San Jose State University

SJSU ScholarWorks

Master's Theses Master's Theses and Graduate Research

Fall 2012

Classical Models of the Spin 1/2 System

Carlos Harold Salazar-Lazaro
San Jose State University

Follow this and additional works at: http://scholarworks.sjsu.edu/etd theses

Recommended Citation

Salazar-Lazaro, Carlos Harold, "Classical Models of the Spin 1/2 System" (2012). Master’s Theses. 4251.
http://scholarworks.sjsu.edu/etd_theses/4251

This Thesis is brought to you for free and open access by the Master's Theses and Graduate Research at SJSU ScholarWorks. It has been accepted for

inclusion in Master's Theses by an authorized administrator of SJSU ScholarWorks. For more information, please contact scholarworks@sjsu.edu.


http://scholarworks.sjsu.edu?utm_source=scholarworks.sjsu.edu%2Fetd_theses%2F4251&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.sjsu.edu/etd_theses?utm_source=scholarworks.sjsu.edu%2Fetd_theses%2F4251&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.sjsu.edu/etd?utm_source=scholarworks.sjsu.edu%2Fetd_theses%2F4251&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.sjsu.edu/etd_theses?utm_source=scholarworks.sjsu.edu%2Fetd_theses%2F4251&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.sjsu.edu/etd_theses/4251?utm_source=scholarworks.sjsu.edu%2Fetd_theses%2F4251&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarworks@sjsu.edu

CLASSICAL MODELS OF THE SPIN % SYSTEM

A Thesis
Presented to
The Faculty of the Department of Physics

San José State University

In Partial Fulfillment
of the Requirements for the Degree

Master of Science

by
Carlos H. Salazar-Lazaro

December 2012



(© 2012
Carlos H. Salazar-Lazaro

ALL RIGHTS RESERVED



The Designated Thesis Committee Approves the Thesis Titled
CLASSICAL MODELS OF THE SPIN % SYSTEM
by
Carlos H. Salazar-Lazaro
APPROVED FOR THE DEPARTMENT OF PHYSICS

SAN JOSE STATE UNIVERSITY

December 2012

Dr. Kenneth Wharton Department of Physics
Dr. Patrick Hamill Department of Physics

Dr. Jared Maruskin Department of Mathematics



ABSTRACT

CLASSICAL MODELS OF THE SPIN % SYSTEM

by Carlos H. Salazar-Lazaro

We proposed a Quaternionic mechanical system motivated by the Foucault
pendulum as a classical model for the dynamics of the spin % system. We showed
that this mechanical system contains the dynamics of the spin state of the electron
under a uniform magnetic field as it is given by the Schrodinger-Pauli-Equation
(SPE). We closed with a characterization of the dynamics of this generalized
classical system by showing that it is equivalent with the dynamics of the
Schrodinger Pauli Equation as long as the solutions to the generalized classical

system are roots of the Lagrangian, that is the condition L = 0 holds.
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CHAPTER 1

INTRODUCTION

In spite of conventional wisdom that quantum spin is inherently non-classical,
there is a well known classical analog to the two-level quantum system based on the
classical polarization (CP) of a plane electro-magnetic (EM) wave. Such analogue
comes with some limitations but nevertheless has been used to motivate
introductory quantum mechanics texts like those of Baym [G69] and Sakurai [J.J94]
to illustrate a classical system that has the Spinor-like properties of the spin %
system under a induced uniform magnetic field precession. Under the CP analogy,
the well-known ” Jones vector” and the Spinor | y > that defines the spin % state in
quantum mechanics are correlated to explain analogous characteristics of both
theories. For example, the quantum normalization condition (x | x) = 1 corresponds
to a normalization of the energy of the EM wave, and the global phase
transformation | y >—| x > exp(if) is analogous to changing the phase of the EM
wave. However, the power and depth of the CP analogy has not been widely
appreciated as there are aspects of the analogy that have gone without appreciable
mention in the literature. For example, the CP analogy contains a straightforward
classical picture for a m geometric phase shift resulting from a full 27 rotation of the
spin angular momentum. This fact has gone unnoticed in the literature with one
possible exception by Klyshko [D.N93]. Nevertheless, the CP analogy breaks down
when it is extended to the spin state of an electron under a spatially uniform

time-varying magnetic field. This limitation, along with complications involving



quantum measurement outcomes has prevented consensus on what makes quantum

spin inherently non-classical.

1.1 New Results and Outline

In the following section, we will extend the CP analogy to two systems: the
modified Foucault Pendulum (FP), which corresponds to two coupled classical
oscillators, and the modified Quaternionic Foucault Pendulum (QFP), which
corresponds to a system of 4 coupled classical oscillators. The modified Foucault
pendulum will be defined to be an extension of the dynamics of the Foucault
pendulum that includes a "natural” frequency term. The modified quaternionic
Foucault pendulum will be defined as an extension of the dynamics of the modified
Foucault pendulum from complex space to quaternionic space.

We will show that the dynamics of the modified Foucault pendulum reproduce
the quantum dynamics of an unmeasured electron spin state in a spatially uniform
time-varying magnetic field in the y-direction. Similarly, we will show that the
modified quaternionic Foucault pendulum reproduces the quantum dynamics of an
unmeasured electron spin state in a spatially uniform time constant magnetic field
in an arbitrary direction. These results will show that if there is an inherent
non-classical aspect to quantum spin, then such aspect cannot be part of the
quantum dynamics. Further, in the process of showing the correspondence between
the quaternionic Foucault pendulum and the quantum state, we will give an explicit
many-to-one map from the classical system to the quantum system, which can be
interpreted as the classical system having a natural set of "hidden variables”
available to the classical analog but concealed to the complete specification of the

quantum state.



The outline of the thesis is as follows:

In Section (1.2) we give a short introduction to Quaternions to lay the

ground work for subsequent sections

In Section (2.1) we solve the Schrodinger-Pauli-Equation for the spin 1
system under a uniform magnetic field in Spinