2 DERIVATION WITH GA

Regression with respect to a set of vectors can be expressed directly. For vectors u; write B =
u; Auy---ug. Then for any vector we have:

1
B

< > (21.23)

<(x B+xAB)= >
1



21.2 DERIVATION WITH GA

All the grade three and grade five terms are selected out by the grade one operation, leaving
just

X:(X-B)-%+(XAB)-%. (21.24)

This last term is the rejective component.

, 1 (xAB)-Bf
R =xAB) - — = —7F+— 21.25
ejp (x) = (x AB) B BB ( )
Here we see in the denominator the squared sum of determinants in the denominator of

eq. (21.18):

BB = > (DY (21.26)
i <-<ig

In the numerator we have the dot product of two wedge products, each expressible as sums
of determinants:

— u;, ---u;
BT — (_l)k(k /2 Z Dil-l.-ik keil e, e 21.27)
i <<y
And
Xu;, --u;
XAB = Z Dil'“lik+1 ‘e ey ey (21.28)
i1 <-<lps]

Dotting these is all the grade one components of the product. Performing that calculation
would likely provide an explicit confirmation of the inductive hypothesis of eq. (21.18). This
can be observed directly for the k + 1 = n case. That product produces a Laplace expansion
sum.

(x AB)-BT = Dy (e Dyl ™! — e DV ™! + es DY ™) (21.29)

Xul"'un—lDeul'“un—l
(XAB)- & = 2 12 (21.30)
B u; w2 N
Zi|<~~-<ik (D )

i1k
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Thus eq. (21.18) for the k = n — 1 case is proved without induction. A proof forthe k+1 < n
case would be harder. No proof is required if one picks the set of basis vectors e; such that
e; AB = 0 (then the k + 1 = n result applies). I believe that proves the general case too if one
observes that a rotation to any other basis in the span of the set of vectors only changes the sign
of the each of the determinants, and the product of the two sign changes will then have value
one.

Follow through of the details for a proof of original non GA induction hypothesis is proba-
bly not worthwhile since this reciprocal frame vector problem can be tackled with a different
approach using a subspace pseudovector.

It is notable that although this had no induction in the argument above, note that it is funda-
mentally required. That is because there is an inductive proof required to prove that the general
wedge and dot product vector formulas:

x-B = %(XB - (-1)*Bx) (21.31)

XAB = %(xB+(—1)ka) (21.32)

from the GA axioms (that is an easier proof without the mass of indices and determinant
products.)

21.3 PSEUDOVECTOR FROM REJECTION

As noted in the previous section the reciprocal frame vector u is the vector in the direction of
u, that has no component in spanuy, - - -, w1, normalized such that uy - uk = 1. Explicitly, with
B=u Aup--- Auy_q this is:

., (WAB)-B
u =
u; - ((uy AB)-B)

(21.33)

This is derived from eq. (21.25), after noting that BB—]; oc B, and further scaling to produce the

desired orthonormal property of equation eq. (21.20) that defines the reciprocal frame vector.



21.4 COMPONENTS OF A VECTOR

21.3.1 back to reciprocal result

Now, eq. (21.33) looks considerably different from the Doran/Lasenby result. Reduction to a
direct pseudovector/blade product is possible since the dot product here can be converted to a
direct product.

X=uw—(u-B) g

(uAB)-B=|(xB)|-B
= (xBB),

= xB?

= ((uk—(uk-B)~%)/\B)B
= (u; AB)B

(21.34)

Thus eq. (21.33) is a scaled pseudovector for the subspace defined by span u;, multiplied by
a k-1 blade.

21.4 COMPONENTS OF A VECTOR

The delta property of eq. (21.20) allows one to use the reciprocal frame vectors and the basis that
generated them to calculate the coordinates of the a vector with respect to this (not necessarily
orthonormal) basis.

That is a pretty powerful result, but somewhat obscured by the Doran/Lasenby super/sub
script notation.

Suppose one writes a vector in span u; in terms of unknown coefficients

a-= Z au; (21.35)

Dotting with u/ gives:

a-uj:Zaiui-uj:Zaid,-J-:aj (21~36)

a= Z(a ) (21.37)
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Similarly, writing this vectors in terms of u’ we have

a= Z bt (21.38)

Dotting with u; gives:

a'UjZZbiui'lljZZbi(slebj (21.39)
Thus
a= > @ uu (21.40)

We are used to seeing the equation for components of a vector in terms of a basis in the
following form:

a= Z(a-u,-)ul- (21.41)

This is true only when the basis vectors are orthonormal. Equations eq. (21.37) and eq. (21.40)
provide the general decomposition of a vector in terms of a general linearly independent set.

21.4.1  Reciprocal frame vectors by solving coordinate equation

A more natural way to these results are to take repeated wedge products. Given a vector decom-
position in terms of a basis u;, we want to solve for a;:

k
a= Z au; (21.42)
i=1

The solution, from the wedge is:

aA(uAup -l - Ay = ai(—l)i_lul VANRRVAN | 1 (21.43)

)i_la/\(ul/\uzu-li,w--/\uk

- ai:(—l
) SEVANKICRIVAN | 1%

) (21.44)



21.4 COMPONENTS OF A VECTOR

The complete vector in terms of components is thus:

azZ(—l)i—la/\(lll/\llz"-lii-”/\uk)
up A Aug

u; (21.45)

We are used to seeing the coordinates expressed in terms of dot products instead of wedge
products. As in IR* where the pseudovector allows wedge products to be expressed in terms of
the dot product we can do the same for the general case.

Writing B € A¥"!and I € A¥ we want to reduce an equation of the following form

aAB _ laB+(-1)'Ba
I I 2

(21.46)

The pseudovector either commutes or anticommutes with a vector in the subspace depending
on the grade

=0

Ia:I-a+ (21.47)

=(=DF'a-1
= (-1 aI

Substituting back into eq. (21.46) we have

aAB ~ a(%B)+(%B)a
I z(_l)klf

= (—l)k‘la-( B) (21.48)

=a.(B%)

WithI=u; A---u,and B = u; Auy---W; - - - Ay, back substitution back into eq. (21.45)
is thus

o | =

a= Z a- ((—I)HB%)U,- (21.49)
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164 RECIPROCAL FRAME VECTORS

The final result yields the reciprocal frame vector u¥, and we see how to arrive at this result
naturally attempting to answer the question of how to find the coordinates of a vector with
respect to a (not necessarily orthonormal) basis.

uf

w; (21.50)

a:Za-

A Ay

(=D )

((Ul/\llz"'ﬁi"'/\llk)

21.5 COMPONENTS OF A BIVECTOR

To find the coordinates of a bivector with respect to an arbitrary basis we have a similar problem.
For a vector basis a;, introduce a bivector basis a; A a;, and write

B:waau/\av (21.51)

u<vy

Wedging with a; A a; will select all but the ij component. Specifically

B/\(alA"'ﬁi"'ffj"‘/\ak)=bijai/\aj/\(al/\"'ﬁi"'avj”‘/\ak)

o 21.52
= b (=1 @ A Aay) )

Thus
(al/\ﬁlﬁ/_]/\ak)

bii = (=3B A
Y =D aiN---Nag

(21.53)

We want to put this in dot product form like eq. (21.50). To do so we need a generalized
grade reduction formula

(AaAAp)-Ac=Ag-(Ap-Ap) (21.54)

This holds when a + b < c. Writing A = aj A---d;---d;---Aag,and I = aj A--- Aag, we
have

1 1
BAA)T=BAA) 1

1
=B-(A-i) (21.55)

ﬂyQQ
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Thus the bivector in terms of its coordinates for this basis is:

ZB-((al/\---zfu---ziv---/\ak)_— a, Aa, (21.56)
k

u<vy

It is easy to see how this generalizes to higher order blades since eq. (21.54) is good for all
required grades. In all cases, the form is going to be the same, with only differences in sign and
the number of omitted vectors in the A blade.

For example for a trivector

T = Z fuvw@y A2y Ay, (21.57)

u<y<w

It is pretty straightforward to show that this can be decomposed as follows

(_ 1 )u+v+w—3—2—1

T= Z T-{(aA---a,- 8,2, -Aag)——— |a,Aa, Aa,  (21.58)
U<v<w AN A

21.5.1 Compare to GAFP

Doran/Lasenby’s GAFP demonstrates eq. (21.50), and with some incomprehensible steps skips
to a generalized result of the form !

B= ) B-(a/ra')ana, (21.59)

i<j

GAFP states this for general multivectors instead of bivectors, but the idea is the same.

This makes intuitive sense based on the very similar vector result. This does not show that the
generalized reciprocal frame k-vectors calculated in eq. (21.56) or eq. (21.58) can be produced
simply by wedging the corresponding individual reciprocal frame vectors.

To show that either takes algebraic identities that I do not know, or am not thinking of as
applicable. Alternately perhaps it would just take simple brute force.

Easier is to demonstrate the validity of the final result directly. Then assuming my direct
calculations are correct implicitly demonstrates equivalence.

1 In retrospect I do not think that the in between steps had anything to do with logical sequence. The authors wanted
some of the results for subsequent stuff (like: rotor recovery) and sandwiched it between the vector and reciprocal
frame multivector results somewhat out of sequence.
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Starting with B as defined in eq. (21.51), take dot products with a/ A a’.

B-(@ na) = ) bu(a,Aa)-(al Aa)

u<vy

:Zbuv

a,-a' a,-a’
a,-a

£ i a,-al (21.60)
Oui Ouj
_ Z b, ui uj
u<y O 6vj
Consider this determinant when u = i for example
ui Ouj| _ |1 6yl _|1 0 =5, (21.61)
6vi 6vj 6vi 6vj 6vi 6vj

If any one index is common, then both must be common (ij = uv) for this determinant to
have a non-zero (ie: one) value. On the other hand, if no index is common then all the ¢’s are
Zero.

Like eq. (21.20) this demonstrates an orthonormal selection behavior like the reciprocal frame
vector. It has the action:

(a; A aj) -(@" Aa) = (51']',,4‘, (21.62)

This means that we can write by, directly in terms of a bivector dot product

bu = B - (2" AaY) (21.63)

and thus proves eq. (21.59). Proof of the general result also follows from the determinant
expansion of the respective blade dot products.

21.5.2  Direct expansion of bivector in terms of reciprocal frame vectors

Looking at linear operators I realized that the result for bivectors above can follow more easily
from direct expansion of a bivector written in terms of vector factors:

aAb= Z(a~uiui)/\(b~ujuj)

= Z(a-uib-uj—a-ujb-ui)uiAuj
i<j (21.64)

>

i<j

a-u; a-uj
b'lll‘ b'llj

u Aw’




21.5 COMPONENTS OF A BIVECTOR

When the set of vectors u; = u’ are orthonormal we have already calculated this result when
looking at the wedge product in a differential forms context:

u; Auj (21.65)

a/\b:Z

a; Clj
i<j |bi D

For this general case for possibly non-orthonormal frames, this determinant of dot products
can be recognized as the dot product of two blades

(a/\b)-(uj/\u,-):a-(b-(uj/\ui))
=a-(b-uu;—b-uuj (21.66)
=b-ua-u;-b-wa-u;

Thus we have a decomposition of the bivector directly into a sum of components for the
reciprocal frame bivectors:

anb=>" (@Ab)-Au))u Aw (21.67)

i<j
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MATRIX REVIEW

22.1 MOTIVATION

My initial intention for subset of notes was to get a feel for the similarities and differences
between GA and matrix approaches to solution of projection. Attempting to write up that com-
parison I found gaps in my understanding of the matrix algebra. In particular the topic of pro-
jection as well as the related ideas of pseudoinverses and SVD were not adequately covered in
my university courses, nor my texts from those courses. Here is my attempt to write up what I
understand of these subjects and explore the gaps in my knowledge.

Particularly helpful was Gilbert Strang’s excellent MIT lecture on subspace projection (avail-
able on the MIT opencourseware website). Much of the notes below are probably detailed in
his course textbook.

There is some GA content here, but the focus in this chapter is not neccessarily GA.

22.2  SUBSPACE PROJECTION IN MATRIX NOTATION
22.2.1 Projection onto line
The simplest sort of projection to compute is projection onto a line. Given a direction vector b,

and a line with direction vector u as in fig. 22.1.
The projection onto u is some value:

p=au (22.1)
and we can write

b=p+e (22.2)
where e is the component perpendicular to the line u.

Expressed in terms of the dot product this relationship is described by:

b-p)-a=0 (22.3)
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170 MATRIX REVIEW

Figure 22.1: Projection onto line

Or,

b-a=aa-a (22.4)

and solving for « and substituting we have:

p=a— (22.5)

In matrix notation that is:

Th
p=a (aT) (22.6)
ata
Following Gilbert Strang’s MIT lecture on subspace projection, the parenthesis can be moved
to directly express this as a projection matrix operating on b.

T
p= (%)b =Pb (22.7)
a a



22.2 SUBSPACE PROJECTION IN MATRIX NOTATION

Figure 22.2: Projection onto plane

22.2.2  Projection onto plane (or subspace)

Calculation of the projection matrix to project onto a plane is similar. The variables to solve for
are p, and e in as fig. 22.2.

For projection onto a plane (or hyperplane) the idea is the same, splitting the vector into
a component in the plane and an perpendicular component. Since the idea is the same for any
dimensional subspace, explicit specification of the summation range is omitted here so the result
is good for higher dimensional subspaces as well as the plane:

b -p=e (228)

p= aw (22.9)

however, we get a set of equations, one for each direction vector in the plane

b-p)-u=0 (22.10)
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172 MATRIX REVIEW

Expanding p explicitly and rearranging we have the following set of equations:

b-u = (Z Q) - i (22.11)

putting this in matrix form

[b-uili = |(2, auy) - u, (22.12)
Writing U = [ul U ]
uy

ug b= [(Zs ltg) - ui]

(22.13)
]
= [Mi : uj]ij an
Solving for the vector of unknown coefficients o = [@;]; we have
-1
_ T
@= [u,- . “f]i,- U™h (22.14)
And
-1
p=Ua=Uly-u;| U (22.15)
ij
However, this matrix in the middle is just UTU:
uT u?ul ufuz
M; [M] 175 . ] = ugul ug”Z
: (22.16)
- [M;'F”J']ij
= [ui ’ uj]ij

This provides the final result:

Proj, (b) = UWUTU)'UTD (22.17)



22.2 SUBSPACE PROJECTION IN MATRIX NOTATION

22.2.3  Simplifying case. Orthonormal basis for column space

To evaluate eq. (22.17) we need only full column rank for U, but this will be messy in general
due to the matrix inversion required for the center product. That can be avoided by picking an
orthonormal basis for the vector space that we are projecting on. With an orthonormal column
basis that central product term to invert is:

UTU = [ulu)li; = [6ij1ij = L, (22.18)

Therefore, the projection matrix can be expressed using the two exterior terms alone:

Proj, = UUTU)'UT = vUT (22.19)
22.2.4  Numerical expansion of left pseudoscalar matrix with matrix

Numerically expanding the projection matrix A(ATA)~!AT is not something that we want to do,
but the simpler projection matrix of equation eq. (22.19) that we get with an orthonormal basis
makes this not so daunting.

Let us do this to get a feel for things.

22241 R* plane projection example

Take a simple projection onto the plane spanned by the following two orthonormal vectors

[ 1
2
(22.20)
V3
0
-3
V2| o

= — 22.21
= | ( )
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Thus the projection matrix is:

1 -V3
£l 12 o 1 2 V30
p- it 22.22
g ”2]L§} 81V3 1 l—\@ 0 1 2] (2222
0o 2
4 2 0 -2V3 1/2 1/4 0 -V3/4
:le 2 4 2vV3 0 _| 4 172 V3/4 0 (22.23)
81 0 2vV3 4 2 0 V34 1/2 1/4
—2v3 0 2 4 -V3/4 0 /4 1/2

What can be said about this just by looking at the matrix itself?

1. One can verify by inspection that Pu; = u; and Pup = up. This is what we expected so
this validates all the math performed so far. Good!

2. Itis symmetric. Analytically, we know to expect this, since for a a full column rank matrix
A the transpose of the projection matrix is:

T
1
PT — A AT — P 2224
[ 1547) 2224
3. In this particular case columns 2,4 and columns 1,3 are each pairs of perpendicular vec-
tors. Is something like this to be expected in general for projection matrices?

4. We expect this to be a rank two matrix, so the null space has dimension two. This can be
verified.

22.2.5 Return to analytic treatment

Let us look at the matrix for projection onto an orthonormal basis in a bit more detail. This
simpler form allows for some observations that are a bit harder in the general form.

Suppose we have a vector n that is perpendicular to all the orthonormal vectors u; that span
the subspace. We can then write:

u;-n=0 (22.25)
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un=0 (22.26)

In block matrix form for all u; that is:

[ul.Tn],- = [uiT]in =UTn=0 (22.27)

This is all we need to verify that our projection matrix indeed produces a zero for any vector
completely outside of the subspace:

Proj,(n) = U(U™n) = U0 = 0 (22.28)

Now we have seen numerically that UUT is not an identity matrix despite operating as one
on any vector that lies completely in the subspace.

Having seen the action of this matrix on vectors in the null space, we can now directly exam-
ine the action of this matrix on any vector that lies in the span of the set {;}. By linearity it is
sufficient to do this calculation for a particular u;:

I/l1 u;

T

U, U;
UUTw, =U| 2

T
U, u;

o wllo],

r

Z Ui

k=1

(22.29)

Uj
This now completes the validation of the properties of this matrix (in its simpler form with

an orthonormal basis for the subspace).

22.3 MATRIX PROJECTION VS. GEOMETRIC ALGEBRA

I found it pretty interesting how similar the projection product is to the projection matrix above
from traditional matrix algebra. It is worthwhile to write this out and point out the similarities
and differences.
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22.3.1 General projection matrix

We have shown above, provided a matrix A is of full column rank, a projection onto its columns
can be written:

. 17
Proj,(x) = (AmA )x (22.30)

Now contrast this with the projection written in terms of a vector dot product with a non-null
blade

Proj,(x) = A (% : x) = Aﬁ (AT-x) (22.31)

This is a curious correspondence and naive comparison could lead one to think that perhaps
there the concepts of matrix transposition and blade reversal are equivalent.

This is not actually the case since the matrix transposition actually corresponds to the adjoint
operation of a linear transformation for blades. Be that as it may, there appears to be other
situations other than projections where matrix operations of the form BTA end up with GA
equivalents in the form BYA. An example is the rigid body equations where the body angular
velocity bivector corresponding to a rotor R is of the form () = R’R", whereas the matrix form
for a rotation matrix R is of the form Q = R'R".

22.3.2  Projection matrix full column rank requirement

The projection matrix derivations above required full column rank. A reformulation in terms
of a generalized matrix (Moore-Penrose) inverse, or SVD can eliminate this full column rank
requirement for the formulation of the projection matrix.

We will get to this later, but we never really proved that full column rank implies ATA inverta-
bility.

If one writes out the matrix ATA in full

Now, if A = [a;];, the matrix

ay-ay ap-ap
A"A=\ay-a; ay-ar ...|. (22.32)

This is an invertible matrix provided {a;}; is a linearly independent set of vectors. For full
column rank to imply invertability, it would be sufficient to prove that the determinant of this
matrix was non-zero.
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I am not sure how to show that this is true with just matrix algebra, however one can identify
the determinant of the matrix of eq. (22.32), after an adjustment of sign for reversion, as the GA
dot product of a k-blade:

(_l)k(k—l)/z(al A Aag)-(ap A--- Aag). (22.33)

Linear independence means that this wedge product is non-zero, and therefore the dot prod-
uct, and thus original determinant is also non-zero.

When the ATA matrix of eq. (22.32) is invertible that inverse can be written using a cofactor
matrix (adjoint expansion):

Let us write this out, where C;; are the cofactor matrices of ATA, we have:

1 1

- — 1"
ATA |ATA|[CU] (22.34)

Observe that the denominator here is exactly the determinant of eq. (22.33). This illustrates
the motivation of Hestenes to label the explicit alternating vector-vector dot product expansion
of a blade-vector dot product the “generalized Laplace expansion”.

22.3.3  Projection onto orthonormal columns

When the columns of the matrix A are orthonormal, the projection matrix is reduced to:

Proj,(x) = (AAT) x. (22.35)

The corresponding GA entity is a projection onto a unit magnitude blade. With that scaling
the inverse term also drops out leaving:

Proj,(x) = A (A" - x) (22.36)

This helps point out the similarity between the matrix inverse ﬁ and the blade product
inverse ﬁ is only on the surface, since this blade product is only a scalar.
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22.4 PROOF OF OMITTED DETAILS AND AUXILIARY STUFF
22.4.1  That we can remove parenthesis to form projection matrix in line projection equation

Remove the parenthesis in some of these expressions may not always be correct, so it is worth
demonstrating that this is okay as done to calculate the projection matrix P in eq. (22.7). We
only need to look at the numerator since the denominator is a scalar in this case.

(aa")b = [a;a;l;[bili
= [Zk aiakbk]i
Sean] (22.37)
ilia'b

(a'b)

a
a

|
=

22.4.2  Any invertible scaling of column space basis vectors does not change the projection

Suppose that one introduces an alternate basis for the column space

Vi = Z Ui (22.38)

This can be expressed in matrix form as:

V=UE (22.39)

or

UE'=vV (22.40)
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We should expect that the projection onto the plane expressed with this alternate basis should
be identical to the original. Verification is straightforward:

IVT

)

ve™)((ve™) (we)) (vE")'
vE™) (E Uty ‘1)_1 (Ve
( UE™) (lU ) ET(UE )

(T)E
vtu)

Projy, = (VTV

-1

(22.41)






OBLIQUE PROJECTION AND RECIPROCAL FRAME VECTORS

23.1 MOTIVATION

Followup on wikipedia projection article’s description of an oblique projection. Calculate this
myself.

23.2 USING GA. OBLIQUE PROJECTION ONTO A LINE

INSERT DIAGRAM.
Problem is to project a vector x onto a line with direction p, along a direction vector d.
Write:

x+ad = Bp (23.1)

and solve for p = 8p. Wedging with d provides the solution:

=0

xAd+aldnd|=ppard (232)
xAd
pAd

So the “oblique” projection onto this line (using direction d) is:

(=Y

A

»

p (23.4)

N

Projf]—)f)(x) = p A

(=53

This also shows that we do not need unit vectors for this sort of projection operation, since
we can scale these two vectors by any quantity since they are in both the numerator and denom-
inator.
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182 OBLIQUE PROJECTION AND RECIPROCAL FRAME VECTORS

Let D, and P be vectors in the directions of d, and p respectively. Then the projection can
also be written:

xAD

—_— 23.
PAD (23.5)

ProjD—»P(X) =
It is interesting to see projection expressed here without any sort of dot product when all our
previous projection calculations had intrinsic requirements for a metric.
Now, let us compare this to the matrix forms of projection that we have become familiar with.
For the matrix result we need a metric, but because this result is intrinsically non-metric, we
can introduce one if convenient and express this result with that too. Such an expansion is:

xAD DAP 1
P=xAD
PAD DAPPAD

=(xAD) - (DAP)

IPADPP
=(xAD)-D)-P

P
PADE (23.6)

= (xD>-x-DD)-P

P
|P A D2
_x-PD’-x-DD-P

~ P2D2—(P-D)2

This gives us the projection explicitly:

PD>-DD-P
) (23.7)

Projp—p(®) = (X pop —p Dy

It sure does not simplify things to expand things out, but we now have things prepared to
express in matrix form.

Assuming a euclidean metric, and a bit of playing shows that the denominator can be written
more simply as:

Pﬁﬂ—atnf:hﬂy| (23.8)

where:

U=[p D] (23.9)



23.3 OBLIQUE PROJECTION ONTO A LINE USING MATRICES

Similarly the numerator can be written:

0 -1
1 0

x-PD’-x-DD-P=D"U UTx. (23.10)

Combining these yields a projection matrix:

1 0 -1

1 0

DU

Projp_p(X) = (P UT] X. (23.11)

ool

The alternation above suggests that this is related to the matrix inverse of something. Let us
try to calculate this directly instead.

23.3 OBLIQUE PROJECTION ONTO A LINE USING MATRICES

Let us start at the same place as in eq. (23.1), except that we know we can discard the unit
vectors and work with any vectors in the projection directions:

X+ aD =[P (23.12)

Assuming an inner product, we have two sets of results:

P,x) + ao(P,D) = (P, P)

(23.13)
(D, x) + (D, D) = (D, P)
and can solve this for «, and 8.
(P,D) (P,P)||-a| |(P.,X) (23.14)
(D, D) (D,P)]| B (D, x)
If our inner product is defined by (u, v) = u*Av, we have:
(P,D) (P,P)| |P"AD P*AP
D,D) (D,P) D*AD D*AP (23.15)

=[p ][> P
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Thus the solution to eq. (23.14) is

—a 1 %
= - P D|A (23.16)
[ﬁ] [P b A[D P][ 4]
Again writing U = [P D], this is:
{_ﬂ: U palx
F U*AU (1) (1) (23.17)
0 1 1 .
- 1 0 U*AUUA X

Since we only care about solution for S to find the projection, we have to discard half the
inversion work, and just select that part of the solution (suggests that a Cramer’s rule method is
more efficient than matrix inversion in this case) :

p=lo 1] [;1 (23.18)

Thus the solution of this oblique projection problem in terms of matrices is:

. o1l 1
PrOJDaP(X):[P[O 1][1 | Tar? A]x (23.19)
Which is:
ProjD—)P(X)=(P[1 0] AUU*A)X (23.20)

Explicit expansion can be done easily enough to show that this is identical to eq. (23.7), so
the question of what we were implicitly inverting in eq. (23.11) is answered.



23.4 OBLIQUE PROJECTION ONTO HYPERPLANE

23.4 OBLIQUE PROJECTION ONTO HYPERPLANE
Now that we have got this directed projection problem solved for a line in both GA and matrix

form, the next logical step is a k-dimensional hyperplane projection. The equation to solve is
now:

x +aD = Z,Bl-Pi (23.21)

23.4.1 Non metric solution using wedge products

For x with some component not in the hyperplane, we can wedge with P =Py APy A --- APy

=0

k
X/\P+04D/\P=Zﬁ,-

i=1

Thus the projection onto the hyperplane spanned by P is going from x along D is x + aD:

XA P

Projp_,p(X) = x — D AP (23.22)
23.4.1.1 Q: reduction of this
When P is a single vector we can reduce this to our previous result:
Projp_p(X) = x - xnP
DAP
= ﬁ (DAP)X—(xAP)D)
= S ((DAP) X~ (xAP) D) (23.23)
= ﬁ (DP-x—PD-x—-xP-D +Px-D)
= D/l\P (DP-x—xP-D)
Which is:
Projp_p(x) = ;P - (D AX). (23.24)

PAD
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A result that is equivalent to our original eq. (23.5). Can we similarly reduce the general
result to something of this form. Initially I wrote:

XAP
Proj =x— D
r0jp_p(X) = X DAP

_D/\PX XAP
" DAP DAP

1
:D—/\P((D/\P)X—(X/\P)D)

1

1
= D/\P(DP-X—PD-X—XP-D+PX-D)
1

“DAP

1
=——P-(DAX)
DAP

(DP-x—xP-D)

However, I am not sure that about the manipulations done on the last few lines where P has
grade greater than 1 (ie: the triple product expansion and recollection later).

23.4.2  hyperplane directed projection using matrices

To solve eq. (23.21) using matrices, we can take a set of inner products:

k
(D, %) +a(D,D) = > fu(D,P.)
u=1

(23.26)
k
(P, %)+ (P D) = > Bu(P; Py)
u=1
Write D = Py, and @ = —+1 for symmetry, which reduces this to:
k
Prat, X) = > BulProt, Pu) + Brat (Prst, Pear)
vl (23.27)

k
(Pix) = > BuPi, Pu) + Bt (P, Prs1)

u=1
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That is the following set of equations:

k+1

(Pix) = " Bu(Pi,P) (23.28)
u=1

Which we can now express as a single matrix equation (for 7, j € [1,k + 1]) :

[<Pi’ X>],. = [(Pi, P,->]l. j[ﬁi]i (23.29)

Solving for B = [ﬁi]., gives:
l

1

ﬁ -
LA SN

[<Pi,x>]l. (23.30)
The projective components of interest are Zf:] BiP;. In matrix form that is:
o, P, - P : =[P, P, - P[1s 0u1]B (23.31)

Therefore the directed projection is:

1

Projp_p(®) = [Py Py - Py||hx Oui| —— [®iun)], (23.32)
e,
As before writing U = [Pl P, --- P 1)], and write (u, v) = u*Av. The directed projec-
tion is now:

. Lk [
PTOJD—>P(X)=[U Nk Ot | oAV A]X
o | |50
1
- |u| e Oe —UA|x (23.33)
O 011 UTAU
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23.5 PROJECTION USING RECIPROCAL FRAME VECTORS

In a sense the projection operation is essentially a calculation of components of vectors that
span a given subspace. We can also calculate these components using a reciprocal frame. To
start with consider just orthogonal projection, where the equation to solve is:

x=e+ > BiP; (23.34)

ande-P; =0.
Introduce a reciprocal frame {P/} that also spans the space of {P i}, and is defined by:

P;-P/ =g (23.35)

With this we have:

x-P"=+ZﬁjPJ~-P" (23.36)
= Zﬁjézj

=Bi

X:e+ZPj(Pj-x)

For a Euclidean metric the projection part of this is:

Projp(x) = () P;(P)T)x (23.37)

Note that there is a freedom to remove the dot product that was employed to form the matrix
representation of eq. (23.37) that may not be obvious. I did not find that this was obvious,
when seen in Prof. Gilbert Strang’s MIT OCW lectures, and had to prove it for myself. That
proof is available at the end of 22 comparing the geometric and matrix projection operations ,
in the *That we can remove parenthesis to form projection matrix in line projection equation.’
subsection.

Writing P = [p] P, - Pk] and for the reciprocal frame vectors: Q = [Pl P ... pk]



23.5 PROJECTION USING RECIPROCAL FRAME VECTORS

We now have the following simple calculation for the projection matrix onto a set of linearly
independent vectors (columns of P):

Projp(x) = PQ"x. (23.38)

Compare to the general projection matrix previously calculated when the columns of P weare
not orthonormal:

1
Projp(x) = PWPTX (23.39)

With orthonormal columns the P’ P becomes identity and the inverse term drops out, and we
get something similar with reciprocal frames. As a side effect this shows us how to calculate
without GA the reciprocal frame vectors. Those vectors are thus the columns of

1
=P—— 23.40
Q PTP ( )
We are thus able to get a specific understanding of some of the interior terms of the general
orthogonal projection matrix.
Also note that the orthonormality of these columns is confirmed by observing that QTP =

1 Tp _
mP P=1

23.5.1 example/verification

As an example to see that this works write:

11
P=|1 o (23.41)
0 1
crollt Y s
Plp L ol= (23.42)
1 01 12
0 1

11 _
o _nzo-l (23.43)
PP 3|1 2
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1 1 1
1 1 2 -1 1
szngl 0“1 2]=§ 2 1 (23.44)
0 1 -1 2

By inspection these columns have the desired properties.

23.6 DIRECTED PROJECTION IN TERMS OF RECIPROCAL FRAMES

Suppose that one has a set of vectors {P;} that span the subspace that contains the vector to be
projected x. If one wants to project onto a subset of those Py, say, the first k of / of these vectors,
and wants the projection directed along components of the remaining / — k of these vectors, then
solution of the following is required:

X = Zﬁij

J=1

This (affine?) projection is then just the le‘.: 1 B;P; components of this vector.
Given a reciprocal frame for the space, the solution follows immediately.

Plx= > BP-P=p (23.45)
Bi=P .x (23.46)
Or,
k .
Projp, (x) = Z PP/ x (23.47)
j=1
In matrix form, with inner product u-v = u*Av, and writing P = [Pl P, .- Pl]’ and
0= [pl P2 ... Pl], this is:
I
Projp, (x) = [P e 0 Q*A}x (23.48)
0 0




23.7 FOLLOWUP

Observe that the reciprocal frame vectors can be expressed as the rows of the matrix

1
*A —
Q P*AP
Assuming the matrix of dot product is invertible, the reciprocal frame vectors are the columns
of:

P*A

1
P*A*P

I had expect that the matrix of most dot product forms would also have

A = A* (ie: Hermitian symmetric).

That is certainly true for all the vector dot products I am interested in utilizing. ie: the standard
euclidean dot product, Minkowski space time metrics, and complex field vector space inner
products (all of those are not only real symmetric, but are also all diagonal). For completeness,
exploring this form for a more generalized form of inner product was also explored in E.

0=P (23.49)

23.6.1 Calculation efficiency

It would be interesting to compare the computational complexity for a set of reciprocal frame
vectors calculated with the GA method (where overhat indicates omission) :

1
kP]/\Pz/\--'/\Pk

P =(=D)""PyA-P;--- AP (23.50)

The wedge in the denominator can be done just once for all the frame vectors. Is there a way
to use that for the numerator too (dividing out the wedge product with the vector in question)?

Calculation of the ﬁ term could be avoided by using SVD.

Writing P = UXV7, the reciprocal frame vectors will be Q = U ZZ}—Z 48

Would that be any more efficient, or perhaps more importantly, for larger degree vectors is

that a more numerically stable calculation?

237 FOLLOWUP

Review: Have questionable GA algebra reduction earlier for grade > 1 (following eq. (23.24)).
Q: Can a directed frame vector projection be defined in terms of an “oblique” dot product.
Q: What applications would a non-diagonal bilinear form have?

Editorial: I have defined the inner product in matrix form with:

(u,v) = u*Av (23.51)
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OBLIQUE PROJECTION AND RECIPROCAL FRAME VECTORS

This is slightly irregular since it is the conjugate of the normal complex inner product, so in
retrospect I would have been better to express things as:

(u,v) = uTAV (23.52)

Editorial: I have used the term oblique projection. In retrospect I think I have really been
describing what is closer to an affine (non-metric) projection so that would probably have been
better to use.



PROJECTION AND MOORE-PENROSE VECTOR INVERSE

24.1 PROJECTION AND MOORE-PENROSE VECTOR INVERSE

One can observe that the Moore Penrose left vector inverse v shows up in the projection matrix
for a projection onto a line with a direction vector v:

Proj,(X) = v %VT (24.1)
viv
I do not know of any other “application” of this Moore-Penrose vector inverse in traditional
matrix algebra. As stated it is an interesting mathematical curiosity that yes one can define a
vector inverse, however what would you do with it?
In geometric algebra we also have a vector inverse, but it plays a much more fundamental
role, and does not have the restriction of only acting from the left and producing a scalar result.
As an example consider the projection, and rejection decomposition of a vector:

1

X=V—X
v

= V(% -x)+v(% /\x) (24.2)
NESIEES

T ) .
In the above, V—VZ == = v*. We can therefore describe the Moore Penrose vector left inverse
V'V

as the matrix of the GA linear transformation %

Unlike the GA vector inverse, whos associativity allowed for the projection/rejection deriva-
tion above, this Moore-Penrose vector inverse has only left action, so in the above, you can not
further write:

wh=1 (24.3)

(ie: vv* is a projection matrix not scalar or matrix unity).

193



194 PROJECTION AND MOORE-PENROSE VECTOR INVERSE

24.1.1 matrix of wedge project transformation?

Q: What is the matrix of the linear transformation %/\?

In rigid body dynamics we see the matrix of the linear transformation 7y(x) = (vX)(x). This

is the completely antisymmetric matrix as follows:

0 —-vi v |lx
VXX =13 0 —vi|lx
2 v 0 Jlxs

%

(24.4)

In order to specify the matrix of a vector-vector wedge product linear transformation we must
introduce bivector coordinate vectors. For the matrix of the cross product linear transformation

the standard vector basis was the obvious choice.
Let us pick the following orthonormal basis:

o={oij=eAejlicj
and construct the matrix of the wedge project Ty : RV — A?

Vi v;
Ty(X) = VAX = b

H=II<]

Ou

Xi XJ'

Vi Vj
= Ty(ep) 0y = Z
keiji<j

= ViOkj = VjOki

Xi Xj

Since k cannot be simultaneously equal to both i, and j, this is:

vi k=]
Ty(er) ol = —v; k=i
0 k+#i,j

(24.5)

(24.6)

(24.7)

(24.8)

Unlike the left Moore-Penrose vector inverse that we find as the matrix of the linear trans-
formation v - (-), except for IR> where we have the cross product, I do not recognize this as the

matrix of any common linear transformation.



ANGLE BETWEEN GEOMETRIC ELEMENTS

Have the calculation for the angle between bivectors done elsewhere

cosf = ——— (25.1)

For 0 € [0, ].
The vector/vector result is well known and also works fine in RY

cosf= ¥ (25.2)
u

25.1 CALCULATION FOR A LINE AND A PLANE

Given a line with unit direction vector u, and plane with unit direction bivector A, the compo-
nent of that vector in the plane is:

—u-AA. (25.3)

So the direction cosine is available immediately

—u-AA

f=u- 254
cos u 0 AA] ( )
However, this can be reduced significantly. Start with the denominator
u-AAP* = (u-AA)AA -u
| "= ( X ) (25.5)

= (u-A)%
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196 ANGLE BETWEEN GEOMETRIC ELEMENTS

And in the numerator we have:

u-(u-AA) = %(u(u -AA)+ (u-AA)u)
= %((uu -A)A + (u-A)Au)
= Z(A - umA -~ (A wAw (25.6)

=(A- u)%(uA — Au)
= —(A-u).

Putting things back together

(A -u)?

0=
Cos |ll A|

=u- Al

The strictly positive value here is consistent with the fact that theta as calculated is in the
[0, /2] range.

Restated for consistency with equations eq. (25.2) and eq. (25.1) in terms of not necessarily
unit vector and bivectors u and A, we have

_u-Al

cosf =
lul|A|

(25.7)



ORTHOGONAL DECOMPOSITION TAKE II

26.1 LEMMA. ORTHOGONAL DECOMPOSITION

To do so we first need to be able to express a vector x in terms of components parallel and
perpendicular to the blade A € AX.

1
=xA—
X=X A

1
=(x-A AA)—
(x +X )A

1 1
= (A (X'A)K>. 26.1)

1

i=3,5,+,2k-1 <
=0

1 1 1
FXAA) A Z <(XAA)X>+ (XAA)A +
i=3,5,,2k—1 i

Since the LHS and RHS must both be vectors all the non-grade one terms are either zero or
cancel out. This can be observed directly since:

(1Y
<X-Al> :<xA ( 1)Axl>

Al 2 Al (26.2)
D[ ] '
= — X—
2 Al
and
1 XA + (-1)FAx 1
ANA—) ={——— —
(eoag) - (H5%),
' (26.3)
= +(_1) Ax !
2 Al
Thus all of the grade 3, ---,2k — 1 terms cancel each other out. Some terms like (x - A) A %

are also independently zero.
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198 ORTHOGONAL DECOMPOSITION TAKE II

(This is a result I have got in other places, but I thought it is worth writing down since I
thought the direct cancellation is elegant).



MATRIX OF GRADE K MULTIVECTOR LINEAR
TRANSFORMATIONS

27.1 MOTIVATION

The following shows explicitly the calculation required to form the matrix of a linear transfor-
mation between two grade k multivector subspaces (is there a name for a multivector of fixed
grade that is not neccessarily a blade?). This is nothing fancy or original, but just helpful to
have written out showing naturally how one generates this matrix from a consideration of the
two sets of basis vectors. After so much exposure to linear transformations only in matrix form
it is good to write this out in a way so that it is clear exactly how the coordinate matrices come
in to the picture when and if they are introduced.

27.2 CONTENT

Given T, a linear transformation between two grade k multivector subspaces, let o= = {07} | be
a basis for a grade k multivector subspace. For T'(x) € span{f;} (ie: image of T contained in this
span). Let 8 = {B;}!_, be a basis for this (possibly different) grade k multivector subspace.
Additionally introduce a set of respective reciprocal frames {0}, and {8'}. Define the recip-
rocal frame with respect to the dot product for the space. For a linearly independent, but not
necessary orthogonal (or orthonormal), set of vectors {i;} this set has as its defining property:

wi-ul =6 (27.1)

I have chosen to use this covariant, contravariant coordinate notation since that works well for
both vectors (not necessarily orthogonal or orthonormal), as well as higher grade vectors. When
the basis is orthonormal these reciprocal frame grade k multivectors can be computed with just
reversion. For example, suppose that {$;} is an orthonormal bivector basis for the image of T,
then the reciprocal frame bivectors are just ' = ;.

With this we can decompose the linear transformation into components generated by each of
the o; grade k multivectors:

T(x) = T(Z x-ojol) = Z x,T(c) (27.2)
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200 MATRIX OF GRADE K MULTIVECTOR LINEAR TRANSFORMATIONS

This we can write as a matrix equation:

X
T = 1) 1@ - (") xf (27.3)

Xn

Now, decompose the T(0/) in terms of the basis S:

T(c)) = Y T(c)-Bp (27.4)

This we can also write as a matrix equation

[ 7(c) -]
. T(o7/)- /32
T(o/) = [ﬂl B - /J’m] )
T(o-j) .gm
S (275)
B! T(o/)
B> -T(a)
:I:ﬂl B - ﬁm] .
B" - T(o))]
These two sets of matrix equations, can be combined into a single equation:
T
Bi| |B T BT - B -T@||x
2. T(o! 2. T(?) -+ B2-T@M||x
T(x):'B_z B .( ) B°-T(07) | B .( ) '2 (27.6)
) BT B"-T(0?) -+ B"-T(0™)]|x
Here the matrix (x1, xp, - - -, x,) is a coordinate vector with respect to basis o, but the vector
B1,B2, -, By) 1s matrix of the basis vectors 8; € 8. This makes sense since the end result has

not been defined in terms of a coordinate vector space, but the space of T itself.
This can all be written more compactly as

T =] [ 7| [x] 27.7)



27.2 CONTENT

We can also recover the original result from this by direct expansion and then regrouping:

] [2,8 @] =[S0t T(@iyx]
=%ﬁmhnwm
= zk:ﬁkﬂk ' T(Z o)) (27.8)
=Zmﬁ¢é
= Tk(x)

Observe that this demonstrates that we can write the coordinate vector [T]z as the two left
most matrices above

[T = |- T,
=[5,8 T(gj)xj]i (27.9)
=g 70| | xi]

Looking at the above I found it interesting that eq. (27.6) which embeds the coordinate vector
of T'(x) has the structure of a bilinear form, so in a sense one can view the matrix of a linear
transformation:

[T = g - T(0)] (27.10)

as a bilinear form that can act as a mapping from the generating basis to the image basis.

201






VECTOR FORM OF JULIA FRACTAL

28.1 MOTIVATION

As outlined in [8], 2-D and N-D Julia fractals can be computed using the geometric product,
instead of complex numbers. Explore a couple of details related to that here.

28.2 GuUTS

Fractal patterns like the Mandelbrot and Julia sets are typically using iterative computations in
the complex plane. For the Julia set, our iteration has the form

Z-7Z+C (28.1)

where p is an integer constant, and Z, and C are complex numbers. For p = 2 I believe we
obtain the Mandelbrot set. Given the isomorphism between complex numbers and vectors using
the geometric product, we can use write

>

£=x (28.2)

C=ch, '
and re-express the Julia iterator as

X — (xi)’i + ¢ (28.3)

It is not obvious that the RHS of this equation is a vector and not a multivector, especially
when the vector x lies in IR? or higher dimensional space. To get a feel for this, let us start by
write this out in components for fi = e¢; and p = 2. We obtain for the product term

(xi)’f = xAXAh
= XNX
= (x1e1 + xzez)el(x1e1 + XZEQ) (28.4)
= (x1 + x2€z€1)(x1€1 + x2€2)

= (x% - x%)el +2x1x02€2
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204 VECTOR FORM OF JULIA FRACTAL

Looking at the same square in coordinate representation for the IR" case (using summation

notation unless otherwise specified), we have

XNX = Xx;.€,€1X,,,€

[x1 + Z xkekel] Xm€m

k>1

= X1 Xm€m + Z Xk Xm€k€1€m

k>1
= X1 Xm€m, + Z XpX1€r + Z Xk Xm€r€1€;,
k>1 k>1,m>1
1.2 2 2
=\|x]— rler+ X1 Xk€r + Xk Xm€re1€m
k>1 k>1 1<k<m,l1<m<k

This last term is zero since e;eie,, = —e,,€e1€;, and we are left with

XX = [x% - Z x,%] e +2 Z X1Xr€k,

k>1 k>1

(28.5)

(28.6)

a vector, even for non-planar vectors. How about for an arbitrary orientation of the unit vector

in IR"? For that we get

xfix = (X - fifi + X A fif)Ax
= (x-f+Xx AN)(X-hHh+ x A i)

= ((x- ) + (X A A)D)A + 2(x - A)(X A A)A

We can read eq. (28.6) off of this result by inspection for the ii = e case.

(28.7)

It is now straightforward to show that the product (xfi)”fi is a vector for integer p > 2. We
have covered the p = 2 case, justifying an assumption that this product has the following form

(xf))’ ' = afh + b(x A H)A,

for scalars a and b. The induction test becomes

(xf)Ph = (xi)”~ (xn)h
= (xn)"'x
= (a + b(x AR))((X - DA + (X A D))

= (a(x - 1)> = b(x A )*)A + (a + b(x - h))(x A H)A.

(28.8)

(28.9)



28.2 GUTS

Again we have a vector split nicely into projective and rejective components, so for any
integer power of p our iterator eq. (28.3) employing the geometric product is a mapping from
vectors to vectors.

There is a striking image in the text of such a Julia set for such a 3D iterator, and an exercise
left for the adventurous reader to attempt to code that based on the 2D p = 2 sample code they
provide.

205






Part III

ROTATION






ROTOR NOTES

29.1 ROTATIONS STRICTLY IN A PLANE

For a plane rotation, a rotation does not have to be expressed in terms of left and right half angle
rotations, as is the case with complex numbers. Starting with this “natural” one sided rotation
we will see why the half angle double sided Rotor formula works.

29.1.1 Identifying a plane with a bivector. Justification

Given a bivector B, we can say this defines the orientation of a plane (through the origin) since
for any vector in the plane we have B A x = 0, or any vector strictly normal to the plane B -x = 0.

Note that this naturally compares to the equation of a line (through the origin) expressed in
terms of a direction vector b, where b A x = 0O if x lies on the line, and b - x = 0 if x is normal
to the line.

Given this it is not unreasonable to identify the plane with its bivector. This will be done
below, and it should be clear that loose language such as “the plane B”, should really be inter-
preted as “the plane with direction bivector B”, where the direction bivector has the wedge and
dot product properties noted above.

29.1.2  Components of a vector in and out of a plane

To calculate the components of a vector in and out of a plane, we can form the product

1 1 1
—vR— —x.R— — 29.1
X XBB X BB+X/\BB (29.1)

This is an orthogonal decomposition of the vector x where the first part is the projective term
onto the plane B, and the second is the rejective term, the component not in the plane. Let us
verify this.

Write X = x| + X, where x|, and x, are the components of x parallel and perpendicular to
the plane. Also write B = b; A by, where b; are non-colinear vectors in the plane B.

If x = x|, a vector entirely in the plane B, then one can write

X = a;b; + a;by (29.2)
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210 ROTOR NOTES
and the wedge product term is zero

xAB= (a1b1 +a2b2) Abi Ab;
=ai;(by Aby) Aby —ax(by Aby) Aby (29.3)
=0

Thus the component parallel to the plane is composed strictly of the dot product term

1
=x-B— 294
X|| X B ( )
Or for a general vector not necessarily in the plane the component of that vector in the plane,

its projection onto the plane is,

1 1 PO
Proj =x-B-—=—B-x)B=B x)B 29.5
rojp(x) = x-Bo |B|2( x)B = (B-x) (29.5)
Now, for a vector that lies completely perpendicular to the plane x = x , the dot product term
with the plane is zero. To verify this observe

X, -B=x,-(b; Aby)

(29.6)
= (x, -b1)by — (x1 - b2)by

Each of these dot products are zero since x has no components that lie in the plane (those
components if they existed could be expressed as linear combinations of b;).

Thus only the component perpendicular to the plane is composed strictly of the wedge prod-
uct term

1
X, =X/\B§ (29.7)

And again for a general vector the component that lies out of the plane as, the rejection of the
plane from the vector is

1 1 N
Rej =XAB—==-—xABB=-xABB 29.8
ejg(x) = x B |B|2X X (29.8)



29.2 ROTATION AROUND NORMAL TO ARBITRARILY ORIENTED PLANE THROUGH ORIGIN

.

Figure 29.1: Rotation of Vector

29.2 ROTATION AROUND NORMAL TO ARBITRARILY ORIENTED PLANE THROUGH ORIGIN

Having established the preliminaries, we can now express a rotation around the normal to a
plane (with the plane and that normal through the origin).
Such a rotation is illustrated in fig. 29.1 preserves all components of the vector that are
perpendicular to the plane, and operates only on the components parallel to the plane.
Expressed in terms of exponentials and the projective and rejective decompositions above,
this is

1 1\ g
Ry(x) = x A BE + (x . Bﬁ) Bl
) 1 (29.9)
= X/\BE +€B9(X‘BE)
Where we have made explicit note that a plane rotation does not commute with a vector in a
plane (its reverse is required).
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212 ROTOR NOTES

To demonstrate this write i = eej, a unit bivector in some plane with unit vectors e; also in
the plane. If a vector lies in that plane we can write the rotation
xe" = (aje; + arey) (cos 0 +isin )
=cos6 (a1e1 + azeg) + (a1e1 + azez) (e2e1 sin 9)
=cosf (aje; +azey) +sinf (—aje; + azep) (29.10)
=cosf (aje; +azey) —eze; sind (aje; + aze;)
= e x

Similarly for a vector that lies outside of the plane we can write

xe' = ( Z aje;)(cos 6 + ee; sin )

jEL2
= (cos 0 + eyeq sin 6)( Z aje;) (29.11)
j#1,.2
= efx

The multivector for a rotation in a plane perpendicular to a vector commutes with that vector.
The properties of the exponential allow us to factor a rotation

R(9) = R(a®)R((1 — a)0) (29.12)
where a <=1, and in particular we can set @ = 1/2, and write
Ro(x) = X AB~ + [x- B |
X) =X —+|x-B=
o B B)¢
1 B h 1\ ¢ B
_ (x A Bﬁ)e—Be/zeBe/z + (x ) BE)eBe/zeBe/z
= B2 (x ABL | B2 1 B2 (x B L B0 (29.13)
B B
. 1 4
= ¢ B0/2 (x AB+x-B) EeB"/z
_ B2 (xB 1 ) B0/2

B

This takes us full circle from dot and wedge products back to x, and allows us to express the
rotated vector as:

Ry(x) = e B0/ 2x B0/ (29.14)



29.3 ROTOR EQUATION IN TERMS OF NORMAL TO PLANE

Only when the vector lies in the plane (x = x|, or X A B = 0) can be written using the familiar
left or right “full angle” rotation exponential that we are used to from complex arithmetic:

Ry(x) = e Bx = xeb?

29.3 ROTOR EQUATION IN TERMS OF NORMAL TO PLANE

(29.15)

The rotor equation above is valid for any number of dimensions. For IR? we can alternatively

parametrize the plane in terms of a unit normal n:

B = kin

Here i is the R? pseudoscalar e;ezes.
Thus we can write

B=in

and expressing eq. (29.14) in terms of the unit normal becomes trivial

RQ(X) — e—in€/2xein€/2
Expressing this in terms of components and the unit normal is a bit harder

1 1\ &
Ry(x) = xABE + (X-BE)eBH

1 1\ .
=xA(in)— + (x . (in),—) eM?
in in

Now,

1
XA (in) = E(xin + inx)

= é(xn + nXx)

=(x-n)i

(29.16)

(29.17)

(29.18)

(29.19)

(29.20)
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And

So the rejective term becomes

1 1
AB= =x A (in)—
X B X A (in) =
1
=xA(in)—
in

= (x-n)i(-i)n

=(X-n)n

= Proj,(x)

Now, for the dot product with the plane term, we have

x-B =x-(in)
= %(xin—inx)
= (X AN

Putting it all together we have

Ry(x) = (x-n)n + (x A n)ne™

In terms of explicit sine and cosine terms this is (observe that (in)> = —1),

Ry(x) = (x-n)n+ (x An)n(cosf+insinf)

Ry(x) = (x-m)n+ (x An)ncosf+ (X An)isinf

(29.21)

(29.22)

(29.23)

(29.24)

(29.25)

(29.26)

This triplet of mutually orthogonal direction vectors, n, (X A n)n, and (x A n)i are illustrated
in fig. 29.2. The component of the vector in the direction of the normal Proj,(x) = x-nn is
unaltered by the rotation. The rotation is applied to the remaining component of x, Rej,(x) =

(x An)n, and we rotate in the direction (x A n)i



29.3 ROTOR EQUATION IN TERMS OF NORMAL TO PLANE

Figure 29.2: Direction vectors associated with rotation

29.3.1 Vector rotation in terms of dot and cross products only

Expression of this rotation formula eq. (29.26) in terms of “vector” relations is also possible, by
removing the wedge products and the pseudoscalar references.
First the rejective term

X Ann = ((xxXn)i)n
=((xxXn)i)-n
= J(Gxmm — n(x X W)

= é((x Xn)n —n(x X n)) (29.27)

i(xXn) An)

2((x X 1) X n)

nx((xxn)
The next term expressed in terms of the cross product is
(X An)i = (X X n)i*

(29.28)
=nxXx
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And putting it all together we have

Ry(x) = (x-m)n+ (nXX) Xncosf+nxxsinb (29.29)
Compare eq. (29.29) to eq. (29.26) and eq. (29.24), and then back to eq. (29.14).
29.4 GIVING A MEANING TO THE SIGN OF THE BIVECTOR

For a rotation between two vectors in the plane containing those vectors, we can write the
rotation in terms of the exponential as either a left or right rotation operator:

b = ac’ = ¢ (29.30)
b = &%a = ac /2 (29.31)
Here both i and j = —i are unit bivectors with the property i> = j> = —1. Thus in order to

write a rotation in exponential form a meaning must be assigned to the sign of the unit bivector
that describes the plane and the orientation of the rotation.
Consider for example the case of a rotation by 7r/2. For this is the exponential is:
72 = cos(n/2) +isin(x/2) = i (29.32)
Thus for perpendicular unit vectors u and v, if we wish i to act as a /2 rotation left acting

operator on u towards v its value must be:

izuAv (29.33)
ui—uuAv=uuv=yv (29.34)
For that same rotation if the bivector is employed as a right acting operator, the reverse is

required:

j=VvVAu (29.35)



29.4 GIVING A MEANING TO THE SIGN OF THE BIVECTOR

& &

(1faja*h {1faja*h

t

(1/aja"b (t/aja’b

i i
Figure 29.3: Orientation of unit imaginary

ju=vAu=vuau=v (29.36)

In general, for any two vectors, one can find an angle 6 in the range 0 < 6 < m between
those vectors. If one lets that angle define the orientation of the rotation between the vectors,
and implicitly define a sort of “imaginary axis” for that plane, that imaginary axis will have
direction

1 1
-aAb=DbAa-. (29.37)
a a

This is illustrated in fig. 29.3.
Thus the bivector

. aAb
i= YNy (29.38)

When acting as an operator to the left (ai) with a vector in the plane can be interpreted as
acting as a rotation by 7/2 towards b.
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Similarly the bivector

o . bnra
“ |bAal

(29.39)

e
Il
—

also applied to a vector in the plane produces the same rotation when acting as an operator to
the right. Thus, in general we can write a rotation by theta in the plane containing non-colinear
vectors a and b in the direction of minimal angle from a towards b in one of the three forms:

Roamsp(@) = achn’ = ebri’a (29.40)

Or,

Rorasp(X) = et/ 2xplarn0/2 (29.41)

This last (writing x instead of a since it also applies to vectors that lie outside of the a A b
plane), is our rotor formula eq. (29.14), reexpressed in a way that removes the sign ambiguity
of the bivector i in that equation.

29.5 ROTATION BETWEEN TWO UNIT VECTORS

As illustrated in fig. 29.4, when the angle between two vectors is less than & the fact that the
sum of two arbitrarily oriented unit vectors bisects those vectors provides a convenient way to
compute the half angle rotation exponential.

Thus we can write

a+b ac/2 —

e]G/Z
la+ b|

Where i = j© are unit bivectors of appropriate sign. Multiplication through by a gives

|a +b]

Or,
i0/2 _ 1+ ba
|a+Db]

Thus we can write the total rotation from a to b as



29.5 ROTATION BETWEEN TWO UNIT VECTORS

Figure 29.4: Sum of unit vectors bisects angle between

b = o 10290402 — ,i0/24,-10/2 _ 1 +ba a 1 +ab
la + b la + b

For the case where the rotation is through an angle 6 where 7 < 6 < 2m, again employing a
left acting exponential operator we have

a+b .
— bel@m-0)/2
a+b|
= be'"e /2 (29.42)

— _be—i9/2
Or,

e_i9/2 _ _ba + 1

29.43
|a+ b ( )

Thus

. . 1+ba 1+ab
b = ¢ 1025492 — [ _ _ 29.44
¢ ae |]a + b| a |a +b] ( )
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Note that the two negatives cancel, giving the same result as in the § < = case. Thus
eq. (29.44) is valid for all vectors a # —b (this can be verified by direct multiplication.)
These half angle exponentials are called rotors, writing the rotor as

1+ab
= 29.45
|a +b| ( )
and the rotation in terms of rotors is:
b = R'aR (29.46)

The angle associated with this rotor R is the minimal angle between the two vectors (0 < 8 <
m), and is directed from a to b. Inverting the rotor will not change the net effect of the rotation,
but has the geometric meaning that the rotation from a to b rotates in the opposite direction
through the larger angle (7 < 6 < 2r) between the vectors.

29.6 EIGENVALUES, VECTORS AND COORDINATE VECTOR AND MATRIX OF THE ROTATION LIN-
EAR TRANSFORMATION

Given the plane containing two orthogonal vectors u and v, we can form a unit bivector for the
plane

B =uv (29.47)

A normal to this plane is n = vul.
The rotation operator for a rotation around n in that plane (directed from u towards v) is

Ry(x) = " 2xe"v0/2 (29.48)

To form the matrix of this linear transformation assume an orthonormal basis o = {e;}.
In terms of these basis vectors we can write

R@(ej) — e—vu6/2ejeuv6/2 — Z (e—vue/Zejeuve/Z) -eje; (29.49)
i

Thus the coordinate vector for this basis is

( e—qu/Zej euv@/Z) e
[Rotep)] = : (29.50)

—vub/2 0/2
(e vus/ eje“v/ )-en
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We can use this to form the matrix for the linear operator that takes coordinate vectors from
the basis o to o

[RH(X)L = [RG]Z[X]C, (29.51)
Where
[Ro]] = |[Roten], - [Roten)], | = |(e2e,e72). ei]i j (29.52)

If one uses the plane and its normal to form an alternate orthonormal basis @ = {u, v, n}.
The transformation matrix for coordinate vectors in this basis is

(ue“"g) ‘u (Ve“vg) ‘a0 cos —sinf 0
[R"]Z = (ue“ve) v (veuvg) v 0 |=]|sin6 cosf O (29.53)
0 0 n-n 0 0 1

This matrix has eigenvalues e, e7 1, with (coordinate) eigenvectors

S e
—|-i|-—=|i|-]0 (29.54)
V2 V2

0 o] [1

Its interesting to observe that without introducing coordinate vectors an eigensolution is pos-
sible directly from the linear transformation itself.

The rotation linear operator has right and left eigenvalues e"¥?, ¢"*¢ (respectively), where the
eigenvectors for these are any vectors in the plane. There is also a scalar eigenvalue 1 (both left
and right eigenvalue), for the eigenvector n:

Rg(ll) — evué)x = x euvé)
Ry(u) = ¢"x = xe"? (29.55)
Rp(m) = n(1)

Observe that the eigenvalues here are not all scalars, which is likely related to the fact that
the coordinate matrix was not diagonalizable with real vectors.
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the matrix of the linear transformation. Given this, one can write:

euvf) 0 0
[Rg(ll) Ry(V) Rg(n)] = [u v n] 0 e 0
0 0 1 )
(29.56)
evu() 0 0
=10 e o [u v n]
0 0 1

But neither of these can be used to diagonalize the matrix of the transformation. To do that
we require dot products that span the matrix product to form the coordinate vector columns.

Observe that interestingly enough the left and right eigenvalues of the operator in the plane
are of complex exponential form (¢*™?) just as the eigenvalues for coordinate vectors restricted
to the plane are complex exponentials (e*).

29.7 MATRIX FOR ROTATION LINEAR TRANSFORMATION

Let us expand the terms in eq. (29.52) to calculate explicitly the rotation matrix for an arbitrary
rotation. Also, as before, write n = vul/, and parametrize the Rotor as follows:

R=¢e"92 = cos6/2 +nlsin/2 = a + IB (29.57)

Thus the ij terms in the matrix are:

e+ (e e;e™"?) = (ei(a — IB)ej(a + IB))
= (ei(eja — IPe;)(a + IB))
= (e (e;j0” - Ia(Be; — €;B) + Be,B)) (29.58)
= §;;07 + (e; (~2a(B A e)) + Be;B))
= §;;07 + 2ae; - (B x e)) + (e;fe;B)

Lets expand the last term separately:

(e;Be;p) = ((e;-B+e;APB)e;-B+e;AB))

(29.59)
= (e;-p)(e;j-B) +{(e; AB)(e; AB))
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And once more considering first the i = j case (writing s # i # 1).

2
((e; ABY) = (Z e,-kﬁk)

i
= (eisBs + eifBr)(eiBs + €ifr) (29.60)
= —,Bz —ﬁtz —euBsfi + efiPBs

=i~

= B> +5;

For the i # j term, writing i # j # k

(e ABYe; AR = () e D euby)

SHEL t#i
= ((e;;8; + eupr)(€;iBi + € b)) (29.61)
= BB + (e;iBi + el iBr + exiBibBi)
=BiB;
Thus
((ei AB)(ej AB)) = 5i(=B% + B7) + (1 = 6;))BiB; = BiB; — 6:i; (29.62)

And putting it all back together
e - (e_“le/zeje“m/z) = 5,']'(0’2 —ﬂz) + 2ae; - (ﬂ X ej) + Zﬁiﬁj (29.63)

The @ and g terms can be expanded in terms of 6. we see that The 6;; coeflicient is

a® — B* = 2c0s%0 — 1 = cos . (29.64)

The triple product e; - (8 X €;) is zero along the diagonal where i = j since an e; = e; cross
has no e; component, so for k # i # j, the triple product term is

2ce; - (B X €)) = 2ape; - (e, X €))
= 20 sgn mik j
= 2ny cos(0/2) sin(6/2) sgn mjy

= ny sin @ sgn

(29.65)
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The last term is:
2BB; = 2n,-njsin2(0/2) =n;n;(1 —cos6) (29.66)

Thus we can alternatively write eq. (29.63)

e; (e_“m/ze.,-enm/z) = (S,'j cos 6 + ny sin 96,'/(.,' + n,-nj(l — COS 9) (29.67)

This is enough to easily and explicitly write out the complete rotation matrix for a rotation
about unit vector n = (n1, np, n3): (with basis o = {e;}):

cos 6(1 —n%)+n% nina(1 —cos@) —n3sin@ nynz(1 —cosé) + ny sin

[Rol = [nina(1 = cos §) + n3 sin @ cosO(1 —n2) +n3 nonz(1 — cos @) — nj sin @
nn3(l —cos@) —nysinf nyn3(l —cos6) +nysind cos 6(1 —n§)+n§

(29.68)

Note also that the n; terms are the direction cosines of the unit normal for the rotation, so
all the terms above are really strictly sums of sine and cosine products, so we have the rotation
matrix completely described in terms of four angles. Also observe how much additional com-
plexity we have to express a rotation in terms of the matrix. This representation also does not
work for plane rotations, just vectors (whereas that is not the case for the rotor form).

It is actually somewhat simpler looking to leave things in terms of the @, and 8 parameters.
We can rewrite eq. (29.63) as:

e+ (e7™%2e;e™"?) = 5,207 — 1) + 2aPiei; + 2B, (29.69)

and the rotation matrix:

P —-3+B1 BiBa-Pr BB +pra
[Rolz =2|BiB2 +pra @®—1+B% Bofs—Pic (29.70)
BiBs—Paa BoBs+Pra o =3+

Not really that much simpler, but a bit. The trade off is that the similarity to the standard 2x2
rotation matrix is not obvious.
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30.1 REMOVING THE ROTORS FROM THE EXPONENTIALS

In [7] section 2.7.5 the Euler angle formula is developed for {z, x’, 7’} axis rotations by {¢, 6, i/}
respectively.

Other than a few details the derivation is pretty straightforward. Equation 2.153 would be
clearer with a series expansion hint like

1
exp(RaiR") = Z E(RaiRT)k
k!

1
= ) =R(@ifR" (30.1)
k!
k
= Rexp(ai)R’

where i is a bivector, and R is a rotor (RR" = 1).
The first rotation is straightforward, by an angle ¢ around the z axis

Ry(x) = exp(~le3/2)xexp(lesp/2) = RyxR), (30.2)
The next rotation is around the transformed x axis, for which the rotational plane is
1R¢e1R; = R¢1e1R; (30.3)

So the rotor for this plane by angle 6 is

Ry = exp(R¢IelR:;)

: (30.4)
=Ry exp(le19/2)R¢,
resulting in the composite rotor
Rgs = RyRy
= Ryexp(le16/2)R R
sexp(lei6/2)RRy 05)
= Ry exp(le16/2)

=exp(—Ilezp/2)exp(—Ie16/2)
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The composition of the simple rotation around the ez axis, followed by the rotation around
the ¢ axis ends up as a product of rotors around the original e; and e3 axis, but curiously enough
in inverted order.

30.2 EXPANDING THE ROTOR PRODUCT

Completing the calculation outlined above follows in the same fashion. The end result is that
the composite Euler rotations has the following rotor form

R(x) = RxR'
R = exp(—e12¢/2) exp(—e236/2) exp(—e12¢//2)

Then there are notes saying this is easier to visualize and work with than the equivalent matrix
formula. Let us see what the equivalent matrix formula is. First calculate the rotor action on e

(30.6)

RelRT — e—el2¢/2e—e239/2e—e12w/2e1eelzw/zeez_ga/zeelz(p/z
— e—e12¢/26—e239/2e1ee12¢ee239/26e12¢/2
— e—e12¢/26—e230/2(e1 CL// +eS w)eezga/zeelm/z
= 7122 (e,Cy + €2 ye»)e129/? (30.7)
= e712%2(e|Cy + €25y Cp + €35 S p)e ¢/
= (e1Cy + €28, Cp)e*>? + €35, S¢
= €1(CyCy — S yCySp) +€x(CySy+S,CoCy) + €38 ySg

Now e;:

RezRT — e—e12¢/26—e230/26—e12w/2e28e12¢/2€ez39/2€e12¢/2
— e—e12¢/26—e230/2(ezcw _ e1S¢,)eez36/zeeu¢/2
= (e2CyCy — €15 )2’ + e3Cy S ¢
=e1(—CyCyS 4 —SyCp) +€x(=S yS 4+ CyCyCy) +€3Cy Sy
And finally e3

(30.8)

Re3RT — e—612¢/2e—e239/2e—elzw2e3eel2!&/266239/2661205/2

= g e128/2q, €230 e120/2

ese
— e—elz¢/2(e3ce _ e2S0)6612¢/2 (309)
= _e2S96312¢ + e3C9

= 61595¢ — 6259C¢ +e3Cy
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This can now be assembled into matrix form

R(x) - e; (ReiR")-e; (Re;R)-e; (Re;R™)-e;||x!
R(x)-e;| =|(ReiR")-e, (ResR™)-e; (Re3R")-ey|[x?|=Rx (30.10)
R(x) - e3 (Re;R")-e3 (Re;R")-e3 (ResR")-es]|x?

=

=

=

Therefore we have the composite matrix form for the Euler angle rotations

CyCsp—SyCoSy —SyCy—CyCoSy  SoS4
R = C¢S¢+S¢C9C¢ —S¢S¢ +C¢C9C¢ —S9C¢ (30] ])
SuSe CySe Co

Lots of opportunity to make sign errors here. Let us check with matrix multiplication, which
should give the same result

30.3 WITH COMPOSITION OF ROTATION MATRICES (DONE WRONG, BUT WITH DISCUSSION
AND REQUIRED CORRECTION)

R(x) = Rx

(30.12)
= Rye;Roe, Rge; X
Now, that first rotation is
Ry(x) = e—elz¢/2(eixi)e€12¢/2
_ 1 2\ end 3
= (e1x +exx)e?? +esx
(e +eax) : (30.13)

= x! (e;cos¢ +eysing) + xz(ez cos ¢ — e sin¢) + x3e3

= e(x! cos ¢ — x% sin @) + ex(x! sin ¢ + x* cos ¢) + e3x°

Which has the expected matrix form

cos¢ —sing Of[x!
Rge;Xx = [sing cos¢p Of|x? (30.14)
0 0 1



228

EULER ANGLE NOTES

Using C, = cos(x), and S, = sin(x) for brevity, the composite rotation is

c, -s, o|[t o o l[c, -S4 0
Rye;RoeRge; = |5, €, 0[[0 Cp —So|[Sy Cs O
0 0 1flo sy cillo 0 1
(C, —S,Co SuSel|[Cs =S4 O

=1Sy, CyCo —CySo||Ss Cy
[0 S c Jlo o

(30.15)

- O

(CyCy—SyCoSy —CySy—SuCoCy  SySy
= Squ} + CwC@S‘p —SwS¢ + CngC‘p —Cng
S6S S4Cy Co

This is different from the rotor generated result above, although with a ¢, and i interchange
things appear to match?

CoCy—S4CoSy —S4Cy—CyCoSy  SeSy
C¢S¢, +S¢C9C¢ —S¢S¢, + C¢C9C¢ —SQCw (30.16)
S4S6 CySe Co

Where is the mistake? I suspect it is in the matrix formulation, where the plain old rotations
for the axis were multiplied. Because the rotations need to be along the transformed axis I bet
there is a reversion of matrix products as there was an reversion of rotors? How would one show
if this is the case?
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What is needed is more careful treatment of the rotation about the transformed axis. Consid-
ering the first, for a rotation around the e’l = (Cy,S4,0) axis. From 29 we have the rotation
matrix for a 6 rotation about an arbitrary normal n = (ny, np, n3)

Co(l—n})+ni  nim(1—Co)—n3Sy nminz(1—Cy)+n2Sg

Ro=|mn(1-Co)+n3Sy  Co(l—nd)+ni  nynz(1-Cy)—mSy

nim3(1=Co) —=maSg mans(1-Co)+miSq  Co(1—n3) +n3

(Co(1—CyD)+Cs2 CpSy(1—Co)  S4Sy

=| CySe(1-Co)  Co(1-SpP)+S4> —CyS¢ (30.17)
—S¢Sg C¢SG Cé)

(Co(S42)+Cp?> CySp(1-Ca)  S4Sg

= CySs(1=Cg) Co(Cs>)+Sy> —CySg

—S4S6 CySo Co

Now the composite rotation for the sequence of ¢, and 6 rotations about the z, and x” axis is

(Co(S452)+Cp> CySy(1=Co)  S4So |[Cs =S4 0

Ryes e, = | CypSy(1—Co)  Co(Cp?)+S4> —CySe||Sy Cyp 0
—S4S6 CySo Co [lO 0 1

[Cy —CoSys  S4Se

=[Sy CoCyp —CySy

| 0 So Co

(30.18)

lc, =S, ol[1 0 o
=[Sy Cs O|[0 Co -5y
0o o 1]lo Sy Cs
= Rye; Roe,

Wow, sure enough the composite rotation matrix is the result of the inverted order product
of the two elementary rotation matrices. The algebra here is fairly messy, so it would not be
terribly fun to go one step further using just matrices that the final triple rotation is not the
product of eq. (30.12), but instead requires the matrix product

R(x) = Rx

(30.19)
= R¢93 R9e1 R¢e3 X
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Assuming that this is true, the swapping of angles to match the rotor expression is fully
accounted for, and it is understood how to correctly do the same calculation in matrix form.

30.4 RELATION TO CAYLEY-KLEIN PARAMETERS

Exercise 2.9 from [7] is to relate the rotation matrix expressed in terms of Cayley-Klein param-
eters back to the rotor formulation. That matrix has the look of something that involves the half
angles. Use of software to expressing the rotation in terms of the half angle signs and cosines,
plus some manually factoring (which could be carried further), produces the following mess

Rii=8385—CS5—CySy +CyCy —4CyS 4CyS y(Cq — Sp)
Ry = 2Cy S y(Cj = S3)(Cg = S5) +2C4S 4(Cyy - S3)

R31 = 4CyCpS Sy

Riy = =2C4S 4(Cy = S3)(Cg = S5) —2Cy S y(C5 — S )

Ryy = (C5 = Sg)(=S5+Cy)(Cy = S3) —4CyS 4CyS (30.20)
Rz = 2C4So(Cy - S)

Ri3 = 4C4CpS 4S 4

Ry3 = —2CySo(Cy - S5)

Ry3 = +CyS;—S585-CyS5+CoCy

It kind of looks like the terms CyS 4 may be related to these parameters. error prone. A Google
search for Cayley Klein also verifies that those parameters are expressed in terms of half angle
relations, but even with the hint, I was not successful getting something tidy out of all this.

An alternate approach is to just expand the rotor, so terms may be grouped before that rotor
and its reverse is applied to the object to be rotated. Again in terms of half angle signs and
cosines this is

R = exp(—e12¢/2) exp(—e236/2) exp(—e2¢/2)
= (CpCy = S 4Sy)Co = (CyS 4 + CyS y)Cye12 (30.21)
+(CypSy — CySp)Seeszr — (SgSy + CysCy)S g3
Grouping terms produces

0 - 0
R = cos (5) exp (% (v + ¢)) + sin (5) exp (% (y - gb)) €3 (30.22)
Okay... now I see how you naturally get four parameters out of this. Also see why it was hard
to get there from the fully expanded rotation product ... it would first be required to group all

the ¢ and y terms just right in terms of sums and differences.
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With

R = a+dep; +Bex + yes

@ = cos (g)cos (% (v + ¢))

0 = —cos (g) sin (% (¥ + ¢)) (30.23)
B= —sin(g)cos(% (¢—¢))

= 2Jsn(30-0)

By inspection, these have the required property a? + 82 + y> + 6> = 1, and multiplying out
the rotors yields the rotation matrix

—y? + - 6% +a? +2By +2a6 +208 - 2ary
U=| +28y-2as +y? =2 -6 + o? +26y + 2ap3 (30.24)
+26B + 2y +26y — 2ap3 2 B>+ 8% +a?

Now that particular choice of sign and permutation of the a, 8, v, and ¢ is not at all obvious,
and is also arbitrary. Of the 120 different sign and permutation variations that can be tried, this
one results in the particular desired matrix U from the problem. The process of performing the
multiplications was well suited to a symbolic GA calculator and one was written with this and
other problems in mind.

[12] also treats these Cayley-Klein parametrizations, but does so considerably differently. He
has complex parametrizations and quaternion matrix representations, and it will probably be
worthwhile to reconcile all of these.
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30.5 OMITTED DETAILS
30.5.1 Cayley Klein details
Equation (30.22) was obtained with the following manipulations
R = (CyCy—S4Sy)Co—(CyS 4 +CyS y)Coe12
+(CySy = CyS )S ge31 — (S Sy + CyCy)S gen3
= cos (%(qﬁ + w) Cy—sin (%(¢ + w>) Coern
~sin( 360 0) e =05 36— e
= Cos (%(W + ¢)) Cy — sin (%(;ﬁ + ¢)) Coern
+ sin (l(l//—¢))59631 - cos (%(W—@)Seem (30.25)
=Cy (Cos( W+ ¢)) - sm( W+ ¢)) 612)
+Sy (sin (—(lﬂ - q))) €3] — CoS (%(w - ¢)) e23)
= Cooxp( =2 (U +9)
+ Sge3 (sin (—(w - ¢)) €| + cos (l(w — ¢)) ez)
= Coexp( 52 W+ )+ Suexp (2 (4= 4)Jexa

In that last step an arbitrary but convenient decision to write the complex number i as ej» was
employed.



SPHERICAL POLAR COORDINATES

31.1 MOTIVATION

Reading the math intro of [32], I found the statement that the gradient in spherical polar form
is:

1 0
rsiné d¢

N

V:f'2+0 +¢
or

10 3
pT (31.1)

There was no picture or description showing the conventions for measurement of the angles
or directions. To clarify things and leave a margin note I decided to derive the coordinates
and unit vector transformation relationships, gradient, divergence and curl in spherical polar
coordinates.

Although details for this particular result can be found in many texts, including the excel-
lent review article [11], the exercise of personally working out the details was thought to be
a worthwhile learning exercise. Additionally, some related ideas about rotating frame systems
seem worth exploring, and that will be done here.

31.2 NOTES
31.2.1 Conventions

Figure 31.1 illustrates the conventions used in these notes. By inspection, the coordinates can
be read off the diagram.

U=rcos¢
X =ucosf =rcos¢cost

. . (31.2)
y=usinf =rcos¢sinf

z=rsing
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[V

Figure 31.1: Angles and lengths in spherical polar coordinates

31.2.2  The unit vectors
To calculate the unit vectors #, 8, ¢ in the spherical polar frame we need to apply two sets of

rotations. The first is a rotation in the x, y plane, and the second in the x’, z plane.
For the intermediate frame after just the x, y plane rotation we have

Ry = exp(—e120/2)

; (31.3)
elf = R(.)eiRH
Now for the rotational plane for the ¢ rotation is
e’l ANesy = (RgelRZ)) Aes
1 + ; (31.4)
= E(R901R663 - E3R961R9)

The rotor (or quaternion) Ry has scalar and e;, components, so it commutes with ez leaving

1 T
e’ Ae3 = Ry—(eje3 —eze))R
1 A\e3 62(13 3e1)R, (31.5)

= Rye; A e3RZ
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Therefore the rotor for the second stage rotation is

Ry = exp(—Rge1 A e3R)¢/2)
1 k
= Z E (—Rgel A e3RZ¢/2)
1
=Ry ), (&1 nesg 2Ry

= Roexp(—e13¢/2)R)

(31.6)

Composing both sets of rotations one has

R(x) = Rgexp(—e13¢/2)R} ReXR) Ry exp(e134/2)R)

exp(—e20/2) exp(—ei3¢/2)x exp(ei3¢/2) exp(e126/2)

(31.7)

Or, more compactly

R(x) = RxR'

R = RgRs
Ry = exp(—e13¢/2)
Ry = exp(—e20/2)

(31.8)

Application of these to the {e;} basis produces the {#, , ¢} basis. First application of Ry yields
the basis vectors for the intermediate rotation.

Rye1R," =ej(cosg+e3sing) =ejcose+essing
R¢€2R¢T = 62R¢R¢T =€ (3 1 9)

R(,>e3R¢T =e3(cos¢ +ej38ing) =e3cos¢d—e;sing
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Applying the second rotation to Rg(e;) we have

f = Ry(e; cos ¢ + e3 sin ¢)R9T

= ej cos¢(cos 6 + ejp sinb) + e3 sing

= €] cos ¢ cos b+ e)cos¢sinf + e3 sind
0 = Ro(e2)Rs'

= ex(cos f + ey sin 6)

= —e; sinf + e, cos O
(f) = Ry(e3 cos ¢ — e; sin ¢>)RHT

= e3c0s ¢ — e sin @(cos O + e}, sin H)

= —ejsing cosd — e; sin g sin 6 + e3 cos ¢

In summary these are

f =ej;cos¢gcosh+ecos@sinb + e3sing
0= —e;sinh+ecosb

$ = —e; sin ¢ cos @ — e, sin ¢ sin 6 + e3 cos ¢

31.2.3 An alternate pictorial derivation of the unit vectors

(31.10)

(31.11)

Somewhat more directly,  can be calculated from the coordinate expression of eq. (31.2)

1
f‘ = _(X,y, Z)’
r

which was found by inspection of the diagram.

(31.12)

For 6, again from the figure, observe that it lies in an latitudinal plane (ie: x, y plane), and is

perpendicular to the outwards radial vector in that plane. That is

0 = (cos fe; + sin Ge;)e;e;

Lastly, ¢ can be calculated from the dual of # A 8

¢ = —ejeres(t A O)

(31.13)

(31.14)
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Completing the algebra for the expressions above we have

£ = cos ¢ cos fe| + cos ¢ sin fe; + sin ge3
0 = cos fe, — sin fe;

oA . . . (31.15)
£ A @ = sin ¢ sin fe|e3 + sin ¢ cos Bese, + cos pe;e;

@ = —sin ¢ cos fe; — sin ¢ sin fe, + cos ge3
Sure enough this produces the same result as with the rotor logic.
The rotor approach was purely algebraically and does not have the same reliance on pictures.
That may have an additional advantage since one can then study any frame transformations

of the general form {e} = {Re;R"}, and produce results that apply to not only spherical polar
coordinate systems but others such as the cylindrical polar.

31.2.4 Tensor transformation

Considering a linear transformation providing a mapping from one basis to another of the fol-
lowing form

fi = L(e)) = Le; L™ (31.16)

The coordinate representation, or Fourier decomposition, of the vectors in each of these
frames is

x = x'e; =yl fj. (31.17)

Utilizing a reciprocal frame (ie: not yet requiring an orthonormal frame here), such that e’ -
ej = 5 j» then dot product provide the coordinate transformations

e e =yIif; ek

Y- f = e f
N (31.18)
X =yf;-e

yi — xjej-fi
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The transformed reciprocal frame vectors can be expressed directly in terms of the initial

reciprocal frame f' = £(¢'). Taking dot products confirms this

(Le;L™") - (Le/L™) = (Le; L' Le/L™)

= <L€iejL_l>
=e;- ej<LL_1>
=e- el

(31.19)

This implies that the forward and inverse coordinate transformations may be summarized as

yi = xjej - L(e)
X = yj.E(ej) el

Or in matrix form

A= L(e)-e;

AT = Lej)- €
yi= Aijxj

A= (AT

The use of inverse notation is justified by the following

o= (AT
= {A_l }lkAijj
 d

(AT AS = 6

(31.20)

(31.21)

(31.22)

For the special case where the basis is orthonormal (e; - e/ = §;/), then it can be observed here
that the inverse must also be the transpose since the forward and reverse transformation tensors

then differ only be a swap of indices.

On notation. Some references such as [26] use A’ ; for both the forward and inverse transfor-
mations, with specific conventions about which index is varied to distinguish the two matrices.

I have found that confusing and have instead used the explicit inverse notation of [30].



31.2 NOTES

31.2.5 Gradient after change of coordinates

With the transformation matrices enumerated above we are now equipped to take the gradient
expressed in initial frame

V=) —, (31.23)

and express it in the transformed frame. The chain rule is required for the derivatives in terms
of the transformed coordinates

o _%o
Axi  Oxi dyJ
= Aj,-i.
oy’
5 (31.24)
= 7y . e —
; 0
= fl.o.—
Therefore the gradient is
o 0
- i(f) . o) —
V= e s
(31.25)

— Z fj i
oy’
This gets us most of the way towards the desired result for the spherical polar gradient since

all that remains is a calculation of the 8/dy/ values for each of the &, 8, and ¢ directions.
It is also interesting to observe (as in [5]) that the gradient can also be written as

V= Lo (31.26)
[i 0y’ o
Observe the similarity to the Fourier component decomposition of the vector itself x = f;y'.
Thus, roughly speaking, the differential operator parts of the gradient can be seen to be direc-
tional derivatives along the directions of each of the frame vectors.
This is sufficient to read the elements of distance in each of the directions off the figure

S O
»
-
Il
=9
~

X - r cos ¢o8 (31.27)

[«
w4
=Y
Il
~
(o9
)
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240 SPHERICAL POLAR COORDINATES

Therefore the gradient is just

o ~ 1 a4 .10
V=t—+46 -
r—+ ¢r8¢

—_— 31.28
or rcos¢89+ ( )

Although this last bit has been derived graphically, and not analytically, it does clarify the
original question of exactly angle and unit vector conventions were intended in the text (polar
angle measured from the North pole, not equator, and 6, and ¢ reversed).

This was the long way to that particular result, but this has been an exploratory treatment of
frame rotation concepts that I personally felt the need to clarity for myself.

There are still some additional details that I will explore before concluding (including an
analytic treatment of the above).

31.3 TRANSFORMATION OF FRAME VECTORS VS. COORDINATES

To avoid confusion it is worth noting how the frame vectors vs. the components themselves
differ under rotational transformation.

31.3.1 Example. Two dimensional plane rotation

Consideration of the example of a pair of orthonormal unit vectors for the plane illustrates this

e| = e exp(e20) = e; cosf + e, sinf

(31.29)

e, = ey exp(e|20) = e;cos — e sinf

Forming a matrix for the transformation of these unit vectors we have

e cosf sinf||e
= ! (31.30)
e’2 —sinf cosf||e
Now compare this to the transformation of a vector in its entirety

y'e| + )%, = (x'e; + x’ex) exp(e26) (3131)
= xl(el cos § + e; sin 0)+x2(e2 cos @ — eq sin 6) o

If one uses the standard basis to specify both the rotated point and the original, then taking
dot products with e; yields the equivalent matrix representation

yi| _ cosf —sinf||x (31.32)
V2 sin@ cosf [|x
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Note how this inverts (transposes) the transformation matrix here compared to the matrix for
the transformation of the frame vectors.

31.3.2 Inverse relations for spherical polar transformations

The relations of eq. (31.11) can be summarized in matrix form

H cos¢pcosf cosgsing sing||e
0|=| -—sin@ cos § 0 |le (31.33)
#| [—singcosd —singsing cos¢||es

Or, more compactly

Ef‘— €]
0l=0U e (31.34)
¢ e3

This composite rotation can be inverted with a transpose operation, which becomes clear with
the factorization

cos¢p 0O singf| cosfd sing 0
U= 0 1 0 —sing cos@ O (31.35)
—sing 0 cos¢ 0 0 1

Thus
e cos¢pcosfd —sinf —singcosé||f
€| =|cospsind cosd —singsind||O (31.36)
e3 sin ¢ 0 cos ¢ é

31.3.3 Transformation of coordinate vector under spherical polar rotation

In eq. (31.32) the matrix for the rotation of a coordinate vector for the plane rotation was ob-
served to be the transpose of the matrix that transformed the frame vectors themselves. This
is also the case in this spherical polar case, as can be seen by forming a general vector and
applying equation eq. (31.33) to the standard basis vectors.

x'e; = x!(cos ¢ cos e + cos ¢ sin fe, + sin ¢e3)

x’e; — x*(— sin fe; + cos fe,) (31.37)

x3e3 - x3(— sin ¢ cos fe; — sin ¢ sin fe; + cos ges)



242 SPHERICAL POLAR COORDINATES

Summing this and regrouping (ie: a transpose operation) one has:
i i
xXe —ye;

e (x! cosgcosb — x> sinf — x> sin ¢ cos )

L R (31.38)
+ex(x cos¢sinf+ x“cosf — x” sin ¢ sin 6)
+e3(x! sing + x° cos ¢)
taking dot products with e; produces the matrix form
y! [cos ¢pcosd —sind —sinpcos@||x! ]
y*| =|cospsind cosf —singsin||x’
3 : 3
sin ¢ 0 cos x|
¢ (31.39)

[cos@ —sind 0]]cos ¢ 0 —sing [ !
=|sin@ cosd Ol 0 1 0 |[[«?
| 0 0 1|[sing O cos¢ ES

As observed in 30 the matrix for this transformation of the coordinate vector under the com-
posite x, y rotation followed by an x’, z rotation ends up expressed as the product of the elemen-
tary rotations, but applied in reverse order!



ROTOR INTERPOLATION CALCULATION

The aim is to compute the interpolating rotor r that takes an object from one position to another
in n steps. Here the initial and final positions are given by two rotors Ry, and R; like so

X, = RiXR,"
¥ (32.1)
X = RXR," = "R XR, ' "
So, writing
1 RRT
a=r"=Ry— = — = cos@+1Isind (32.2)
Rl R]R]T
So,
(a), _ (a), Ka),|
(@) Ka)yl (@) (32.3)
=Jtanf
Therefore the interpolating rotor is:
7= (a),
@),
(32.4)

6 = atan2 (Ka),l, (a))
r = cos(8/n) + I sin(6/n)

In [8], equation 10.15, they have got something like this for a fractional angle, but then say
that they do not use that in software, instead using r directly, with a comment about designing
more sophisticated algorithms (bivector splines). That spline comment in particular sounds in-
teresting. Sounds like the details on that are to be found in the journals mentioned in Further
Reading section of chapter 10.
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EXPONENTIAL OF A BLADE

33.1 MOTIVATION

Exponentials of bivectors and complex numbers are useful as generators of rotations, and expo-
nentials of square matrices can be used in linear differential equation solution.

How about exponentials of vectors?

Because any power of a vector can be calculated it should be perfectly well defined to use the
exponential infinite series with k-vector parameters. An exponential function of this form will
be expanded explicitly and compared to the real number result. The first derivative will also be
calculated to examine its form.

In addition for completeness, the bivector and quaternion exponential forms will be exam-
ined.

33.2 VECTOR EXPONENTIAL

The infinite series representation of the exponential defines a function for any x that can be
repeatedly multiplied with it self.

k

= X
exz§ﬁ (33.1)

Depending on the type of the parameter x this may or may not have properties consistent with
the real number exponential function. For a vector x = X[x|, after splitting the sum into even and
odd terms this infinite series takes the following form:

X2k

X o XXk
+X — +
¢ ; (2K)! ;ﬁ 2k +1)!

= ¢™* = cosh|x| + & sinh|x]| (33.2)
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246 EXPONENTIAL OF A BLADE

One can also employ symmetric and antisymmetric sums to write the hyperbolic functions in
terms of the vector exponentials:

X + =X
coshlx| = ———° (33.3)
X _ ,—X
sinh|x| = < (33.4)
2%
33.2.1 Vector Exponential derivative
One of the defining properties of the exponential is that its derivative is related to itself
de* dx , . dx
e i 335
du ~du® T du (33.9)

For a vector parameter x one should not generally expect that. Let us expand this to see the
form of this derivative:

de* d
%€ _ 2 (coshjx| + & sinhjx])
du  du (33.6)
) . dx| dx . o
= (sinh|x| + X cosh|x|)— + — sinh|x|
du du

Can calculate % with the usual trick:

d|x[? dx| dx dx dx
2 oox|=—= = 22 —=2_. 33.7
du X du dux+xdu du X ( )

dlx| dx

X 33.8
du du X ( )



33.2 VECTOR EXPONENTIAL

Calculation of % uses this result:

dx d x
du  dux|
dx 1 x d|x|
dulx| |x|* du
_dx 1 X dx %
Cdulx|  |x? du
dx dx (33.9)
|x|( "(E X))
X (.  dx
XN\ —
|x| du
dx
= —R ==
X eJ"(du)

Putting these together one write the derivative in a few ways:

de*  (d X d
(&g L(X sinh|x| + cosh|x|) + X (gaZ Slnh|X|
du du x|

[ g) e+ 2 (g a ) sinnix (33.10)
x| du

d 1 d
= Proj, ( X) e+ x Rejq ( X) sinh|x]|

This is considerably different from the real number case. Only when the vector x and all its

variation Z" are colinear does = Proj; ( ) for the real number like result:
de* dx , ,dx
il i 33.11
du du’ "€ du ( )

Note that the sinh term can be explicitly removed

de* dx 1 dx 1 dx
— & — RN\ — X [RA— e X 33.12
du ( (du X) 2] (X du))e 2] (X du)e (33.12)

, but without a Rejg (%) = 0 constraint, there will always be a term that is not proportional
to eX.
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33.3 BIVECTOR EXPONENTIAL

The bivector exponential can be expanded utilizing its complex number equivalence:

B = eﬁ|B|
. (33.13)
= cos |B| + B sin |B|
So, taking the derivative we have
(e®) = (~sin[B| + B cos|B|) [B|' + B’ sin|B|
=B (B sin|B| + cosIBI) IB|’ + B’ sin|B]|
(33.14)

= BeBB| + B’ sin|B|
= ¢PB|B| + B’ sin|B|

33.3.1 bivector magnitude derivative

As with the vector case we have got a couple helper derivatives required. Here is the first:

(IB[>) = 2/B|B| = —(BB’ + B'B)

- (33.15)

BB’ + B'B

Bl = -
B 7

Unlike the vector case this last expression is not a bivector dot product = —B - B’ since there
could be a (), term that this symmetric sum would also include. That wedge term would be zero
for example if B = x A k for a constant vector k.



33.3 BIVECTOR EXPONENTIAL

33.3.2  Unit bivector derivative

Now calculate B’

.. B B _,
= = - —B|
Bl [B]
1 ~ BB’ +B'B
=B (B' ' BT)
| ll (33.16)
= — (B’+BB'B
_ B-BB'+B'B
B 2
Thus, the derivative is a scaled bivector rejection:
B = L(BB 33.17
- ﬁ( >2 (33.17)

Although this appears different from a unit vector derivative, a slight adjustment highlights
the similarities:

A

AL r N 4
r =—rAr
'1” (33.18)
= —(fr’
Lo,

Note however the sign inversion that is built into the bivector inversion.

33.3.3 combining results

Putting the individual results back together we have:

IBB' +B'B
= =——¢€

s .
> + E(BB >2 sin|B]| (33.19)

(e®)

In general with bivectors we can have two sorts of perpendicularity. The first is perpendicular

but intersecting (generated by the grade 2 term of the product), and perpendicular with no
common line (generated by the grade 4 term). In IR? we have only the first sort.
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250 EXPONENTIAL OF A BLADE

With a restriction that the derivative only changes the bivector enough to introduce the first
term, this exponential derivative is reduced to:

1., 1.
By _ “f.p/,B, ’ .
By = ﬁB B'e +B<BB >251n|B|

(33.20)

1
= Projg(B")e® + ﬁRejﬁ(B’) sin/B|

Only if the bivector variation is in the same plane as the bivector itself can the (), term be
dropped in which case, since the derivative will equal its projection one has:

(e®) =B'e® = PP (33.21)
33.4 QUATERNION EXPONENTIAL DERIVATIVE

Using the phrase somewhat loosely a quaternion, or complex number is a multivector of the
form

a+B (33.22)

Where « is a scalar, and B is a bivector.
Using the results above, the derivative of a quaternion exponential (ie: a rotation operator)
will be

(e(t+B)/ — (ea)/eB + e(t(eB)r

1 BB’ +B'B 1. (33.23)
—+e“ + E(BB’) e sin[B]

— a//ea/+B +e% _

For the total derivative:

1 BB’ + B'B 1A
a+By/ _ ’ a+B ’ a
By = o tE—— )e +—B(BB >2e sin[B| (33.24)

As with the bivector case, the two restrictions <]§B’>2 = 0, and <I§B’>4 = 0 are required to
get a real number like exponential derivative:

(ea+B)/ — (a+B)/ea+B — ea+B (CL/+B), (33.25)

Note that both of these are true for the important class of multivectors, the complex number.



33.4 QUATERNION EXPONENTIAL DERIVATIVE

33.4.1 bivector with only one degree of freedom

For a bivector that includes a constant vector such as B = x A k there will be no (), term.

(BB'), o« (x Akx' Ak)y =X AKAX Ak =0 (33.26)
Suppose @ + B = xk = x-k + x AK. In this case this quaternion exponential derivative reduces
to
XK/ ’ 1 ’ xk
ey =[x"-k+ xAK)-(xX'AKk)|e
X1k (33.27)
1 [xAk , <k - o
+ x' Ak) e sinjx AK|
xAKk\|[xAK| )
It is only with the addition restriction that all the bivector variation lies in the plane i = Iiﬁﬁl‘
ie:

(x NkX' AK), = 0 (33.28)

does one have:

(@) = (X' -k + Proj;(x’ Ak)) e

33.29
= (X -k+x AKk)e* ( )

Thus with these two restrictions to the variation of the bivector term we have:

(@Y = x'ke™® = ¥k (33.30)
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GENERATOR OF ROTATIONS IN ARBITRARY DIMENSIONS

34.1 MOTIVATION

Eli in his recent blog post on angular momentum operators used an exponential operator to
generate rotations

Ryp = A0XV) (34.1)

This is something I hhad not seen before, but is comparable to the vector shift operator
expressed in terms of directional derivatives x - V

fx+a)=e*Vf(x) (34.2)

The translation operator of eq. (34.2) translates easily to higher dimensions. Of particular
interest is the Minkowski metric 4D spacetime case, where we can use the four gradient V =
Y*0,, and a vector spacetime translation of x = x*y, — (¥* + a!)y, to translate “trivially”
translate this

fx+a)=e"V f(x) (34.3)

Since we do not have a cross product of two vectors in a 4D space, re-expressing eq. (34.1) in
a form that is not tied to three dimensions is desirable. A duality transformation with fi = ie;e;e;3
accomplishes this, where i is a unit bivector for the plane perpendicular to fi (i.e. product of two
perpendicular unit vectors in the plane). That duality transformation, expressing the rotation
direction using an oriented plane instead of the normal to the plane gives us

fi-(xx V) = (fi(x X V))

= ((iere2e3)(—e1e2e3)(X A V)) (34.4)
=(i(xAV))

This is just i - (x A V), so the generator of the rotation in 3D is

RAB — eA@i'(X/\V) (345)
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It is reasonable to guess then that we could substitute the spacetime gradient and allow i to
be any 4D unit spacetime bivector, where a spacelike product pair will generate rotations and
a spacetime bivector will generate boosts. That is really just a notational shift, and we would
write

RAG — eAOi'(X/\V) (346)

This is very likely correct, but building up to this guess in a logical sequence from a known
point will be the aim of this particular exploration.

34.2 SETUP AND CONVENTIONS

Rather than expressing the rotation in terms of coordinates, here the rotation will be formulated
in terms of dual sided multivector operators (using Geometric Algebra) on vectors. Then em-
ploying the chain rule an examination of the differential change of a multivariable scalar valued
function on the underlying rotation will be made.

Following conventions of [7] vectors will be undecorated rather than boldface since we are
deriving results applicable to four vector (and higher) spaces, and not requiring an Euclidean
metric.

Figure 34.1: Rotating vector in the plane with bivector i



34.2 SETUP AND CONVENTIONS

The fig. 34.1 has a pair of vectors related by rotation, where the vector x(6) is rotated to y(6) =
x(6 + A6). We choose here to express this rotation using a quaternion-ic operator R = « + ab,
where « is a scalar and a, and b are vectors.

y= RxR (34.7)
Required of R is an invertability property, but without loss of generality we can impose a
strictly unitary property RR = 1. Here R denotes the multivector reverse of a Geometric product
(ab) = ba (34.8)

Where for individual vectors the reverse is itself @ = a. A singly parametrized rotation or
boost can be conveniently expressed using the half angle exponential form

R=¢"? (34.9)
where i = iV is a unit bivector, a product of two perpendicular unit vectors (&tv = —vit). For
rotations 7, and  are both spatial vectors, implying i> = —1. For boosts i is the product of a unit

timelike vector and unit spatial vector, and with a Minkowski metric condition #?9? =
have a positive square i> = 1 for our spacetime rotation plane i.
A general Lorentz transformation, containing a composition of rotations and boosts can be

formed by application of successive transformations

-1, we

L) =OT---SxS)T)---U)y=0T---8xST---U (34.10)

The composition still has the unitary property (ST ---U)ST --- U = 1, so when the specifics
of the parametrization are not required we will allow the rotation operator R = ST --- U tobe a
general composition of individual rotations and boosts.

We will have brief use of coordinates and employ a reciprocal basis pair {y*} and {y,} where
v .y, = *,. A vector, employing summation convention, is then denoted

x = xty, = x M (34.11)
Where
X, =X+
: Th (34.12)

Xy = XYy
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256 GENERATOR OF ROTATIONS IN ARBITRARY DIMENSIONS

Shorthand for partials
0
Oy =+
Ox+
0 (34.13)
oM=—
0xy
will allow the gradient to be expressed as
V =19, = y,0" (34.14)

The perhaps unintuitive mix of upper and lower indices is required to make the indices in the
direction derivative come out right when expressed as a dot product

lim f(x+ar) - f(x)
70 T

=d"'0,f(x) =a-Vf(x) (34.15)

34.3 ROTOR EXAMPLES

While not attempting to discuss the exponential rotor formulation in any depth, at least illustrat-
ing by example for a spatial rotation and Lorentz boost seems called for.

Application of either of these is most easily performed with a split of the vector into compo-
nents parallel and perpendicular to the “plane” of rotation i. For example suppose we decompose
a vector x = p + n where n is perpendicular to the rotation plane i (i.e. ni = in), and p is the
components in the plane (pi = —ip). A consequence is that n commutes with R and p induces a
conjugate effect in the rotor

RxR = e_ig/z(p + n)e’W2

= pe®2e12 4 o120 (34.16)
This is then just
RxR = pe +n (34.17)

To expand any further the metric details are required. The half angle rotors of eq. (34.9) can
be expanded in series, where the metric properties of the bivector dictate the behavior. In the
spatial bivector case, where i> = —1 we have

R = €% = cos(6/2) + i sin(6/2) (34.18)



34.3 ROTOR EXAMPLES

whereas when i> = 1, the series expansion yields a hyperbolic pair

R = €% = cosh(6/2) + i sinh(8/2) (34.19)

To make things more specific, and relate to the familiar, consider a rotation in the Euclidean
x,y plane where we pick i = e;e;, and rotate x = xe; + ye, + zes. Applying eq. (34.17), and
eq. (34.18) we have

RxR = (xeq + yez)(cos 6 + e e; sin 9) + z€3 (34.20)

2

We have e;% = e,2 = 1 and e;e, = —e;e5, so with some rearrangement

RXR = e (xcos@ — ysinf) + e(xsin @ + y cos 6) + e3z (34.21)

This is the familiar x, y plane rotation up to a possible sign preference. Observe that we have
the flexibility to adjust the sign of the rotation by altering either 8 or i (we could use i = eye; for
example). Because of this Hestenes [15] chooses to make the angle bivector valued, so instead
of i writes

R=¢" (34.22)

where B is bivector valued, and thus contains the sign or direction of the rotation or boost as
well as the orientation.
For completeness lets also expand a rotor application for an x-axis boost in the spacetime

plane i = y;7y,. Following [7], we use the (+, —, —, —) metric convention 1 = yo> = —y;% =

—y,2 = —y3%. Switching variable conventions to match the norm lets use « for the rapidity

angle, with x-axis boost rotor
R = ¢1v0a/2 (34.23)
for the rapidity angle @. The rotor application then gives
L(x) = R&yo + x'y1 + Xy2 + Xy3)R

= Ry + X'y DR + x2ys + Xy3 (34.24)
= (x"y0 + x'y1)(cosh(B) + y1y0 sinh(6/2)) + x*yo + X3
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A final bit of rearrangement yields the familiar

L(x) = yo(x° cosh(#) — x! sinh(6/2))

(34.25
+v1(=x"sinh(6/2) + x! cosh(9)) + X*yo + x*y3 )

Again observe the flexibility to adjust the sign as desired by either the bivector orientation or
the sign of the scalar rapidity angle.

34.4 THE ROTATION OPERATOR

Moving on to the guts. From eq. (34.7) we can express x in terms of y using the inverse trans-
formation

x = RyR (34.26)

Assuming R is parametrized by 6, and that both x and y are not directly dependent on 6, we
have

- = + Ry—
a0 a0’ TV ae

— (%R R) RyR) + Ry (IR
=120 (RyR) + (RyR) 70 (34.27)

—d—RR+R@
e T "

Since we also have RR = 1, this product has zero derivative

dx dR o  dR
R

_dRR) _dR dR

— - 34.28

0=~ = """ (3429
Labeling one of these, say

Q= d—{:f? (34.29)

The multivector () must in fact be a bivector. As the product of a grade 0,2 multivector
with another 0,2 multivector, the product may have grades 0, 2,4. Since reversing () negates



34.4 THE ROTATION OPERATOR

it, this product can only have grade 2 components. In particular, employing the exponential
representation of R from eq. (34.9) for a simply parametrized rotation (or boost), we have

Q= %eiﬁ/ze—iﬁﬂ - é (34.30)

With this definition we have a
complete description of the incremental (first order) rotational along the curve from x to y
induced by R via the commutator of this bivector () with the initial position vector x.

d 1
d—; = Q] = (i = i) (34.31)
This commutator is in fact the generalize bivector-vector dot product [(), x] = i- x, and is
vector valued.
Now consider a scalar valued function f = f(x(8)). Employing the chain rule, for the theta

derivative of f we have a contribution from each coordinate x*. That is

df ~o dx* of
do ; do Ox+

_ % 3uf (34.32)
B (a’x”

%7’#) -(v'0,) f

But this is just

df _ dx
do — do

Or in operator form

Vf (34.33)

% —(i-x0)-V (34.34)

The complete Taylor expansion of f(6) = f(x(6)) is therefore

1 d \¢
F(x(6 + A6)) o (AHE) f(x(0))

(34.35)

| =

DMz TP

=

- (A6 x) - V)" f(x(0))

T
=
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Expressing this sum formally as an exponential we have

F(x(0 + AB)) = 0DV £(x(0)) (34.36)

In this form, the product (i - x) - V does not look much like the cross or wedge product repre-
sentations of the angular momentum operator that was initially guessed at. Referring to fig. 34.2
let us make a couple observations about this particular form before translating back to the wedge
formulation.

Figure 34.2: Bivector dot product with vector

It is worth pointing out that any bivector has no unique vector factorization. For example any
of the following are equivalent

i= QA
(20) A (/2 + ad)

(34.37)

—(ali + BY) A (all + bV)
ab - Ba

For this reason if we factor a bivector into two vectors within the plane we are free to pick one
of these in any direction we please and can pick the other in one of the perpendiculars within the
plane. In the figure exactly this was done, factoring the bivector into two perpendicular vectors
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i = 0V, where @ was picked to be in the direction of the projection of the vector x onto the
plane spanned by {11, ¥}. Suppose that projection of x onto the plane is ali. We then have for the
bivector vector dot product

= afiVi
= —o{aa (34.38)
=1
So we have for the dot product i - X = —a¥V, a rotation in the plane of the projection of

the vector x onto the plane by 90 degrees. The direction of the rotation is metric dependent,
and a spatially positive metric was used in this example. Observe that the action of a bivector
product on a vector, provided that vector is in the plane spanned by the factors of the bivector
is very much like the complex imaginary action. In both cases we have a 90 degree rotation.
This complex number correspondence is not entirely equivalent though, since we also have
i-X = —X- i, a negation on reversal of the product ordering, whereas we do not have to worry
about commuting the imaginary of complex arithmetic.

This shows how the bivector dot product naturally encodes a rotation. We could leave things
this way, but we also want to see how to put this in a more “standard” form. This is possible by
rewriting the scalar product using a scalar grade selection operator. Also employing the cyclic
reordering identity (abc) = (bca), we have

(i-x)-V= l((ix —xi)V)
% (34.39)
= E(ixV — Vxi)

A pause is required to note that this reordering needs to be interpreted with x fixed with
respect to the gradient so that the gradient is acting only to the extreme right. Then we have
. 1. N .
(i-x)-V= 5(1()( V)= (x-V)i) + E(l(x AV)+ (x-V)i) (34.40)

The rightmost action of the gradient allows the gradient dot and wedge products to be re-
ordered (with interchange of sign for the wedge). The product in the first scalar selector has
only bivector terms, so we are left with

(i-x)-V=i-(xAV) (34.41)
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and the rotation operator takes the postulated form

F(x(6 + AB)) = PNV £(x(0)) (34.42)

While the cross product formulation of this is fine for 3D, this works in a plane when de-
sired, as well as higher dimensional spaces as well as optionally non-Euclidean spaces like the
Minkowski space required for electrodynamics and relativity.

34.5 COORDINATE EXPANSION

We have seen the structure of the scalar angular momentum operator of eq. (34.41) in the context
of components of the cross product angular momentum operator in 3D spaces. For a more
general space what do we have?

Leti = ygy,, then we have

- (xAV) = ANYa) - AY")x0y
i-(xAV) = (g Ave) - (P Ay )y (34.43)
= (0" 00" — 0"00") X0,

which is

(¥g N Ya) - (x AV) = X408 — Xp0q (34.44)

In particular, in the four vector Minkowski space, when the pair «, 8 includes both space and
time indices we loose (or gain) negation in this operator sum. For example with i = y;yg, we
have

d 9
(Y1 AY) - (xAV) =x"— + x! — (34.45)

dx! ox0
We can also generalize the coordinate expansion of eq. (34.44) to a more general plane of
rotation. Suppose that u and v are two perpendicular unit vectors in the plane of rotation. For
this rotational plane we have i = uv = u A v, and our expansion is

i (XAV) = (yg Ava) (O Ay UPVIx,0,

34.46
= (05"6a" — 8500 WPV x,0, (440

So we have

i-(xAV) =WV —u'v)x,0, (34.47)



34.6 MATRIX TREATMENT

This scalar antisymmetric mixed index object is apparently called a vierbien (not a tensor)
and written

et =Wt —u'y) (34.48)

It would be slightly prettier to raise the index on x* (and correspondingly lower the us in €).

We then have a completely non Geometric Algebra representation of the angular momentum
operator for higher dimensions (and two dimensions) as well as for the Minkowski (and other
if desired) metrics.

i-(xAV) = €,x"d, (34.49)

34.6 MATRIX TREATMENT

It should be more accessible to do the same sort of treatment with matrices than the Geometric
Algebra approach. It did not occur to me to try it that way initially, and it is worthwhile to do a
comparative derivation. Setup should be similar

y = Rx
T (34.50)
X=RYy
Taking derivatives we then have
dx _dR'
a0~ a0’
drR' .
= —RR 34.51
70 y ( )
dRT
=|—R
[
Introducing an () = (dRT /dO)R very much like before we can write this
dx
— =0 34.52
20 X ( )

For Euclidean spaces (where R~' = RT as assumed above), we have RTR = 1, and thus

T
- p_ _préR (34.53)
a0 a0
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264 GENERATOR OF ROTATIONS IN ARBITRARY DIMENSIONS

Transposition shows that this matrix () is completely antisymmetric since we have

OT=-0 (34.54)

Now, is there a convenient formulation for a general plane rotation in matrix form, perhaps
like the Geometric exponential form? Probably can be done, but considering an X,y plane rota-
tion should give the rough idea.

cosf —sin@ O
Ry =|sinf cosf O (34.55)
0 0 1

After a bit of algebra we have

0
QO=|-10 0 (34.56)
0 O

0 —-¢c b
Q= c 0 =-a (3457)
b a 0

For some a, b, c. This procedure is not intrinsically three dimension, but in the specific 3D
case, we can express this antisymetrization using the cross product. Writing fi = (a, b, c) for the
vector with these components, we have in the 3D case only

Ox =fixx (34.58)

The first order rotation of a function f(x(6)) now follows from the chain rule as before

df _dx" of
do  do oxm
dx (34.59)
= __.V 34,
do f

=mxx)-Vf



34.6 MATRIX TREATMENT

We have then for the first order rotation derivative operator in 3D

d ,
—=n-(xxV 34.60
g~V (400

For higher (or 2D) spaces one cannot use the cross product so a more general expression of
the result eq. (34.60) would be

% =((x)-V (34.61)

Now, in this outline was a fair amount of cheating. We know that fi is the unit normal to

the rotational plane, but that has not been shown here. Instead it was a constructed quantity

just pulled out of thin air knowing it would be required. If one were interested in pursuing a

treatment of the rotation generator operator strictly using matrix algebra, that would have to

be considered. More troublesome and non-obvious is how this would translate to other metric
spaces, where we do not necessarily have the transpose relationships to exploit.
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SPHERICAL POLAR UNIT VECTORS IN EXPONENTIAL FORM

35.1 MOTIVATION

In [20] I blundered on a particularly concise exponential non-coordinate form for the unit vec-
tors in a spherical polar coordinate system. For future reference outside of a quantum mechani-
cal context here is a separate and more concise iteration of these results.

35.2 THE ROTATION AND NOTATION

The spherical polar rotor is a composition of rotations, expressed as half angle exponentials.
Following the normal physics conventions we first apply a z, x plane rotation by angle theta,
then an x, y plane rotation by angle ¢. This produces the rotor

R = ¢%10/2 12¢/2 (35.1)

Our triplet of Cartesian unit vectors is therefore rotated as

S =
Il
=
(47 (¢
—_ (081
=

(35.2)

S
(3
0o

In the quantum mechanical context it was convenient to denote the x,y plane unit bivector
with the imaginary symbol

i=eje) (35.3)

reserving for the spatial pseudoscalar the capital

[ =ejere; = ¢ = ie3 (35.4)

Note the characteristic differences between these two “imaginaries”. The planar quantity i =
eje; commutes with e, but anticommutes with either e; or e;. On the other hand the spatial
pseudoscalar / commutes with any vector, bivector or trivector in the algebra.
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35.3 APPLICATION OF THE ROTOR. THE SPHERICAL POLAR UNIT VECTORS

Having fixed notation, lets apply the rotation to each of the unit vectors in sequence, starting
with the calculation for ¢. This is

& = e_id’/ze—eSl9/2(e2)66319/26i¢/2
' (35.5)
= eze"”

Here, since e, commutes with the rotor bivector ese; the innermost exponentials cancel, leav-
ing just the i¢ rotation. For £ it is a bit messier, and we have

£ = e—i¢/ze—3319/2(e3)ee3|9/26i¢/2
= o012, 8310012
= ¢7*?(e5 cos 0 + e, sin H)e™?’>
= e3 cos 6 + e; sin fe'?
= €3 cos 6 + e e, sin feye'® (35.6)
= e3cos 0 +isin f¢
= e3(cos 0 + e3i sin O¢)

= e3e!?

Finally for 8, we have a similar messy expansion

0= e—i¢/26—e310/2(e1)ee316/2ei¢/2
- e‘i¢/2elee31"e"¢/2
= e*2(e; cos 6 — e; sin B)e™?/?
= e cosfe'® —e3sind
=1icos Gezei¢ —e3siné (35.7)
i$ cosf —e3sinf
i(}(cos 6+ $ie3 sin 6)

= el

Summarizing the three of these relations we have for the rotated unit vectors

0 = ipe'? (35.8)



35.4 A CONSISTENCY CHECK

and in particular for the radial position vector from the origin, rotating from the polar axis,
we have

X = 1t = rese!%? (35.9)

Compare this to the coordinate representation

X = r(sin @ cos ¢, sin 6 sin ¢, cos 6) (35.10)

it is not initially obvious that these 8 and ¢ rotations admit such a tidy factorization. In
retrospect, this does not seem so surprising, since we can form a quaternion product that acts
via multiplication to map a vector to a rotated position. In fact those quaternions, acting from
the right on the initial vectors are

e3 o F = e3(/*)
el — 0 = e (ex3¢/*) (35.11)

€ — & = ez(ei¢)

FIXME: it should be possible to reduce the quaternion that rotates e, — @ to a single expo-
nential. What is it?

35.4 A CONSISTENCY CHECK

We expect that the dot product between a north pole oriented vector z = Zes and the spherically
polar rotated vector x = re3e’?? is just

X-Z = Zrcosf (35.12)

Lets verify this

X-Z= <Ze3e3rel‘$9>
= Zr(cos 6 + I sin 9>

= Zrcos@

O
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35.5 AREA AND VOLUME ELEMENTS

Let us use these results to compute the spherical polar volume element. Pictorially this can be
read off simply from a diagram. If one is less trusting of pictorial means (or want a method
more generally applicable), we can also do this particular calculation algebraically, expanding
the determinant of partials

sinfcos¢ cosfcos¢ —sinfsing
drdfd¢ = |sin0sing cos@sing sinfcos ¢ | r*drdode (35.14)

cos 0 —sin@ 0

ox  o0x

ox  Ox
ar 90 0¢

One can chug through the trig reduction for this determinant with not too much trouble, but
it is not particularly fun.

Now compare to the same calculation proceeding directly with the exponential form. We do
still need to compute the partials

ox
= 35.15
or r ( )
ox 0 146
96 ~ " 56°
= ril¢ (35.16)
= ri(t09)¢
=10
Ox e (cos 6+ Iq?i sin 6)
— =7 —_—
o o
= —re3li¢sin (35.17)
= r¢sin6

So the area element, the oriented area of the parallelogram between the two vectors d6dx/d6,
and d¢ox/d¢ on the spherical surface at radius r is

_(40%* X\ _ 206
ds = (de 09) A (d¢ a¢) = 120 sin 0d0dp (35.18)

and the volume element in trivector form is just the product

P
dv = (dra—x) AdS = 1 sin 61drdfdg (35.19)
r



35.6 LINE ELEMENT

35.6 LINE ELEMENT

The line element for the particle moving on a spherical surface can be calculated by calculating
the derivative of the spherical polar unit vector #

dt  otd¢ otdo

T, = 35.20

dt  0¢ dt 00dt ( )
than taking the magnitude of this vector. We can start either in coordinate form

f = e3cosf+e;sinfcos ¢+ epsinfsing (35.21)

or, instead do it the fun way, first grouping this into a complex exponential form. This factor-
ization was done above, but starting over allows this to be done a bit more effectively for this
particular problem. As above, writing i = e;e;, the first factorization is

f = e3cos 0 + e sin Be™® (35.22)

The unit vector p = e;e’® lies in the x,y plane perpendicular to e3, so we can form the unit
bivector e3p and further factor the unit vector terms into a cos +i sin form

f =e3cosd+e;sin e
) (35.23)
= e3(cos 8 + e3psinH)

This allows the spherical polar unit vector to be expressed in complex exponential form
(really a vector-quaternion product)

f = e3e%P? = ¢7®3P0¢s (35.24)

Now, calculating the unit vector velocity, we get

dt , . -
E = e3e3pee3p90 + ejejen sin 9€l¢¢

= petr? (9 + e P9 sin Ge_i¢e2¢) (35.25)

= (9 + €, sin 0e‘¢¢pee3"9) )
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The last two lines above factor the p vector and the ¢%*? quaternion to the left and to the right
in preparation for squaring this to calculate the magnitude.

() ()

= <(9 + e sin Hei¢¢pee3p9) (9 + e %Ppsin He_i‘/’ezq'ﬁ»

(35.26)
= 6% + sin® 0 + sin 9¢9<egei¢pee3p9 + e_e3p9pe_i¢e2>

This last term (€ span{pe, pe,, €, €3, e;e3}) has only grade two components, so the scalar part
is zero. We are left with the line element

A\ 2
(%) = (6 + sin’ 0 (35.27)

In retrospect, at least once one sees the answer, it seems obvious. Keeping 6 constant the
length increment moving in the plane is ds = sin 8d¢, and keeping ¢ constant, we have ds = d6.
Since these are perpendicular directions we can add the lengths using the Pythagorean theorem.

35.6.1 Line element using an angle and unit bivector parameterization

Parameterizing using scalar angles is not the only approach that we can take to calculate the line
element on the unit sphere. Proceding directly with a alternate polar representation, utilizing a
unit bivector j, and scalar angle 6 is

x = reze’? (35.28)

For this product to be a vector j must contain ez as a factor (j = e3 A m for some vector m.)
Setting » = 1 for now, the deriviate of X is
t= e L (cosO+ jsind)
=e3— (cos sin
37 J
, ) ) dj .
= e36 (—sinf + jcos ) tes— sin 6 (35.29)
D dj .
= e30j (jsinf + cos0) tes— sin 6
This is

a9 . ., dj
X = e (E jel® 4 d—; sin 9) (35.30)



35.6 LINE ELEMENT

Alternately, we can take derivatives of X = re %e3, for
Or

do . _., dj
X=- (Eje‘fe + d_i sin 9) e3 (35.31)

Together with eq. (35.30), the line element for position change on the unit sphere is then

e ., dj e . ., dj
X = <— (Eje_ﬂ + d—i sin 0) eses (Ejefg + d—; sin 6)>

e . _, dj . do . ., dj .
:<_(Eje 19+d—ism0)(E]eﬂ+d—ism0)> (35.32)
2 2 . .
doV: (dji\2 ., d0 . |dj . . _od)
=|— —-|— 0—_ 0 i J J7—
(dt) (dt) T <dtJe B

Starting with cyclic reordering of the last term, we get zero

dj . jo . . _jgdJ dj .(jo . —j
<E]eﬂ+]e JQE> = <EJ (ef€+e ﬂ)>

di
- <d—] j2jsin 9>
t (35.33)
d
= =2sin0—| (j
sin dt
=0
The line element (for constant r) is therefore
di\2
2 =P (92 - (d—;) sin’ 0) (35.34)

This is essentially the same result as we got starting with an explicit 7, 8, ¢. Repeating for
comparision that was

> =2 (6 + sin” 6¢) (35.35)

The bivector that we have used this time encodes the orientation of the plane of rotation
from the polar axis down to the position on the sphere corresponds to the angle ¢ in the scalar
parameterization. The negation in sign is expected due to the negative bivector square.
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274 SPHERICAL POLAR UNIT VECTORS IN EXPONENTIAL FORM

Also comparing to previous results it is notable that we can explicitly express this bivector in
terms of the scalar angle if desired as

= €,¢%%? = e cos ¢ + €, sin
é 1 1COS ¢ +eysing (35.36)
J=eAp=e3p

The inverse mapping, expressing the scalar angle using the bivector representation is also
possible, but not unique. The principle angle for that inverse mapping is

¢ = —ejey In(e;e3)) (35.37)

35.6.2 Allowing the magnitude to vary

Writing a vector in polar form

X = rf (35.38)

and also allowing r to vary, we have

dx\* _(dr. d¢Y’
ar] “\ar' " an

2 2 (35.39)
_(dr +2df' +2drfdf'
“\ar) T Tar ar
The squared unit vector derivative was previously calculated to be
di\’
(E) _ & + sin” 64? (35.40)

Picturing the geometry is enough to know that £ - £ = 0 since t is always tangential to the
sphere. It should also be possible to algebraically show this, but without going through the effort
we at least now know the general line element

& =%+ 17 (67 + sin” 63°) (35.41)



INFINITESIMAL ROTATIONS

36.1 MOTIVATION

In a classical mechanics lecture (which I audited) Prof. Poppitz made the claim that an infinites-
imal rotation in direction fi of magnitude d¢ has the form

X — X+ 0@ X X, (36.1)
where
o¢ = fog. (36.2)

I believe he expressed things in terms of the differential displacement

O0X = 0¢p X X (36.3)

This was verified for the special case fi = Z and x = xX. Let us derive this in the general case
too.

36.2 WITH GEOMETRIC ALGEBRA

Let us temporarily dispense with the normal notation and introduce two perpendicular unit
vectors 0, and V in the plane of the rotation. Relate these to the unit normal with

fil=axy. (36.4)

A rotation through an angle ¢ (infinitesimal or otherwise) is then

X — ¢ W0/25 09612 (36.5)
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276 INFINITESIMAL ROTATIONS

Suppose that we decompose x into components in the plane and in the direction of the normal

. We have

X = x,0 + x,V + x,0. (36.6)

The exponentials commute with the i vector, and anticommute otherwise, leaving us with

X 5 Xt + (x,0 + x,9)e%?
= x,f + (x,0 + x,9)(cos ¢ + 0¥ sin ¢) (36.7)

= x,0 + 0(x, cos ¢ — x, sin ¢) + V(x, cos ¢ + x,, sin ¢).

In the last line we use @ = 1 and G¥ = —¥ii. Making the angle infinitesimal ¢ — 5¢ we have

X — x,h + 0(x, — x,00) + V(x, + x,00) (36.8)

=X+ 0¢(x,V — x,00)

We have only to confirm that this matches the assumed cross product representation

a v f
axx=|0 0 1
(36.9)
Xy Xy Xp
= —lx, + Vx,
Taking the two last computations we find
O0X = 0 X X = 0¢p X X, (36.10)

as desired.
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36.3 WITHOUT GEOMETRIC ALGEBRA

We have also done the setup above to verify this result without GA. Here we wish to apply the
rotation to the coordinate vector of x in the {ii, ¥, fi} basis which gives us

Xy coso¢p —sindogp Of[x,

X, | = |sindp cosdop Of|x,

X 0 0 1 [x,
(1 -6 0][x,
~lopg 1  Of|x,
L0 0 1][x,

o (36.11)
Xy 0 —6¢ Of|xy,

=lx,|tlop 0 Offx,
| X | 0 0 Off[x,

Xu —Xy

=|x,|t0¢| x,
[ X ] 0

But as we have shown, this last coordinate vector is just fi X X, and we get our desired result
using plain old fashioned matrix algebra as well.

Really the only difference between this and what was done in class is that there is no assump-
tion here that x = xX.






Part IV

CALCULUS






DEVELOPING SOME INTUITION FOR MULTIVARIABLE AND
MULTIVECTOR TAYLOR SERIES

The book [7] uses Geometric Calculus heavily in its Lagrangian treatment. In particular it is
used in some incomprehensible seeming ways in the stress energy tensor treatment.

In the treatment of transformation of the dependent variables (not the field variables them-
selves) of field Lagrangians, there is one bit that appears to be the first order linear term from a
multivariable Taylor series expansion. Play with multivariable Taylor series here a bit to develop
some intuition with it.

37.1 SINGLE VARIABLE CASE, AND GENERALIZATION OF IT

For the single variable case, Taylor series takes the form

v XA
Jfx) = 0 » (37.1)
or
e d' f(x)
f(xo+¢s)=zH il (37.2)

As pointed out in [3], this can (as they demonstrated for polynomials) be put into exponential
operator form

fOo+e) = e fon| (37.3)
Without proof, the multivector generalization of this is
fo+e) = eV, (37.4)
Or in full,
! k 37.5
fao+e =) 5 € VW _, (37.5)

Let us work with this, and develop some comfort with what it means, then revisit the proof.
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37.2 DIRECTIONAL DERIVATIVES

First a definition of directional derivative is required.
In standard two variable vector calculus the directional derivative is defined in one of the
following ways

f(x+ah,y+bh)— f(x,y)
h (37.6)

Vuf(y) = lim
u = (a,b)

Or in a more general vector form as

S+ i) = /0 )

v =1i
u/ () = lim
Or in terms of the gradient as

u

Vuf(x) = l -V f (37.8)

Each of these was for a vector parametrized scalar function, although the wikipedia article
does mention a vector valued form that is identical to that use by [7]. Specifically, that is

(e-V)f(x) :}z%w
_ df(x + he)

oh h=0

(37.9)

Observe that this definition as a limit avoids the requirement to define the gradient upfront.
That definition is not necessarily obvious especially for multivector valued functions.

A[Example 37.1: First order linear vector polynomial}

Let

fx)=a+x (37.10)



http://tutorial.math.lamar.edu/Classes/CalcIII/DirectionalDeriv.aspx
http://en.wikipedia.org/wiki/Directional_derivative
http://mathworld.wolfram.com/DirectionalDerivative.html

37.2 DIRECTIONAL DERIVATIVES

For this simplest of vector valued vector parametrized functions we have

Of(x+he) 0

a—h = a—h(a+x+he)
_. (37.11)
= (V)

with no requirement to evaluate at 4 = 0 to complete the directional derivative computa-
tion.
The Taylor series expansion about 0 is thus

f© = (- Vf| o+ (€ V'F|

=ate€

(37.12)

Nothing else could be expected.

A[Example 37.2: Second order vector parametrized multivector polynomialJ—

Now, step up the complexity slightly, and introduce a multivector valued second degree
polynomial, say,

f(x)=a+a+xy+wx+cx2+dxe+xgx (37.13)

Here « is a scalar, and all the other variables are vectors, so we have grades < 3.
For the first order partial we have

Of(x + he)
oh

0
= %(a/ +a+ (x+ he)y + w(x + he) + c(x + he)2 +d(x + he)e + (x + he)g(x + he))

= €y + We + ce(x + he) + c(x + he)e + ce + dee + €g(x + he) + (x + he)ge
(37.14)

Evaluation at 4 = 0 we have

(e-V)f = €y + we + cex + cxe + ce + dee + egx + xge (37.15)
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By inspection we have

(€- V)’ f = +2c€® + 2ege (37.16)

Combining things forming the Taylor series expansion about the origin we should re-
cover our function

1 1 1
f@ =5 (€ Vf] g+ 77 (€U o+ 5 (e VA

1 1 1
= T(a +a)+ T(ey + we + ce + dee) + 5(2662 + 2€ge) (37.17)

:(1’+6l+6y+WE+C6+d6€+C€2+6g€

This should match eq. (37.13), with an x = € substitution, and does. With the vector fac-
tors in these functions commutativity assumptions could not be made. These calculations
help provide a small verification that this form of Taylor series does in fact work out fine
with such non-commutative variables.

Observe as well that there was really no requirement in this example that x or any of
the other factors to be vectors. If they were all bivectors or trivectors or some mix the
calculations would have had the same results.

37.3 PROOF OF THE MULTIVECTOR TAYLOR EXPANSION

A peek back into [15] shows that eq. (37.5) was in fact proved, but it was done in a very sneaky
and clever way. Rather than try to prove treat the multivector parameters explicitly, the following
scalar parametrized hybrid function was created

G(1) = F(xo + Ta) (37.18)

The scalar parametrized function G(7) can be Taylor expanded about the origin, and then
evaluated at 1 resulting in eq. (37.5) in terms of powers of (a - V). I will not reproduce or try to
enhance that proof for myself here since it is actually quite clear in the text. Obviously the trick
is non-intuitive enough that when thinking about how to prove this myself it did not occur to
me.
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37.4 EXPLICIT EXPANSION FOR A SCALAR FUNCTION

Now, despite the a - V notation being unfamiliar seeming, the end result is not. Explicit expan-
sion of this for a vector to scalar mapping will show this. In fact this will also account for the
Hessian matrix, as in

y=fx+Ax) ~ f(x) + J(X)Ax (37.19)

providing not only the background on where this comes from, but also the so often omitted
third order and higher generalizations (most often referred to as - - -). Poking around a bit I see
that the wikipedia Taylor Series does explicitly define the higher order case, but if I had seen
that before the connection to the Hessian was not obvious.

A{Example 37.3: Two variable case}

Rather than start with the general case, the expansion of the first few powers of (a- V) f for
the two variable case is enough to show the pattern. How to further generalize this scalar
function case will be clear from inspection.

Starting with the first order term, writing a = (a, b) we have

0
@-V)yfix,y 8_7'f(x+ art,y + br)

=0
0 d(x + ar)
((9x = an(x +ar,y+ bT)—c")T ) .
0(y + b1)
ot

(37.20)

f(x+at,y+br)

+
(ay + bt =0

For the second derivative operation we have

@- V) f(x,y) = (a- V) (@ V)f(x,y)

PN L
=(a V)(a8x+b8y) (3721)
_ o[ of of

= aT(aax(x+a‘r,y+br)+bay(x+a‘r,y+b7'))

=0
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Especially if one makes a temporary substitution of the partials for some other named
variables, it is clear this follows as before, and one gets

aZf 82f azf 82f
. _ 2P, b p2% 37.22
@ Vyfxy=a—-7+ “oyox T oxay T 5y o

Similarly the third order derivative operator gives us

0 9 9 d a9 0
.V)3 = - = -~ -
@- V) fxy) aaa(?xaxaxf+aba(9x(9y8xf
0 0 0 0 a0 0
b——— bb— ——
Tad 6x3yc')xf+a (9x8y(9yf

00 9 0 0 0
baa———f + bba———
" ““ayaxaxf+ aayayaxf ()
00 0 0 0 0
bab— —— f + bbb— — —
Tod 6y6y8xf+ ayay(?yf

> 9 d 0 0* &>
= 32y U 52 00T 0T
ox3 0x2 Oy dx 0y? dy?
We no longer have the notational nicety of being able to use the gradient notation as was
done for the first derivative term. For the first and second order derivative operations, one
has the option of using the gradient and Hessian matrix notations

(a-V)f(x,y)=a' {f "]

Y (37.24)

(@- V)7 f(x,y) =a’ {f” fxy]a

yx f;/y

But this will not be helpful past the second derivative.
Additionally, if we continue to restrict oneself to the two variable case, it is clear that
we have

n (9 n—k (9 k
(a-V)'f(x,y) = (”)a"—"b"(—) (—) f(x,y) (37.25)
kzz(; k O0x ay
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But it is also clear that if we switch to more than two variables, a binomial series ex-
pansion of derivative powers in this fashion will no longer work. For example for three (or
more) variables, writing for example a = (a;, ap, as), we have

@ V=Y (aia%)f(x)

1

0 0
@ V) fx) = > (a,-%) (a j%)f(x) (37.26)
ij ! J
0 0 0
(a-V)f(x) = Z (Gi%) (aj%) (“"a_xk)f(x)
ijk ! J

If the partials are all collected into a single indexed object, one really has a tensor. For
the first and second orders we can represent this tensor in matrix form (as the gradient and

Hessian respectively)

37.5 GRADIENT WITH NON-EUCLIDEAN BASIS

The directional derivative has been calculated above for a scalar function. There is nothing
intrinsic to that argument that requires an orthonormal basis.
Suppose we have a basis {y,}, and a reciprocal frame {y*}. Let

= xll =
x= X = (37.27)
a=dy, =ay
The first order directional derivative is then
0
(a-V)f(x) = —f(x + Ta) (37.28)
87’ =0
This is
of
. - uJ)
(a-V)f(x) = ; @ () (37.29)

Now, we are used to V as a standalone object, and want that operator defined such that we
can also write eq. (37.29) as

a-(Vf(x) = (a"y,) - (Vf(x) (37.30)
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Comparing these we see that our partials in eq. (37.29) do the job provided that we form the
vector operator

0
V= ; 7“@ (37.31)

The text [7] defines V in this fashion, but has no logical motivation of this idea. One sees
quickly enough that this definition works, and is the required form, but building up to the con-
struction in a way that builds on previously established ideas is still desirable. We see here
that this reciprocal frame definition of the gradient follows inevitably from the definition of
the directional derivative. Additionally this is a definition with how the directional derivative is
defined in a standard Euclidean space with an orthonormal basis.

37.6 WORK OUT GRADIENT FOR A FEW SPECIFIC MULTIVECTOR SPACES

The directional derivative result expressed in eq. (37.29) holds for arbitrarily parametrized mul-
tivector spaces, and the image space can also be a generalized one. However, the corresponding
result eq. (37.31) for the gradient itself is good only when the parameters are vectors. These
vector parameters may be non-orthonormal, and the function this is applied to does not have to
be a scalar function.

If we switch to functions parametrized by multivector spaces the vector dot gradient notation
also becomes misleading. The natural generalization of the Taylor expansion for such a function,
instead of eq. (37.4), or eq. (37.5) should instead be

fxo+e) = V| (37.32)
Or in full,
fxo+e = % (N f@|_,, (37.33)

One could alternately express this in a notationally less different form using the scalar product
operator instead of grade selection, if one writes

exV = (eV) (37.34)

However, regardless of the notation used, the fundamental definition is still going to be the
same (and the same as in the vector case), which operationally is

df(x + he)

37.35
o ( )

exVf(x) = (V) f(x) =
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A[Example 37.4: Complex numbers}

The simplest grade mixed multivector space is that of the complex numbers. Let us write
out the directional derivative and gradient in this space explicitly. Writing

20 =Uu+iv

_ (37.36)
z=x+1y
So we have
of of
\% =u—+v—
(20V) f(2) uost Yoy
_of . 1of
=uo + s e (37.37)
0o 10
= <Zo (a + ;a—y)>f(z)
and we can therefore identify the gradient operator as
0 10
Voo =—+-— 37.38
02~ ox i ay ( )

Observe the similarity here between the vector gradient for a 2D Euclidean space, where
we can form complex numbers by (left) factoring out a unit vector, as in

X =e1x+eyy
=e(x+ere
1( .1 2Y) (37.39)
=e(x+iy)
It appears that we can form this complex gradient, by (right) factoring out of the same
unit vector from the vector gradient

AL A A D

1(9 2ay— ox 218y 1
_ g+1g . (37.40)

ox idy !
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So, if we write V as the IR? vector gradient, with X = e; x + epy = ez as above, we have

Vx = Vjeieiz (37.41)
= V22 o

This is a rather curious equivalence between 2D vectors and complex numbers.

Comparison of contour integral and directional derivative Taylor series Having a com-
plex gradient is not familiar from standard complex variable theory. Then again, neither is
a non-contour integral formulation of complex Taylor series. The two of these ought to be
equivalent, which seems to imply there is a contour integral representation of the gradient
in a complex number space too (one of the Hestenes paper’s mentioned this but I did not
understand the notation).

Let us do an initial comparison of the two. We need a reminder of the contour inte-
gral form of the complex derivative. For a function f(z) and its derivatives regular in a
neighborhood of a point zp, we can evaluate

f@dz 9§ ( )
-2 i
:_9§f@z( >k1)
1
e fz@dz(__)
(k — 1)(k— f) 9§ —z0)k2 1 (37.42)
T k-Dk-2)-- SBf © Z(( — 20" )
1 " U)dz
(k—l)(k 2)---(1) Z2—20
o 2m 4y
= (k—l)!f (20)
So we have
_ ﬂ f(2)dz

(37.43)

2mi (z—z0)k*!
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Given this we now have a few alternate forms of complex Taylor series

1
fo+e) =) €V fE)
= Z 1 ¢ d f(Z)

(z)dz
271'1 Z é (z—z0)k*!

Observe that the the 0,2 subscript for the gradient has been dropped above (ie: this is
the complex gradient, not the vector form).

=20

(37.44)

Complex gradient compared to the derivative A gradient operator has been identified
by factoring it out of the directional derivative. Let us compare this to a plain old complex
derivative.

Fz0) = lim LR =@ (37.45)

20 Z—20

In particular, evaluating this limit for z = zo + h, approaching zp along the x-axis, we
have

Fz0) = hm J(2) = f(z0)
—20 Z—20
~ lim flzo +h) = f(z0) (37.46)
h—0 h
_9f
a ax(ZO)

Evaluating this limit for z = zg + ik, approaching zp along the y-axis, we have

f (z0 +ih) — f(z0)
ih

f (o) =

a ; (37.47)

—l—(Zo)
dy
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We have the Cauchy equations by equating these, and if the derivative exists (ie: inde-
pendent of path) we require at least

0 .0
—f(zo) = —l—f(zo) (37.48)
0x Oy
Or
of Of
0=—=—()+i=—(z
i (37.49)
= V/f(z0)
Premultiplying by V produces the harmonic equation
= 0
VWf=|—+— 37.50
f (8x2 " ay2)f ( )

First order expansion around a point  The above, while interesting or curious, does not
provide a way to express the differential operator directly in terms of the gradient.
We can write

€ f(2)dz
\Y = —
(V)@ = 7 - 202 (37.51)
= ef’(20)

One can probably integrate this in some circumstances (perhaps when f(z) is regular
along the straight path from zg to z = zg9 + €). If so, then we have

- f " Plods = f VY@, ds (37.52)

Or

%z

£@) = flzo)+ f

§=20

£<ev>f(z) ds (37.53)

=S

Is there any validity to doing this? The idea here is to play with some circumstances
where we could see where the multivector gradient may show up. Much more play is
required, some of which for discovery and the rest to do things more rigorously.
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A[Example 37.5: 4D scalar plus bivector space}

Suppose we form a scalar, bivector space by factoring out the unit time vector in a Dirac
vector representation

x =x'yy,
= (XO + 2 710’0)70
= (XO +Xk0'k)’)/()

=4%0

(37.54)

This g has the structure of a quaternion-like object (scalar, plus bivector), but the bivec-
tors all have positive square. Our directional derivative, for multivector direction Q =

0° + Qo is

of of
\% =0'— + B
(V) @)= Q° =5 Zk: 0% (37.55)
So, we can write
0 0
V=—+ —
— Zk: o (37.56)
We can do something similar for an Euclidean four vector space
x=x'e,
= (xo + xkekeo) )
(37.57)
= (xo + xkik) [

Here each of the bivectors i; have a negative square, much more quaternion-like (and
could easily be defined in an isomorphic fashion). This time we have

0 1 0
V= a0 zkl o (37.58)




EXTERIOR DERIVATIVE AND CHAIN RULE COMPONENTS OF THE
GRADIENT

38.1 GRADIENT FORMULATION IN TERMS OF RECIPROCAL FRAMES

We have seen how to calculate reciprocal frames as a method to find components of a vector
with respect to an arbitrary basis (does not have to be orthogonal).
This can be applied to any vector:

x= Y a@-x)= ) a(a;-x) (38.1)
2 2

so why not the gradient operator too.

V= Za,-(a" V) = Z ai(a; - V) (38.2)
The dot product part:

@-V)f@ = lim flut a:) — /W (38.3)

.
we know how to calculate explicitly (from NFCM) and is the direction derivative.
So this gives us an explicit factorization of the gradient into components in some arbitrary
set of directions, all weighted appropriately.

38.2 ALLOWING THE BASIS TO VARY ACCORDING TO A PARAMETRIZATION

Now, if one allows the vector basis a; to vary along a curve, it is interesting to observe the con-
sequences of this to the gradient expressed as a component along the curve and perpendicular
components.

Suppose that one has a parametrization ¢(uy, uz, - -, u,—1) € R”, defining a generalized sur-
face of degree one less than the space.

Provided these surface direction vectors are linearly independent and non zero, we can writ-
ing ¢, = g_:f,-’ and form a basis for the space by extension with a reciprocal frame vector:

1
{¢u1’ ¢uz’ ) ¢u,,,1’ (¢u1 A ¢u2 A ¢un,1)1_} (384)
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A[Example 38.1: Try it with the simplest case}

Let us calculate V in this basis. Intuition says this will produce something like the exterior
derivative from differential forms for the component that is normal to the surface.

To make things easy, consider the absolutely simplest case, a curve in R?, with parametriza
tion r = ¢(¢). The basis associated with this curve at some point is

{a;, a2} = {¢y, 19} (38.5)

with a reciprocal basis of:

, ={— ——I 38.6
{a’,a} { 5, 5, ( )

In terms of this components, the gradient along the curve at the specified point is:

Vf=(a'a,-V+a’a-V)f

(¢z¢t V+( ¢t)<l¢’) )f
=$(¢,.v—1(1-¢,)-V)f

(38.7)
¢t (¢, V-I(I-(¢:AV))) S

:$(¢,-V—I(I(¢t/\v)))f
¢t (¢t V+¢t/\v)f

Lo and behold, we come full circle through a mass of identities back to the geometric
product. As with many things in math, knowing the answer we can be clever and start
from the answer going backwards. This would have allowed the standard factorization of
the gradient vector into orthogonal components in the usual fashion:

= (¢t )= r (¢z V+¢,AV) (38.8)
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Let us continue writing ¢(¢) = x(z)e; + y(¢)e;. Then

¢ =xe +)ye (38.9)
dx 0 dy o
Y= 42 38.10
4 dt 8x+ dt dy ( )
dxd dyd
rAay=q&L_D9 38.11
¢ (dt Oy dtﬁx) ( )

Combining these and inserting back into eq. (38.8) we have

V:(¢,2(¢’-V+¢'/\V)

(38.12)
S SV L N WPV
S+ Y N arax T aray XN\ aray ” drox

Now, here it is worth pointing out that the choice of the parametrization can break some
of the assumptions made. In particular the curve can be completely continuous, but the
parametrization could allow it to be zero for some interval since (x(#), y(#)) can be picked
to be constant for a “time” before continuing.

This problem is eliminated by picking an arc length parametrization. Provided the curve
is not degenerate (ie: a point), then we have at least one of dx/ds # 0, or dy/ds # 0. Addi-
tionally, by parametrization using arc length we have (dx/ds)? + (dy/ ds)?* = (ds/ds)* = 1.
This eliminates the denominator leaving the following decomposition of the IR? gradient

Unit tangent vector Unit normal vector

;0\ (dx 0 dy o S, [dx 0 dy o0
V- 29 DN (- a0 D9
(ds8x+ds6y)+ . %) (dsc')y dsc')x)

Chain Rule in operator form. Exterior derivative operator.

(38.13)
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Thus, loosely speaking we have the chain rule as the scalar component of the unit tangent
vector along a parametrized curve, and we have the exterior derivative as the component of
the gradient that lies colinear to a unit normal to the curve (believe this is the unit normal
that points inwards to the curvature if there is any).

A[Example 38.2: Extension to higher dimensional curves]

In IR? or above we can perform the same calculation. The result is similar and straightfor-
ward to derive:

Unit tangent. Normal to unit tangent.
dx; dxz dx,, Z dx; 0 Z dx, 0 dx] 0
ds’ ds ax, . ds (?x] ds ax,
1<i<j<n

(38.14)

Here we have a set of normals to the unit tangent. For R3, we have i j =1{12,13,23}. One
of these unit normals must be linearly dependent on the other two (or zero). The exterior
scalar factors here loose some of their resemblance to the exterior derivative here. Perhaps
a parametrized (hyper-)surface is required to get the familiar form for IR® or above.




SPHERICAL AND HYPERSPHERICAL PARAMETRIZATION

39.1 MOTIVATION

In [18] a 4D Fourier transform solution of Maxwell’s equation yielded a Green’s function of the
form

etkux
G(x) = dkydkrdksdk. 39.1
() ffffkyk" 1dkodk3dky (39.1)

To attempt to “evaluate” this integral, as done in [19] to produce the retarded time potentials,
a hypervolume equivalent to spherical polar coordinate parametrization is probably desirable.

Before attempting to tackle the problem of interest, the basic question of how to do volume
and weighted volume integrals over a hemispherical volumes must be considered. Doing this
for both Euclidean and Minkowski metrics will have to be covered.

39.2 EUCLIDEAN N-VOLUME
39.2.1 Parametrization

The wikipedia article on n-volumes gives a parametrization, which I will write out explicitly for
the first few dimensions

e 1-sphere (circle)

1
X' =rcos
, b (39.2)
X =rsing;
e 2-sphere (sphere)
x! = rcos b1
X% = rsin @1 cos ¢ (39.3)

= 7 sin ¢ sin ¢o
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e 3-sphere (hypersphere)

—_

X =rcosd;
x* = rsin @1 cos ¢
3. . (39.4)
XxX° = rsin ¢ sin ¢, cos P3
x* = rsing; sin ¢, sin ¢3

By inspection one can see that we have the desired > = 3,(x')? relation. Each of these can
be vectorized to produce a parametrized vector that can trace out all the possible points on the
volume

r = opxt (39.5)

39.2.2  Volume elements

We can form a parallelogram area (or parallelepiped volume, ...) element for any parametrized
surface by taking wedge products, as in fig. 39.1. This can also be done for this spherical
parametrization too.

Figure 39.1: Tangent vector along curves of parametrized vector
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For example for the circle we have

or or
dV]Rz = E A adel’dgﬁl

= (gr(cos é1,sin ¢y )) A (ir(cos ¢1,sin ¢y )) drde,
or ¢ (39.6)

= (cos ¢1,sin @) A (—sin @y, cos ¢y )rdrdp,
= (0082 ¢10’10’2 - SiIl2 ¢10’20‘1)7‘d1’d¢1

= rdrdgblo' 102
And for the sphere

dV]R3 = % A % A %di’d¢1d¢2
= (cos ¢, sin @ cos ¢y, sin ¢ sin ¢,)
A (—sin ¢y, cos ¢ cos ¢y, cos ¢y sin o)
A (0, — sin ¢ sin ¢, sin ¢ cos ¢2)r2drd¢1d¢2 (39.7)
cos¢;  singjcos¢y  singp sing,
= |-sing; cos¢icosgy coS ¢y sin gy r’drdgdgro o207
0 —sin¢; sing,; sin @ cos ¢o

rzdr sin ¢1d¢1d¢20’10‘20’3

And finally for the hypersphere

cos¢; singjcos¢y  singpsingycosds  sin g sin ¢y sin @3
AVigs = —sing; cos¢@;cosgy  COs@ysingrcosPs  cos @y sin ¢y sin P3
0 —sin¢g;sing; Sin¢@q cos ¢y cos @z sin ¢ cos ¢; sin @3
0 0 —sin ¢ sin ¢, sin¢g3  sin ¢y sin ¢, cos @3
rdrdgidgrdsor 0030
= rdrsin’ @1dd1 sin prddrdp30 1020304

(39.8)

Each of these is consistent with the result in the wiki page.

39.2.3  Some volume computations

Let us apply the above results to compute the corresponding n-volume’s.
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e 1-sphere (circle)

R /2
Vg =4 f rdr f d
S , (39.9)

= 7R?

e 2-sphere (sphere)

R /2 /2
VRr3 =8f rzdrf sin¢1d¢1f doo
0 0 0
1

= 82K’ (~cos ¢1[7%) g (39.10)
B 47R3
3

Okay, so far so good.

e 3-sphere (hypersphere)

R /2 /2 /2
Vrs = 16 f Pdr f sin” ¢1d¢ f sin ¢odey f des
0 0 0 0
/2

= 27TR4f sin2¢1d¢1
0

= nRk* (¢1 — oS ¢ sin ¢1lg/2)
B R4
2

(39.11)

This is also consistent with the formula supplied in the wiki article.

39.2.4 Range determination

What I have done here though it integrate over only one of the quadrants, and multiply by 2”".
This avoided the more tricky issue of what exact range of angles is required for a complete and
non-overlapping cover of the surface.

The wiki article says that the range is [0, 2n] for the last angle and [0, 7] for the others.
Reevaluating the integrals above shows that this does work, but that is a bit of a cheat, and it is
not obvious to me past IR? that this should be the case.

How can this be rationalized?
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o circle For the case of the circle what are the end points in each of the quadrants? These

are (withr = 1)

(cos ¢y, sin 1)y, =0 = (1,0) = 0

(cos ¢1,8inP1)g,=r/2 = (0, 1) = 02

(cos ¢1,8in¢1)g,=x = (=1,0) = -0y

(cos @1, 8in 1), =372 = (0,—1) = =0

(39.12)

As expected, each of the /2 increments traces out the points in successive quadrants.

e sphere

Again with r = 1, some representative points on the circle are

o1 10)) (cos @1, sin gy cos ¢o, sin gy singy) | r
0 (1,0,0) o
n/2 | (1,0,0) oz
n (1,0,0) o
37/2 | (1,0,0) o1
m/2 |0 (0,1,0) 02
7/2 | n/2 | (0,0,1) o3
/2 | (0,-1,0) )
n/2 | 3x/2 | (0,0,-1) -3
n 0 (-1,0,0) -0
bg /2 (-1,0,0) —0
b8 T (-1,0,0) —0
T 3n/2 | (-1,0,0) -0

The most informative of these is for ¢; = n/2, where we had r = (0, cos ¢», sin ¢,), and
our points trace out a path along the unit circle of the y,z plane. At ¢; = 0 our point
r = o did not move, and at ¢; = w we are at the other end of the sphere, also fixed. A
reasonable guess is that at each ¢ we trace out a different circle in the y, z plane.

We can write, with 093 = 0y Aoy = 01072,

= CcoS @10 + sin p103(cos ¢y + Sin pr02073)

I = Ccos ¢0| + Sin ¢(cos ¢pp07 + sin ¢pp073)

(39.13)
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Or, in exponential form

r = cos @0 + sin g0 exp(o3Po) (39.14)

Put this way the effects of the parametrization is clear. For each fixed ¢;, the exponential
traces out a circle in the y, z plane, starting at the point r = cos ¢10| + sin ¢03. ¢ traces
out a semi-circle in the x, y plane.

FIXME: picture.

This would have been easy enough to understand if starting from a picture and construct-
ing the parametrization. Seeing what the geometry is from the algebra requires a bit more
(or different) work. Having done it, are we now prepared to understand the geometry of
the hypersphere parametrization.

hypersphere.

The vector form in the spherical case was convenient for extracting geometric properties.
Can we do that here too?

r = 01 COS¢| + 07 Sin ¢ cos ¢y + 073 Sin ¢ sin ¢o cos P3 + 04 Sin @ sin ¢y sin P3

= 01 CcoSPy + 0 sindy cos ¢ + 073 Sin @y Sin P (cos 3 + 0734 Sin P3)

39.15
= 01 Cos @y + 0 sin @y cos ¢y + 073 Sin @ sin Py exp(o34P3) ( )
= 01 COs @1 + 072 8in 1 (COS ¢ + 0723 Sin ¢ €Xp(073463))

Observe that if ¢3 = 0 we have
r = 0] COS ¢ + 07 sin ¢ exp(o3¢h) (39.16)

Which is exactly the parametrization of a half sphere (¢, € [0, n]). Contrast this to the
semi-circle that ¢; traced out in the spherical case.

In the spherical case, the points ¢; = /2 were nicely representative. For the hypersphere
those points are

r = 07 COS ¢y + 073 Sin ¢y exp(034¢3) (39.17)

We saw above that this is the parametrization of a sphere.
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Also like the spherical case, we have r = +0| at ¢; = 0, and ¢; = 7 respectively.

The geometrical conclusion is that for each ¢; € [0,7/2] range the points r trace out
increasingly larger spheres, and after that decreasing sized spheres until we get to a point
again at ¢; = 7.

39.3 MINKOWSKI METRIC SPHERE
39.3.1 2D hyperbola
Our 1-sphere equation was all the points on the curve

2yt er (39.18)

The hyperbolic equivalent to this is

2oyt e p? (39.19)

Although this is not a closed curve like the circle. To put this in a more natural physical
context, lets write (with ¢ = 1)

r=1vyp+y1x (39.20)

So the equation of the 1-hyperboloid becomes

rr=r-x=7 (39.21)

We can parametrize this with complex angles i¢

r = r(yp cosh ¢ + y{ sinh ¢) (39.22)

This gives us

r? = r’(cosh? ¢ — sinh? ¢) = r? (39.23)

as desired. Like the circle, writing yo1 = yo A ¥1, an exponential form also works nicely

r = ryo exp(yo19) (39.24)
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Here the square is

r? = 0 exp(¥016)Y0 exp(Yo1 ¢)
= 7 exp(—=y014)(0)* exp(y019)

= r* exp(—y0194) exp(yo1 ¢)

(39.25)

Again as desired.

39.3.2 3D hyperbola

Unlike the circle, a pure hyperbolic parametrization does not work to construct a Minkowski
square signature. Consider for example

r = cosh ¢yy + y1 sinh ¢ cosh i + y; sinh ¢ sinh (39.26)
Squaring this we have
r? = cosh? ¢ — sinh? ¢(cosh? y + sinh? ¥) (39.27)

We would get the desired result if we chop off the % in all the ¥ hyperbolic functions. This
shows that an appropriate parametrization is instead

r = cosh ¢yg + 1 sinh ¢ cos ¢ + y; sinh ¢ sin Y (39.28)

This now squares to 1. To see how to extend this to higher dimensions (of which we only
need one more) we can factor out a yg

spatial vector parametrization of circle
| (39.29)

r = yo(cosh ¢ — sinh ¢([0'1 cos ¥ + 07 sin 1//}))

Now to extend this to three dimensions we have just to substituted the spherical parametriza-
tion from eq. (39.14)

r = ryo(cosh ¢g — sinh ¢o(cos ¢107| + sin p1072 exp(023¢$2)))

) ) (39.30)
= r(yo cosh ¢g + sinh ¢po(cos ¢1y1 + sin ¢1y2 exp(y3262)))



39.3 MINKOWSKI METRIC SPHERE

39.3.3  Summarizing the hyperbolic vector parametrization

Our parametrization in two, three, and four dimensions, respectively, are

ry = r(7yg cosh ¢g + sinh ¢py;)
r3 = r(yo cosh ¢ + sinh oy exp(y2141)) (39.31)
ry = r(yo cosh ¢ + sinh ¢o(cos ¢1y; + sin ¢1y2 exp(y3242)))

39.3.4  Volume elements
What are our volume elements using this parametrization can be calculated as above.

39.3.4.1 For one spatial dimension we have

cosh ¢y sinh¢yg

deyo'}q = l’drd(/Jo
sinh ¢g cosh ¢g (39.32)
= rdrdgy
39.3.4.2  For two spatial dimensions we have
r3 = r(7yg cosh ¢g + y1 sinh ¢y cos ¢ + y, sinh ¢ sin ¢,) (39.33)
The derivatives are
81‘3 . . .
o vo cosh ¢g + 1 sinh ¢y cos | + > sinh ¢ sin ¢
-
1 81‘3 . .
- % = yo sinh ¢y + y1 cosh ¢y cos ¢ + y> cosh ¢g sin ¢ (39.34)
1 (91’3 . . .
——— = —y; sinh ¢ sin ¢| + y, sinh ¢g cos @;
r 0¢y
Or
81’3 .
o 20 cosh g + y1 sinh ¢o exp(y21¢1)
1 61‘3 .
—2—— = Yo sinh¢g + cosh ¢ exp(=y2141)y1 (39.35)
r 0o
1 (91’3

- M = sinh @gy2 exp(y21¢1)
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Multiplying this out, discarding non-grade three terms we have

(10 sinh® g exp(y21¢1) + Yo1 cosh? o exp(y2141)) sinh goy2 exp(y21¢1)
= Y01 €xp(y21¢1) sinh ¢g exp(—=y2141)y2 (39.36)
= o1 sinh ¢gy>

This gives us

dVs = r? sinh ¢odrddodd, (39.37)

39.3.4.3  For three spatial dimensions we have

r4 = r(yo cosh ¢g + sinh ¢o(cos @1y + sin ¢1y2 exp(y32¢42))) (39.38)

So our derivatives are

or . .
(9_: = Yo cosh ¢g + sinh ¢g(cos ¢y + sin @1y2 exp(yz2¢2))

1 (91’4 . )

7o, Yosinhdo + coshdo(cos dryi +sin gryz exp(ysad2)

1 dry (39.39)

rog sinh go(—sin 1y1 + os ¢1y2 exp(y3242))

1 or _ )

———= = sinh gy sin 6173 exp(yng2)

r 0¢y

In shorthand, writing C and S for the trig and hyperbolic functions as appropriate, we have

Y0Co + SoC1y1 +SoS 172 exp(y3202)
Y080+ CoCry1 + CoS 172 exp(y3262)
=S0S 171 +S0Cry2 exp(y32¢2)

SoS 173 exp(y32é2)

(39.40)

Multiplying these out and dropping terms that will not contribute grade four bits is needed to
calculate the volume element. The full product for the first two derivatives is

Y0Co¥0S 0 +¥0CoCoCr1y1 + Y0CoCoS 12 €xp(y3202)
+850C17170S0 + S0C1y1CoCry1 + S0C1y1CoS 172 €xp(y32¢2)
+S0S 172 exp(y3202)¥0S 0 + S0S 172 exp(y3202)CoCiry1 + S0S 172 exp(y3202)CoS 12 exp(y3262)



39.4 SUMMARY

We can discard the scalar terms:

Y0C0¥0S 0+ S0C171CoCry1 + SoS 172 exp(y3202)CoS 1 eXp(—y32¢2)y2
Two of these terms cancel out
S0CoC1S 1712 exp(y3202) + S0CoC1S 1721 €Xp(y32642)
and we are left with two bivector contributors to the eventual four-pseudoscalar
Y01C1 +v02S 1 exp(y3262)
Multiplying out the last two derivatives we have
—S5S1y13 exp(ysagn) + SEC1S 1723

Almost there. A final multiplication of these sets of products gives

—701C1S 38213 exp(y32¢2) — Y025 1 exp(y3202)S 3 313 exp(y3262)

+701C1S3C1S 1723 + Y025 1 €xp(¥3202)S 2C1S 1723

= ¥03C1S 58T exp(y3262) — Y02 eXp(¥3202)S 553 exp(—y32¢2)y13
+70123CTS3S 1 = ¥03 exp(y3202)S 5C1S 7

= ¥03C1S 38 2 exp(y3262) + ¥01235 35 1(ST + C3) — y03 exp(y32¢2)S 2C152

= ¥03C1S1(SE = S3) exp(yaa¢2) + Y0123 351

Therefore our final result is

dV, = sinh? ¢ sin @1 P drdpodd des

394 SUMMARY
39.4.1 Vector parametrization

N-Spherical parametrization

ry = 01 exp(oi261)
r3 = Cos ¢101 + sin @02 exp(023¢2)

r4 = 071 COS Py + 07 Sin ¢1(COS ¢ + 0723 sin P eXp(073443))

(39.41)

(39.42)

(39.43)

(39.44)

(39.45)

(39.46)

(39.47)

(39.48)
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310 SPHERICAL AND HYPERSPHERICAL PARAMETRIZATION

N-Hypersphere parametrization

ry = r(7yg cosh ¢g + sinh ¢py;)
r3 = r(yo cosh ¢g + sinh ¢oy| exp(y2161)) (39.49)
ry = r(yo cosh ¢ + sinh ¢o(cos @1y + sin ¢1y2 exp(y32$2)))

39.4.2  Volume elements

To summarize the mess of algebra we have shown that our hyperbolic volume elements are
given by

dV, = (rdr) dey
dVs = (rdr) (sinh godo) dg (39.50)
dV4 = (r3dr) (sinh2 ¢0d¢0) (sin ¢1d¢1) d¢2

Compare this to the volume elements for the n-spheres

dVy = (rdr) d¢,
dVs = (rdr) (sing1dg,) de, (39.51)
dVy = (rdr) (sin® ¢1der ) (sin gadess) deps

Besides labeling variations the only difference in the form is a switch from trig to hyperbolic
functions for the first angle (which has an implied range difference as well).



VECTOR DIFFERENTIAL IDENTITIES

[9] electrodynamics ch. II lists a number of differential vector identities.
1. V-(VT) = VT = a scalar field
2. VX(VT) =0
3. V(V -h) = a vector field
4. V-(Vxh) =0
5. Vx(Vxh)=V(V-h)-Vh
6. (V-V)h = a vector field

Let us see how all these translate to GA form.

40.1 DIVERGENCE OF A GRADIENT

This one has the same form, but expanding it can be evaluated by grade selection

V-(VT)=(VVT)

40.1
_ (V)T (40.1)
A less sneaky expansion would be by coordinates
V- (VT) = ) (owdi) - (07j0,T)
k.j
= <Z(akak><a,a jT>>
k.j
(40.2)

s
o
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312 VECTOR DIFFERENTIAL IDENTITIES

40.2 CURL OF A GRADIENT IS ZERO

The duality analogue of this is
VX(VT)=—-i(VA(VT)) (40.3)

Let us verify that this bivector curl is zero. This can also be done by grade selection

VA(VT) =(V(VT)),
= ((VV)T),
=(VAWT
=0

(40.4)

Again, this is sneaky and side steps the continuity requirement for mixed partial equality.
Again by coordinates is better

VAVT) = <Z O'kak(a'jajT)>
k,j

2

_ <Z 100k — ,-ak>T> (40.5)
k<j 2
= > ok Ao (4D~ 0;00T
k<j

So provided the mixed partials are zero the curl of a gradient is zero.

40.3 GRADIENT OF A DIVERGENCE

Nothing more to say about this one.

40.4 DIVERGENCE OF CURL

This one looks like it will have a dual form using bivectors.

V. (Vxh)=V-(=i(VAh))
=(V(=i(V A h)))
= (—=iV(V A h))
= —(iV) - (VAh)

(40.6)



40.5 CURL OF A CURL

Is this any better than the cross product relationship?

I do not really think so. They both say the same thing, and only possible value to this duality
form is if more than three dimensions are required (in which case the sign of the pseudoscalar
i has to be dealt with more carefully). Geometrically one has the dual of the gradient (a plane
normal to the vector itself) dotted with the plane formed by the gradient and the vector operated
on. The corresponding statement for the cross product form is that we have a dot product of a
vector with a vector normal to it, so also intuitively expect a zero. In either case, because we
are talking about operators here just saying this is zero because of geometrical arguments is not
necessarily convincing. Let us evaluate this explicitly in coordinates to verify

@@V)-(VAh) = {V(V Ah))

- <i > owdi (o Ao jh’)>

k,jil

==i) oA [Z(a’k NG TIEY. jak)h’]
l

k<j

(40.7)

This inner quantity is zero, again by equality of mixed partials. While the dual form of this
identity was not really any better than the cross product form, there is nothing in this zero
equality proof that was tied to the dimension of the vectors involved, so we do have a more
general form than can be expressed by the cross product, which could be of value in Minkowski
space later.

40.5 CURL OF A CURL

This will also have a dual form. That is

V x (V x h) = —i(V A (V x h))
= —i(V A (=i(V A h)))
= —i(V(=i(V A ),
= i(iV(V A h)),
=i’V -(VAh)
=-V-(VAh)

(40.8)

Now, let us expand this quantity

V- (VAh) (40.9)
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VECTOR DIFFERENTIAL IDENTITIES

If the gradient could be treated as a plain old vector we could just do
a-(aAnh)=a’h—a(a-h) (40.10)

With the gradient substituted this is exactly the desired identity (with the expected sign dif-
ference)

V-(VAh) =V?h-V(V-h) (40.11)

A coordinate expansion to truly verify that this is valid is logically still required, but having
done the others above, it is clear how this would work out.

40.6 LAPLACIAN OF A VECTOR

This one is not interesting seeming.

40.7 ZERO CURL IMPLIES GRADIENT SOLUTION

This theorems is mentioned in the text without proof.
Theorem was

If VXA =0
thereisa i
such that A = Vy

This appears to be half of an if and only if theorem. The unstated part is if one has a gradient
then the curl is zero

A =Vy
— (40.12)
VXA=VxVy=0

This last was proven above, and follows from the assumed mixed partial equality. Now, the
real problem here is to find  given A. First note that we can remove the three dimensionality
of the theorem by duality writing V X A = —i(V A A). In one sense changing the theorem to use
the wedge instead of cross makes the problem harder since the wedge product is defined not
just for R3. However, this also allows starting with the simpler R? case, so let us do that one
first.



40.7 ZERO CURL IMPLIES GRADIENT SOLUTION

Write

A =0'A + %4, = L (O1) + H D) (40.13)
The gradient is
V=0'9 +0%, (40.14)

Our curl is then

(001 + 0202) A (T Ay + 02 Ay) = (0! A TH)(0142 — D2A1) (40.15)
So we have
0145 = 8A, (40.16)

Now from eq. (40.13) this means we must have

B = 2010 (40.17)

This is just a statement of mixed partial equality, and does not look particularly useful for
solving for . It really shows that the is redundancy in the problem, and instead of substituting
for both of A| and A; in eq. (40.16), we can use one or the other.

Doing so we have two equations, either of which we can solve for

0201y = 01A2

(40.18)
0102y = 0rA,
Integrating once gives
61(// = falAzdy+ B(x)
(40.19)
62{// = f@gA]dx-f- C(y)
And a second time produces solutions for i in terms of the vector coordinates
0A
W= f f a—zdydx + f B(x)dx + D(y)
N (40.20)

¢sz%dxdy+f€(y)dy+E(x)
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316 VECTOR DIFFERENTIAL IDENTITIES

Is there a natural way to merge these so that i can be expressed more symmetrically in terms
of both coordinates? Looking at eq. (40.20) I am led to guess that its possible to combine these
into a single equation expressing ¢ in terms of both A; and A,. One way to do so is perhaps just
to average the two as in

1ﬁ=aff%dydx+(l—a)ff%dxdy+fC(y)dy+E(x)+fB(x)dx+D(y)
(40.21)

But that seems pretty arbitrary. Perhaps that is the point?
FIXME: work some examples.
FIXME: look at more than the R? case.

40.8 ZERO DIVERGENCE IMPLIES CURL SOLUTION

This theorems is mentioned in the text without proof.
Theorem was

If V-D =0
thereisa C
suchthat D =VxC

As above, if D = V x C, then we have

V-D=V-(VxC) (40.22)

and this has already been shown to be zero. So the problem becomes find C given D.
Also, as before an equivalent generalized (or de-generalized) problem can be expressed.

That is
V-D =(VD)
=(V(VxC))
=(V-i(VAC)) (40.23)
=—({IV-(VAQC) -(GVA(VAC)
=—({IV-(VAC))

Soif V-Ditis also true that V- (VAC) =0



40.8 ZERO DIVERGENCE IMPLIES CURL SOLUTION

Thus the (de)generalized theorem to prove is

If V-D =0
thereisa C
such that D =VAC

In the R? case, to prove the original theorem we want a bivector D = —iD, and seek a vector
Csuchthat D=V AC D =-i(VACQ)).

V-D=V-(VAC)
= (%) - (¢ A dT8:C))
=O’k'(0'i/\0'j)akaicj'

_ - (40.24
= (/6" - 6o 0,C; )
= O'jaiaiCj - a"(?jc?[Cj
= Gfai(é?,-Cj - 6J'Cl')

If this is to equal zero we must have the following constraint on C

0;iC; = 0;;C; (40.25)
If the following equality was also true

0,C; =9,C; (40.26)

Then this would also work, but would also mean D equals zero so that is not an interesting
solution. So, we must go back to eq. (40.25) and solve for Cy, in terms of D.
Suppose we have D explicitly in terms of coordinates

D= D,‘jO’i A O'j
= > '(Dij-Dj)c’ Ao (40.27)

i<j

compare thisto VA C

C = @:Cj)o Ao/
= Z(aicj -8,CHa’ No! (40.28)

i<j
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318 VECTOR DIFFERENTIAL IDENTITIES

With the identity
0;Cj=D;j (40.29)
Equation (40.25) becomes

9;jCi = 0;D;
- (40.30)

ajC,- = D,’j + a/ij(xkii)

Where «; j(xkii) is some function of all the x* # x.
Integrating once more we have

Ci = f(Dij +a’ij(xk¢i)) dx’ + Bij(x**) (40.31)



WAS PROFESSOR DMITREVSKY RIGHT ABOUT INSISTING THE
LAPLACIAN IS NOT GENERALLY V-V

41.1 DEDICATION

To all tyrannical old Professors driven to cruelty by an unending barrage of increasingly ill
prepared students.

41.2 MOTIVATION

The text [3] has an excellent general derivation of a number of forms of the gradient, divergence,
curl and Laplacian.

This is actually done, not starting with the usual Cartesian forms, but more general defini-
tions.

¢(qi +dqi) — ¢(q;)

= 1
(grad ¢); RSN ds,
diVV=limLfV-d0'
At—=0 AT J, (41.1)
1
(curl V) -m = lim — V-da

Ao—0 Ao )

div(grad ¢).

Laplacian ¢

These are then shown to imply the usual Cartesian definitions, plus provide the means to
calculate the general relationships in whatever coordinate system you like. All in all one can
not beat this approach, and I am not going to try to replicate it, because I can not improve it in
any way by doing so.

Given that, what do I have to say on this topic? Well, way way back in first year electricity
and magnetism, my dictator of a prof, the intimidating but diminutive Dmitrevsky, yelled at
us repeatedly that one cannot just dot the gradient to form the Laplacian. As far as he was
concerned one can only say

Laplacian ¢ = div(grad ¢), 41.2)
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WAS PROFESSOR DMITREVSKY RIGHT ABOUT INSISTING THE LAPLACIAN IS NOT GENERALLY V - V
and never never never, the busted way

Laplacian ¢ = (V - V)¢. (41.3)

Because “this only works in Cartesian coordinates”. He probably backed up this assertion
with a heartwarming and encouraging statement like “back in the days when University of
Toronto was a real school you would have learned this in kindergarten”.

This detail is actually something that has bugged me ever since, because my assumption was
that, provided one was careful, why would a change to an alternate coordinate system matter?
The gradient is still the gradient, so it seems to me that this ought to be a general way to calculate
things.

Here we explore the validity of the dictatorial comments of Prof Dmitrevsky. The key to
reconciling intuition and his statement turns out to lie with the fact that one has to let the
gradient operate on the unit vectors in the non Cartesian representation as well as the partials,
something that was not clear as a first year student. Provided that this is done, the plain old dot
product procedure yields the expected results.

This exploration will utilize a two dimensional space as a starting point, transforming from
Cartesian to polar form representation. I will also utilize a geometric algebra representation of
the polar unit vectors.

41.3 THE GRADIENT IN POLAR FORM

Lets start off with a calculation of the gradient in polar form starting with the Cartesian form.
Writing 4, = d/0x, 8, = 8/0y, 0, = 0/0r, and 0g = 0/06, we want to map

0
V =¢0+e0; = [el ez]I: 1] , (41.4)

into the same form using f, 0,0,, and 0. With i = e;e; we have

{ell = ol H (41.5)
(5] 0

Next we need to do a chain rule expansion of the partial operators to change variables. In
matrix form that is

o] [ar a)[a
ox| _|ox ox||a
o | lar ae|la| (41.6)
dy dy odyllLoe



41.3 THE GRADIENT IN POLAR FORM

To calculate these partials we drop back to coordinates

x2+y2 — 2
y
— =tané
% 41.7)
X
— =cotd

From this we calculate

0
c’)_r = cosé
X
or .
8_y =sinf
1 o0 1 (41.8)
rcos@  dycos26
I 00 1
rsinf  Oxsin2@’
for
d . d
x| _ |cosO —sin6/r|| 5 (41.9)
% sind@ cosf/r 5—99
We can now write down the gradient in polar form, prior to final simplification
p 9
V:e’H[f- 9] cosd sinf/r | (41.10)
sinf cosé/r %
Observe that we can factor a unit vector
¢ o]=¢[1 i|=]i 1]6 @1.11)

so the 1, 1 element of the matrix product in the interior is

hdww=w=ﬁﬁ (41.12)
sin @

321



322 WAS PROFESSOR DMITREVSKY RIGHT ABOUT INSISTING THE LAPLACIAN IS NOT GENERALLY V -V

Similarly, the 1,2 element of the matrix product in the interior is

—si |
¢ o]|” 3| = Lo (41.13)
cosf/r r
The exponentials cancel nicely, leaving after a final multiplication with the polar form for the
gradient
R A1
V =10,+60-0y (41.14)
r

That was a fun way to get the result, although we could have just looked it up. We want to
use this now to calculate the Laplacian.

41.4 POLAR FORM LAPLACIAN FOR THE PLANE
We are now ready to look at the Laplacian. First let us do it the first year electricity and mag-

netism course way. We look up the formula for polar form divergence, the one we were supposed
to have memorized in kindergarten, and find it to be

1 1
divA =0,A, + —A, + —0sAp (41.15)
r r

We can now apply this to the gradient vector in polar form which has components V, = 9,
and Vg = (1/r)dy, and get

1 1
div grad = 9,y + =0, + —0gg (41.16)
r r

This is the expected result, and what we should get by performing V - V in polar form. Now,
let us do it the wrong way, dotting our gradient with itself.

1 1
V : V = (ar’ _a(')) : (ar’ _69)
r r
1 1
=8, + —ag(—ag) (41.17)
r r

1
=0n+ =0
rr 1’2 06



41.4 POLAR FORM LAPLACIAN FOR THE PLANE

This is wrong! So is Dmitrevsky right that this procedure is flawed, or do you spot the mis-
take? I have also cruelly written this out in a way that obscures the error and highlights the
source of the confusion.

The problem is that our unit vectors are functions, and they must also be included in the
application of our partials. Using the coordinate polar form without explicitly putting in the
unit vectors is how we go wrong. Here is the right way

(41.18)

o A U B O

=10, (l‘ar) +1-0, (0—65) +0- —(99 (r(?r) +0- —(93 (0—66)
r r r r

Now we need the derivatives of our unit vectors. The 0, derivatives are zero since these have
no radial dependence, but we do have 6 partials

(99f’ = (99 (eleie)

_ i0
= Gieiee (41.19)
— 62619
=9,
and

399 = (99 (ezeie)
_ i0
= eze‘fze (41.20)
= —ere
= -t

(One should be able to get the same results if these unit vectors were written out in full as
f = e; cosO + e, sinf, and @ = e, cos O — e; sin 6, instead of using the obscure geometric algebra
quaterionic rotation exponential operators.)

Having calculated these partials we now have

1 1
(V-V)za,,+—a,+—2099 (41.21)
r r

Exactly what it should be, and what we got with the coordinate form of the divergence oper-
ator when applying the “Laplacian equals the divergence of the gradient” rule blindly. We see
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that the expectation that V - V is the Laplacian in more than the Cartesian coordinate system
is not invalid, but that care is required to apply the chain rule to all functions. We also see that
expressing a vector in coordinate form when the basis vectors are position dependent is also a
path to danger.

Is this anything that our electricity and magnetism prof did not know? Unlikely. Is this some-
thing that our prof felt that could not be explained to a mob of first year students? Probably.



DERIVATION OF THE SPHERICAL POLAR LAPLACIAN

42.1 MOTIVATION

In 41 was a Geometric Algebra derivation of the 2D polar Laplacian by squaring the gradient.
In 35 was a factorization of the spherical polar unit vectors in a tidy compact form. Here both
these ideas are utilized to derive the spherical polar form for the Laplacian, an operation that is
strictly algebraic (squaring the gradient) provided we operate on the unit vectors correctly.

42.2  OUR ROTATION MULTIVECTOR

Our starting point is a pair of rotations. We rotate first in the x, y plane by ¢

x > X = RyxR,
i=eje (42.1a)
R¢ = €i¢/2

Then apply a rotation in the e3 A (Rge1R,) = Ryese1 Ry plane

x — x” = RgxX'Ry

Rg — elf¢e3e1R¢6/2 — R~¢ee3e19/2R¢ (4223)
The composition of rotations now gives us
x — X" = RyR;XR4Ry = RXR
et o (42.3)

R =RyRy = £&3€10/2 je1e20/2

42.3 EXPRESSIONS FOR THE UNIT VECTORS

The unit vectors in the rotated frame can now be calculated. With / = e;e,e3; we can calculate

$ = RezR
£ = ResR (42.42)
9 = RelR
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326 DERIVATION OF THE SPHERICAL POLAR LAPLACIAN

Performing these we get

& - e—ele2¢/26—e3e1H/Ze2ee3e10/26e1e2¢/2

. (42.5
= eze’¢, )

and
f= e—e|e2¢/26—e3e16/2e3ee3e16/26e1e2¢/2

—ejexp/2 ejexp/2

=e (e3 cos B + e sinf)e

= e3 cos 6 + e; sin et (42.6)

= e3(cos 0 + ese; sin He®1%2?)

= eze!?,

and

9 — e—ele2¢/26—e3e19/2e1ee3e19/2801e2¢/2

—ejexp/2 ejexp/2

=e (e1 cos @ —e3 sinf)e

ered/2

= e cos fe —e3sind

A . 42.7)
=i¢cosf—e3sinb
i(;)(cos 0+ $ie3 sin 6)

= ipel®.

Summarizing these are

(-3261.l7>
= e5el? (42.82)
b= i,

=Y
Il

>



42.4 DERIVATIVES OF THE UNIT VECTORS 327

42.4 DERIVATIVES OF THE UNIT VECTORS

We will need the partials. Most of these can be computed from eq. (42.8) by inspection, and are

0,6=0

a4 =0

90=0

Ao =0

Aot = 1 (42.9a)
900 = 019

0pd = di

gk = $sin6

8¢9 = 43 cosd

42.5 EXPANDING THE LAPLACIAN

We note that the line element is ds = dr + rdf + rsin 6d¢, so our gradient in spherical coordi-
nates is

0
V =10, + =0y + ——0. (42.10)
r rsinf
We can now evaluate the Laplacian

N S

V2= (fa, + 969 +
r

A

A
A —_ + . 4 .1 1
6¢) (rﬁ, + 69 si 6¢) ( 2 )

rsin@

Evaluating these one set at a time we have

N A

0
r rsin@

and

1, 0 " I 0 1, . . 1
—069 . (f'ar + —63 + ¢ 6,,,) = —<9 (f‘1¢6r + f‘(%r + —899 + —01¢69 + ¢69 - 8¢)>
r r rsind r r r rsind

1 1
= =0, + 50w,
r r
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(42.13)
and
n 0 P
dy - |T0, + —0g + ——0
rsing ¢ (r r " rsing ¢)
| Psin0, + 20y + ¢ ala+9a + @i ! A+ ¢ L,
= sin cos 6— —
rsinf " or PR lrsinH ¢ rsing *
1 cotf 1
=-0,+ O0p + 0
r 2T sin2g 7
(42.14)
Summing these we have
2 1 cotd 1
V2 =8, + =0, + —0pp + ——0p + 0 42.15
r ’ r 2 66 2 0 2 sin2 P o] ( )
This is often written with a chain rule trick to consolidate the r and 8 partials
2 1 . 1
VY =-9,0%)+ 9 (sin09gY ) + ———0yy'¥ (42.16)
r

r?sind r2sin 6

It is simple to verify that this is identical to eq. (42.15).



TANGENT PLANES AND NORMALS IN THREE AND FOUR
DIMENSIONS

43.1 MOTIVATION

I was reviewing the method of Lagrange in my old first year calculus book [27] and found that
I needed a review of some of the geometry ideas associated with the gradient (that it is normal
to the surface). The approach in the text used 3D level surfaces f(x,y,z) = ¢, which is general
but not the most intuitive.

If we define a surface in the simpler explicit form z = f(x, y), then how would you show this
normal property? Here we explore this in 3D and 4D, using geometric and wedge products to
express the tangent planes and tangent volumes respectively.

In the 4D approach, with a vector x defined by coordinates x* and basis {y,} so that

x =yt (43.1)
the reciprocal basis y* is defined implicitly by the dot product relations

'yﬂ Yy = o, (43.2)

Assuming such a basis makes the result general enough that the 4D (or a trivial generalization
to N dimensions) holds for both Euclidean spaces as well as mixed metric (i.e. Minkowski)
spaces, and avoids having to detail the specific metric in question.

43.2 3D SURFACE

We start by considering fig. 43.1. We wish to determine the bivector for the tangent plane in the
neighborhood of the point p

p = (x,y, f(x,y), (43.3)

then using a duality transformation (multiplication by the pseudoscalar for the space) deter-
mine the normal vector to that plane at this point. Holding either of the two free parameters
constant, we find the tangent vectors on that surface to be

p1 = (dx, 0, a—fdx)
Ox

(43.4a)
(1,0 a—f
9 b ax
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3
a 34“ (Y

L

o~

as)

Figure 43.1: A portion of a surface in 3D

0
p2 = (0, dy, —fdy)

Oy (43.4b)
013)
(0,1, =—
dy
The tangent plane is then
of of
Apr=11,0,=—]|A|0,1, =
pP1 A P2 ( .0, ax) (0, ’ay)
=1€e +e3a—f A 82+e38—f (43.5)
0x ay
=e1ep + 6183% + 63ezg—£.

We can factor out the pseudoscalar 3D volume element / = e;eye3, assuming a Euclidean
space for which ei = 1. That is
0 0
P1 A P2 = e1eze;3 (83 - eza—f - € —f) (43.6)
ly 0x
Multiplying through by the volume element / we find that the normal to the surface at this
point is

n o —/(p; A p2)

_ af  of (43.7)
=€3 —€] ox € ay.



43.3 4D SURFACE

Observe that we can write this as

| n=VGe-f(xy). | (43.8)

Let’s see how this works in 4D, so that we know how to handle the Minkowski spaces we
find in special relativity.

43.3 4D SURFACE

Now, let’s move up to one additional direction, with
= 0 1 o). (43.9)

the differential of this is
25 2
dx® = Z Ly = Zak fdx*. (43.10)
We are going to look at the 3-surface in the neighborhood of the point

p= (%124, @3.11)

so that the tangent vectors in the neighborhood of this point are in the span of

2
dp = (xo, Y akdﬂ‘]. (43.12)
k=0

In particular, in each of the directions we have

po « (1,0,0,dpf) (43.13a)
p1 < (0,1,0,d: f) (43.13b)

p2«(0,0,1,dz2f) (43.13c¢)
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Our tangent volume in this neighborhood is

Po A p1Apr=(yo+v300f) A(y1+v301f) A (y2 +¥302f)
= (Yoy1 + Y07301f + 37100 f) A (y2 + ¥302f) (43.14)
= Y012 — Y02301f + Y12300 f + Y01302f.

Here the shorthand y;jx = viy;yi has been used. Can we factor out a 4D pseudoscalar from
this and end up with a coherent result? We have

7’01233’3 = Y012 (43.15a)
Yor237' = y023 (43.15b)
7’012370 = —7%123 (43.15¢)
7012372 = —%Y013- (43.15d)

This gives us

&*p = po A pi Apa =yois (¥’ —¥'01f =¥°00f = V*02f). (43.16)
With the usual 4d gradient definition (sum implied)

V =149, (43.17)

we have

Vil = y“aﬂx3
_ M 6,13 (43.18)
= ’)/3’
SO We can write

&p =y V (= f(°, 11, ), (43.19)

so, finally, the “normal” to this surface volume element at this point is



43.3 4D SURFACE

n=V(x - fa 2", %). (43.20)

This is just like the 3D Euclidean result, with the exception that we need to look at the dual
of a 3-volume “surface” instead of our normal 2D surface.

It may seem curious that we had to specify an Euclidean metric for the 3D case, but did not
here. That doesn’t mean this is a metric free result. Instead, the metric choice is built into the
definition of the gradient eq. (43.17) and its associated reciprocal basis. For example with a 1,3
metric where y(z) = l,y]% = —1, we have y° = yp and ¥* = —y;.
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STOKES® THEOREM

The subject of differential forms is one way to obtain an understanding of how to apply Stokes
theorem to higher dimensional spaces, non-Euclidean metrics, and curvilinear coordinate sys-
tems. The formalism of differential forms requires reexpressing physical quantities as “forms”.
A notable example, as given in [10], introduces a two-form for the Faraday field

a = (Eldx1 + Epdx® + E3dx3) A (cdt) + (Hla’x2 A dx’Hodx> A clle3a’x1 A dxz) .(44.1)

With a metric for which (cdt, cdt) = —1, and a cooresponding notion of duality (¥), Maxwell’s
equations for freespace become

da=0
(44.2)
dxa = 0.
These are equivalent to the usual pair of tensor equations
8;F7 =0 3
ikl 9;Fu = 0 :
or the Geometric Algebra equation
VF =0. (44.4)

An aspect of differential forms that I found unintuitive, is that all physical quantities have to
be expressed as forms, even when we have no pressing desire to integrate them. It also seemed
to me that it ought to be possible to express volume and area elements in parameterized spaces
directly as wedge products. For example, given a two parameter surface of all the points that
can be traced out on x(u, v), we can express the (oriented) area of a patch of that surface directly
as

dA = dua—x A dv% . (44.5)
ou ov

With such a capability is the abstract notion of a form really required? Can we stick with the
vector notation that we are comfortable with, perhaps just generalizing slightly? How would
something like Stokes theorem, a basic tool needed to tackle so many problems in electromag-
netism, be expressed so that it acted on vectors directly?
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An answer to this question was found in Denker’s straight wire treatment [6], which states
that the geometric algebra formulation of Stokes theorem has the form

fV/\F=f F. (44.6)
S as

This looks simple enough, but there are some important details left out. In particular the
grades do not match, so there must be some sort of implied projection or dot product. We also
need to understand how to express the hypervolume and hypersurfaces when evaluating these
integrals, especially when we want to use curvilinear coordinates.

If one restricts attention to the special case where the dimension of the integration volume
also equaled the dimension of the vector space, so that the grade of the curl matches the grade
of the space (i.e. integration of a two form f d*x - (V Af) in a two dimensional space), then
some of those important details are not difficult to work out.

To treat a more general case, such as the same two form f d’>x-(V Af)in a space of dimension
greater than two, we need to introduce the notion of tangent space. That concept can also be
found in differential forms, but can also be expressed directly in vector algebra. Suppose, for
example, that x(u, v, w) parameterizes a subspace, the the tangent space at the point of evaluation
is the space that is spanned by {0x/du, 0x/dv, 9x/0w}. Stokes theorem is expressed not in terms
of the gradient V, but in terms of the projection of the gradient onto the tangent space. This
projection denoted by 4 and called the vector derivative. The concept of tangent space and and
vector derivative are covered thoroughly in [24], which also introduces Stokes theorem as a
special case of a more fundamental theorem for integration of geometric algebraic objects.

The objective of this chapter is to detail the Geometric Algebra form of Stokes theorem, and
not the fundamental theorem of geometric calculus. Specific aims include the generalization
of Stokes theorem to higher dimensional spaces and non-Euclidean metrics and understanding
how to properly deal with curvilinear coordinates. An understanding of both non-Euclidean and
higher dimenional spaces is required for special relativity and electromagnetism. This general-
ization has the form

— Theorem 44.1: Stokes’ Theorem

For blades F € A°, and m volume element d*x, s < k,

fdkx~(6/\F):f d“'x - F.
\% v




STOKES’ THEOREM

Here the volume integral is over a m dimensional surface (manifold). The derivative
operator 4 is called the vector derviative and is the projection of the gradient onto the
tangent space of the manifold. Integration over the boundary of V is indicated by dV.

The vector derivative is defined by

0

X, —.
- ou'

8 = X6, = (44.7)

where x' are reciprocal frame vectors dual to the tangent vector basis x; associated with the

2 .... These will be defined in more detail in the next section. Once the volume

parameters u', u
element, vector product and the other concepts are defined, the proof of Stokes theorem is really

just a statement that

[ #x-wanm= [ (ax-x)-or (448)
Vv

14

This dot product expansion applies to any degree blade and volume element provided the
degree of the blade is less than that of the volume element (i.e. s < k). That magic follows
directly from theorem B.1.

This dot product defines the oriented surface “area” elements associated with the “volume”
element d*x. That area element is

d“'x = Z d*x - x'. (44.9)
i

The ith contribution d*x - X' to this area elements is evaluated with the associated parameter
u' held constant, which allows the right hand side integral of eq. (44.8) to be evaluated for each
i independently. This means the area element &~'x and the blade F that it is dotted with in
Stokes theorem, are both evaluated at the end points of integration variable ' that has been
integrated against.

Some work is required to make sense of these concepts and fully detail the meaning of all the
terms in this statement of Stokes Theorem. I will attempt to do so in a gradual fashion, providing
a number of examples such as that of eq. (44.27), and eq. (44.28), which illustrate some of the
relevant details.

Before we can get there, we need some notation for curvilinear coordinates, and need to
define the reciprocal frame vectors x’ used in the expansion of the vector derivative curl.
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44.1 CURVILINEAR COORDINATES

A finite vector space, not necessarily Euclidean, with basis {e}, e,, - - -} will be assumed to be

the generator of the geometric algebra. A dual or reciprocal basis {el, e, - } for this basis can
be calculated, defined by the property
e -e =0 (44.10)

This is an Euclidean space when e; = €/, Vi.

For our purposes a manifold can be loosely defined as a parameterized surface. For example,
a 2D manifold can be considered a surface in an n dimensional vector space, parameterized by
two variables

x = x(a, b) = x(u', u?). (44.11)
Note that the indices here do not represent exponentiation. We can construct a basis for the

manifold as

_0Ox

= o

(44.12)

X;

On the manifold we can calculate a reciprocal basis {Xi } defined by requiring, at each point
on the surface

X -x; =0 (44.13)

Associated implicitly with this basis is a curvilinear coordinate representation defined by the
projection operation

X = xx;, (44.14)

(sums over mixed indices are implied). These coordinates can be calculated by taking dot
products with the reciprocal frame vectors

x-xi:xjxj-xi
_ xjéji (44.15)

= Xi.



44.2 GREEN’S THEOREM

In this document all coordinates are with respect to a specific curvilinear basis, and not with
respect to the standard basis {e;} or its dual basis unless otherwise noted.
Similar to the usual notation for derivatives with respect to the standard basis coordinates we
form a lower index partial derivative operator
0
o = a;, (44.16)
so that when the complete vector space is spanned by {x;} the gradient has the curvilinear
representation
voxl (44.17)
ou'” '
When the basis {x;} does not span the space, the projection of the gradient onto the tangent
space at the point of evaluation is given by eq. (44.7).

442 GREEN’S THEOREM

Given a two parameter (u, v) surface parameterization, the curvilinear coordinate representation
of a vector f has the form

f=fx"+fx" + fix". (44.18)

We assume that the vector space is of dimension two or greater but otherwise unrestricted,
and need not have an Euclidean basis. Here f,x* denotes the rejection of f from the tangent
space at the point of evaluation. Green’s theorem relates the integral around a closed curve to
an “area” integral on that surface

— Theorem 44.2: Green’s Theorem

ra- [+ oo

Following the arguments used in [28] for Stokes theorem in three dimensions, we first evalu-

ate the loop integral along the differential element of the surface at the point x(uo, vo) evaluated
over the range (du, dv), as shown in the infinitesimal loop of fig. 44.1.
Over the infinitesimal area, the loop integral decomposes into

éf-dl=ff-dxl+ff-dX2+ff-dX3+ff-dX4, (44.19)
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Figure 44.1: Infinitesimal loop integral

where the differentials along the curve are

Ox
ax; = X g
X1 8[4 0 u
dx, = B—X dv
Ov u=ug+du
ox (44.20)
dx; = —— du
¥ ou v=vo+dv
ox
dxs = -2 a.
X4 v o 1%

It is assumed that the parameterization change (du, dv) is small enough that this loop integral
can be considered planar (regardless of the dimension of the vector space). Making use of the
fact that x* - x, = 0 for @ € {u, v}, the loop integral is

gﬁf.cn: f (X + £ix" + Fux1) - (X1, vO =X, (14, v +dv)du+ X, (g +dit, v)dv =, (g, v)dv)

= ffu(u, vo)du — f,(u,vo + dv)du + f,(ug + du, v)dv — f,(ug, v)dv
(44.21)

With the distances being infinitesimal, these differences can be rewritten as partial differen-

" frafil

We can now sum over a larger area as in fig. 44.2

All the opposing oriented loop elements cancel, so the integral around the complete boundary
of the surface x(u, v) is given by the u, v area integral of the partials difference.

We will see that Green’s theorem is a special case of the Stokes theorem. This observation
will also provide a geometric interpretation of the right hand side area integral of theorem 44.2,
and allow for a coordinate free representation.

Ofu + Oty dudbv. (44.22)
ov ou
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=
Figure 44.2: Sum of infinitesimal loops
Special case:  An important special case of Green’s theorem is for a Euclidean two dimen-

sional space where the vector function is

f= Pe; + Qez. (44.23)

Here Green’s theorem takes the form

9§de + Qdy = ff((;—g - Z—i) dxdy. (44.24)

44.3 STOKES THEOREM, TWO VOLUME VECTOR FIELD

Having examined the right hand side of theorem 44.1 for the very simplest geometric object f,
let’s look at the right hand side, the area integral in more detail. We restrict our attention for
now to vectors f still defined by eq. (44.18).

First we need to assign a meaning to d°x. By this, we mean the wedge products of the two
differential elements. With

; 0X
dxi = du' = (44.25)

i
= du'x;,

that area element is

d’x = dx| A dx, = du'du’x; A xs. (44.26)

This is the oriented area element that lies in the tangent plane at the point of evaluation, and
has the magnitude of the area of that segment of the surface, as depicted in fig. 44.3.
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Figure 44.3: Oriented area element tiling of a surface

Observe that we have no requirement to introduce a normal to the surface to describe the
direction of the plane. The wedge product provides the information about the orientation of the
place in the space, even when the vector space that our vector lies in has dimension greater than

three.
Proceeding with the expansion of the dot product of the area element with the curl, using

scalar selection

dx- @A) = (d2x @ A f)>

o)

= 2( x(x (3:f) - (0:£) x')) (44.27)
= 5((3,-1‘) d*xx' — (0f) x'd*x)

= ((a,f) (d’x - xf)>
= o;f - (d2X : x").

Let’s proceed to expand the inner dot product

d*x - x' = du'du? (X1 AXp) - x!
= du'du? (x2 XX =X - xixz) (44.28)
= stldu2 ((52iX1 - (51iX2) .

The complete curl term is thus
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of of
2 _ 142
dX(a/\f)—dM du (ﬁ.XI_ﬁ.XZ) (4429)

This almost has the form of eq. (44.22), although that is not immediately obvious. Working

backwards, using the shorthand u = u', v = u?, we can show that this coordinate representation

can be eliminated

—d dv(% - ‘2{”) = dudv(% - x,) - %(f_xv))
ool )
of of
= dudv(a X, — o 'Xv)
=d’x- (O AT).

This relates the two parameter surface integral of the curl to the loop integral over its bound-
ary

fdzx-(a/\f)zggf-dl. (44.31)

This is the very simplest special case of Stokes theorem. When written in the general form of
Stokes theorem 44.1

fdzx-(a/\f)=f dlx-f:f (dx; —dx) -, (44.32)
A 0A 0A

we must remember (the A is to remind us of this) that it is implied that both the vector f and
the differential elements are evaluated on the boundaries of the integration ranges respectively.
A more exact statement is

fdlx-f:ff-dxllAuz—f-dleAul :ffllAuzdu]—leAulduz. (44.33)
0A

Expanded out in full this is

f f- dX] |u2(1) —-f. dX] qu(o) +f- dX2|ul(0) -f- dXZlul(l)’ (4434)
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which can be cross checked against fig. 44.4 to demonstrate that this specifies a clockwise
orientation. For the surface with oriented area dx; A dXa, the clockwise loop is designated with
line elements (1)-(4), we see that the contributions around this loop (in boxes) match eq. (44.34).

Pl

Figure 44.4: Clockwise loop

A[Example 44.1: Green’s theorem, a 2D Cartesian parameterization for a Euclidean space]

For a Cartesian 2D Euclidean parameterization of a vector field and the integration space,
Stokes theorem should be equivalent to Green’s theorem eq. (44.24). Let’s expand both
sides of eq. (44.31) independently to verify equality. The parameterization is

x(x,y) = xe; + yep. (44.35)

Here the dual basis is the basis, and the projection onto the tangent space is just the
gradient

0 0
6—V—ela +e26—y. (44.36)

The volume element is an area weighted pseudoscalar for the space

ox 8
d*x = dxdya—j A a—’y‘ — dxdye e, (44.37)

and the curl of a vector f = fie; + f>e; is
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ONT = e12 +e2£ A (fie1 + frez)
0x dy

_ ofr 0fi
= ( ox Oy )

(44.38)

So, the LHS of Stokes theorem takes the coordinate form

=-1

2y . _ ofr _oh
fdx ((')Af)—ffdxdy(ax ay)‘ (44.39)

For the RHS, following fig. 44.5, we have

951' ~dx = fo(xo,y)dy + fi(x,y1)dx — fo(x1,y)dy — fi(x,yo)dx
(44.40)

=fdx(fl(x,yl)—fl(x,yo))—fdy(fz(xl,Y)—fz(Xo,y))-

As expected, we can also obtain this by integrating eq. (44.39).

P B —
5“
Y %)

Figure 44.5: Euclidean 2D loop

A[Example 44.2: Cylindrical parameterization}

Let’s now consider a cylindrical parameterization of a 4D space with Euclidean metric
+ + ++ or Minkowski metric + + +—. For such a space let’s do a brute force expansion of
both sides of Stokes theorem to gain some confidence that all is well.

With « = ezey, such a space is conveniently parameterized as illustrated in fig. 44.6 as

x(p, 0, h) = xe; + ye, + peze. (44.41)
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Figure 44.6: Cylindrical polar parameterization

Note that the Euclidean case where (e4)2 = 1 rejection of the non-axial components of
X expands to

((X AelAep) - e2) el = p(e3cosf +eqsind), (44.42)

whereas for the Minkowski case where (e4)2 = —1 the expansion is hyperbolic
(xAerney)-e?)-e! =p(escoshd + e sinh6). (44.43)

Within such a space consider the surface along x = ¢,y = d, for which the vectors are
parameterized by

X(p, 0) = ce; + de; + pese’. (44.44)
The tangent space unit vectors are
_0x
X = B0 (44.45)

=e€3 eke,
and

ox

& (44.46)
= peszeszeqe

= pege.

Xy

Observe that both of these vectors have their origin at the point of evaluation, and aren’t
relative to the absolute origin used to parameterize the complete space.

We wish to compute the volume element for the tangent plane. Noting that e3 and ey4
both anticommute with « we have for a € span {es, e4}
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ac’ = ¢™a, (44.47)

SO

Xg AX, = <e3eK9pe4eK9>

2
_ 44.48
_ p<93€K96 k0e4>2 ( )
= pe3ey.
The tangent space volume element is thus
d*x = pdpdoese,. (44.49)

With the tangent plane vectors both perpendicular we don’t need the general theo-
rem B.6 to compute the reciprocal basis, but can do so by inspection

xP = e K03, (44.50)

1
x? = ¢~ %t~ (44.51)

Observe that the latter depends on the metric signature.
The vector derivative, the projection of the gradient on the tangent space, is

4 (44.52)
€

=e? (e3ap + —ag).
P

From this we see that acting with the vector derivative on a scalar radial only dependent
function f(p) is a vector function that has a radial direction, whereas the action of the vector
derivative on an azimuthal only dependent function g(6) is a vector function that has only
an azimuthal direction. The interpretation of the geometric product action of the vector
derivative on a vector function is not as simple since the product will be a multivector.

Expanding the curl in coordinates is messier, but yields in the end when tackled with
sufficient care
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4 4
ONT = <e_"6 (636p + %89) (%"‘%"‘ ege"eﬁ, + %€K€f9)>
4
(o fee T, + (0, ()
P 2
4 4 4
+ <e"<€e—69 (e3e’<9fp)> + <e"<€e—69 (e—e"afg)>
P 2 P P 7
saf Jo 1 1 1<—K9 4\2 K9>
= —= 4+ —0,fp— -0 = +
e'e ( 275 o.fo , efp) 7\ (€*) (eseafo + dufi) e ,
34 Jo 1 1 1/ o 4
=ee (—;-l—;) pg—f—)(?gﬁ))+;<£/”ge3e fM)z

eet

=—;{@ﬂ—mﬁy

2

(44.53)

After all this reduction, we can now state in coordinates the LHS of Stokes theorem
explicitly

fﬁ&xaAﬂ:j}@nﬂamé&tx¢ﬁ—%ﬁ)
=\j~dpd9(aaﬁ,-5¢ﬁg (44.54)

= [doslay- [ dosit,

Now compare this to the direct evaluation of the loop integral portion of Stokes theorem.
Expressing this using eq. (44.33), we have the same result

ffwanzf@m@—me (44.55)

This example highlights some of the power of Stokes theorem, since the reduction of the
volume element differential form was seen to be quite a chore (and easy to make mistakes
doing.)

A[Example 44.3: Composition of boost and rotation}
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Working in a A space with basis {yo,y1,y2,y3} where (70)2 =1 and (yk)z =—1,ke
{1,2, 3}, an active composition of boost and rotation has the form

X = eta//ZXOe—ta//Z

X! = o~ J0I2g pJ0/2 (44.56)

where i is a bivector of a timelike unit vector and perpendicular spacelike unit vector,

and j is a bivector of two perpendicular spacelike unit vectors. For example, i = ygy; and
J = v1v2. For such i, j the respective Lorentz transformation matrices are

X0 cosha —sinha 0 0f[x°
x! —sinha cosha 0O Of]x!
2 | o 0 1 of|2| (a0
x 0 0 0 1|43
and
xO 0f[x°
x! cos® sinf Offx! (44.58)
x2 —sin@ cosf Of]x? ' -
X [

Let’s calculate the tangent space vectors for this parameterization, assuming that the
particle is at an initial spacetime position of xq. That is

x = ¢ 1021 2x,e70/2 61012 (44.59)

To calculate the tangent space vectors for this subspace we note that

PN .
aX - %XO - XO% = i-Xp, (44.60)
and
K _ Jyixdox.; (44.61)
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The tangent space vectors are therefore

Xy = e 2 (i-x¢) /2

) ) (44.62)
Xg = (eta/ZXOe—la/Z) . ]

Continuing a specific example where i = ygy1,j = y1y2 let’s also pick xg = o, the
spacetime position of a particle at the origin of a frame at that frame’s ¢ = 1. The tangent
space vectors for the subspace parameterized by this transformation and this initial position
is then reduced to

X, = —yie” (44.63)
= y1 sinf + vy, cos 6,

and

X = (yoe ™) - j

= (yo (cosha — ypy1 sinh@)) - (y172) (44.64)
= ((yocosha —y; sinh @) y1y2);
= > sinh a.

By inspection the dual basis for this parameterization is

x? = ye?
e 72 (44.65)
sinh a

So, Stokes theorem, applied to a spacetime vector f, for this subspace is

sinh

= fda/f- (ylej9)|z(l) - fd@f' (2 Sinha/)|z(1).

2
fdcxd@ sinhasiné (y1y2) - ((ylejgﬁa PR 69) A f)
(44.66)

Since the point is to avoid the curl integral, we did not actually have to state it explicitly,
nor was there any actual need to calculate the dual basis.
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A[Example 44.4: Dual representation in three dimensions}

It’s clear that there is a projective nature to the differential form d?x - (8 A f). This projec-
tive nature allows us, in three dimensions, to re-express Stokes theorem using the gradient
instead of the vector derivative, and to utilize the cross product and a normal direction to
the plane.

When we parameterize a normal direction to the tangent space, so that for a 2D tangent
space spanned by curvilinear coordinates x; and X, the vector x> is normal to both, we can
write our vector as

f = fix! + /ox° + f5X°, (44.67)

and express the orientation of the tangent space area element in terms of a pseudoscalar
that includes this normal direction

X| AXy =X - (X] AXp AX3) = x° (X1 AXp AX3). (44.68)

Inserting this into an expansion of the curl form we have

&x- (@A) = du1du2<x3 (X1 A X2 A X3) [{Z xiai] A f]> (44.69)

i=12
= du'du’x’ - ((X1 AXp AX3) (VAT — (X AXp AX3)- (X383 A f))

Observe that this last term, the contribution of the component of the gradient perpendic-
ular to the tangent space, has no x3 components

(X1 A Xy A X3) - (x363 AN f) =(X] A Xy AX3) - (X3 A 63f)

= ((X1 A Xy AX3) - X3) -0t (44.70)
= (X1 AXp) - 03f
= X1 (x2 - 05F) — X (x1 - 05f),

leaving

d>x - (DAL = du'di®x> - (x; Axp AX3) - (VAT)). (44.71)
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Now scale the normal vector and its dual to have unit norm as follows

x> = ok’

1. (44.72)
X3 = —X3,

a

so that for g > 0, the volume element can be

X| A Xy AX3 =pI. (44.73)

This scaling choice is illustrated in fig. 44.7, and represents the “outwards” normal. With
such a scaling choice we have

Figure 44.7: Outwards normal

Bdu'du? = dA, (44.74)

and almost have the desired cross product representation

d’x- (@ AF) =dAS - (I- (V A D)) (44.75)
= dAR® - (1(V A D).

With the duality identity a Ab = I (a X b), we have the traditional 3D representation of
Stokes theorem

fd2x-(6/\f):—fdAﬁ3-(V><f):56f-dl. (44.76)

Note that the orientation of the loop integral in the traditional statement of the 3D Stokes
theorem is counterclockwise instead of clockwise, as written here.
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Let’s now proceed to evaluate the area elements defined by eq. (44.8) for a three variable pa-
rameterization, and a vector blade f

Px- @ Af) = (dx X))
= du' didu’ (%) A %o Ax3) - X') - Oif (44.77)
= du'dudi® ((x1 AX2)83' = (X1 AX3) ' + (X2 A X3)51l) - 0if
= du' duPdi® (X1 A Xa) - 85F — (X1 A X3) - Baf + (X2 AX3) - O f).

It should not be surprising that this has the structure found in the theory of differential forms.
Using the differentials for each of the parameterization “directions”, we can write this dot prod-
uct expansion as

Ax - (O N E) = du’ (dx; A dxyp) - 05F — du (dxq A dx3) - Oof + du' (dxy A dx3) - 61644.78)

Observe that the sign changes with each element of dx; A dx, A dx3 that is skipped. In dif-
ferential forms, the wedge product composition of 1-forms is an abstract quantity. Here the
differentials are just vectors, and their wedge product represents an oriented volume element.
This interpretation is likely available in the theory of differential forms too, but is arguably less
obvious.

Digression

As was the case with the loop integral, we expect that the coordinate representation has a
representation that can be expressed as a number of antisymmetric terms. A bit of experi-
mentation shows that such a sum, after dropping the parameter space volume element factor,
is

X| (=023 + 03 2) + X2 (=03 f1 + 01 f3) + X3 (=01 /> + 02 f1)
= X1 (—82f - X3 + 63f . X2) + X (—63f - X1 + alf . X3) + X3 (—81f Xy + 82f : X1§44.79)
= (X1(93f Xy — X2(93f . X1) + (X3(92f - X1 — Xlazf . X3) + (Xzalf - X3 — X3(91f - X
= (X1 AXp)-03f + (X3 AXqp) - Oof + (Xp A X3) - Oif.

To proceed with the integration, we must again consider an infinitesimal volume element, for
which the partial can be evaluated as the difference of the endpoints, with all else held constant.
For this three variable parameterization, say, (u, v, w), let’s delimit such an infinitesimal volume
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element by the parameterization ranges [ug, ug + dul, [vo, vo + dv], [wo, wo + dw]. The integral
is

uo+du vo+dv wo+dw uo+du vo+dv wotdw
f f f Px- (AAF) = f duf v (% Axy) -
u=uy V=vq w=wq u=ug V=V "o

uo+du wo+dw otdy
- f du f dw (x4 Axy) D[ (44.80)
u=ug w=w(

vo+dv wo+dw wo+du
+f dvf a’w((xv/\xw)-f)|u:u0 .
V=vg w=wq

Extending this over the ranges [ug, ug + Aul, [vo, vo + Av], [wg, wo + Aw], we have proved
Stokes theorem 44.1 for vectors and a three parameter volume element, provided we have a
surface element of the form

d’x = (dx, A dxv)| : (dxy A dxw)|

w
w=wq

Lot (dx Axy)[ (44.81)

v
V=g u=u

where the evaluation of the dot products with f are also evaluated at the same points.

—{Example 44.5: Euclidean spherical polar parameterization of 3D subspace]i

Consider an Euclidean space where a 3D subspace is parameterized using spherical coor-
dinates, as in

x(x, 0,0, p) = e1x+ eqp exp (e4ezeeze3¢’0) = (x,psinfcos ¢, psinfsinp, pcos ) . (44.82)

The tangent space basis for the subspace situated at some fixed x = xo, is easy to calcu-
late, and is found to be

x, = (0, sinf cos ¢, sin fsin ¢, cos ) = e4 exp (e4ezee2e3¢0)

xg = p (0, cos 8 cos ¢, cos Bsin ¢, —sin ) = pe,e®2*? exp (e4e2ee2e3¢0) (44.83)
x4 = p (0, —sin fsin ¢, sin @ cos ¢, 0) = p sin feze3?.

While we can use the general relation of theorem B.7 to compute the reciprocal basis.
That is

a*=(bAc) (44.84)

aAbAc
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However, a naive attempt at applying this without algebraic software is a route that
requires a lot of care, and is easy to make mistakes doing. In this case it is really not
necessary since the tangent space basis only requires scaling to orthonormalize, satisfying
for i, j € {p, 0, ¢}

1 0 0
X X; =0 p? 0 |- (44.85)
0 0 p?sin’6

This allows us to read off the dual basis for the tangent volume by inspection

x = egexp (e4e2e"2e3¢9)
1
X' = et expese2e”%0) (44.86)

x? = €239

~ psiné

€ze

Should we wish to explicitly calculate the curl on the tangent space, we would need
these. The area and volume elements are also messy to calculate manually. This expansion
can be found in the Mathematica notebook sphericalSurface AndVolumeElements.nb , and
is

Xg A Xy = p>sin@ (es€y sin Osin ¢ + exe3 cos 6 + e3eq sin Hcos ¢)
X A X, = psin6 (—eye3 sin 6 — eye4 cos 0sin ¢ + e3e4 cos 6 cos @) (44.87)
X, A Xg = —e4p (€2 c08 ¢ + e3sin¢) ‘

2 .
X, A Xg A Xy = €e3e40” sin 6

Those area elements have a Geometric Algebra factorization that are perhaps useful

Xy A Xy = —p” sin feses exp (—esere*0)
Xs A X, = psin fesese®%? exp (E4ezee2e3¢é)). (44.88)

X, AXg = —peye,et®?

One of the beauties of Stokes theorem is that we don’t actually have to calculate the
dual basis on the tangent space to proceed with the integration. For that calculation above,
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where we had a normal tangent basis, I still used software was used as an aid, so it is clear
that this can generally get pretty messy.

To apply Stokes theorem to a vector field we can use eq. (44.81) to write down the
integral directly

fd3x-(6/\f)=f d*x-f
Vv 1A%

~ [ (ronx)-of! aoas (44.89)

p=po

+ f (x¢ A xp) . f|zlzeod¢dp + f (xp A Xg) . f|zl_¢0dpd0.

Observe that eq. (44.89) is a vector valued integral that expands to

f (Xafs — %o o)/, dOd + f (X6.fo = Xof3) |Z':90d¢dp + f (X, fs— Xof,) |j‘: 4, dpdo.
(44.90)

This could easily be a difficult integral to evaluate since the vectors x; evaluated at the
endpoints are still functions of two parameters. An easier integral would result from the
application of Stokes theorem to a bivector valued field, say B, for which we have

fd3x-((9/\B):f d’x- B
\% ov

01
- f (xeAX¢)-BL:pOd9d¢ (44.91)

01 &1
+ (x¢ A xp) . Bl9:00d¢dp + (xp A x@) . B|¢:¢Odpd9
= | Bul" dbdp+ | Byl dodp+ | Byl dpde
- ¢0 p=po o® 6=0, L Op $=¢o pas.

There is a geometric interpretation to these oriented area integrals, especially when writ-
ten out explicitly in terms of the differentials along the parameterization directions. Pulling
out a sign explicitly to match the geometry (as we had to also do for the line integrals in
the two parameter volume element case), we can write this as

2 _ _pler plf _pl#
Lvd x-B= f (dxy A dXg) B'p:po f (dx, A dxg) B|9:90 f (dxg A dx,) B|¢:¢O.
(44.92)
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When written out in this differential form, each of the respective area elements is an
oriented area along one of the faces of the parameterization volume, much like the line in-
tegral that results from a two parameter volume curl integral. This is visualized in fig. 44.8.
In this figure, faces (1) and (3) are “top faces”, those with signs matching the tops of the
evaluation ranges eq. (44.92), whereas face (2) is a bottom face with a sign that is corre-
spondingly reversed.

Figure 44.8: Boundary faces of a spherical parameterization region

A[Example 44.6: Minkowski hyperbolic-spherical polar parameterization of 3D subspace]

Working with a three parameter volume element in a Minkowski space does not change
much. For example in a 4D space with (e4)2 = —1, we can employ a hyperbolic-spherical
parameterization similar to that used above for the 4D Euclidean space

X(x, p, @, ¢) = {x, psinha cos ¢, p sinh a sin ¢, p cosha} = e;x + esp exp (e4e2ee2e3¢a/) :
(44.93)

This has tangent space basis elements

X, = sinh @ (cos ¢e, + sin ge3) + cosh ey = e4 exp (e4e2ee2"3¢a)
X, = p cosh a (cos e, + sin ge3) + p sinh ey = pe,e®2%? exp (—e4e2eeze3‘7’a/) (44.94)

X4 = psinh @ (&3 cos ¢ — €, sin @) = p sinh ce;e®2%?.
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This is a normal basis, but again not orthonormal. Specifically, for i, j € {p, 8, #} we have

-1 0 0
X' X;=[0 p? 0 g (44.95)
0 0 p?sinh’a
where we see that the radial vector x,, is timelike. We can form the dual basis again by

inspection

ere
X, = —€4 exp (e4e2e 2 3¢a)

1
Xo = 026" exp (~esere*¥a) (44.96)
Xy = ! €29,

p sinh &

The area elements are

Xq AXg = p2 sinh @ (—e4e3 sinh @ cos ¢ + cosh aee3 + sinh @ sin gezey)
Xy A X, = psinh @ (—ese3 sinh @ — e>e4 cosh a sin ¢ + cosh @ cos geses) (44.97)

X, A X = —e4p (COs pey + sin pes ),

or

Xq A Xy = p? sinh aeses exp (e4e2e‘°2e3¢’a)
Xy A X, = psinh aeze % exp (e4e2ee2e3¢a) (44.98)

X, AXq = —e4eype%2%?

The volume element also reduces nicely, and is

X, A Xq A Xy = €re3e40” sinha. (44.99)

The area and volume element reductions were once again messy, done in software us-
ing sphericalSurfaceAndVolumeElementsMinkowski.nb . However, we really only need
eq. (44.94) to perform the Stokes integration.
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Volume elements for up to four parameters are likely of physical interest, with the four volume

elements of interest for relativistic physics in A>!' spaces. For example, we may wish to use a

parameterization ul = x,u? = v, w? = z,u* = v = ct, with a four volume

d*x = dx, A dx, A dx; A dx., (44.100)

We follow the same procedure to calculate the corresponding boundary surface “area” ele-
ment (with dimensions of volume in this case). This is
d'x- @ Af) = (d'x-X)- of
= du' diPd’du® (x) A X A X3 AXy) - X) - Of
= dulduzdu3du4 ((X1 A Xy AX3) 54 — (X1 AXy A Xy) 63i + (X1 A X3 AXy) 5,
— (X3 AX3 A X4)(51i) - 0;if

= dulduzdu3du4 (X1 AX2 AX3)-04F — (X1 AXo AXy) - O3F + (X1 AX3 AXy) - Oof
—(Xp AX3 AXy)-0if).
(44.101)

Our boundary value surface element is therefore
d3x:x1 AXo AX3—X] AXo AXq+X] AX3AXq— X2 AX3 A Xy (44.102)

where it is implied that this (and the dot products with f) are evaluated on the boundaries of
the integration ranges of the omitted index. This same boundary form can be used for vector,
bivector and trivector variations of Stokes theorem.

44.6 DUALITY AND ITS RELATION TO THE PSEUDOSCALAR.

Looking to eq. (B.24) of theorem B.6, and scaling the wedge product a A b by its absolute
magnitude, we can express duality using that scaled bivector as a pseudoscalar for the plane
that spans {a, b}. Let’s introduce a subscript notation for such scaled blades

3 aAb
" laAb|

Lap (44.103)

This allows us to express the unit vector in the direction of a* as

—~ AlaAb
a*a*:b| |
aAb

_p L (44.104)
Iab
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Following the pattern of eq. (B.24), it is clear how to express the dual vectors for higher
dimensional subspaces. For example
or for the unit vector in the direction of a*,

a*a* = I
L. abc

447 DIVERGENCE THEOREM.
When the curl integral is a scalar result we are able to apply duality relationships to obtain the

divergence theorem for the corresponding space. We will be able to show that a relationship of
the following form holds

deV-f:f dAR - f. (44.105)
\% )%

Here f is a vector, @i’ is normal to the boundary surface, and dA; is the area of this bounding
surface element. We wish to quantify these more precisely, especially because the orientation of

the normal vectors are metric dependent. Working a few specific examples will show the pattern
nicely, but it is helpful to first consider some aspects of the general case.

First note that, for a scalar Stokes integral we are integrating the vector derivative curl of
a blade F € A*! over a k-parameter volume element. Because the dimension of the space
matches the number of parameters, the projection of the gradient onto the tangent space is
exactly that gradient

fdkx-(a/\F):fdkx-(V/\F). (44.106)
\%4 \%

Multiplication of F by the pseudoscalar will always produce a vector. With the introduction
of such a dual vector, as in

F=1If, (44.107)

Stokes theorem takes the form

f d*x - (VIfy, = f (dk—1x1f>, (44.108)
\% v
or

f (dxvif) = f (d*'x1)- 1, (44.109)
%

ov
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where we will see that the vector d*~'xI can roughly be characterized as a normal to the
boundary surface. Using primes to indicate the scope of the action of the gradient, cyclic per-
mutation within the scalar selection operator can be used to factor out the pseudoscalar

fv (d'xVIf) = fv (t'd*xv'I)
= fv (td'xv’) 1

= f(—])k“dkx(v-f)l
\%

= (—l)k“IZde(V-f).
\%

(44.110)

The second last step uses theorem B.8, and the last writes d*x = 12|dkx| = I>dV, where we
have assumed (without loss of generality) that @*x has the same orientation as the pseudoscalar
for the space. We also assume that the parameterization is non-degenerate over the integration
volume (i.e. no dx; = 0), so the sign of this product cannot change.

Let’s now return to the normal vector & 'xI. With d*'u; = du'du? - - - du~'du'*" - - - du* (the
i indexed differential omitted), and Ip... = Xg AXp A -+ AXe)/IXag AXp A -+ A X, we have

d“'x1 = dly; (X AXp A= AXE) X T
= 112A..(k_1)1|dX1 Adxy A -+ ANdXp_] 44.111)
- I]...(k_z)kﬂdX] A ANdXp_p ANdXp|+ - -

We’ve seen in eq. (44.104) and theorem B.7 that the dual of vector a with respect to the unit
pseudoscalar Ip...cq in a subspace spanned by {a, - - - ¢, d} is

1

(44.112)
Iacd

a*a* = Iy...ca ,
or

a'a* 24 = Ib-ca- (44.113)

This allows us to write

d'xl =) x'xidA, (44.114)
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where dA’; = +dA;, and dA; is the area of the boundary area element normal to x'. Note that
the 17 term will now cancel cleanly from both sides of the divergence equation, taking both the
metric and the orientation specific dependencies with it.

This leaves us with

deV-fz(—l)k“f dA’ xxi -f. (44.115)
\%4 ov

To spell out the details, we have to be very careful with the signs. However, that is a job best
left for specific examples.

A{Example 44.7: 2D divergence theorem}

Let’s start back at

f <d2xVIf>: f (dlxl)-f. (44.116)

A 9A
On the left our integral can be rewritten as

f (xVIf) = - f (a*x1VE)

A A
:_de,d(v.f) (44.117)
A

:—szdAv.f,
A

where d”>x = IdA and we pick the pseudoscalar with the same orientation as the volume
(area in this case) element I = (X; A Xp)/|X1 A Xo|.
For the boundary form we have

dIX = du2 X1 AXp) - x! + dul X1 AXp) - x? (44.118)
= —du2X2 ar dulxl.

The duality relations for the tangent space are

1
X2 = A

X2 : X1 (44.119)
X1 = X7
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or
== 1
x>x2 = —XIXi 7
. 1 (44.120)
1ol — =
x x! =x%—
%27
Back substitution into the line element gives
d'x = —di’|xa[x2%3 + du'[x1x1X] (44.121)
= —di?xo|x'x'T — du [, |x*>x21.
Writing (no sum) du'|x;| = ds;, we have
d'xI = — (dszx%? + dslx%?l)lz. (44.122)

This provides us a divergence and normal relationship, with —I? terms on each side that
can be canceled. Restoring explicit range evaluation, that is

fdAV-f:f dsrx'x! - f +f dsx>x2 - f
A Au? Au! Au!
:f dsle;(\l-f . —f dsley?l-f
Au? u' (1) Au?

+f ds x>x2 - f —f dsix>x2 - f
Au! u(0) Au!

Let’s consider this graphically for an Euclidean metric as illustrated in fig. 44.9.

Au?

(44.123)

u'(0)

u2(0)

T
A

|
et

Figure 44.9: Normals on area element
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We see that
e along u*(0) the outwards normal is —x2x2,
e along u*(1) the outwards normal is XZ;KE,
e along u'(0) the outwards normal is —xlg , and
e along u!(1) the outwards normal is x2x2.

Writing that outwards normal as h, we have

fdAV'f = édsﬁ—f. (44.124)
A

Note that we can use the same algebraic notion of outward normal for non-Euclidean
spaces, although cannot expect the geometry to look anything like that of the figure.

A[Example 44.8: 3D divergence theorem}

As with the 2D example, let’s start back with

f <d3xVIf> = f (d’x1) - £. (44.125)
\%

v

In a 3D space, the pseudoscalar commutes with all grades, so we have

fv (xVIf) = f (d’x1)V -

4 (44.126)
= f dvv -f,
\%4

where d°xI = dVI?, and we have used a pseudoscalar with the same orientation as the
volume element

I = X123X123 (44.127)
X123 = X1 A Xp A X3. |

In the boundary integral our dual two form is
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d>xI = dula’ule A Xy + duSdu1X3 AXp + duzdu3x2 A X3
1 1 _1\, (44.128)
= (dA3X12X127 1 dA2X31X317 + dA1X23X23 7)1 ,

where x;; = x; AX;, and

dA; = |dx; A dx;)|
dA; = |dxs3 A dxq| (44.129)
dAj = |dx; A dxy)|.

Observe that we can do a cyclic permutation of a 3 blade without any change of sign,
for example

X1 AXo AX3 = —Xp AX) AX3 =Xy AX3z AXj. (44.130)

Because of this we can write the dual two form as we expressed the normals in theo-
rem B.7

— 1 — 1 —
d2XI = (dA1X23X23 — + dA2X31X31 — + dA3X12X12 ,\)I2
X123X123 X231X23] X312X312/ (44.131)
= (dAlxlx1 + dArX*x2 + dA3X3X3)12.

We can now state the 3D divergence theorem, canceling out the metric and orientation
dependent term /2 on both sides

deV-f:fdAﬁ-f, (44.132)
\%

where (sums implied)

dAR = dAXX, (44.133)
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and

Az, = Xi;
v =R (44.134)
ﬁluizui(O) = —x'x!

The outwards normals at the upper integration ranges of a three parameter surface are
depicted in fig. 44.10.

Figure 44.10: Outwards normals on volume at upper integration ranges.

This sign alternation originates with the two form elements (dx; A dx;) - F from the
Stokes boundary integral, which were explicitly evaluated at the endpoints of the integral.
That is, for k # i, j,

fav (dX,' A de) F = Lui Luj ((dX,‘ A de) 0 F)|uk:uk(l) = ((dX,‘ A de) . F)luk:uk(O)
(44.135)

In the context of the divergence theorem, this means that we are implicitly requiring
the dot products x*xk - f to be evaluated specifically at the end points of the integration
where u* = u*(1),u* = u*(0), accounting for the alternation of sign required to describe
the normals as uniformly outwards.

—[Example 44.9: 4D divergence theorem}

Applying Stokes theorem to a trivector 7 = If in the 4D case we find
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P f d*xV -f = f (d3x1)-f. (44.136)
\% 1))%

Here the pseudoscalar has been picked to have the same orientation as the hypervolume
element d*x = Id*x. Writing X;;..x = X; AX; A - - - Xy the dual of the three form is
dxI = (du' diPdu’x o3 — du' di?duxp4 + du' di’ duxi34 — diP i’ du*x3) 1

123, —— 124,  —— 134,  —— 234, ——
= (dA X123X123 — dA 7'X124X124 + dA X 34X 134 — dA X234X234)1

1 1 1
=(dA X123X123————— — dA TXuXjpu———— + dA X X3 ——
X1234X1234 X1234X1234 X1234X1234

_ 1
— dA234X234X234 —A) &

X1234X1234
1 1 1
123, —— 124, —— 134, ——
= - (dA X123X123————— + dA X1 Xju———— + dA X 3uX 34—
X4123X4123 X3412X3412 X2341X2341
_ 1
+ dA234xz34X234—A I’
X1234X1234
1 1 1
123, —— 124,  —— 134,  ——
= - (dA X123X123———— + dA TX4pX410———— + dA X341 X341 —————
X4123X4123 X3412X3412 X2341X2341

_ 1
+ dA234X234X234 — |2
X1234X1234

== (dA123x4;(Z +dA53X3 + dA K2 + dA234x1;1) I?
(44.137)
Here, we’ve written
dA* = |ax; A dx; A dxy. (44.138)

Observe that the dual representation nicely removes the alternation of sign that we had
in the Stokes theorem boundary integral, since each alternation of the wedged vectors in
the pseudoscalar changes the sign once.
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As before, we define the outwards normals as i = +x'x’ on the upper and lower integra-
tion ranges respectively. The scalar area elements on these faces can be written in a dual
form

dAs = dA'P

dds = dA™ (44.139)
dA, = dAY o
dA, = dA**

so that the 4D divergence theorem looks just like the 2D and 3D cases

f d*xV -f = f dxir-f. (44.140)
\% )%

Here we define the volume scaled normal as

B = dA XX (44.141)

As before, we have made use of the implicit fact that the three form (and it’s dot product
with f) was evaluated on the boundaries of the integration region, with a toggling of sign
on the lower limit of that evaluation that is now reflected in what we have defined as the
outwards normal.

We also obtain explicit instructions from this formalism how to compute the “outwards”
normal for this surface in a 4D space (unit scaling of the dual basis elements), something

that we cannot compute using any sort of geometrical intuition. For free we’ve obtained a

result that applies to both Euclidean and Minkowski (or other non-Euclidean) spaces.

44.8 VOLUME INTEGRAL COORDINATE REPRESENTATIONS

It may be useful to formulate the curl integrals in tensor form. For vectors f, and bivectors B,
the coordinate representations of those differential forms (exercise 44.1) are

d’x - (D A ) = —d*ue™d, f, (44.142a)

&x- (A E) = —dPue™°x,d) f. (44.142b)
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d*x- (O AT) = —%d“ueab“’xa AXpdefy (44.142¢)
d*x- (AAB) = —%d%e“bcaaBbc (44.142d)
d*x-(dAB) = —%d4u6“b6dxa6bBcd (44.142¢)
d*x- (OAT) = =d*u (04T123 — 3T 124 + 02T 134 — 01 T234) . (44.142f)

Here the bivector B and trivector 7 is expressed in terms of their curvilinear components on
the tangent space

1 . .
B=5x' AXB+ B, (44.143a)
1 i j k
T = §X AXIAX T+ Ty, (44.143b)
where
Bij = Xj . (Xi . B) = _Bji- (44144d)
T,'jkIXk'(Xj'(X,'-B)). (44144b)

For the trivector components are also antisymmetric, changing sign with any interchange of
indices.

Note that eq. (44.142d) and eq. (44.142f) appear much different on the surface, but both have
the same structure. This can be seen by writing for former as

d3X -(0AB) = —dzu(aleg + 0pB31 + 03B12) (44.145)
= —d"u(93B12 — 02B13 + 01B23) .
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In both of these we have an alternation of sign, where the tensor index skips one of the volume

element indices is sequence. We’ve seen in the 4D divergence theorem that this alternation of

sign can be related to a duality transformation.

In integral form (no sum over indexes i in du' terms), these are

fdzx- (OAf) = —eabfdubfb'ma

Px- (O Af) = et f A du X fol o

1
. (6 A B) = _Eeabc fdubducBbclAu“
. ‘
d*x- (dAB) = _Eeabcd fduaducd“dxchdMub

d*x-(OAT) =

fdulduzdu3 T123|Au4—fdulduzdu4T124|Au3

+fduldu3du4T134|Auz—fduzdu3du4T234|Au1.

Of these, I suspect that only eq. (44.146a) and eq. (44.146d) are of use.

449 FINAL REMARKS

1 .
d*x- (O AT) = —56“”“1 fdu“dubdudxa A Xp fal pue

(44.1462)

(44.146b)

(44.146¢)

(44.1464d)

(44.146e)

(44.146f)

Because we have used curvilinear coordinates from the get go, we have arrived naturally at a for-
mulation that works for both Euclidean and non-Euclidean geometries, and have demonstrated
that Stokes (and the divergence theorem) holds regardless of the geometry or the parameteriza-
tion. We also know explicitly how to formulate both theorems for any parameterization that we

choose, something much more valuable than knowledge that this is possible.

For the divergence theorem we have introduced the concept of outwards normal (for example
in 3D, eq. (44.134)), which still holds for non-Euclidean geometries. We may not be able to form
intuitive geometrical interpretations for these normals, but do have an algebraic description of

them.



44.10 PROBLEMS 371

44.10 PROBLEMS

Exercise 44.1 Expand volume elements in coordinates
Show that the coordinate representation for the volume element dotted with the curl can be
represented as a sum of antisymmetric terms. That is

1. Prove eq. (44.142a)

2. Prove eq. (44.142b)

3. Prove eq. (44.142c)

4. Prove eq. (44.142d)

5. Prove eq. (44.142¢)

6. Prove eq. (44.142f)

Answer for Exercise 44.1

Part 1. Two parameter volume, curl of vector

d’x - (A ) = d?u((x; Axp)-X) - Of
= dzu (X1 . 82f — X2 - 81f) (44.147)
=d"u(92fi —01/2)
= —d*ue®d, fp. O

Part 2. Three parameter volume, curl of vector

dEx- (@A) = dPu((x; Axy Ax3)-X) - Of
= d’u((x] AX2) - 05F + (X3 A X)) - Oof + (X2 A X3) - O )
= d3u((X133f Xy — X253f . X]) + (X362f - X1 — X10f - X3) + (Xzalf + X3 — X3a1f . Xz))
= d3u(X1 (—621‘ - X3+ 631‘ : X2) + Xo (—83f X1 + 81f . X3) + X3 (—61f Xy + (?zf . Xl))
= du(x) (=02 fs + 035) + X2 (=03 f1 + O13) + X3 (=01.f> + 02 /1))
= -d’ue™dpf.. O
(44.148)
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Part 3. Four parameter volume, curl of vector

d*x- (OAF) =du((xi Axa AX3 AXy) - X) - Of
= d4u((x1 A Xo /\X3) -Osf — (X] A Xo /\X4) -0sf + (X] A X3 /\X4) 5 (X2 A X3 /\X4) -(91f)
(

X] AXp) X3 - 0af — (X1 AX3) Xp - 0af + (X2 A X3) X - Oaf

( ) Xq - O3f + (X1 AXq) X2 - 03F — (X2 A X4) X1 - O5f
+ (X1 AX3) Xq - 0of — (X1 AXq) X3+ 0of + (X3 AXq) X1 - Oof
—(x2AX3)Xq-01f+ (X2 AXs) X301 — (X3 AXq) X7 - O f

~—

= d4M(X1 A X28[4f3] + X1 A X3(9[2f4] + X1 A X48[3f2] + Xy A X3(9[4f1] + Xy A X48[1f3] + X3 A X4(9[2f1])

1
= —§d4u60deXa A Xbacfd. O
(44.149)
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Part 4. Three parameter volume, curl of bivector
d3X : (8 A B) = d3u((X1 ANXo A X3) . Xi) -0;B
= d3u((X1 A X2) -03B + (X3 /\Xl) -0»B + (X2 A X3) . (913)
1
= §d3u<X1 . (X2 . 533) — X2 (X1 . 833)
+ X3 - (Xl . azB) — X1 - (X3 : 623)
+ X5 - (X3 -613) — X3 <X2 . 513))
1
= EdSM(Xl . (X2 . (933 —X3- azB)
+ X5 - (X3 -61B—x1 ~(93B)
+ X3 - (Xl . 823 —Xp- 613))
1
= Ed3u(x1 (03 (x2+B) =02 (x3- B)) (44.150)
+ X5 - (61 (X3 -B) —(93 (Xl B))
+ X3 - (82 (X1 -B) —(91 (X2 B)))
1
= §d3u(62 (X3 . (X] . B)) —83 (X2 . (X] . B))
+(93 (Xl . (X2 . B)) - 81 (X3 . (X2 . B))
+61 (X2 . (X3 . B)) - 62 (X] . (X3 . B)))
1
= §d3u(82313 —03B12 + 03Ba1 — 01By3 + 01 B3, — 02B3)
= d3u(32813 + 33321 + (91832)

1 .
= —§d3ueab‘8a3bc. ]
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Part 5. Four parameter volume, curl of bivector  To start, we require theorem B.3. For conve-
nience lets also write our wedge products as a single indexed quantity, as in X for X, A X, A Xc.
The expansion is

d*x - (0AB) = d*u (x1234 . xi) -0;B

= d*u (X123 - 4B — X124 - O3B + X134 - 2B — X34 - 1 B)
= d4u( (x23 - 04B) + X2 (X32 - 04B) + X3 (X12 - 04B)
X4 agB) ( X2 - 638
X34 - 02B) + X3 (Xa1 - 02B) + X4 (X13

X34 -(’)13) (

) +x3 (

X2 (X41-03B) — x4 (

) + X4 (

(

23+ 04B +X43 - 03B + X34 - 02B)
)

)

)

)
2B)
X3 (X42 - 01B) — X4 (X23 - 91B)) (44.151)
Xo
X370 - 04B + X4 - 03B + X43 - 01 B
X12 - 04B +X41 - 02B + X4 - 01B
21 03B +X13-02B+x3,-01B))

+ X3

+ X4 (X

1
= —2d “b‘dxaabBcd ]

This last step uses an intermediate result from the eq. (44.150) expansion above, since each
of the four terms has the same structure we have previously observed.

Part 6. Four parameter volume, curl of trivector — Using the X;j shorthand again, the initial
expansion gives

d4X . (6 A T) = d4u (X123 . (94T — X124 * (93T + X134 * (92T — X234 * alT) . (44152)
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Applying theorem B.4 to expand the inner products within the braces we have

X123 - 04T —X124 - 3T + X134 - 02T — X034 - O T
=x;1- (X2 (x3-04T)) —x1 - (X2+ (X4 -037T))
Apply cyclic permutations
T~}
+[x1 (%3 (x4 07)) =2+ (%3 (x4 01 T)) |
=x1- (X2 (x3-04T)) —x1 - (X2+ (X4 -037T))
+X3- (X4 (x1-02T)) =x3- (Xa- (x2-01T))
=X (X2 (X3-04T —x4-03T))
+X3- (X4 (x1-02T —x2-017T))
=x1-(x2: (04 (x3-T) =03 (x4-T)))
+x3- (X4 (02 (x1-T) =01 (x2-T)))
=x1-04(x2-(x3-T))+x2-93 (X1 - (x4-T))
+x3-02 (X4 (X1 -T))+x4-01 (x3-(x2-7))
= X1 ((04%2) - (x3-T)) = x2- ((93%1) - (x4 - T))
=x3- ((02x4) - (x1-T)) = x4 ((01x3) - (%2 T))
=x1-04(x2-(x3-T))+x2-93 (X1 - (x4-T))
+x3-02 (X4 (X1 -T))+X4-01 (x3-(x2- 7))

(44.153)

*x
+W.(Xl.x. 3'X1'T))
9’x
+W'(X2'X' 4‘X2'T)).

We can cancel those last terms using theorem B.5. Using the same reverse chain rule expan-
sion once more we have

X123 - 04T X124 - 03T + X134 - 02T — X234 - 01T
=04 (x1-(x2-(x3-7))) + 03 (x2- (X1 (%4-7))) + 02 (x3- (x4~ (x1-T))) + 01 (x4~ (x3- (x2-7)))
= (@ax1) - (%2 (Xa = T35 T)) = (35%2) - (%1 - (xa=Txr= (% 7)),
(44.154)

or

d4X . (6 A T) = d4u(84T321 + 83T412 + 82T143 + 61T234). (44.155)
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The final result follows after permuting the indices slightly.

Exercise 44.2 Stokes theorem on scalar function. (//3] pr. 1.60a)

Prove

fVTdV = SBTda. (44.156)

Answer for Exercise 44.2

The direct way to prove this is to apply Stokes theorem
fd3x-(vAT)=9Sd2x-T (44.157)

Here d°x = dx; A dx, A dxz, a pseudoscalar (trivector) volume element, and the wedge and
dot products take their most general meanings. For k-blade F, and k’-blade F’, that is

F/\F,=<FF/>k+k/

, , (44.158)
With d°x = IdV, and d*x = IfidA = Ida, we have
f I1dVVT = 56 IdaT. (44.159)

Cancelling the factors of / proves the result.
Griffith’s trick to do this was to let v = ¢7', where c¢ is a constant. For this, the divergence
theorem integral is

fa’VV-(cT):dec-VT
=c-deVT
(44.160)
SBda-(cT)
=c- 9§daT.

This is true for any constant ¢, so is also true for the unit vectors. This allows for summing
projections in each of the unit directions
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f dVVT = ) e (ek : f dVVT)
=Zek(ek-9§daT) (44.161)

= 9§ daT. [l

Exercise 44.3 ([13] pr. 1.60b)

Prove

fovdV:—SEVXda. (44.162)

Answer for Exercise 44.3

This also follows directly from the general Stokes theorem

fd3x-(vAv)=9§d2x-v (44.163)
The volume integrand is

dx-(VAV) = <IccllVVév X V)i (44.164)
= - XV,

and the surface integrand is

d’x - v = (Idav),
=(I(da Av));
= I*(dax V) (44.165)
=—-daxv
=V Xda.

Plugging these into eq. (44.163) proves the result.
Griffiths trick for the same is to apply the divergence theorem to v X ¢. Such a volume integral
is

deV'(VXC)=deC-(VXV)

:c-deva.

(44.166)
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This must equal

Sgda-(vxc):c-ggdaxv
(44.167)

:—c-ggvxda

Again, assembling projections, we have

deva=Zek(ek-deva)
=—Zek(ek-9§vxda) (44.168)

:—9gv><da.

Exercise 44.4 ([13] pr. 1.60e)

Prove

fVT Xda=— Sgle. (44.169)

Answer for Exercise 44.4

This one follows from
fdzx-(V/\T):ggdlx-T. (44.170)
The surface integrand can be written

d*x - (V AT) = (IdaVT),
= I(da A VT) (44.171)
= *(dax VT)
=—dax VT.

The line integrand is
d'x-T = d'xT. (44.172)

Given a two parameter representation of the surface area element d?x = dx| A dxo, the line
element representation is

d'x = (X; A dX;) x4+ (dx1 ANX2) - x> (44.173)
= —dXxp + dXi,
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giving

_fdaxVT:f—(j—LZT)
:Sgle,

fVT Xda=— 9§le. (| (44.175)

du;
Auy (44.174)

ox
du2 + (a—T)

ui

Auy

or

Griffiths trick for the same is to use v = ¢7 for constant ¢ in (the usual 3D) Stokes’ theorem.

That is

fda-(Vx(cT)):c~fda><VT

:—c-fVTxda

(44.176)
= 9§dl-(cT)
= c-SBle.

Again assembling projections we have

fVTxda=Zek(ek~fVT><da)
=Y (ek . Sgdlr) (44.177)

= —Sgle. 0
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45.1 FUNDAMENTAL THEOREM OF GEOMETRIC CALCULUS

Definitions  The Fundamental Theorem of (Geometric) Calculus is a generalization of Stokes
theorem theorem 44.1 to multivector integrals. Notationally, it looks like Stokes theorem with
all the dot and wedge products removed.

— Theorem 45.1: Fundamental Theorem of Geometric Calculus

For blades F, G, and a volume element d*x,

f Fd*xdG = 56 Fd*'xG.
\% ov

The Fundamental Theorem as stated here generalized Stokes’ theorem in a couple ways. One
generalization is that the blade grade restriction of Stokes’ theorem are missing in action. This
theorem is a multivector result, whereas the LHS and RHS of Stokes’ are of equal grade. Addi-
tional, the fundamental theorem promotes the action of the vector derivative to a bidirectional
operator. Not all formulations of this theorem include that generalization. For example [24]
states the theorem as

f d*xdF = 56 d“'xF. (45.1)
\%4 oV

whereas [7] points out there is a variant with the vector derivative acting to the left

f Fd*xd = SE Fd"'x, (45.2)
\% v

but does not promote the vector derivative to a bidirectional operator. Here I follow [29]
which uses a bidirectional vector derivative, providing the most general expression of the Fun-
damental Theorem of (Geometric) Calculus.

This theorem and Stokes’ theorem, both single formulas, are loaded and abstract statement,
requiring many definitions to make them useful. Most of those definitions can be found in the
previous Stokes’ theorem chapter, but are summarized here
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The volume integral is over a m dimensional surface (manifold).
Integration over the boundary of the manifold V is indicated by dV.
This manifold is assumed to be spanned by a parameterized vector x(u!, u?, - - -, u").

A curvilinear coordinate basis {x;} can be defined on the manifold by

X; = — = 0iX. (45.3)

A dual basis {Xi } reciprocal to the tangent vector basis Xx; can be calculated subject to the

requirement x; - X/ = 5{ .

The vector derivative 8, the projection of the gradient onto the tangent space of the mani-
fold, is defined by

k
0= xi('),- = Z Xi—. (454)

The volume element is defined by

d'x = dx; Adx; -+ A dxg, (45.5)
where
dx; = xka’uk, (no sum). (45.6)

The volume element is non-zero on the manifold, or x; A --- A Xy # 0.

The surface area element d*~'x, is defined by
k . —_—
d7Ix = Y (=1 Tdxy Adxg - dxidX - A dx, 45.7)
i=1

where dx;dx; indicates the omission of dx;.

My proof for this theorem was restricted to a simple “rectangular” volume parameterized
by the ranges [u'(0), u' (1)] ® [4*(0), u*(1)] ® - - - ® [t*(0), uk(1)]
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o The precise meaning that should be given to oriented area integral is

k i
Sév dx . F = ;(—1)k—i f ((dxi A dxz - dxidx; - A dxy) - F)’:iil;(o), (45.8)

where both the a area form and the blade F are evaluated at the end points of the parame-
terization range.

e The bidirectional vector derivative operator acts both to the left and right on ' and G. The
specific action of this operator is

FOG = (F3)G + F(8G) (45.9)
= (0;F)X'G + Fx'(9,G).

For Stokes’ theorem theorem 44.1, after the work of stating exactly what is meant by this
theorem, most of the proof follows from the fact that for s < k the volume curl dot product can
be expanded as

fdkx-(a/\F):fdkx-(xiAaiF)
14 1% (45.10)

_ kv . xi). 5.
_j;(dxx)alF.

Each of the du' integrals can be evaluated directly, since each of the remaining dx i =
du/6/0u’,i # jis calculated with u' held fixed. This allows for the integration over a “rect-
angular” parameterization region, proving the theorem for such a volume parameterization. A
more general proof requires a triangulation of the volume and surface, but the basic principle of
the theorem is evident, without that additional work.

Fundamental Theorem of Calculus  The fundamental theorem can be demonstrated by direct
expansion. With the vector derivative d and its partials d; acting bidirectionally, that is

f Fd*xG = f Fd*xx'6;G
1% 1 (45.11)

= f F (dkx X+ d'x A Xi) 0,G.
1%

Both the reciprocal frame vectors and the curvilinear basis span the tangent space of the
manifold, since we can write any reciprocal frame vector as a set of projections in the curvilinear
basis



384

FUNDAMENTAL THEOREM OF GEOMETRIC CALCULUS
x =3 (x'x)x;, (45.12)
j

sox e span {Xj,j € [l,k]}. This means that d*x A x' = 0, and
FIXME: bug in latex? widehat is duplicating the thing that it is covering:

dekx()G

\%

_ ko Wi\ g,
_fVF(dx x')0,G

= Zfdu du® - du' du’ - du*F (( l)k X|AXy e XX /\xk)al-Gdui

_Z( l)k ’ff f f f Fdxy Ndxp -+ dx,dx, /\dka)

Adding in the same notational sugar that we used in Stokes theorem, this proves the Funda-
mental theorem for “rectangular” parameterizations. Note that such a parameterization need not
actually be rectangular.

(45.13)

u'(1)
wi=ui(0)

A{Example 45.1: Application to Maxwell’s equation}

Maxwell’s equation is an example of a first order gradient equation

1
VF = —1. (45.14)
€nC

Integrating over a four-volume (where the vector derivative equals the gradient), and
applying the Fundamental theorem, we have

9§ d’xF. (45.15)

eoc

Observe that the surface area element product with F has both vector and trivector terms.
This can be demonstrated by considering some examples

Y012Y01 %< Y2

Y0127Y23 € Y023.

(45.16)

On the other hand, the four volume integral of J has only trivector parts. This means
that the integral can be split into a pair of same-grade equations
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1
& d4x-J=56<d3xF>3

O=56d3x~F.

The first can be put into a slightly tidier form using a duality transformation

(45.17)

<d3xF> = —<d3x12F>3
= <1d3x1F>3 (45.18)
= (Id’x) A (IF).

Letting n|d3x| = Id’x, this gives

1
95 |dx|n A (IF) = — f d*x- . (45.19)
€C

Note that this normal is normal to a three-volume subspace of the spacetime volume. For
example, if one component of that spacetime surface area element is ypj2cdtdxdy, then the
normal to that area component is y3.

A second set of duality transformations

nA{F)=(nlF);
= —<II1F>3
=—(n-F));
=—I(n-F),

(45.20)

and

(45.21)

J=(1d'x-J),
= < Id*xJ >

<(Id4x)J>
= (Id*x)J,

can further tidy things up, leaving us with
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1
§|d3x|n-F = — f(ld4x)J
€nC
56 dx-F=0.

The Fundamental theorem of calculus immediately provides relations between normal
projections of the Faraday bivector F' and the four-current J, as well as boundary value
constraints on F' coming from the source free components of Maxwell’s equation.

(45.22)

45.2 GREEN’S FUNCTION FOR THE GRADIENT IN EUCLIDEAN SPACES.

In [7] it is stated that the Green’s function for the gradient is

I x-—x
G(x,x')= — , 45.23
(x, x7) S ] ( )
where 7 is the dimension of the space, S, is the area of the unit sphere, and
VG =V-G=6(x-x"). (45.24)

What I'd like to do here is verify that this Green’s function operates as asserted. Here, as in
some parts of the text, I am following a convention where vectors are written without boldface.

Let’s start with checking that the gradient of the Green’s function is zero everywhere that
x#x

1 n evav(xu - x/'l)(xll - x)

—x 2 lx — /|2

__n, @ )5, (45.25)
_5 |X _ x/|n+2
x—x

= _nlx _ x/|n+2'

This means that we have, everywhere that x # x’

Vg (Y= (g1 ) o
S\ x=x|" lx = x|
1 ( n +( R ( ,))) (45.26)
= — -n (x—x
n \Ix—xI" x — x|

S
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Next, consider the curl of the Green’s function. Zero curl will mean that we have VG =
V.-G =GVv.

VAx=-X
Su(V AG) = YA Y) — A (x—x)
|x — x| lx — x| (45.27)
VA -X) x—x ;
= PR Mm
However,

VAx-xX)=VAx
e Ae,d,x”
="' A evél‘j

— M
=é' Ney.

(45.28)

For any metric where ¢, oc e/, which is the case in all the ones with physical interest (i.e. R3
and Minkowski space), V A G is zero.

Having shown that the gradient of the (presumed) Green’s function is zero everywhere that
x # X', the guts of the demonstration can now proceed. We wish to evaluate the gradient
weighted convolution of the Green’s function using the Fundamental Theorem of (Geomet-
ric) Calculus. Here the gradient acts bidirectionally on both the gradient and the test function.
Working in primed coordinates so that the final result is in terms of the unprimed, we have

fG(x, xXd"x' e)/F(x') = f G(x, XA "X F(x). (45.29)
14 av

Let d"x’ = dV'I, d"'x'n = dA’I, where n = n(x’) is the outward normal to the area element
d"'x’. From this point on, lets restrict attention to Euclidean spaces, where n> = 1. In that case

f AV G X)Y F(x) = f av’ (G(x,x’)g/)F(x’)+ f dV'G(x,x’)(G'F(x'))
v v 14 (45.30)

=f dA'G(x, X nF(x).
)%

Here, the pseudoscalar I has been factored out by commuting it with G, using GI = (-1)""'IG,
and then pre-multiplication with 1/((=1)""11).

Each of these integrals can be considered in sequence. A convergence bound is required of
the multivector test function F(x”) on the infinite surface dV. Since it’s true that

f dA’G(x, X )nF(x)| > f dA'|G(x, X )nF (X)), (45.31)
ov av

then it is sufficient to require that
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x—x

n(x"F(x')| = 0, (45.32)

X —oo ||x = x|"
in order to kill off the surface integral. Evaluating the integral on a hypersphere centred on x

where x’ — x = n|x — x’|, that is

i FG)
1m

X/ — 00 |x_ x,|n—1

— 0. (45.33)

Given such a constraint, that leaves
f av’ (G(x, X)WV )F(x’) . f dV'G(x, x') (3 F(x’)). (45.34)
1% 1%

The LHS is zero everywhere that x # x’ so it can be restricted to a spherical ball around x,
which allows the test function F to be pulled out of the integral, and a second application of the
Fundamental Theorem to be applied.

j; av’ (G(x, x'ﬁ') F(Y) = lim dv’ (G(x, x’ﬁ/) F(Y)

e—0 lx—x'|<€

(lin’(l) I f 1dv’ (G(x, )V )) F(x)
€ |x—x'|<e

1i
e—0

im f dA'G(x, x’)n) F(x)
[x—x'|=€

im f aar < n) F(x)
e—0 |x—x'|=€ S, €"

dA’

= (lin(l)(—l)"_ll_l f G(x, x’)dA’In) F(x) (45.35)
€— |x—x'|=€

This essentially calculates the divergence integral around an infinitesimal hypersphere, with-
out assuming that the gradient commutes with the gradient in this infinitesimal region. So, pro-
vided the test function is constrained by eq. (45.33), we have



45.2 GREEN’S FUNCTION FOR THE GRADIENT IN EUCLIDEAN SPACES.

F(x)=de'G(x,x')(V’F(x')).
14

In particular, should we have a first order gradient equation
V' F(xX') = M(x),

the inverse of this equation is given by

F(x)=de’G(x,x’)M(x’).
14

(45.36)

(45.37)

(45.38)

Note that the sign of the Green’s function is explicitly tied to the definition of the convolution
integral that is used. This is important since since the conventions for the sign of the Green’s

function or the parameters in the convolution integral often vary.

What’s cool about this result is that it applies not only to gradient equations in Euclidean
spaces, but also to multivector (or even just vector) fields F, instead of the usual scalar functions

that we usually apply Green’s functions to.

—[Example 45.2: Electrostatics}

As a check of the sign consider the electrostatics equation

VE= £,

€0

for which we have after substitution into eq. (45.38)

Ex) = —— fv av’ X_X,3p(x’).

drre

This matches the sign found in a trusted reference such as [17].

(45.39)

(45.40)

A[Example 45.3: Magnetostatics.}

The magnetostatics equation in linear media has the Geometric Algebra form

VIB = —u].

(45.41)
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The Green’s inversion of this is
IB(x) = de'G(x, x V' IB(x')
1%
- f AV'G(x, X )(—uJ(K)) (45.42)
1%

1 —-x’
= — Vv — ).
4 Jy [x — x’|3( #IG)

We expect the LHS to be a bivector, so the scalar component of this should be zero. That
can be demonstrated with some of the usual trickery

_E g XXy )——de’(V ! )-J(x’)
ar Jy  |x- X|3 % Ix —x’|

R (V, 1 ) J&) (45.43)
ar Jy Ix — x|

_ _ﬁ fdv/ V/ . J(X ) _ V. J(X’)

T 4n )y Ix — x’| x-x| |

The current J is not unconstrained. This can be seen by premultiplying eq. (45.41) by
the gradient

V2IB = —uV1J. (45.44)

On the LHS we have a bivector so must have VJ = VA J, or V- J = 0. This kills the
V’ - J(x’) integrand numerator in eq. (45.43), leaving

2y 2 i )———de’V’. o)
= A g 3
dr Jov Ix — x|

This shows that the scalar part of the equation is zero, provided the normal component
of J/|x — x| vanishes on the boundary of the infinite sphere. This leaves the Biot-Savart
law as a bivector equation

’

IB(x) = :—ﬂ f AV'Ix) A 22X (45.46)

x — x|3

Observe that the traditional vector form of the Biot-Savart law can be obtained by pre-
multiplying both sides with —1I, leaving




45.3 PROBLEMS

’

Bx) = - f AV'IK) x —— (45.47)
4 Vv [x — x|
This checks against a trusted source such as [13] (eq. 5.39).

45.3 PROBLEMS
Exercise 45.1 Helmholtz theorem
Prove the first Helmholtz’s theorem, i.e. if vector M is defined by its divergence

V- M=y (45.48)

and its curl
VxM=C (45.49)

within a region and its normal component M, over the boundary, then M is uniquely speci-
fied.
Answer for Exercise 45.1

The gradient of the vector M can be written as a single even grade multivector

VM=V -M+IVXM=s+IC. (45.50)

We will use this to attempt to discover the relation between the vector M and its divergence
and curl. We can express M at the point of interest as a convolution with the delta function at
all other points in space

M(x) = f dV's(x — X )M(X)). (45.51)
\%4

The Laplacian representation of the delta function in R? is

1 1
6(x —x') = ——V? : (45.52)
. |x—X|
so M can be represented as the following convolution
1
M0 = - [ av'V M), (45.53)
4 Jy x — x/|

Using this relation and proceeding with a few applications of the chain rule, plus the fact that
V1/x-x'| = -V'1/x —X’|, we find

391



392 FUNDAMENTAL THEOREM OF GEOMETRIC CALCULUS

—47M(x) = f dv’szM(x')
\%

Ix — X/

:< f Vv M(x’)>
v Ix — x’| 1
:_< f dV'V(V’ ! )M(x’)>
v Ix —x’| 1
(v [ (M) T
% x—-x| [x-=xT]/
=_<v f dA'D M(X’)> +<v f dv'—s(xl)”c(xl)>
)% Ix — x| 1 % Ix — x’| 1
=—<vf dA’ﬁM(X)> +vde' s +v-fdv’—lc(x).
av Ix —x'| [, v o Ix=X]| v o Ix=X]|

By inserting a no-op grade selection operation in the second step, the trivector terms that
would show up in subsequent steps are automatically filtered out. This leaves us with a boundary
term dependent on the surface and the normal and tangential components of M. Added to that is
a pair of volume integrals that provide the unique dependence of M on its divergence and curl.
When the surface is taken to infinity, which requires [M|/|x — x| — 0, then the dependence of
M on its divergence and curl is unique.

In order to express final result in traditional vector algebra form, a couple transformations are
required. The first is that

(45.54)

(alb); = Paxb (45.55)
=-axbh.

For the grade selection in the boundary integral, note that

(ViX); = (V- X)); +(V(a A X)),
= V(i - X) + (VI(H x X)), (45.56)
= V(i -X) - V X (A x X).

These give

1 M’ 1 M(x’
M(X)=V—f - ) g L japx )
4 Jov Ix — x/| 4r Jsy [x — x/| (45.57)

1 , s(x’) 1 , C(x') '
-V— | dV———+Vx— | dV/——=.
4 Jy [x — x| 4 Jy [x — x|
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ANGULAR VELOCITY AND ACCELERATION (AGAIN)

A more coherent derivation of angular velocity and acceleration than my initial attempt while
first learning geometric algebra.

46.1 ANGULAR VELOCITY

The goal is to take first and second derivatives of a vector expressed radially:

r =t (46.1)

The velocity is the derivative of our position vector, which in terms of radial components is:

v=r' =rt+ri. (46.2)

We can also calculate the projection and rejection of the velocity by multiplication by 1 = #2,
and expanding this product in an alternate order taking advantage of the associativity of the
geometric product:

v = ffv
A . (46.3)
=f(F-v+FAV)

Since £ A (£ A v) = 0, the total velocity in terms of radial components is:

v=Ff(f-v)+P-(FAV). (46.4)
Here the first component above is the projection of the vector in the radial direction:

Proj.(v) = £ (F-v) (46.5)
This projective term can also be rewritten in terms of magnitude:

(?) =2r = (x-1) =2r-v. (46.6)
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396 ANGULAR VELOCITY AND ACCELERATION (AGAIN)

So the magnitude variation can be expressed the radial coordinate of the velocity:

r=t-v (46.7)

The remainder is the rejection of the radial component from the velocity, leaving just the part
portion perpendicular to the radial direction.

Rej (V) = £+ (FAV) (46.8)

It is traditional to introduce an angular velocity vector normal to the plane of rotation that
describes this rejective component using a triple cross product. With the formulation above, one
can see that it is more natural to directly use an angular velocity bivector instead:

rAv

Q=
2

(46.9)

This bivector encodes the angular velocity as a plane directly. The product of a vector with the
bivector that contains it produces another vector in the plane. That product is a scaled and rotated
by 90 degrees, much like the multiplication by a unit complex imaginary. That is no coincidence
since the square of a bivector is negative and directly encodes this complex structure of an
arbitrarily oriented plane.

Using this angular velocity bivector we have the following radial expression for velocity:

v=tr'+r-Q. (46.10)

A little thought will show that # is also entirely perpendicular to £. The # vector describes
a path traced out on the unit sphere, and any variation of that vector must be tangential to the
sphere. It is thus not surprising that we can also express & using the rejective term of equation
eq. (46.4). Using the angular velocity bivector this is:

This identity will be useful below for the calculation of angular acceleration.



46.2 ANGULAR ACCELERATION

46.2 ANGULAR ACCELERATION

Next we want the second derivatives of position

a:r/l

a0/

=r"f+2Ft + 1t
1 ’

=r't+ - (r2r’)
r

(46.12)

This last step I found scribbled in a margin note in my old mechanics book. It is a trick that
somebody clever once noticed and it simplifies this derivation to use it since it avoids the gen-
eration of a number of terms that will just cancel out anyways after more tedious manipulation
(see examples section).

Expanding just this last derivative:

(46.13)
=0
:f"-(r/\v)+f'-()+f'-(r/\a)

Thus the acceleration is:
a=r"t+(r-Q)-Q+t-(tAa)

Note that the action of taking two successive dot products with the plane bivector (2 just acts
to rotate the vector by 180 degrees (as well as scale it).

One can verify this explicitly using grade selection operators. This allows the total accelera-
tion to be expressed in the final form:

a=r"t+rQ’+i-(fAa)
Note that the squared bivector (3? is a negative scalar, so the first two terms are radially

directed. The last term is perpendicular to the acceleration, in the plane formed by the vector
and its second derivative.
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ANGULAR VELOCITY AND ACCELERATION (AGAIN)

Given the acceleration, the force on a particle is thus:

F = ma = mér” + mrQ? + = (r Ap)’ (46.14)
T

Writing the angular momentum as:

L=rAp=mrQ (46.15)

the force is thus:

1 dL
F = ma=mir’ + mrQ* + - - — (46.16)
r dt
The derivative of the angular momentum is called the torque 7, also a bivector:
dL
= 46.17
T=— ( )

When r is constant this has the radial arm times force form that we expect of torque:

dp
=rAN—=rAF 46.18
TErA— =T ( )

We can also write the equation of motion in terms of torque, in which case we have:

1
F=mtr" +mrQ>+- -1 (46.19)
r

As with all these plane quantities (angular velocity, momentum, acceleration), the torque as
well is a bivector as it is natural to express this as a planar quantity. This makes more sense in
many ways than a cross product, since all of these quantities should be perfectly well defined in
a plane (or in spaces of degree greater than three), whereas the cross product is a strictly three
dimensional entity.

46.3 EXPRESSING THESE USING TRADITIONAL FORM (CROSS PRODUCT)

To compare with traditional results to see if I got things right, remove the geometric algebra
constructs (wedge products and bivector/vector products) in favor of cross products. Do this by



46.3 EXPRESSING THESE USING TRADITIONAL FORM (CROSS PRODUCT)

using the duality relationships, multiplication by the three dimensional pseudoscalar i = eje;es,
to convert bivectors to vectors and wedge products to cross and dot products (u A v = u X vi).
First define some vector quantities in terms of the corresponding bivectors:

rAv rxyv

=Q/i= = 46.20
@ /i r2i r? ( )
1 . . .
r-QzE(rwl—wzr):r/\an:wxr (46.21)
Thus the velocity is:
v=f'+wxr. (46.22)

In the same way, write the angular momentum vector as the dual of the angular momentum
bivector:

1=L/i=rxp=mro (46.23)
And the torque vector N as the dual of the torque bivector T

a_d (rxp) (46.24)

The equation of motion for a single particle then becomes:

F = mir” - mrfol? + Nx = (46.25)
r
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46.4 EXAMPLES (PERHAPS FUTURE EXERCISES?)
46.4.1  Unit vector derivative

Demonstrate by direct calculation the result of eq. (46.11).

>
~
Il
—_
N =
~——
~

~
~

o
2
1
=—(v-F(F-V)) (46.26)
r
P
_;(rv—r V)
Iy
=— (A
L)

46.4.2  Direct calculation of acceleration

It is more natural to calculate this acceleration directly by taking derivatives of eq. (46.10), but
as noted above this is messier. Here is exactly that calculation for comparison.
Taking second derivatives of the velocity we have:

vV =a= (f'r’ + ;2 (rA V)) (46.27)

a=r +ir + = (VAV) +£(r/\a)+(

'y
r2 r2 r

) (rav)
=0

(46.28)
(rAv)+i(FAa)

1 'y
="+ |+ -raAv —r’—2
r I

1 1 r
=8+ —r (rAV) [+ 2 AV =/ S (b AV) + £ (F Aa)
73 r r2

The r’ terms cancel out, leaving just:

a=tr" +rQ*+t(tra) (46.29)



46.4.3  Expand the omega omega triple product

(r-Q)-Q=((r Q)Q),
= %<r02 - an)l

1 1

= 51’02 - §<Qr0>1
1 1

= 51’02 + 5(1‘00)1
1 1

= 5[‘02 + 51’02

=r(?

Also used above implicitly was the following:

=0

rQ:r-Q+=—Q-r:—Qr

46.4 EXAMPLES (PERHAPS FUTURE EXERCISES?)

(46.30)

(46.31)

(ie: a vector anticommutes with a bivector describing a plane that contains it).
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CROSS PRODUCT RADIAL DECOMPOSITION

We have seen how to use GA constructs to perform a radial decomposition of a velocity and
acceleration vector. Is it that much harder to do this with straight vector algebra. This shows
that the answer is no, but we need to at least assume some additional identities that can take
work to separately prove. Here is a quick demonstration for comparision purposes how a radial
decomposition can be performed entirely without any GA usage.

47.1 STARTING POINT

Starting point is taking derivatives of:

r =t (47.1)

v=rt+rt (47.2)

It can be shown without any Geometric Algebra use (see for example [27]) that the unit vector
derivative can be expressed using the cross product:

= —(fx —)xf'. (47.3)

Now, one can express 1’ in terms of r as well as follows:

(r-r) =2v-r=2rr. (47.4)

Thus the derivative of the vector magnitude is part of a projective term:
F=f-v. (47.5)

Putting this together one has velocity in terms of projective and rejective components along
a radial direction:

d
v=(f'-v)f'+(f'x—r)xf'. (47.6)
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404 CROSS PRODUCT RADIAL DECOMPOSITION

Now w = er—ZV term is what we call the angular velocity. The magnitude of this is the rate of
change of the angle between the radial arm and the direction of rotation. The direction of this
cross product is normal to the plane of rotation and encodes both the rotational plane and the
direction of the rotation. Putting these together one has the total velocity expressed radially:

v=(f-v)f+wXxr. 47.7)

47.2 ACCELERATION

Acceleration follows in the same fashion.

r'e (r><v)><r12

vV=((Fv)E )'+()’
(47.8)

=0

’”a ,WXT N N r ry
=r't+r +(EXaAXP+(VXV) X = +(@XV)X|[=
r r2 r2

That last derivative is

—_——
| =
\/\
Il
—_———
NS
—

v (47.9)

P2’

and back substitution gives:

, e SOXT . wxr fr
V =r't+r +(r><a)><r+(r><v)><( 5 ——2). (47.10)
r r r

Canceling terms and collecting we have the final result for acceleration expressed radially:

V=za=r"t+ox(oxr)+({xa)xf (47.11)



47.2 ACCELERATION

Now, applying the angular velocity via cross product takes the vector back to the original
plane, but inverts it. Thus we can write the acceleration completely in terms of the radially
directed components, and the perpendicular component.

a=r"f—ro’+(Fxa)xF (47.12)

An alternate way to express this is in terms of radial scalar acceleration:

a-f=r"—ro’ (47.13)

This is the acceleration analogue of the scalar radial velocity component demonstrated above:

~

veE=r. (47.14)
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KINETIC ENERGY IN ROTATIONAL FRAME

48.1 MOTIVATION

Fill in the missing details of the rotational Kinetic Energy derivation in [31] and contrast matrix
and GA approach.

Generalize acceleration in terms of rotating frame coordinates without unproved extrapola-
tion that the z axis result of Tong’s paper is good unconditionally (his cross products are kind
of pulled out of a magic hat and this write up will show a couple ways to see where they come
from).

Given coordinates for a point in a rotating frame r’, the coordinate vector for that point in a
rest frame is:

r =Rr (48.1)

Where the rotating frame moves according to the following z-axis rotation matrix:

cosf —sing 0
R=1{sinf cosf® O (48.2)
0 0 1

To compute the Lagrangian we want to re-express the kinetic energy of a particle:

1

K = Smi (48.3)

in terms of the rotating frame coordinate system.

48.2 WITH MATRIX FORMULATION

The Tong paper does this for a z axis rotation with § = wt. Constant angular frequency is

assumed.
First we calculate our position vector in terms of the rotational frame

r=Rr (43.4)
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408 KINETIC ENERGY IN ROTATIONAL FRAME
The rest frame velocity is:

I = R@l” + Rgl:'. (48.5)

Taking the matrix time derivative we have:

sinf cosfd O
Rg=-0|-cos@ sing 0l (48.6)
0 0 0

Taking magnitudes of the velocity we have three terms

i? = (Ror') - (Ror’) + 2(Rgr’) - (Rgt”") + (Rg¥”) - (Rg1”) s
= v "R} Ror’ + 2’ "RI R’ + ¥/* '

We need to calculate all the intermediate matrix products. The last was identity, and the first
is:

sin@ —cosf Of| sin@ cosf O
RgRe =0 |cos@ sin® O||-cosé sind 0 (48.8)
0 0 0 0 0O o0

= ¢ (48.9)

(e
S = O
o O O

This leaves just the mixed term

sind —cosf Of|cos@ —sind O
RyRy=—0|cos® sind O0||sind cos8 O (48.10)
0 0 ofl O 0 1

0 -1 0
=01 0 o0 (48.11)
0 0 O



With 6 = w, the total magnitude of the velocity is thus

1 00 0 -1 0
2 =rT?lo 1 o|lr-2wr"|1 o ol +r?
0 0 0 0O 0 O

Tong’s paper presents this expanded out in terms of coordinates:

i = w (x’2 + y’2) +20 (Xy —y'x) + (x"z +y7+ z"z)
Or,
2

i2 = (—wy + )7+ (wx' +y) + 77

He also then goes on to show that this can be written, with w = w2, as

= +oxr)

48.3 WITH ROTOR

(48.12)

(48.13)

(48.14)

(48.15)

The implication here is that this is a valid result for any rotating coordinate system. How to

48.3 WITH ROTOR

The equivalent to eq. (48.1) using a rotor is:

r =R'rR

Where R = exp(i6/2).

prove this in the general rotation case, is shown much later in his treatment of rigid bodies.

(48.16)

Unlike the matrix formulation above we are free to pick any constant unit bivector for i if we

We need a double sided inversion to get our unprimed vector:

r = Rr'R’

and can then take derivatives:

i = Rr'RT + RY'R" + RVRT

want to generalize this to any rotational axis, but if we want an equivalent to the above rotation
matrix we just have to take i = e A e;.

(48.17)

(48.18)
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410 KINETIC ENERGY IN ROTATIONAL FRAME

1 . 1 .
= iszr’R' - Rr'RTin +RrR' (48.19)

— ¥ =wi-(Rr'R") +Rr'R’ (48.20)

One can put this into the traditional cross product form by introducing a normal vector for
the rotational axis in the usual way:

Q = wi (48.21)

w=0/Iz (48.22)

We can describe the angular velocity by a scaled normal vector (w) to the rotational plane, or
by a scaled bivector for the plane itself ((2).

Q- (RrRY) = (()Rr'RT )1
_ /
= (ROr'R >1
_ RO ¥R (48.23)
= R(wl;) - R’
= R(wXx1)R'

Note that here as before this is valid only when the rotational plane orientation is constant (ie:
no wobble), since only then can we assume i, and thus () will commute with the rotor R.
Summarizing, we can write our velocity using rotational frame components as:

F=R(wxr +v)R (48.24)
Or
F=R(Q-v+r)R (48.25)

Using the result above from eq. (48.24), we can calculate the squared magnitude directly:

i’ = (R(wxr +1)R'R (wxr +r)R")
= <R(w <1 + f')zR"'> (48.26)

= (wXr +1)



48.4 ACCELERATION IN ROTATING COORDINATES

We are able to go straight to the end result this way without the mess of sine and cosine terms
in the rotation matrix. This is something that we can expand by components if desired:

€ € €3
OXr+r =0 0 owl+r

x/ / ZI
Y (48.27)

-wy' +x'

=| wx' +y

Z’/
This verifies the second part of Tong’s equation 2.19, also consistent with the derivation of

eq. (48.14).

48.4 ACCELERATION IN ROTATING COORDINATES

Having calculated velocity in terms of rotational frame coordinates, acceleration is the next
logical step.
The starting point is the velocity

F=RQ-r +i)R' (48.28)
Taking derivatives we have
P = iw/2F — Fiw/2+ R(Q-r + Q- F + )R’ (48.29)
The first two terms are a bivector vector dot product and we can simplify this as follows
iw/2F —Fiw/2 = Q)21 — Q)
=QO-F
= (ORQ ¥ +1)R"), (48.30)
= (ROQUQ -1 + 1'~’))RT>l
=RQ-(Q-r)+ Q)R

Thus the total acceleration is

P=R(Q-(Q-r)+ Q-1 +2Q ¥ +)R' (48.31)
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412 KINETIC ENERGY IN ROTATIONAL FRAME

Or, in terms of cross products, and angular velocity and acceleration vectors w, and «@ respec-
tively, this is

F=R(wx(@Xr)+axr +20x¥ +#)R' (48.32)

48.5 ALLOW FOR A WOBBLE IN ROTATIONAL PLANE

A calculation similar to this can be found in GAFP, but for strictly rigid motion. It does not
take too much to combine the two for a generalized result that expresses the total acceleration
expressed in rotating frame coordinates, but also allowing for general rotation where the frame
rotation and the angular velocity bivector do not have to be coplanar (ie: commute as above).
Since the primes and dots are kind of cumbersome switch to the GAFP notation where the
position of a particle is expressed in terns of a rotational component x and origin translation xg:

y = RxR' +x; (48.33)

Taking derivatives for velocity

y = RxR' + RxR" + RXR" + X, (48.34)

Now use the same observation that the derivative of RR" = 1 is zero:

d(RR")

RRY + RRT = 0
dt

— RR" = -RR' = ~(RR")' (48.35)

Since R has only grade 0 and 2 terms, so does its derivative. Thus the product of the two
has grade 0, 2, and 4 terms, but eq. (48.35) shows that the product RR" has a value that is the
negative of its reverse, so it must have only grade 2 terms (the reverse of the grade 0 and 4 terms
would not change sign).

As in eq. (48.20) we want to write R as a bivector/rotor product and eq. (48.35) gives us a
means to do so. This would have been clearer in GAFP if they had done the simple example
first with the orientation of the rotational plane fixed.

So, write:

PR |
RR' = EQ (48.36)



48.5 ALLOW FOR A WOBBLE IN ROTATIONAL PLANE

|
R = EQR (48.37)

|
R = —ERTQ (48.38)

(including the 1/2 here is a bit of a cheat ... it is here because having done the calculation on
paper first one sees that it is natural to do so).
With this we can substitute back into eq. (48.34), writing yo =y — Xo :

1 1
y = EQRXRT - 5RxRTQ + RxR" + %
1
= 5 (Qy_yOQ) +RXRJf + X (48.39)

Zﬂ-y0+RXRT+X0

We also want to pull in this () into the rotor as in the fixed orientation case, but cannot use
commutativity this time since the rotor and angular velocity bivector are not necessarily in the
same plane.

This is where GAFP introduces their body angular velocity, which applies an inverse rotation
to the angular velocity.

Let:

Q = RORT (48.40)
Computing this bivector dot product with y we have
Q-yo = (ROR") - (RxR")
= <RQBRTRXRT>1
= <RQ BXRT>1 (48.41)

= (R(Qp-x+Op A x)RT)l
= RQyp - xRT

Thus the total velocity is:

¥y =R(Qg -x+%R" + %0 (48.42)
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414 KINETIC ENERGY IN ROTATIONAL FRAME

Thus given any vector X in the rotating frame coordinate system, we have the relationship for
the inertial frame velocity. We can apply this a second time to compute the inertial (rest frame)
acceleration in terms of rotating coordinates. Write v = Qp - X + X,

y = RVR" + %

— §=R(Qz-v+ V)R +%

Vv=0p-x+Qp-X+X (48.43)
Combining these we have:

¥y=R(Qp (Qp-x+X)+OQp-x+Qp-x+ %R + X0 (48.44)

— §=R(Qz - (Qp-x)+Qp-x+20Q5 -5+ %R +% (48.45)

This generalizes eq. (48.32), providing the rest frame acceleration in terms of rotational frame
coordinates, with centrifugal acceleration, Euler force acceleration, and Coriolis force acceler-
ation terms that accompany the plain old acceleration term X. The only requirement for the
generality of allowing the orientation of the rotational plane to potentially vary is the use of the
“body angular velocity” ()p, replacing the angular velocity as seen from the rest frame ().

48.5.1 Body angular acceleration in terms of rest frame

Since we know the relationship between the body angular velocity Qg with the Rotor (rest
frame) angular velocity bivector, for completeness, lets compute the body angular acceleration
bivector ()3 in terms of the rest frame angular acceleration €).

Qz =RTOR (48.46)

— Qp=R'OR+R'QOR+RTOR
1 . 1
= —ERTQ2R+RTQR+RT02R§

% ( TO2R - RTQZR) +RTOR

(48.47)

=R'OR
This shows that the body angular acceleration is just an inverse rotation of the rest frame
angular acceleration like the angular velocities are.



48.6 REVISIT GENERAL ROTATION USING MATRICES

48.6 REVISIT GENERAL ROTATION USING MATRICES

Having fully calculated velocity and acceleration in terms of rotating frame coordinates, lets go
back and revisit this with matrices and see how one would do the same for a general rotation.
Following GAFP express the rest frame coordinates for a point y in terms of a rotation applied
to a rotating frame position x (this is easier than the mess of primes and dots used in Tong’s
paper). Also omit the origin translation (that can be added in later if desired easily enough)

y= RXx (4848)

Thus the derivative is:

y = Rx + Rx. (48.49)

As in the GA case we want to factor this so that we have a rotation applied to a something
that is completely specified in the rotating frame. This is quite easy with matrices, as we just
have to factor out a rotation matrix from R:

y = RRTRx + Rx

=R (RTRx + x) (48.50)

This new product RTRx we have seen above in the special case of z-axis rotation as a cross

product. In the GA general rotation case, we have seen that this as a bivector-vector dot product.

Both of these are fundamentally antisymmetric operations, so we expect this of the matrix
operator too. Verification of this antisymmetry follows in almost the same fashion as the GA
case, by observing that the derivative of an identity matrix / = RTR is zero:

=0 (48.51)

— R'R+R"R=0 (48.52)

— R"R=—R"R = —-R"R" (48.53)
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416 KINETIC ENERGY IN ROTATIONAL FRAME

Thus if one writes:

Q=R'R (48.54)

the antisymmetric property of this matrix can be summarized as:

Q=-0 (48.55)

Let us write out the form of this matrix in the first few dimensions:

o R?
=0 @ (48.56)
a O
For some a.
e R3
0 —a -b
Q=g 0 =c (48.57)
b ¢ 0

For some a, b, c.

o R4

0 —a b —d

Q=4 0 —¢ e (48.58)
b ¢ 0 —f
d e f 0

For some a, b, c,d, e, f.



48.6 REVISIT GENERAL ROTATION USING MATRICES

For RY we have (N2 — N)/2 degrees of freedom. It is noteworthy to observe that this is
exactly the number of basis elements of a bivector. For example, in IR*, such a bivector basis is
€12, €13, €14, €23, €24, €34.

For IR? we have three degrees of freedom and because of the antisymmetry can express this
matrix-vector product using the cross product. Let

(a,b,c) = (w3, —wy, wy) (48.59)
One has:
0 -ws w ||x1 —wW3X2 + W2 X3
Ox = w3 0 —wi||x2| = |+w3sx) —wix3| = W XX (4860)
—wy W] 0 X3 —wW X1+ wiXx

Summarizing the velocity result we have, using 2 from eq. (48.54):

¥y = R(Ox+X) (48.61)

Or, for IR?, we can define a body angular velocity vector

O3
w=|0p; (48.62)

0y

and thus write the velocity as:

¥=R(wxXx+X) (48.63)

This, like the GA result is good for general rotations. Then do not have to be constant rotation
rates, and it allows for arbitrarily oriented as well as wobbly motion of the rotating frame.

As with the GA general velocity calculation, this general form also allows us to calculate the
squared velocity easily, since the rotation matrices will cancel after transposition:

V= (R(wxx+%))- (R(@xx+%)) = (@xx+%) R'R (0 xx+%) (48.64)

— ¥ = (wxx+%)’ (48.65)
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418 KINETIC ENERGY IN ROTATIONAL FRAME

48.7 EQUATIONS OF MOTION FROM LAGRANGE PARTIALS

TBD. Do this using the Rotor formulation. How?



POLAR VELOCITY AND ACCELERATION

49.1 MOTIVATION

Have previously worked out the radial velocity and acceleration components a pile of different
ways in 46, 47,9, 48, 8, and 7.

So, what is a couple more?

When the motion is strictly restricted to a plane we can get away with doing this either in
complex numbers (used in a number of the Tong Lagrangian solutions), or with a polar form
IR? vector (a polar representation I have not seen since High School).

492  WITH COMPLEX NUMBERS
Let
z =re" (49.1)

So our velocity is

7 = ie” + irfe” (49.2)
and the acceleration is

7 = i + ir0e” + ii0e + irbe” — r*e?

o L 49.3
= (7= r6")e" + 2i0 + rb)ie” (99

49.3 PLANE VECTOR REPRESENTATION

Also can do this with polar vector representation directly (without involving the complexity of
rotation matrices or anything fancy)

oy lcos 9‘ (49.4)

sin @
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420 POLAR VELOCITY AND ACCELERATION
Velocity is then
.|{cos @ . |—siné
v=r + 10
sin @ cos @
and for acceleration we have
ac cosf LD —siné L0 —siné D —siné _ P cos 8
sin 8 cosf cos 6 cosd sin @

—sin 9}

cosd

cos 6

= (i — r$?) { + 270 + rd)

sin @

(49.5)

(49.6)



GRADIENT AND TENSOR NOTES

50.1 MOTIVATION

Some notes on tensors filling in assumed details covered in [7].

Conclude with the solution of problem 6.1 to demonstrate the frame independence of the
vector derivative.

Despite being notes associated with a Geometric Algebra text, there is no GA content. Out-
side of the eventual GA application of the gradient as described in this form, the only GA
connection is the fact that the the reciprocal frame vectors can be thought of as a result of a
duality calculation. That connection is not necessary though since one can just as easily define
the reciprocal frame in terms of matrix operations. As an example, for a Euclidean metric the
reciprocal frame vectors are the columns of F(F TF)~! where the columns of F are the vectors
in question.

These notes may not stand well on their own without the text, at least as learning material.

50.1.1 Raised and lowered indices. Coordinates of vectors with non-orthonormal frames

Let {e;} represent a frame of not necessarily orthonormal basis vectors for a metric space, and
{¢} represent the reciprocal frame.
The reciprocal frame vectors are defined by the relation:

ej-el =6, (50.1)

Lets compute the coordinates of a vector x in terms of both frames:

X = Zcxjej = Z,Bjej (50.2)

Forming x - ¢/, and x - ¢; respectively solves for the a, and 3 coefficients
x-ei=Zajej-ei=Za'j5ji=a,- (50.3)
xeei= ) Biel-ei= ) Bisi! =B (50.4)
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422 GRADIENT AND TENSOR NOTES

Thus, the reciprocal frame vectors allow for simple determination of coordinates for an arbi-
trary frame. We can summarize this as follows:

x= ) (x-é)ei= Y (x-¢)é (50.5)
2 2

Now, for orthonormal frames, where e; = ¢! we are used to writing:

x =" xe;, (50.6)

however for non-orthonormal frames the convention is to mix raised and lowered indices as
follows:

X = Z xe; = Z xie'. (50.7)

Where, as demonstrated above these generalized coordinates have the values, x'=x-é, and
x; = x-e;. This is a strange seeming notation at first especially since most of linear algebra is
done with always lowered (or always upper for some authors) indices. However one quickly
gets used to it, especially after seeing how powerful the reciprocal frame concept is for dealing
with non-orthonormal frames. The alternative is probably the use of matrices and their inverses
to express the same vector decompositions.

50.1.2  Metric tensor

It is customary in tensor formulations of physics to utilize a metric tensor to express the dot
product.
Compute the dot product using the coordinate vectors

X-y= (Z xiei) (Z yjej) = Z x'y/ (e; - ej) (50.8)

xey = (Quie!) (2 vie) = v (ef- ) (309)

Introducing second rank (symmetric) tensors for the dot product pairs e; - e; = g;j, and g/ =
e’ - e/ we have

xXey= Z xyjg’ = Z xX'ylgij = Z xy' = Z Xy (50.10)



50.1 MOTIVATION

We see that the metric tensor provides a way to specify the dot product in index notation, and
removes the explicit references to the original frame vectors. Mixed indices also removes the
references to the original frame vectors, but additionally eliminates the need for either of the
metric tensors.

Note that it is also common to see Einstein summation convention employed, which omits
the >':

x-y = xyg’ = xylgij = x'yi = xpy' (50.11)

Here summation over all matched upper, lower index pairs is implied.

50.1.3 Metric tensor relations to coordinates

Given a coordinate expression of a vector, we dot that with the frame vectors to observe the
relation between coordinates and the metric tensor:

X'€i=zx‘/€j'€i=zxj8ij (50.12)
x-ei:ije-j-ei:ijgij (50.13)

The metric tensors can therefore be used be used to express the relations between the upper
and lower index coordinates:

xi= ) gy (50.14)
¥= gl (50.15)

It is therefore apparent that the matrix of the index lowered metric tensor g;; is the inverse of
the matrix for the raised index metric tensor g%
Expressed more exactly,

Xi = Z gijxj
7
— .. olk )
= > gig’x (50.16)
ik

= Z Xk Z gijgjk
ik j
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424 GRADIENT AND TENSOR NOTES

Since the left and right hand sides are equal for any x;, xz, we have:

67 = ging™ (50.17)
m

Demonstration of the inverse property required for summation on other set of indices too for
completeness, but since these functions are symmetric, there is no potential that this would have
a “left” or “right” inverse type of action.

50.1.4  Metric tensor as a Jacobian

The relations of equations eq. (50.14), and eq. (50.15) show that the metric tensor can be ex-
pressed in terms of partial derivatives:

8x,~ = gii
axi oY
ol y (50.18)
_ = g
ox j
Therefore the metric tensors can also be expressed as Jacobian matrices (not Jacobian deter-
minants) :
g'. _ a('xla""xn)
ij —
oxl, . -, xn
(e (50.19)
A(x1,- -+, xn)

Will this be useful in any way?

50.1.5 Change of basis

To perform a change of basis from one non-orthonormal basis {e;} to a second {f;}, relations
between the sets of vectors are required. Using Greek indices for the f frame, and English for
the e frame, those are:

€i=Zf”€i'fu =pr€i'f”

fom e =Y et 5000
=D e fu= ) Sl S '
fazzekfa.ekzzekfa.ek



50.1 MOTIVATION

Following GAFP we can write the dot product terms as a second order tensors f (ie: matrix
relation) :

ei= ) ['fu= ) fuf

fo= D fa=D et s

= = fuf™

foz — Zekfka — Zekfka

Note that all these various tensors are related to each other using the metric tensors for f and

e. FIXME: show example. Also note that using this notation the metric tensors g;; and g,z are

two completely different linear functions, and careful use of the index conventions are required
to keep these straight.

(50.21)

50.1.6  Inverse relationships

Looking at these relations in pairs, such as

f(l/ = Z ekfk(z

. . (50.22)
el = Z fuf™
and
ei= ) i
(50.23)
fa' — Z ekfka
It is clear that f;, is the inverse of /.
To be more precise
fa=) ek
v= 2, (50.24)

= D ful " fra

Thus

> P fia =6, (50.25)
k
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To verify both “left” and “right” inverse properties we also need:

i_ iu
¢= D hf _ (50.26)
= Z ekfkyfm

which shows that summation on the Greek indices also yields an inverse:

> fuf™ = 6! (50.27)
u

There are also inverse relationships for the mixed index tensors above. Specifically,

X% = infia

. (50.28)
1 L
= 2P0
Thus,
2 il =3 (50.29)
i
And,
W= A
2 _ ‘; _ (50.30)
- Z X' f I
Thus,
2 =6, (50.31)
a
This completely demonstrates the inverse relationship.
50.1.7 Vector derivative
GAFP exercise 6.1. Show that the vector derivative:
.0
V= e'— (50.32)
oxt

is not frame dependent.



50.1 MOTIVATION

To show this we will need to utilize the chain rule to rewrite the partials in terms of the
alternate frame:

104
9 o9 (50.33)
ox! ox' Ox“
To evaluate the first partial here, we write the coordinates of a vector in terms of both, and
take dot products:

(D 7 h) 1= () xe) - £ (50.34)

=y A (50.35)
% _— (50.36)
X

Similar expressions for the other change of basis tensors is also possible, but not required for
this problem.
With this result we have the partial re-expressed in terms of coordinates in the new frame.

% = Z fﬂ% (50.37)

Combine this with the alternate contra-variant frame vector as calculated above:

o = Z Vi (50.38)

and we have:

i (50.39)
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50.1.8  Why a preference for index upper vector and coordinates in the gradient?

We can express the gradient in terms of index lower variables and vectors too, as follows:

8_ 6xji

v = 24 v ox,
Employing the coordinate relations we have:

inei ej=xj= ine,- ej = Z x'gij (50.40)

and can thus calculate the partials:

Bx,-
— =g, 50.41
o = S ( )

and can use that to do the change of variables to index lower coordinates:

0 Z 0
ox ~ La8iigy j
Now we also can write the reciprocal frame vectors:

i _ ool = ol
e —Ze]e e —Ze]g

Thus the gradient is:

Yeian = D e

ik

- 0 ij
= Z (eja_xk) Z 8- 8ik
Jk i
i) ) ;
= Z e i a 19) k
= ( Oxy
- Y 9
B - l(?xl-
4
My conclusion is that there is not any preference for the index upper form of the gradient in
GAFP. Both should be equivalent. That said consistency is likely required. FIXME: To truly get

a feel for why index upper is used in this definition one likely needs to step back and look at the
defining directional derivative relation for the gradient.

(50.42)



INERTIAL TENSOR

[7] derives the angular momentum for rotational motion in the following form

L:R(fx/\(x-QB)dm)RT (51.1)

and calls the integral part, the inertia tensor

I(B) = f X A (X - Qp)dm (51.2)

which is a linear mapping from bivectors to bivectors. To understand the form of this I found
it helpful to expanding the wedge product part of this explicitly for the IR? case.
Ignoring the sum in this expansion write

f(B)=xA(x-B) (51.3)

And writing e;; = e;e; introduce a basis

b ={eil,exl,e3l} = {er3, e31, €12} (51.4)

for the IR? bivector product space.
Now calculate f(B) for each of the basis vectors

fler) =xA(x-e3)

(51.5)
= (x1€] + x2€2 + x3€3) A (X263 — x3€2)
Completing this calculation for each of the unit basic bivectors, we have

flerl) = (x5 + x3)exs — (x1x2)es1 — (x1x3)€12
fleal) = —(xyx2)exs + (X7 + x3)esr — (x2x3)e12 (51.6)

fles]) = —(x1x3)e23 — (x2x3)€31 + (X7 + X3)eq2
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Observe that taking dot products with (e;/ )" will select just the e;/ term of the result, so one
can form the matrix of this linear transformation that maps bivectors in basis b to image vectors
also in basis b as follows

, x% + X% —X1X2 —X1X3
[1B)], = |1 - ;0] = f —xixy B+ —xx |dm (51.7)

2 2

—X1X3 —X2X3  X] + x5

C
Here the notation [A]b is borrowed from [4] for the matrix of a linear transformation that
takes one from basis b to c.
Observe that this (R? specific expansion) can also be written in a more typical tensor notation

. b
with [I]b = [Iij]ij

lij = IeiD) - (e;1)' = f (6% — xex,)dm (518)

Where, as usual for tensors, the meaning of the indices and whether summation is required
is implied. In this case the coordinate transformation matrix for this linear transformation has
components /;; (and no summation).

51.1 ORTHOGONAL DECOMPOSITION OF A FUNCTION MAPPING A BLADE TO A BLADE

Arriving at this result without explicit expansion is also possible by observing that an orthonor-
mal decomposition of a function can be written in terms of an orthogonal basis {7} as follows:

B = (B0~ (51.9)
i i

The dot product is required since the general product of two bivectors has grade-0, grade-2,
and grade-4 terms (with a similar mix of higher grade terms for k-blades).

Perhaps unobviously since one is not normally used to seeing a scalar-vector dot product,
this formula is not only true for bivectors, but any grade blade, including vectors. To verify this
recall that the general definition of the dot product is the lowest grade term of the geometric
product of two blades. For example with grade i, j blades a, and b respectively the dot product
is:

a-b={ab)_; (51.10)



51.2 COORDINATE TRANSFORMATION MATRIX FOR A COUPLE OTHER LINEAR TRANSFORMATIONS

So, for a scalar-vector dot product is just the scalar product of the two

a-xX ={ax)| = ax (51.11)

The inverse in section 51.1 can be removed by reversion, and for a grade-r blade this sum of
projective terms then becomes:

f(B) = (—1)“"””# DB 00 (51.12)

For an orthonormal basis we have

ool =|oiff =1 (51.13)

i

Which allows for a slightly simpler set of projective terms:

f(B) = (_l)r(r—l)/Z Z(f(B) o) - O (51.14)

51.2 COORDINATE TRANSFORMATION MATRIX FOR A COUPLE OTHER LINEAR TRANSFORMA-
TIONS

Seeing a function of a bivector for the first time is kind of intriguing. We can form the matrix of
such a linear transformation from a basis of the bivector space to the space spanned by function.
For fun, let us calculate that matrix for the basis b above for the following function:

f(B)=e; A(ey-B) (51.15)
For this function operating on IR? bivectors we have:
fles) = e A(ex-ex3) = —e3

fles) =e; A(er-e3)=0 (51.16)
flen) =e;A(ez-e12) =0
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So
-1 00
b
UL=0 00 (51.17)
0 00

For IR* one orthonormal basis is

b ={e12, €13, €14, €23, €24, €34} (51.18)

A basis for the span of f is b’ = {ej3,e14}. Like any other coordinate transformation asso-
ciated with a linear transformation we can write the matrix of the transformation that takes a
coordinate vector in one basis into a coordinate vector for the basis for the image:

b/
[ﬂMH=ULMb (51.19)
For this function f and these pair of basis bivectors we have:
# 10 0 01 0O
U]Z (51.20)
blooo0o010

51.3 EQUATION 3.126 DETAILS

This statement from GAFP deserves expansion (or at least an exercise):

A-(XA(X:B)) =(Ax(x-B)) = ((A-x)xB) = B- (x A (x-A)) (51.21)

Perhaps this is obvious to the author, but was not to me. To clarify this observe the following
product

x(x-B)=x-(x-B)+xA(xX-B) (51.22)

By writing B = b A ¢ we can show that the dot product part of this product is zero:

X-(x-B)=x-(x-b)c—(x-¢c)b)
=(x-c)(x-b)—(x-b)(x-¢)) (51.23)
=0



51.4 JUST FOR FUN. GENERAL DIMENSION COMPONENT EXPANSION OF INERTIA TENSOR TERMS

This provides the justification for the wedge product removal in the text, since one can write

XA (x-B)=x(x-B) (51.24)

Although it was not stated in the text section 51.3, can be used to put this inertia product in a
pure dot product form

A" (XA (x-B)) = —(AX(x - B))

=(x-A-AAX)(x-B)) o1
The trivector-vector part of this product has only vector and trivector components
AAX)X-B)=((AAX)X-B)1 +{(AAX)(X - B))3 (51.26)
So {(A AX)(x- B))g = 0, and one can write
AT (XA(x-B)) =(x-A)-(x-B) (51.27)

As pointed out in the text this is symmetric. That can not be more clear than in section 51.3.

51.4 JUST FOR FUN. GENERAL DIMENSION COMPONENT EXPANSION OF INERTIA TENSOR
TERMS

This triple dot product expansion allows for a more direct component expansion of the compo-
nent form of the inertia tensor. There are three general cases to consider.

o The diagonal terms:

(x-07) (x-0) = (x-0y)° (51.28)

Writing o; = e, where s # f, we have

(x-e)e, — (X - e)e;)”
X2 a2 = 2xxce; - € (51.29)
.

(x - ey)’

+x7
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e Off diagonal terms where basis bivectors have a line of intersection (always true for IR%).

Here, ignoring the potential variation in sign, we can write the two basis bivectors as
o; = ez and o ; = e;, where s # t # i. Computing the products we have

(x-09)-(x-0)) = (X-e5) (X e€;)
= ((x-e5)e; — (x-¢)es) - ((X-e)e; — (X-e)e)

(51.30)
= (xs€; — x;€y) - (x/€; — Xx;€)

Xg Xt

o Off diagonal terms where basis bivectors have no intersection.
An example from R* are the two bivectors e; A e; and e3 A e4

In general, again ignoring the potential variation in sign, we can write the two basis
bivectors as 0; = ey, and o ; = e, where s # t # u # v. Computing the products we have

(x-0)-(x- O-j) =(x-eg) (X-ey)
=((x-epe, —(x-e,)e;)  ((x-e)e, — (x-e,)e) (51.31)
=0

For example, choosing basis o = {ejs, €3, €4, €23, €24, €34} the coordinate transformation
matrix can be written out

7x% + x% X2X3 X2 X4 —X1X3 —X1X4 0
X2 X3 x% + xg X3X4 X1X2 0 —X1X4
[ ]rr _ | Xexs X3X4 x% + xi 0 X1 X2 X1X3 (51.32)
f T —X1X3 X1X2 0 x% + x% X3X4 —XX4 -
—X1X4 0 X1X) X3X4 x? + xi X2X3
0 —X1X4 X1X3 —X2X4 X2 X3 x% + xﬁ_
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51.5 EXAMPLE CALCULATION. MASSES IN A LINE

Pick some points on the x-axis, r') with masses m;. The (IR?) inertia tensor with respect to basis
{eil}, is

0 0 0 0 0 O
“lo o ") 0 1

Observe that in this case the inertia tensor here only has components in the zx and xy planes
(no component in the yz plane that is perpendicular to the line).

51.6 EXAMPLE CALCULATION. MASSES IN A PLANE

Let x = re'

e, where i = e A e be a set of points in the xy plane, and use o = {o7; = e;I} as the
basis for the IR? bivector space.

We need to compute

x- o = r(e%)) - (e;])

. 51.34
= r(e’eele,-l) ( )

Calculation of the inertia tensor components has three cases, depending on the value of i

e =1
1 0
;(X'O'i) = (e"I);
= isin6l (51.35)
= —e3siné
e | = 2
1 i0
;(X-m)=<e ejexl);
(51.36)

0
= —(e"e3);

= —e3cosf
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.i:3

1 .
;(x -0) = (elae1e3(e3elez)>1

= (e"e;),

= %,
Thus for i = {1, 2, 3}, the diagonal terms are
(x- a'i)2 = rz{sin2 9, cos> 0, 1}
and the non-diagonal terms are

(x-01) - (X-02) = r*sinfcos
(x-01)-(x-03)=0

(x-02):(x-03)=0

Thus, with indices implied (r = r;, 8 = 6;, and m = m;, the inertia tensor is

sin’ 6 sinfcosf O

a
[I]U = Z mr? sin 8 cos 6 cos2 6 0
0 0 1

It is notable that this can be put into double angle form

11 -cos20)  1sin26

[ =Y m? Lsin2e  L(1+cos20) 0

0 0

| —co0s26 sin26 O
=52 mr |1+ sin20  cos20 0

0 0

(51.37)

(51.38)

(51.40)

(51.41)

(51.42)

(51.43)

So if grouping masses along each distinct line in the plane, those components of the inertia
tensor can be thought of as functions of twice the angle. This is natural in terms of a rotor
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interpretation, which is likely possible since each of these groups of masses in a line can be
diagonalized with a rotation.

It can be verified that the following xy plane rotation diagonalizes all the terms of constant
angle. Writing

cos§ —sinfd O

Ry ={sin® cosf® O (51.44)
0 0 1
We have
0 0O
(on
[1]0_ = ZmrzR_g 0 1 0lRe (51.45)

0 01






SATELLITE TRIANGULATION OVER SPHERE

52.1 MOTIVATION AND PREPARATION

Was playing around with what is probably traditionally a spherical trig type problem using
geometric algebra (locate satellite position using angle measurements from two well separated
points). Origin of the problem was just me looking at my Feynman Lectures introduction where
there is a diagram illustrating how triangulation could be used to locate "Sputnik" and thought
I had try such a calculation, but in a way that I thought was more realistic.

Figure 52.1: Satellite location by measuring direction from two points

Figure 52.1 illustrates the problem I attempted to solve. Pick two arbitrary points P, and
P5 on the globe, separated far enough that the curvature of the earth may be a factor. For this
problem it is assumed that the angles to the satellite will be measured concurrently.

Place a fixed reference frame at the center of the earth. In the figure this is shown translated
to the (0, 0) point (equator and prime meridian intersection). I have picked e; facing east, e;
facing north, and e; facing outwards from the core.

439



440 SATELLITE TRIANGULATION OVER SPHERE

Each point P; can be located by a rotation along the equatorial plane by angle A; (measured
with an east facing orientation (direction of e;), and a rotation i; towards the north (directed
towards ep).

To identify a point on the surface we translate our (0, 0) reference frame to that point using
the following rotor equation:

Ry = exp(—e3y/2) = cos(y/2) — ez sin(¥/2) (52.1)
R, = exp(—e311/2) = cos(4/2) — ez sin(1/2) (52.2)
R(x) = R,pRlxR;RL (52.3)

To verify that I got the sign of these rotations right, I applied them to the unit vectors using a
m/2 rotation. We want the following for the equatorial plane rotation:

€1 —€3
Ry(m/2) les | Ra(m/2)T = | e,
€3 €]

And for the northwards rotation:

€] €]
Ry(1/2) ey | Ry(m/2)" = | e,
€3 —€3

Verifying this is simple enough using the explicit sine and cosine expansion of the rotors in
eq. (52.1) and eq. (52.2).

Once we have the ability to translate our reference frame to each point on the Earth, we can
use the inverse rotation to translate our measured unit vector to the satellite at that point back to
the reference frame.

Suppose one calculates a local unit vector o’ towards the satellite by measuring direction
cosines in our local reference frame (ie: angle from gravity opposing (up facing) direction, east,
and north directions at that point). Once that is done, that unit vector @ in our reference frame
is obtained by inverse rotation:

@ =R\ R}, o'Ry,R,, (52.4)
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The other place we need this rotation for is to calculate the points P; in our reference from
(treating this now as being at the core of the earth). This is just:

P; = RyRjAiesR R}, (52.5)
Where A; is the altitude (relative to the center of the earth) at the point of interest.

52.2 SOLUTION

Solving for the position of the satellite Py we have:

Py =aja1 + P = ama + P (52.6)
Solution of this follows directly by taking wedge products. Solve for a; for example, we

wedge with a; :

=0

ajai ANar+ P Aap =a2+P2/\a/2 (52.7)

Provided the points are far enough apart to get distinct @; measurements, then we have:

P, —P1)A
a, = M‘ (52.8)
[ AWAN %)
Thus the position vector from the core of earth reference frame to the satellite is:
Py, —P))A
P, = (( »—P1) cxz)al L P (52.9)
a) N\ ap

Notice how all the trigonometry is encoded directly in the rotor equations. If one had to
calculate all this using the spherical trigonometry generalized triangle relations I expect that
you would have an ungodly mess of sine and cosines here.

This demonstrates two very distinct applications of the wedge product. The first was to define
an oriented plane, and was used as a generator of rotations (very much like the unit imaginary).
This second application, to solve linear equations takes advantage of a A a = 0 property of
the wedge product. It was convenient as it allowed simple simultaneous solution of the three
equations (one for each component) and two unknowns problem in this particular case.
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52.3 MATRIX FORMULATION

Instead of solving with the wedge product one could formulate this as a matrix equation:

= [P,-p| (52.10)

b o]

This highlights the fact that the equations are over-specified, which is more obvious still when
this is written out in component form:

=Py Pps (52.11)

2
a3 —a3 Py —Py3

. —@p
a
@2 —Q@22

We have one more equation than we need to actually solve it, and cannot use matrix inversion
directly (Gaussian elimination or a generalized inverse is required).

Recall the figure in the Feynman lectures when the observation points and the satellite are
all in the same plane. For that all that was needed was two angles, whereas we have measured
six for each of the direction cosines used above, so the fact that our equations can include more
info than required to solve the problem is not unexpected.

We could also generalize this, perhaps to remove measurement error, by utilizing more than
two observation points. This will compound the over-specification of the equations, and makes
it clear that we likely want a least squares approach to solve it. Here is an example of the matrix
to solve for three points:

a; —ax 0 ||lag P, — Py
—aq 0 a3 |(ax| = |P1 — P3 (52.12)
0 o -allas P3—-P,

Since the «; are vectors, this matrix of rotated direction cosines has dimensions 9 by 3 (just
as eq. (52.10) is a 3 by 2 matrix).

52.4 QUESTION. ORDER OF LATITUDE AND LONGITUDE ROTORS?

Looking at a globe, it initially seemed clear to me that these "perpendicular” (abusing the word)
rotations could be applied in either order, but their rotors definitely do not commute, so I assume
that together the non-commutative bits of the rotors "cancel out".



52.4 QUESTION. ORDER OF LATITUDE AND LONGITUDE ROTORS?

Question, is it actually true that the end effect of applying these rotors in either order is the
same?

X' = RyR\xR R}, = RyRy xR} R} (52.13)

Attempting to show this is true or false by direct brute force expansion is not productive
(perhaps would be okay with a symbolic GA calculator). However, such a direct expansion of
just the rotor products in either order allows for a comparison:

RyRy = (cos(/2) — e3 sin(yr/2))(cos(4/2) — e31 sin(4/2))

= cos(/2) cos(A/2) — e3p sin(y/2) cos(A/2) — e3; cos(y/2) sin(A/2) — ez sin(y¥/2) sin(1/2)

(52.14)
RRy = (cos(4/2) — ez sin(4/2))(cos(yr/2) — e32 sin(y/2))
ap
\
= [cos(u//z) coswz)j
A (52.15)

\
+ [—e32 sin(y/2) cos(1/2) — e31 cos(i/2) sin(/l/z)]
B

\
+ [em sin(y/2) sin(/l/2)]

Observe that these are identical except for an inversion of sign of the e;; term. Using the
shorthand above the respective rotations are:

Riy(x) = R¢Rﬁijij = (ap+A - B)x(ag— A + B) (52.16)
And
Rya(x) = RlR(ﬁxR;LR; = (ap+ A+ B)x(ag— A - B) (52.17)

And this can be used to disprove the general rotation commutativity. We take the difference
between these two rotation results, and see if it can be shown to equal zero. Taking differences,
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also temporarily writing a = ag + A, and exploiting a grade one filter since the final result must
be a vector we have:

Ray(0) = Ry a(x) = (Ruy(x) = Ry (),
((a=B)x(a" + B) - (a + B)x(@’ - B)),

(axaT — BxB-Bxa' + axB) + (—axa* + BxB + axB — B)caT)>1

<(—Banr + axB) + (+axB — Banr)>1

= 2<—Bxcff + axB>1

= 2(=Bx(ap — A) + (ap + A)xB);

= 2ay(—Bx + xB) + 2(BxA + AxB); (52.18)
=4apx - B+ 2(BxA + AxB);
=4apx-B+2(B-xA—AB-x); +2(BA XA+ Ax A B),
=4apx-B+4(B-x)-A+2(BAXx)-A+2A-(BAX)
=4apx-B+4(B-x)-A+2(BAx)-A-2(BAXx)-A
=4apx-B+4(B-x)-A

=4(B-x)-(—ap+A)

= —4B-x)-a'

Evaluate this for x = e; we do not have zero (a vector with e, and ez components), and for
x = e this difference has e, and e3 components. However, for x = ej3 this is zero. Thus these
rotations only commute when applied to a vector that is completely normal to the sphere. This
is what messes up the intuition. Rotating a point (represented by a vector) in either order works
fine, but rotating a frame located at the surface back to a different point on the surface, and
maintaining the east and north orientations we have to be careful which orientation to use.

So which order is right? It has to be rotate first in the equatorial plane (1), then the northwards
rotation, where both are great circle rotations.

A numeric confirmation of this is likely prudent.



EXPONENTIAL SOLUTIONS TO LAPLACE EQUATION IN R¥

53.1 THE PROBLEM

Want solutions of

62
vip= Y f2:0 (53.1)
k
For real f.

53.1.1 One dimension

Here the problem is easy, just integrate twice:

f=cx+d. (53.2)

53.1.2 Two dimensions

For the two dimensional case we want to solve:

2 2
(’)f+8f

=0 53.3
6x12 5)622 ( )

Using separation of variables one can find solutions of the form f = X (x;)Y (x,). Differ-
entiating we have:

X"'Y+XY" =0 (53.4)

So,for X # 0,and Y # O:

X’ Yy’
-7 = k2 (53.5)
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Co X = o (53.6)
Y = " (53.7)
f—1 f = XY = ek(x+iy) (538)

Here i is anything that squares to -1. Traditionally this is the complex unit imaginary, but we
are also free to use a geometric product unit bivector such asi = e; Ae, = eje; = ey, ori = ey;.
With i = e, for example we have:

f = XY = ek(x+iy) — ek(x+e12y)
— Merer+erny) (53.9)

— ekel (xe;+e2y)

Writing x = )’ x;e;, all of the following are solutions of the Laplacian

ekelx
exkel
(53.10)

ekezx

exkeg

Now there is not anything special about the use of the x and y axis so it is reasonable to expect
that, given any constant vector K, the following may also be solutions to the two dimensional
Laplacian problem

eXk — eX~k+X/\k (53] 1)

ekX — eX'k—X/\k (53 1 2)
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53.1.3  Verifying it is a solution

To verify that equations eq. (53.11) and eq. (53.12) are Laplacian solutions, start with taking
the first order partial with one of the coordinates. Since there are conditions where this form of
solution works in RY, a two dimensional Laplacian will not be assumed here.

0
Xk (53.13)
ox j
This can be evaluated without any restrictions, but introducing the restriction that the bivector
part of xKk is coplanar with its derivative simplifies the result considerably. That is introduce a
restriction:

Ak
<x/\kax > = (xAke; Ak), =0 (53.14)
2

Xj

With such a restriction we have

— e = e jke™ = ek (53.15)

ox j

Now, how does one enforce a restriction of this form in general? Some thought will show that

one way to do so is to require that both x and k have only two components. Say, components j,
and m. Then, summing second partials we have:

82
Z o S = (ejkek + e, ke, k)
u=j,m u

53.16
2K + 263 + 2k & + 2K, + 2k jhimn ) € (6310

e;k(-ke; + 2k - ¢;) + e, k(-ke,, + 2e,, - K))
—2K + 2K + 2K k(€ + €jn)) €

(
(
(

0

This proves the result, but essentially just says that this form of solution is only valid when
the constant parametrization vector k and x and its variation are restricted to a specific plane.
That result could have been obtained in much simpler ways, but I learned a lot about bivector
geometry in the approach! (not all listed here since it caused serious digressions)
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53.1.4  Solution for an arbitrarily oriented plane

Because the solution above is coordinate free, one would expect that this works for any solution
that is restricted to the plane with bivector i even when those do not line up with any specific pair
of two coordinates. This can be verified by performing a rotational coordinate transformation
of the Laplacian operator, since one can always pick a pair of mutually orthogonal basis vectors
with corresponding coordinate vectors that lie in the plane defined by such a bivector.

Given two arbitrary vectors in the space when both are projected onto the plane with constant
bivector i their product is:

(x-i%) (%lk) =(x-Dk-i) (53.17)

Thus one can express the general equation for a planar solution to the homogeneous Laplace
equation in the form

exp((x-i)(k-i)) = exp((x-i)- (k-i) + (x-i) A (k-i)) (53.18)

53.1.5 Characterization in real numbers

Now that it has been verified that equations eq. (53.11) and eq. (53.12) are solutions of eq. (53.1)
let us characterize this in terms of real numbers.
If x, and k are colinear, the solution has the form

XK (53.19)

(ie: purely hyperbolic solutions).
Whereas with x and k orthogonal we have can employ the unit bivector for the plane spanned

by these vectors i = éﬁ:ﬁlz
K = cos|x A K| = isin|x A K| (53.20)
Or:
AK Ak
XAk :cos(x, )iisin(x, ) (53.21)
i i

(ie: purely trigonometric solutions)
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Provided x, and k are not colinear, the wedge product component of the above can be written

in terms of a unit bivector i = &Q']:l:

xk — ex-k+x/\k

e
= ¥ (cos|x A K| +isin[x A K|) (53.22)
oo (555 n (55 |
=" |cos| — +isin| —
i i
And, for the reverse:
() = kX = Xk (cos|x AK|—isin (|x AK]))
(53.23)

e (557 (557
=e COS ; —181n ;

This exponential however has both scalar and bivector parts, and we are looking for a strictly
scalar result, so we can use linear combinations of the exponential and its reverse to form a
strictly real sum for the x A k # 0O cases:

1 ANk
3 (e"k + ekx) = &% cos (X - )
| (53.24)
ﬁ (exk _ ekx) — ex-k sin
Also note that further linear combinations (with positive and negative variations of k) can be
taken, so we can combine equations eq. (53.11) and eq. (53.12) into the following real valued,

coordinate free, form:

&
sinh(x-k)cos( i )
)

i

x Ak

1

w
>
o

cosh(x - k) cos
i

»
>
o

(53.25)

™
>
-

cosh(x - K) sin

W
>
=

sinh(x - K) sin (
Observe that the ratio # is just a scalar determinant

x Ak
i

= Xjkm — Xuk; (53.26)
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So one is free to choose k' = k,.e; —

AK
cos(x - K) cosh X

sin(x - k") cosh

ANK
cos(x - k) sinh X

s
(x/\k
5

Ne— S — —

sin(x - k') sinh (X /\ K )
i

k je;,, in which case the solution takes the alternate form:

(53.27)

These sets of equations and the exponential form both remove the explicit reference to the
pair of coordinates used in the original restriction

(xnke;jAk), =0

that was used in the proof that ¢*

(53.28)

was a solution.



HYPER COMPLEX NUMBERS AND SYMPLECTIC STRUCTURE

54.1 oON 4.2 HERMITIAN NORMS AND UNITARY GROUPS

These are some rather rough notes filling in some details on the treatment of [21].
Expanding equation 4.17

J=¢eAf
a = uje; + vif;
i€t il (54.1)
b = xie; +Yifi
B=anb+@-HYANDb-J)
aANb = (uje;+vif) N(xjej+y;f) (54.2)
:u,-xje,-/\ej+uiyjei/\fj+v,-xjﬁ/\ej+v,-yjﬁ/\fj
a-J:u;e,--(ej/\fj)+v,-ﬁ~(ej/\fj) (54.3)
=ujfi=vje,
Search and replace for b - J gives
b-J=xiei-(ejAfj)+yifi-(ejAfj) (54.4)
= Xifj=yiej
So we have
(@a-HANDb-J) = (uifi —vie)) N(x;fj—yje;) (54.5)

= u,-xjf,-/\fj—u,-yjf,-/\ej—vixjeiA}‘j+viyjeiAej

For

anNb+(@-J)ND-J)=uiy;—vixj)e; N fi— fiNej)+uixj+viyj)eiANej+ f; A f})
(54.6)
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This shows why the elements were picked as a basis

Ginfi—fine (54.7)

ei/\ej+f,-/\fj (54.8)

The first of which is a multiple of J; = e; A f; when i = j, and the second of which is zero if
i=].

54.2 5.1 CONSERVATION THEOREMS AND FLOWS

equation 5.10 is

f=x-Vf=NfAVH)-J (54.9)

This one is not obvious to me. For f we have

-0
por, or, (o (54.10)
“opl T 81T o
compare to
P P
x-Vf = (piei+qifi)- (ej—f +fj_f)
Ipj 04 (54.11)
_.of . of '
Pigy +igy

Okay, this part matches the first part of (5.10). Writing this in terms of the Hamiltonian
relation (5.9) x = VH - J we have

f=NH-J)-Vf

(54.12)
=Vf-(VH-J)

The relation a - (b - (¢ Ad)) = (a A b) - (c Ad), can be used here to factor out the J, we have

f=Vf-(VH-J)

54.13
= (VfAVH)-J G139
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which completes (5.10).
Also with f = H since H was also specified as having no explicit time dependence, one has

H=(NHAVH)-J=0-J=0 (54.14)






NEWTON’S METHOD FOR INTERSECTION OF CURVES IN A
PLANE

55.1 MOTIVATION

Reading the blog post Problem solving, artificial intelligence and computational linear algebra
some variations of Newton’s method for finding local minimums and maximums are given.

While I had seen the Hessian matrix eons ago in the context of back propagation feedback
methods, Newton’s method itself I remember as a first order root finding method. Here I refresh
my memory what that simpler Newton’s method was about, and build on that slightly to find
the form of the solution for the intersection of an arbitrarily oriented line with a curve, and
finally the problem of refining an approximation for the intersection of two curves using the
same technique.

55.2 ROOT FINDING AS THE INTERSECTION WITH A HORIZONTAL

The essence of Newton’s method for finding roots is following the tangent from the point of first
guess down to the line that one wants to intersect with the curve. This is illustrated in fig. 55.1.
Algebraically, the problem is that of finding the point x;, which is given by the tangent

fxo)—b
xXo—x1

I (x0). (55.1)

Rearranging and solving for x|, we have

flxo)—b
1 (x0)

If one presumes convergence, something not guaranteed, then a first guess, if good enough,
will get closer and closer to the target with each iteration. If this first guess is far from the target,
following the tangent line could ping pong you to some other part of the curve, and it is possible
not to find the root, or to find some other one.

X] = X — (55.2)
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39

g=£1x) | l

X=X A=xXo

~

Figure 55.1: Refining an approximate horizontal intersection
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(%)

U, FOxa))

Figure 55.2: Refining an approximation for the intersection with an arbitrarily oriented line
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55.3 INTERSECTION WITH A LINE

The above pictorial treatment works nicely for the intersection of a horizontal line with a curve.
Now consider the intersection of an arbitrarily oriented line with a curve, as illustrated in
fig. 55.2. Here it is useful to setup the problem algebraically from the beginning. Our problem
is really still just that of finding the intersection of two lines. The curve itself can be considered
the set of end points of the vector

r(x) = xe; + f(x)ey, (55.3)
for which the tangent direction vector is
d
() = - = e+ f/(Dex. (55.4)
dx

The set of points on this tangent, taken at the point xg, can also be written as a vector, namely

(x0, f(x)) + at(xo). (55.5)

For the line to intersect this, suppose we have one point on the line py, and a direction vector
for that line 0. The points on this line are therefore all the endpoints of

po + fa. (55.6)

Provided that the tangent and the line of intersection do in fact intersect then our problem
becomes finding « or g after equating eq. (55.5) and eq. (55.6). This is the solution of

(x0, f(x0)) + at(xo) = po + Bl (35.7)

Since we do not care which of @ or 8 we solve for, setting this up as a matrix equation in two
variables is not the best approach. Instead we wedge both sides with t(xp) (or @), essentially
using Cramer’s method. This gives

((x0, f(x0)) = Po) A t(xo) = Bl A t(xo). (55.8)

If the lines are not parallel, then both sides are scalar multiples of e; A e», and dividing out
one gets
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g ((xo, f(x0)) = o) A txo). (55.9)

a A t(x)

Writing out t(xp) = e; + f’(xp)ez, explicitly, this is

((x0, f(x0)) —Po) A (e1 + f'(x0)e2)

B= — (55.10)
U A (e + f'(x0)e2)
Further, dividing out the common e; A e; bivector, we have a ratio of determinants
xo—Ppo-e f(xo0)—Po-e
1 1" (x0)
B= . (55.11)
a- € - (%)
L f'(x0)
The final step in the solution is noting that the point of intersection is just
po + 40, (55.12)
and in particular, the x coordinate of this is the desired result of one step of iteration
Xo—Po-er f(x0)—Po-e2
1’ (x0)
X1 :po-e1+(ﬁ-e1) . (55.13)
- €1 a- €
L f'(x0)

This looks a whole lot different than the original x; for the horizontal from back at eq. (55.2),
but substitution of @i = e;, and py = be,, shows that these are identical.

55.4 INTERSECTION OF TWO CURVES

Can we generalize this any further? It seems reasonable that we would be able to use this New-
ton’s method technique of following the tangent to refine an approximation for the intersection
point of two general curves. This is not expected to be much harder, and the geometric idea is
illustrated in fig. 55.3
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Figure 55.3: Refining an approximation for the intersection of two curves in a plane



55.5 FoLLOwWUP

The task at hand is to setup this problem algebraically. Suppose the two curves s(x), and r(x)
are parametrized as vectors

s(x) = xe; + s(x)ep (55.14)
r(x) = xe; + r(x)e;. (55.15)

Tangent direction vectors at the point xq are then

s'(x0) = e + 5"(xp)ez (55.16)
r'(xo) = e + 1’ (xp)ez. (55.17)

The intersection of interest is therefore the solution of

(x0, 5(x0)) + as’ = (xg, r(xp)) + Br’. (55.18)

Wedging with one of tangent vectors s’ or r’ provides our solution. Solving for « this is

0 r(xo) — s(xo)

O, r(x0) = so) AY _I"-er 1-e r(xo) — s(xo)
a = — = = —— - . (55.19)
S’ AT s-e; §-e r'(xg) — 8" (xp)
r-e r-e

To finish things off, we just have to calculate the new x coordinate on the line for this value
of a, which gives us

r(xo) — s(xo)

X]=xg— —mmmm—.
07 P(x0) - ' (x0)

(55.20)
It is ironic that generalizing things to two curves leads to a tidier result than the more specific

line and curve result from eq. (55.13). With a substitution of (x) = f(x), and s(x) = b, we once
again recover the result eq. (55.2), for the horizontal line intersecting a curve.

55.5 FOLLOWUP

Having completed the play that I set out to do, the next logical step would be to try the min/max
problem that leads to the Hessian. That can be for another day.
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CENTER OF MASS OF A TOROIDAL SEGMENT

56.1 MOTIVATION

In I love when kids stump me, the center of mass of a toroidal segment is desired, and the
simpler problem of a circular ring segment is considered.

Let us try the solid torus problem for fun using the geometric algebra toolbox. To setup the
problem, it seems reasonable to introduce two angle, plus radius, toroidal parametrization as
shown in fig. 56.1.

&

Figure 56.1: Toroidal parametrization
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Our position vector to a point within the torus is then

r(p,0,¢) = ¢ (pe ¢ + Res) e/*/? (56.1a)
j=eze; (56.1¢)

Here i and j for the bivectors are labels picked at random. They happen to have the quaternion-
ic properties ij = —ji, and i> = j> = —1 which can be verified easily.

56.2 VOLUME ELEMENT

Before we can calculate the center of mass, we will need the volume element. I do not recall
having ever seen such a volume element, so let us calculate it from scratch.
‘We want

o or 9
dV = +ejese; (i A a_; A é) dpd6de, (56.2)

so the first order of business is calculation of the partials. After some regrouping those are

or

o o 012¢, ¢ o012 (56.3)
o

or  _un . 6/2

55 = ¢ I (R+ psing) exe’ (56.3b)
0 . .

é = ¢ 2 peseid e I0I2, (56.3¢)

For the volume element we want the wedge of each of these, and can instead select the trivec-
tor grades of the products, which conveniently wipes out a number of the interior exponentials

or Jr Or : : 5
— A —A— =p(R+psing) (e7%e ePere3¢' e/ 56.4
o0 560" 5g =" (R+psing) < 1e'%eze3 >3 (56.4)
Note that e; commutes with j = ese;, so also with e 92 Also erez = — Jj anticommutes with
i, so we have a conjugate commutation effect e’? j = je™®. Together the trivector grade selection

reduces almost magically to just

or or 8
i A 6—2 A é = p(R+psind) ejeres (56.5)
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Thus the volume element, after taking the positive sign, is

dV =p (R+ psing) dpdfdg. (56.6)

As a check we should find that we can use this to calculate the volume of the complete torus,
and obtain the expected V = (27R)(nr?) result. That volume is

= fr f f (R + psing) dpdbde. (56.7)
p=0 J0=0 J¢=0

The sine term conveniently vanishes over the 2r interval, leaving just
1
V= 5rZR(zn)(zn), (56.8)

as expected.

56.3 CENTER OF MASS

With the prep done, we are ready to move on to the original problem. Given a toroidal segment
over angle 6 € [-A8/2, A8/2], then the volume of that segment is

AV = rPRrA6. (56.9)

Our center of mass position vector is then located at

AO/2
RAV = f f f e 12 pele’¢ +Re3)eﬂ/2p (R +psing) dpdbdg.  (56.10)
6=—A0/2 Jp=0

Evaluating the ¢ integrals we loose the f02” ¢ and fo% sin ¢ terms and are left with fozﬂ ¢ sin pdep =
ir/2 and [ d¢ = 2x. This leaves us with

r A2 _ . .
RAV = f f (e—f‘” 2pPe3 el 4 2npR2e3eﬂ) dpd6 (56.11)
0 Jo=—10)2 2
A6/2 .
= f (e_ﬂ/2 4e3 el 4 27r r R2e3eﬂ) do (56.12)
0=—06/2 8 2
A6/2 x
:f ( ~I02 36,0102 4 12 R2e5e/ )d@ (56.13)
9=—A6/2 8
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Since e3j = —jes, we have a conjugate commutation with the e=/%/2 for just

7”2 AO/2 )
RAV = 7’ (— + Rz) e f e?do (56.14)
8 6=—06/2
2
- (% + RZ) €32 sin(A6)2). (56.15)

A final reassembly, provides the desired final result for the center of mass vector

2 .
! (r— +R2)M. (56.16)

R=e;—
“R\s A0/2

Presuming no algebraic errors have been made, how about a couple of sanity checks to see if
the correctness of this seems plausible.

We are pointing in the z-axis direction as expected by symmetry. Good. For A8 = 2, our
center of mass vector is at the origin. Good, that is also what we expected. If we let r — 0, and
A8 — 0, we have R = Rejs as also expected for a tiny segment of “wire” at that position. Also
good.

56.4 CENTER OF MASS FOR A CIRCULAR WIRE SEGMENT

As an additional check for the correctness of the result above, we should be able to compare
with the center of mass of a circular wire segment, and get the same result in the limit » — 0.
For that we have

AG/2 _
Z(RAG) = f Rie Rdo (56.17)
6=—A6/2
So we have
7= LRil(e—'M/2 — 0012y (56.18)
AO —i ' '

Observe that this is

isin(AQ/ 2)

Z=R
AG/2

(56.19)

which is consistent with the previous calculation for the solid torus when we let that solid
diameter shrink to zero.
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In particular, for 3/4 of the torus, we have A8 = 27(3/4) = 31/2, and

4sin3n/4) 22
4

B 3n

We are a little bit up the imaginary axis as expected.

I had initially somehow thought I had been off by a factor of two compared to the result by
The Virtuosi, without seeing a mistake in either. But that now appears not to be the case, and
I just screwed up plugging in the numbers. Once again, I should go to my eight year old son
when I have arithmetic problems, and restrict myself to just the calculus and algebra bits.
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NOTATION AND DEFINITIONS

Here is a summary of the notation and definitions that will be used.
The following tables summarize a lot of the notation used in these notes. This largely follows
conventions from [7].

A.l COORDINATES AND BASIS VECTORS

Greek letters range over all indices and English indices range over 1, 2, 3.

Bold vectors are spatial entities and non-bold is used for four vectors and scalars.

Summation convention is often used (less so in earlier notes). This is summation over all sets
of matched upper and lower indices is implied.

While many things could be formulated in a metric signature independent fashion, a time posi-
tive (+, —, —, —) metric signature should be assumed in most cases. Specifically, that is (y()? = 1,
and (yp)* = —1.
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Yu Y Yy = M, Four vector basis vector
Yy - yy = £61,)
(yo)*(y)? = -1 Minkowski metric
oy = ok =Yk AYo Spatial basis bivector. (o - 0j = 0x;)
= YkY0
I =YoAYLAY2 AY3 Four-vector pseudoscalar
=7Y0Y1Y2Y3
= 70123
Yy, =0, Reciprocal basis vectors
xH =x-y! Vector coordinate
X =XV Coordinate for reciprocal basis
X = Ypuxt Four vector in terms of coordinates
= yix,
%0 =x-9° Time coordinate (length dim.)
=ct
X =xAY0 Spatial vector
= xkO'k
x? =x-Xx Four vector square.
= xxy
x? =x-X Spatial vector square.
= i (9)?
= IxP’

If convient sometimes i will be used for the pseudoscalar.

A.2 ELECTROMAGNETISM

SI units are used in most places, but occasionally natural units are used. In some cases, when
working with material such as [1], CGS modifications of the notation are employed.



E =3 Efoy
B =) Bfoy
& =Efoy
H = Hroy

J =yt
= yJ,

F =E+IcB
= Fu Nyy
=E+IH

JO =790
=cp

J =JnAy

= Jkoy

A.2 ELECTROMAGNETISM

Electric field spatial vector
Magnetic field spatial vector
(CGS)Electric field spatial vector
(CGS)Magnetic field spatial vector

Current density four vector.

Electromagnetic (Faraday) bivector
in terms of Faraday tensor

(CGS)

Charge density.

(current density dimensions.)

(CGS) (current density dimensions.)

Current density spatial vector
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A.3 DIFFERENTIAL OPERATORS

Oy = 0/0x* Index up partial.
o = 0/0x, Index down partial.
O  =0/0x10/0x" Index up partial.
\Y = > y"o/ox* Spacetime gradient
= Y19,
= 2 ¥u0/0x,
= Y
v = o%o; Spatial gradient
Ak = Akl Joks Fourier coefficient, integer indices.
VA =(V-V)A Four Laplacian.
= (o0 — 2k Ok)A
dx  =dx'dx*dx’ Spatial volume element.
d*x = dx%dx'dx*dx’ Four volume element.
fm = fa b Integration range I = [a, b]
STA Space Time Algebra
(xyz) = XyzXyz = 7yX Reverse of a vector product.
A4 Misc

The PV notation is taken from [22] where the author uses it in his Riemann integral proof of the
inverse Fourier integral.

PV f_ o:o = limg_, fRR Integral Principle value
A(k) =F(Ax)) Fourier transform of A
A(x) = F1(A(k)) Inverse Fourier transform

exp(ik¢) = cos(|k|¢) + I;_tl sin(|k|¢) bivector exponential.



SOME HELPFUL IDENTITIES

— Theorem B.1: Distribution of inner products

Given two blades A, B, with grades subject to s > r > 0, and a vector b, the inner product
distributes according to

As-(bAB,) = (A,-b)-B,

This will allow us, for example, to expand a general inner product of the form d*x - (@ A F).
The proof is straightforward, but also mechanical. Start by expanding the wedge and dot
products within a grade selection operator

As - (bABy)=(As(b A Br)>s—(r+1)

1 (B.1)
= 54 (0B + (1 Bib))
Solving for B,b in
2b- B, = bB, — (-1)'B,b, (B.2)
we have
As- (b N B) = 3(ADbB, + A, (6B, ~ 2D B )

= (AbBy), 11 — (As (b-Bryy7 )

The last term above is zero since we are selecting the s — r — 1 grade element of a multivector
with grades s —r + 1 and s + r — 1, which has no terms for » > 0. Now we can expand the A;b
multivector product, for

As-(bAB) = ((As b+ Ay AD) By i), (B.4)

The latter multivector (with the wedge product factor) above has grades s +1 —rand s+ 1 +r,
so this selection operator finds nothing. This leaves

Ag-(DAB,) =((As- D) By + (Ag - D) A Br)s_(r11)- (B.5)

The first dot products term has grade s — 1 — r and is selected, whereas the wedge term has
grade s—1+r#s—r—1(forr>0). [

477
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— Theorem B.2: Distribution of two bivectors

For vectors a, b, and bivector B, we have

(anb) B=1(a-(b-B)~b-(a-B)). (B.6)

Proof follows by applying the scalar selection operator, expanding the wedge product within
it, and eliminating any of the terms that cannot contribute grade zero values

(anb)-B= <%(ab—ba)B>
:%(a(b-B+b/f(B)—b(a-B+a/f(B))
:%(a.(b.3)+w—b-(a-3)—w

:%(a-(b-B)—b-(a-B)) 0

B.7)

— Theorem B.3: Inner product of trivector with bivector

Given a bivector B, and trivector a A b A ¢ where a,b and ¢ are vectors, the inner product
is

(aAbAac)-B=a((bAc)-B)+b((cra)-B)+c((anb)-B). (B.8)
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This is also problem 1.1(c) from Exercises 2.1 in [15], and submits to a dumb expansion in
successive dot products with a final regrouping. With B=u A v

(anbAc)-B=((anbAc)(uAv)),

((
((aAbAc) (uv—u-v)),
((

a/\b/\c) u)-v

Il
—
hD
\_/
<
—~
O
E
~—
A
99

v(b-u)+(bAc)-v(a-u)

:a(b V)(c u)—b(a V) c-u)
+c(a-v)(b-u)—a(c-v)(b-u)
+b(c-v)(a-u)—c(b-v)(a-u)

(B.9)

I
0
—~
Y

—~ =
<
SN~—
—~
(g}

. =
S—
|
—~
(g}
<
~
—~
=n
=
~—
~

Il
-]
—~

=p
>
(£]
~
—~
=
>
<

+c(anb)-(uAv)
=a(bAc)-B+b(cra)-B+c(anb)-B. O

— Theorem B.4: Distribution of two trivectors

Given a trivector T and three vectors a, b, and ¢, the entire inner product can be expanded
in terms of any successive set inner products, subject to change of sign with interchange
of any two adjacent vectors within the dot product sequence

(@anbAac)-T=a-(b-(c-T))

—a-(c-(b-T))

b-(c-(a-T)) (B.10)
==b-(a-(c-T7))

=c-(a-(b-T))

=—c-(b-(a-7)).

To show this, we first expand within a scalar selection operator

(aAbAce)-T=((arnbAre)T)

1 (B.11)
= g<abcT —acbT + bcaT — babT + cabT — cbaT)
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Now consider any single term from the scalar selection, such as the first. This can be re-
ordered using the vector dot product identity

(abeT) =(a(-cb+2b-¢)T) (B.12)
= —(acbT) + 2b - c(aP7.

The vector-trivector product in the latter grade selection operation above contributes only
bivector and quadvector terms, thus contributing nothing. This can be repeated, showing that

(abcT) = —(acbT)
+(bcaT)
—(bacT’) (B.13)
+{cabT)
—{cbaT).

Substituting this back into eq. (B.11) proves theorem B.4.

— Theorem B.5: Permutation of two successive dot products with trivector

Given a trivector T and two vectors a and b, alternating the order of the dot products
changes the sign

a-b-T)=-b-(@- 7). (B.14)

This and theorem B.4 are clearly examples of a more general identity, but I’ll not try to prove
that here. To show this one, we have

a-(b-T)=<(a- 7))
= %(abT+aTb)1
= %((—ba +2a-b)T + (a-T)b +a~Th), (B.15)
=%(—b-(a-T)+(a-T>.b>
=-b-@ 7). O

Cancellation of terms above was because they could not contribute to a grade one selection.
We also employed the relation x - B = —B - x for bivector B and vector Xx.

Theorem B.6: Duality in a plane

For a vector a, and a plane containing a and b, the dual a* of this vector with respect to
this plane is
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2’ = % (B.16)
Satisfying

a*-a=1, (B.17)
and

a“-b=0. (B.18)

To demonstrate, we start with the expansion of
b-(aAb)=(b-a)b-b’a. (B.19)

Dotting with a we have

a-(b-(a/\b)):a-((b-a)b—bza)

(B.20)
= (b-a)’ - b’a’,
but dotting with b yields zero
b-(b—(a/\b)):b'((b~a)b—bza)
(B.21)

=(b-a)b>—b*(a-b)
=0.

To complete the proof, we note that the product in eq. (B.20) is just the wedge squared

(aAb)? = <(a A b)2>
={((ab—a-b)(ab—a-b))

= (abab — 2 (a-b)ab) + (a- b)? (B.22)
= (ab(-ba +2a-b)) — (a-b)?
= (a-b)’> —a’b>.

This duality relation can be recast with a linear denominator

. b-(aAb)
" =

~ (aAb)?

_p b (B.23)

~ (aAb)?
_,aAblaabl 1

~ “JaAblaAb (aAb)’
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or

1

We can use this form after scaling it appropriately to express duality in terms of the pseu-
doscalar.

— Theorem B.7: Dual vector in a three vector subspace

In the subspace spanned by {a, b, ¢}, the dual of a is

1

a*=bArc—,
aAbAc

Consider the dot product of a* with u € {a, b, c}.

u-a*:<ub/\c—>
aAbAc
—fu-tbre)—— N+ {uabre—— (B.25)
aAbAc aAnbAc
= -b)c— —_— AbAe————).
((u-b)e aAbAc +<u ca/\b/\c>

The canceled term is eliminated since it is the product of a vector and trivector producing no
scalar term. Substituting a, b, ¢, and noting that u A u = 0, we have

b-a" =0 (B.26)
a

— Theorem B.8: Pseudoscalar selection

For grade k blade K € A* (i.e. a pseudoscalar), and vectors a, b, the grade k selection of
this blade sandwiched between the vectors is

(aKby, = (DY (Kaby, = (-D**'K (a-b).
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To show this, we have to consider even and odd grades separately. First for even k we have
(aKb), = ((a- K +a~K)b),
= %((aK — Ka)b), (B.27)
= %(aKb>k - %(Kabhc,

or

(aKb), = —(Kab);

B.28
=—-K(a-b). ( )
Similarly for odd k, we have
(akKb); = ((a- K +aAK)b),
1
= 5((aK + Ka)b), (B.29)
1 1
= E(aKb),( + §<Kab>k,
or
(aKb), = (Kab), (B.30)

=K(a-b).

Adjusting for the signs completes the proof.
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SOME FOURIER TRANSFORM NOTES

c.] MOTIVATION

In [25] the Fourier transform pairs are written in a somewhat non-orthodox seeming way.

1 « ;
— —ipx/ hd
Hp) = = f e dx o
1 0 ; '
— ipx/ hd
v = = f o dp

The aim here is to do verify this form and do a couple associated calculations (like the
Rayleigh energy theorem).

Cc.2  VERIFY TRANSFORM PAIR

As an exercise to verify, in a not particularly rigorous fashion, that we get back our original
function applying the forward and reverse transformations in sequence. Specifically, let us com-
pute

FUF (@ (x) =PV \/Zl_h f m( \/21_71 f ) gb(u)e_ip”/hdu)eipx/hdp (C.2)
T —00 T —00

Here PV is the principle value of the integral, which is the specifically symmetric integration

00 R
PV f = Igim (C.3)
—oo —oo J_p
We have for the integration
- 1 ip(x—u
FHF W(x)) =PV 57 | f P p (C.4)
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Now, letv = (x—u)/h,oru = x—vh for

1 R 1 1. R

— f dvp(x —v 1) f ePdp = — f dvp(x —vh) —e'?”

2r _R 2r v p=—R
_ f dvy(x— v iy SR

v

(C5)

In a hand-waving (aka. Engineering) fashion, one can identify the limit of sin(Rv)/zv as the
Dirac delta function and then declare that this does in fact recover the value of ¥(x) by a Dirac
delta filtering around the point v = 0.

This does in fact work out, but as a strict integration exercise one ought to be able to do
better. Observe that the integral performed here was not really valid for v = 0 in which case the
exponential takes the value of one, so it would be better to treat the neighborhood of v = 0 more
carefully. Doing so

R —e .
L fdwﬁ(x —vh) f ePdp = f dv(x —vh) sin(Rv)
2 _R oo v

1%

in(R
+ f dvy(x —vh) sin(Rv)
v=€ g
1 € R )
+ — dvp(x —vh) f ePdp (C.6)
2n V=—€ -R

sin(Rv)

:f dv (y(x—vh) +¢(x+Vvh))

1 € R
+ — dwp(x —vh) f e'Pdp
2n v=—€ -R

Now, evaluating this with € allowing to tend to zero and R tending to infinity simultaneously
is troublesome seeming. I seem to recall that one can do something to the effect of setting
€ = 1/R, and then carefully take the limit, but it is not obvious to me how exactly to do this
without pulling out an old text. While some kind of ad-hoc limit process can likely be done
and justified in some fashion, one can see why the hard core mathematicians had to invent an
alternate stricter mathematics to deal with this stuff rigorously.

That said, from an intuitive point of view, it is fairly clear that the filtering involved here will
recover the average of ¥(x) in the neighborhood assuming that it is piecewise continuous:

1
FHFW(x) = 3 W= +y(x+o) (C.7)

After digging through my old texts I found a treatment of the Fourier integral very similar
to what I have done above in [22], but the important details are not omitted (like integrability
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conditions). I had read that and some of my treatment is obviously was based on that. That text
treats this still with Riemann (and not Lebesgue) integration, but very carefully.

c.3 PARSEVAL’S THEOREM

In [25] he notes that Parseval’s theorem tells us

f ) fglxdx = f ) F(k)G* (k)dk
o oo (C.8)

f ) |f(x)PPdx = f ) |F(k)[*dk

The last of these in [14] is called Rayleigh’s energy theorem. As a refresher in Fourier manip-
ulation, and to translate to the QM Fourier transform notation, let us go through the arguments
required to prove these.

c.3.1 Convolution

We will need convolution in the QM notation as a first step to express the transform of a product.
Suppose we have two functions ¢;(x) , and their transform pairs @;(x) = F(¢;), then the
transform of the product is

1
V2nh

Now write ¢,(x) in terms of its inverse transform

D12(p) = Fd1(0)da(x)) =

f ¢1(X)pa(x)e” P M dx (C.9)

1 R .
ba0) = = f B2 "y C.10)
JT —00

The product transform is now

¥ 1 * 1 * i —ipx
Di2(p) = \/ﬂf ¢1(X)mf Fo(w)e™ ! TdueP¥ gy
T —00 JT —00

A e .
_ J f ~ix(p-w/h g
ot Ioo ug(u) e ) P1(x)e x o

1 0 - -
= d _
o f @ (p - )
1 o -
- f _Ahm(p-Y)
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So we have product transform expressed by the convolution integral, but have an extra
1/ V2n h factor in this form

1 f <L
dvg1(V)pa(p —v) (C.12)
V2 h J-eo
c.3.2  Conjugation

Next we need to see how the conjugate transforms. This is pretty straight forward

5 21 2 foo & ()i
V2 —00

X C.13
_ ( 1 foo ¢(x)eipx/ hdx) ( )
V2 h J-
So we have
¢"(x) & ($(-p))” (C.14)

c.3.3 Rayleigh’s Energy Theorem

Now, we should be set to prove the energy theorem. Let us start with the momentum domain
integral and translate back to position basis

f : dpd(p)F () = f " dp vl_ f " dxp(0e P (p)
= f dxpx) = dp&*w)e"'f’x/ !

(C.15)
= f dxe(x) \/_ dpé*(—p)e"”/ ’
= f ) dxp()F ' ($*(-p))
This is exactly our desired result
[ avsrri= [ awwew (C.16)

Hmm. Did not even need the convolution as the systems book did. Will have to look over
how they did this more closely. Regardless, this method was nicely direct.



A CHEATSHEET FOR FOURIER TRANSFORM CONVENTIONS

D.l A CHEATSHEET FOR DIFFERENT FOURIER INTEGRAL NOTATIONS

Damn. There are too many different notations for the Fourier transform. Examples are:

flk) = f ) f(x)exp (—2nikx) dx

- 1 ©
fiy= = f Sy exp (i) dx D.1)

2 1 °° —ipx
fp) = \/ﬁimf(x)exp(T)dx

There are probably many more, with other variations such as using hats over things instead
of twiddles, and so forth.

Unfortunately each of these have different numeric factors for the inverse transform. Having
just been bitten by rogue factors of 2 after innocently switching notations, it seems worthwhile
to express the Fourier transform with a general fudge factor in the exponential. Then it can be
seen at a glance what constants are required in the inverse transform given anybody’s particular
choice of the transform definition.

Where to put all the factors can actually be seen from the QM formulation since one is free
to treat /1 as an arbitrary constant, but let us do it from scratch in a mechanical fashion without
having to think back to QM as a fundamental.

Suppose we define the Fourier transform as

fls) = Kfoo f(x)exp (—iasx) dx
y (D.2)

f(x) =« f f(s)exp (iaxs) ds
Now, what factor do we need in the inverse transform to make things work out right? With

the Rigor Police on holiday, let us expand the inverse transform integral in terms of the original
transform and see what these numeric factors must then be to make this work out.
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Omitting temporarily the k factors to be determined we have

f(x) o foo (foo f(u)exp (—iasu) du) exp (iaxs) ds
= foo fwdu foo exp (ias(x —u)) ds

= f ) fwydu lim 2n+ sin (aR(x — u))

ma(x —u)

- f Fupdu2rs (a(x - w) (D3)
= éfoo fv/a@)dv2rs (ax—v)

2
= Z f((@n)/a)

a

2
= Zr)

o

Note that to get the result above, after switching order of integration, and assuming that we
can take the principle value of the integrals, the usual ad-hoc sinc and exponential integral
identification of the delta function was made

R—oo 27T

1 [ 1k
PVZTIOO exp (isx)ds = lim Z—I exp (isx)ds

R
in (R .
~ lim sin (Rx) (D.4)
R—co X
=6 (x)

The end result is that we will need to fix

o«
T2

/

KK (D.5)

to have the transform pair produce the desired result. Our transform pair is therefore

f(s) = Kfoo f(x)exp (—iasx)dx & f(x) = % foo f(s)exp (iasx) ds (D.6)



D.2 A SURVEY OF NOTATIONS

D.2 A SURVEY OF NOTATIONS

From eq. (D.6) we can express the required numeric factors that accompany all the various
forward transforms conventions. Let us do a quick survey of the bookshelf, ignoring differences
in the i’s and j’s, differences in the transform variables, and so forth.

From my old systems and signals course, with the book [14] we have, x = 1, and @ = 27

f(s) = fw f(x)exp (—2misx) dx
oo (D.7)

f(x) = f B f(s)exp (2misx) ds

The mathematician’s preference, and that of [1], and [3] appears to be the nicely symmetrical
version, with k = 1/ \/E, anda =1

f 1 foo f(x)exp (—isx)dx
2m J-oo

(5)= —=
S \/_

i (D.8)
fx) = E Im f(s)exp (isx) ds

From the old circuits course using [16], and also in the excellent text [22], we have « = 1,
anda =1

fls) = foo f(x)exp (—isx) dx
a (D.9)

1 ™.
fx) = Z]_‘ f(s)exp (isx) ds

and finally, the QM specific version from [25], with @ = p/ h, and k = 1/ V27 i we have

D ipx
f(P)—miwf(x)exp( h)dx

10 == [ fwes(L)ar

(D.10)

491






PROJECTION WITH GENERALIZED DOT PRODUCT

Figure E.1: Visualizing projection onto a subspace

We can geometrically visualize the projection problem as in fig. E.1. Here the subspace can
be pictured as a plane containing a set of mutually perpendicular basis vectors, as if one has
visually projected all the higher dimensional vectors onto a plane.

For a vector x that contains some part not in the space we want to find the component in
the space p, or characterize the projection operation that produces this vector, and also find the
space of vectors that lie perpendicular to the space.

Expressed in terms of the Euclidean dot product this perpendicularity can be expressed ex-
plicitly as UTn = 0. This is why we say that n is in the null space of UT, N(UT) not the null
space of U itself (N(U)). One perhaps could say this is in the null or perpendicular space of the
set {u;}, but the typical preference to use columns as vectors makes this not entirely unnatural.

In a complex vector space with u- v = u*v transposition no longer expresses this null space
concept, so the null space is the set of n, such that U*n = 0, so one would say n € N(U™).
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One can generalize this projection and nullity to more general dot products. Let us examine
the projection matrix calculation with respect to a more arbitrary inner product. For an inner
product that is conjugate linear in the first variable, and linear in second variable we can write:

(u,v) = u*Av (E.1)

This is the most general complex bilinear form, and can thus represent any complex dot
product.

The problem is the same as above. We want to repeat the projection derivation done with
the Euclidean dot product, but be more careful with ordering of terms since we now using a
non-commutative dot (inner) product.

We are looking for vectors p = > a;u;, and e such that

Xx=p+e (E.2)

If the inner product defines the projection operation we have for any u;

0 = (u;,e)
= <ui’X_p>
-
(u;, x) = (u;, p) (E.3)

= (u;, Z au;)

J
= Z a;j(u;,u;)
J

In matrix form, this is

[(u,-,x)]l, = [(ui,uj>]ij[ai]i

Or

1
A =lajli = —(u;, x)|.
[(u,',llj>:|ij[ u;, X ]l

We can also write our projection in terms of A:

p=[w w - wla=vaA
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Thus the projection vector can be written:

p=U——|@.v],
[<ui’ uj)],‘j

In matrix form this is:

Proj,(x) = (UU*AUU*A)X (E4)

Writing W* = U*A, this is

1
WU

Proj,(x) = (U W*A)x

which is what the wikipedia article on projection calls an oblique projection. Q: Can any
oblique projection be expressed using just an alternate dot product?






MATHEMATICA NOTEBOOKS

These Mathematica notebooks, some just trivial ones used to generate figures, others more
elaborate, and perhaps some even polished, can be found in
https://github.com/peeterjoot/mathematica/tree/master;.
The free Wolfram CDF player, is capable of read-only viewing these notebooks to some
extent.

e Sep 15,2011 gabook/matrix VectorPotentialsTrig.nb

Some trig double angle reductions.

e Sep 15, 2011 gabook/pendulumDouble.nb

Generate some double pendulum figures.

e May 4, 2014 gabook/sphericalSurface AndVolumeElements.nb

In a 4D Euclidean space, this notebook calculates the spherical tangent space basis for
a spherical parameterization of span e2,e3,e4 and their duals on that volume. The duals
are calculated using the Geometric algebra methods, instead of matrix inversion. This
notebook uses clifford.m

e May 4, 2014 gabook/sphericalSurface AndVolumeElementsMinkowski.nb

In a 4D Minkowski space, this notebook calculates the spherical tangent space basis for
a spherical parameterization of span e2,e3,e4 and their duals on that volume. The duals
are calculated using the Geometric algebra methods, instead of matrix inversion. This
notebook uses clifford.m
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https://raw.github.com/peeterjoot/mathematica/master/gabook/sphericalSurfaceAndVolumeElementsMinkowski.nb




FURTHER READING

There is a wealth of information on the subject available online, but finding information at an
appropriate level may be difficult. Not all resources use the same notation or nomenclature, and
one can get lost in a sea of product operators. Some of the introductory material also assumes
knowledge of various levels of physics. This is natural since the algebra can be utilized well to
expresses many physics concepts. While natural, this can also be intimidating if one is unpre-
pared, so mathematics that one could potentially understand may be presented in a fashion that
is inaccessible.

G.1 GEOMETRIC ALGEBRA FOR COMPUTER SCIENCE BOOK

The book Geometric Algebra For Computer Science. by Dorst, Fontijne, and Mann has one of
the best introductions to the subject that I have seen. It is also fairly inexpensive (

(60 Canadian). Compared for example to Hestenes’s “From Clifford Algebra to Geometric Cal-
culus” which I have seen listed on amazon.com with a default price of

)250, discounted to $150.

This book contains particularly good introductions to the dot and wedge products, both for
vectors, and the generalizations. How these can be applied and what they can be used to model
is covered excellently.

Compromises have been made in this book on the order to present information, and what
level of detail to use and when. Many proofs are deferred or placed only in the appendix. For
example, they introduce (define) a scalar product initially (denoted with an asterisk (*)), and
define this using a determinant without motivation. This allows for development of a working
knowledge of how to apply the subject.

Once an ability to apply has been developed they proceed with an axiomatic development.
I would consider an axiomatic approach to the subject very important since there is a sea of
identities associated with the algebra. Figuring out which ones are consequences of the others
can be difficult, if one starts with definitions that are not fundamental. One can easily go in
circles and wonder really are the basic rules (this was my first impression starting with the
Hestenes book “New Foundations for Classical Mechanics”. The book “Geometric Algebra
for Physicists” has an excellent axiomatic development. It however notably makes a similar
compromise first introducing the algebra with a dot plus wedge product formulation to develop
some familiarity.
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FURTHER READING

This book has three parts. The first is on the algebra, covering the generalized dot and wedge
products, rotors, projections, join, linear transformations as outermorphisms, and all the rest of
the basic material that one would expect. It does this excellently.

The second portion of this book is on the use of a SD conformal model for 3D graphics
(adding a point at infinity on top of the normal extra viewport dimension that traditional graphics
applications use). I can not comment too much on this part of the book since I loaned it to a
friend after reading the first and last parts of the book.

The last part of the book is on implementation, and makes for an interesting read. Details on
their Gaigen implementation are discussed, as are performance and code size implications of
their implementation.

The only thing negative I have to say about this book is the unfortunate introduction of an
alternate notation for the generalized dot product (L. and backwards L). This is distracting if one
started, like I did, with the Hestenes, Cambridge, or Baylis papers or books, and their notation
dominates the literature as far as I can tell. This does not take too long to adjust, since one
mostly just has to mentally substitute dots for L’s (although there are some subtle differences
where this transposition does not necessarily work).

G.2 GAVIEWER

Performing the GAViewer tutorial exercises is a great way to build some intuition to go along
with the math (putting the geometric back in the algebra).

There are specific GAViewer exercises that you can do independent of the book, and there is
also an excellent interactive tutorial 2003 Game Developer Lecture available here:

Interactive GA tutorial. UvA GA Website: Tutorials

(they have hijacked GAViewer here to use as presentation software, but you can go through
things at your own pace, and do things such as rotating viewpoints). Quite neat, and worth doing
just to play with the graphical cross product manipulation even if you decide not to learn GA.

G.3 OTHER RESOURCES FROM DORST, FONTIJNE, AND MANN

There are other web resources available associated with this book that are quite good. The best
of these is GAViewer, a graphical geometric calculator that was the product of some of the
research that generated this book.

See , or his paper itself .

Some other links:

Geometric algebra (Clifford algebra)

This is a good tutorial , as it focuses on the geometrical rather than have any tie to physics
(fun but more to know). The following looks like a slightly longer updated version:


http://www.science.uva.nl/ga/tutorials/
http://staff.science.uva.nl/~leo/clifford/index.html
http://staff.science.uva.nl/~leo/clifford/dorst-mann-I.pdf

G.4 LEARNING GA

GA: a practical tool for efficient geometric representation (Dorst)

G.4 LEARNING GA

Of the various GA primers and workbooks above, here are a couple specific documents that
are noteworthy, and some direct links to a few things that can be found by browsing that were
noteworthy. This is an interactive GA tutorial/presentation for a game programmers conference

that provides a really good intro and has a lot of examples that I found helpful to get an
intuitive feel for all the various product operations and object types. Even if you weare not trying
to learn GA, if you have done any traditional vector algebra/calculus, IMO its worthwhile to
download this just to just to see the animation of how the old cross product varies with changes
to the vectors. You have to download the GAViewer program (graphical vector calculator) to run
the presentation. Once you do that you can use it for other calculation examples, such as those
available in these examples of how to use GAViewer as a standalone tool.. Note that the book
the drills are from use a different notation for dot product (with a slightly different meaning and
uses an oriented L symbol dependent on the grades of the blades.

Jaap Suter’s GA primer. His website, which is referenced in various GA papers no longer (at
least obviously) has this primer on it any longer (Sept/2008).

Ian Bell’s introduction to GA

This author has a wide range of GA information, but looking at it will probably give you a
headache.

GA wikipedia

There are a number of comparisons here between GA identities and traditional vector identi-
ties, that may be helpful to get oriented.

- Maths - Clifford / Geometric Algebra - Martin Baker

A GA intro, a small part in the much larger Euclidean space website.

- As mentioned above there is a lot of learning GA content available in the Cambridge/Baylis/H-
estenes/Dorst/... sites.

G.5 CAMBRIDGE

The Cambridge GA group has a number of Geometric Algebra publications, including the book
Geometric Algebra for Physicists
This book has an excellent introductory treatment of a number of basic GA concepts, a num-
ber of which are much easier to follow than similar content in Hestenes’s "New Foundations for
Classical Mechanics". When it comes to physics content in this book there are a lot of details
left out, so it is not the best for learning the physics itself if you are new to the topic in question.
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http://staff.science.uva.nl/~leo/clifford/dorst-mann-I.pdf
http://www.science.uva.nl/ga/tutorials/
http://www.lomont.org/Math/GeometricAlgebra/Geometric%20Algebra%20Primer%20-%20Suter%20-%202003.pdf
http://www.jaapsuter.com/
http://www.iancgbell.clara.net/maths/geoalg.htm
http://en.wikipedia.org/wiki/Geometric_algebra.
http://www.mrao.cam.ac.uk/~cjld1/pages/book.htm
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Much of the content of their book is actually available online in their publications above, but
it is hard to beat coherent organization and a paper version that you can mark up.

Some other online learning content from the Cambridge group includes

Introduction to Geometric Algebra

This is an HTML version of the Imaginary numbers are not real paper.

A nice starting point is lectl.pdf from the Cambridge PartIIl physics course on GA applica-
tions . Only at the very end of this first pdf is any real physics content. taught to what sounds
like final year undergrad physics students. The first parts of this do not need much physics
knowledge.

G.6  BAYLIS

Wiliam Baylis GA page

He uses a scalar plus vector multivector representation for relativity (APS, Algebra of Phys-
ical Space), and an associated conjugate length operation. You will find an intro relativity, GA
workbook, and some papers on GA applied to physics here. Also based on his APS approach is
the following wikibook:

Physics in the Language of Geometric Algebra. An Approach with the Algebra of Physical
Space

G.7 HESTENES

Hestenes main page for GA is Geometric Calculus R & D Home Page

This includes a number of primers and introductions to the subject such as Geometric Algebra
Primer. As described in the Introduction page for this primer, this is a workbook, and reading
should not be passive.

Also available is his Oersted Lecture, which contains a good introduction.

If you do not have his “New Foundations of Classical Mechanics” book, you can find some
of the dot-product/wedge-product reduction formulas in the following non-metric treatment of
GA.

Also interesting is this Gauge Theory Gravity with Geometric Algebra paper. This has an
introduction to STA (Space Time Algebra) as used in the Cambridge books. This also shows
at a high level where one can go with a lot of these ideas (like the grad F = J formulation
of Maxwell’s equation, a multivector form that incorporates all of the traditional four vector
Maxwell’s equations). Nice teaser document if you intend to use GA for physics study, but hard
to read even the consumable bits because they are buried in among a lot of other higher level
math and physics.


http://www.mrao.cam.ac.uk/~clifford/introduction/index.html
http://www.mrao.cam.ac.uk/~clifford/publications/ps/imag_numbs.pdf
http://www.mrao.cam.ac.uk/~clifford/ptIIIcourse/GeometricAlgebraLectures.zip
http://www.mrao.cam.ac.uk/~clifford/ptIIIcourse/GeometricAlgebraLectures.zip
http://www.uwindsor.ca/users/b/baylis/main.nsf
http://en.wikibooks.org/wiki/Physics_in_the_Language_of_Geometric_Algebra._An_Approach_with_the_Algebra_of_Physical_Space
http://en.wikibooks.org/wiki/Physics_in_the_Language_of_Geometric_Algebra._An_Approach_with_the_Algebra_of_Physical_Space
http://modelingnts.la.asu.edu/
http://modelingnts.la.asu.edu/pdf/PrimerGeometricAlgebra.pdf
http://modelingnts.la.asu.edu/pdf/PrimerGeometricAlgebra.pdf
http://modelingnts.la.asu.edu/html/IntroPrimerGeometricAlgebra.html
http://modelingnts.la.asu.edu/pdf/OerstedMedalLecture.pdf
http://modelingnts.la.asu.edu/pdf/UGA.pdf
http://modelingnts.la.asu.edu/pdf/UGA.pdf
http://modelingnts.la.asu.edu/pdf/GTG.w.GC.FP.pdf
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Hestenes, Li and Rockwood in their paper New Algebraic Tools for Classical Geometry in G.
Sommer (ed.) Geom. Computing with Clifford Algebras (Springer, 2001) treat outermorphisms
and determinants in a separate subsection entitled "Outermorphism" of section 1.3 Linear Trans-
formations:

This is a comprehensive doc. Content includes:

e GA intro boilerplate.

e Projection and Rejection.

e Meet and Join.

e Reciprocal vectors (dual frame).

e Vector differentiation.

e Linear transformations.

e Determinants and outermorphisms.
e Rotations.

e Simplexes and boundaries

e Dual quaternions.

G.8 ECKHARD M. S. HITZER (UNIVERSITY OF FUKUI)

From Eckhard’s Geometric Algebra Topics.
Since these are all specific documents, and all at a fairly consumable level for a new learner,
I have listed them here specifically:

e Axioms of geometric algebra

o The use of quadratic forms in geometric algebra

e The geometric product and derived products

e Determinants in geometric algebra

e Gram-Schmidt orthogonalization in geometric algebra
e What is an imaginary number?

o Simplical calculus:


http://modelingnts.la.asu.edu/pdf/CompGeom-ch1.pdf
http://sinai.mech.fukui-u.ac.jp/gala2/
http://sinai.mech.fukui-u.ac.jp/gala2/GAtopics/axioms.pdf
http://sinai.mech.fukui-u.ac.jp/gala2/GAtopics/qform.pdf
http://sinai.mech.fukui-u.ac.jp/gala2/GAtopics/products.pdf
http://sinai.mech.fukui-u.ac.jp/gala2/GAtopics/det.pdf
http://sinai.mech.fukui-u.ac.jp/gala2/GAtopics/GS.pdf
http://sinai.mech.fukui-u.ac.jp/gala2/GAtopics/WhatIsi.pdf
http://sinai.mech.fukui-u.ac.jp/gcj/publications/mvdifcalc/mvdc.pdf
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G.9 ELECTRODYNAMICS

John Denker has a number of GA docs that all appear very readable. One such doc is:

Electromagnetism using Geometric Algebra versus Components

This is a nice little doc (there is also an HTML version, but it is very hard to read, and the
first time I saw it I actually missed a lot of content).

The oft repeated introduction to GA is not in this doc, so you have to know the basics first.
Denker takes the VF = J/ceg equation and unpacks it in a brute force but understandable fash-
ion, and shows that these are identical to the vector differential form of Maxwell’s equations. A
few other E&M constructs are shown in their GA form (covariant form of Lorentz force equa-
tion, Lagrangian density, Stress tensor, Poynting Vector. There are also many good comments
on notation issues.

A cautionary note if you have read any of the Cambridge papers. This doc uses a -+++ metric
instead of the +— used in those docs.

Some other Denker GA papers:

e Magnetic field of a straight wire.

Clifford Intro.

Very nice axiomatic introduction with excellent commentary. Also includes an STA intro.

Complex numbers.

Area and Volume.

e Rotations.

(have not read all these yet).

Richard E. Harke, An Introduction to the Mathematics of the Space-Time Algebra

This is a nice complete little doc (40 pages), where many basic GA constructs are developed
axiomatically with associated proofs. This includes some simplical calculus and outermorphism
content, and eventually moves on to STA and Lorentz rotations.

G.10 wmisc

o A blog like subscription service that carries abstracts for various papers on or using Geo-
metric Algebra.

G.11 COLLECTIONS OF OTHER GA BOOKMARKS

e Geomerics. Graphics software for Games, Geometric Algebra references and description.


http://www.av8n.com/physics/maxwell-ga.pdf
http://www.av8n.com/physics/straight-wire.pdf
http://www.av8n.com/physics/clifford-intro.pdf
http://www.av8n.com/physics/complex-clifford.pdf
http://www.av8n.com/physics/area-volume.pdf
http://www.av8n.com/physics/rotations.pdf
http://www.harke.org/ps/intro.ps.gz
http://gaupdate.wordpress.com/
http://www.geomerics.com/geometric-algebra.htm

G.12

G.12 EXTERIOR ALGEBRA AND DIFFERENTIAL FORMS

Ramon Gonzalez Calvet us GA links.
R. W. Gray’s GA links.

Cambridge groups GA urls.

EXTERIOR ALGEBRA AND DIFFERENTIAL FORMS

Grassmann Algebra Book

Pdf files of a book draft entitled Grassmann Algebra: Exploring applications of extended
vector algebra with Mathematica.

This has some useful info. In particular, a great example of solving linear systems with
the wedge product.

The Cornell Library Historical Mathematics Monographs - hyde on grassman

A Geometric Approach to Differential Forms by David Bachman

SOFTWARE

Gaigen 2
CLICAL for Clifford Algebra Calculations

nklein software. Geoma.
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http://www.xtec.es/~rgonzal1/links.htm
http://www.rwgrayprojects.com/GeometricAlgebra/references.html
http://www.mrao.cam.ac.uk/~clifford/pages/links.htm
http://www.grassmannalgebra.info/grassmannalgebra/book/index.htm
http://historical.library.cornell.edu/cgi-bin/cul.math/docviewer?did=00540001&seq=15&frames=0&view=50
http://www.math.boun.edu.tr/instructors/ozturk/eskiders/fall04math488/bachman.pdf
http://staff.science.uva.nl/~fontijne/gaigen2.html
http://users.tkk.fi/~ppuska/mirror/Lounesto/CLICAL.htm
http://www.nklein.com/products/geoma/
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CHRONOLOGICAL INDEX

e October 13, 2007 4 Comparison of many traditional vector and GA identities
e October 13, 2007 6 Torque

e QOctober 16, 2007 7 Derivatives of a unit vector

e October 16, 2007 5 Cramer’s rule

e October 22, 2007 8 Radial components of vector derivatives

e January 1, 2008 14 More details on NFCM plane formulation

e January 29, 2008 9 Rotational dynamics

e February 2, 2008 15 Quaternions

e February 4, 2008 17 Legendre Polynomials

e February 15, 2008 51 Inertia Tensor

e February 19, 2008 29 Rotor Notes

e February 28, 2008 53 Exponential Solutions to Laplace Equation in RV
e March 9, 2008 10 Bivector Geometry

e March 9, 2008 11 Trivector geometry

e March 12, 2008 33 Exponential of a blade

e March 16, 2008 12 Multivector product grade zero terms

e March 17, 2008 25 Angle between geometric elements

e March 17, 2008 3 An earlier attempt to intuitively introduce the dot, wedge, cross, and
geometric products

e March 25, 2008 13 Blade grade reduction

e March 29, 2008 21 Reciprocal Frame Vectors
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CHRONOLOGICAL INDEX

March 31, 2008 38 Exterior derivative and chain rule components of the gradient
April 1, 2008 26 Orthogonal decomposition take II

April 11, 2008 22 Matrix review

April 13, 2008 52 Satellite triangulation over sphere

May 16, 2008 27 Matrix of grade k multivector linear transformations
May 16, 2008 24 Projection and Moore-Penrose vector inverse

May 16, 2008 23 Oblique projection and reciprocal frame vectors

May 17, 2008 E Projection with generalized dot product

June 6, 2008 50 Gradient and tensor notes

June 10, 2008 46 Angular Velocity and Acceleration. Again

July 8, 2008 47 Cross product Radial decomposition

August 13, 2008 16 Cauchy Equations expressed as a gradient
September 2, 2008 20 OuterMorphism Question

November 1, 2008 30 Euler Angle Notes

November 8, 2008 54 Hyper complex numbers and symplectic structure
November 13, 2008 31 Spherical polar coordinates

November 27, 2008 19 Some NFCM exercise solutions and notes
November 30, 2008 32 Rotor interpolation calculation

January 5, 2009 40 Vector Differential Identities

Translate some identities from the Feynman lectures into GA form. These apply in higher
dimensions with the GA formalism, and proofs of the generalized identities are derived.
Make a note of the last two identities that I wanted to work through. This is an incomplete
attempt at them. It was trickier than I expected, and probably why they were omitted from

Feynman’s text.



CHRONOLOGICAL INDEX

January 9, 2009 C Some Fourier transform notes

QM formulation, with hbar’s, of the Fourier transform pair, and Rayleigh Energy theorem,
as seen in the book "Quantum Mechanics Demystified". Very non-rigorous treatment,
good only for intuition. Also derive the Rayleigh Energy theorem used (but not proved)
in this text.

January 13, 2009 49 Polar velocity and acceleration

Straight up column matrix vectors and complex number variants of radial motion deriva-
tives.

January 21, 2009 D A cheatsheet for Fourier transform conventions

February 26, 2009 39 Spherical and hyperspherical parametrization
Volume calculations for 1-sphere (circle), 2-sphere (sphere), 3-sphere (hypersphere). Fol-

lowup with a calculation of the differential volume element for the hypersphere (ie: Minkowski

spaces of signature (+,-,-,-). Plan to use these results in an attempt to reduce the 4D hy-
perbolic Green’s functions that we get from Fourier transforming Maxwell’s equation.

March 13, 2009 18 Levi-Civitica summation identity

A summation identity given in Byron and Fuller, ch 1. Initial proof with a perl script, then
note equivalence to bivector dot product.

April 28, 2009 37 Developing some intuition for Multivariable and Multivector Taylor
Series

Explicit expansion and Hessian matrix connection. Factor out the gradient from the direc-
tion derivative for a few different multivector spaces.

Aug 31, 2009 34 Generator of rotations in arbitrary dimensions.

Similar to the exponential translation operator, the exponential operator that generates
rotations is derived. Geometric Algebra is used (with an attempt to make this somewhat
understandable without a lot of GA background). Explicit coordinate expansion is also
covered, as well as a comparison to how the same derivation technique could be done
with matrix only methods. The results obtained apply to Euclidean and other metrics and
also to all dimensions, both 2D and greater or equal to 3D (unlike the cross product form).

Sept 20, 2009 35 Spherical Polar unit vectors in exponential form.

An exponential representation of spherical polar unit vectors. This was observed when
considering the bivector form of the angular momentum operator, and is reiterated here
independent of any quantum mechanical context.
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Dec 1, 2009 41 Polar form for the gradient and Laplacian.

Explore a chain rule derivation of the polar form of the Laplacian, and the validity of my
old First year Professor’s statements about divergence of the gradient being the only way
to express the general Laplacian. His insistence that the grad dot grad not being generally
valid is reconciled here with reality, and the key is that the action on the unit vectors also
has to be considered.

Mar 7, 2010 55 Newton’s method for intersection of curves in a plane.

Refresh my memory on Newton’s method. Then take the same idea and apply it to finding
the intersection of two arbitrary curves in a plane. This provides a nice example for the
use of the wedge product in linear system solutions. Curiously, the more general result
for the iteration of an intersection estimate is tidier and prettier than that of a curve with
a line.

May 15, 2010 56 Center of mass of a toroidal segment.

Calculate the volume element for a toroidal segment, and then the center of mass. This is
a nice application of bivector rotation exponentials.

Oct 20, 2010 42 Derivation of the spherical polar Laplacian

A derivation of the spherical polar Laplacian.

Dec 27, 2010 28 Vector form of Julia fractal.

Vector form of Julia fractal.

Jan 27, 2012 36 Infinitesimal rotations.

Derive the cross product result for infinitesimal rotations with and without GA.
Mar 16, 2012 2 Geometric Algebra. The very quickest introduction.

January 04, 2013 43 Tangent planes and normals in three and four dimensions

Figure out how to express a surface normal in 3d and a "volume" normal in 4d.

May 17, 2014 44 Stokes theorem

New rewrite from scratch of Stokes theorem, properly treating curvilinear coordinates.
September 01, 2016 ?? Elliptic parameterization
September 20, 2016 ?? Fundamental theorem of calculus

September 26, 2016 ?? Green’s function for the gradient in Euclidean spaces.
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o September 29, 2016 ?? Helmholtz theorem
e October 12,2016 ?? Corollaries to Stokes and Divergence theorems

e October 30, 2016 ?? math.se: What'’s the difference between exterior, clifford, geometric,
... algebras
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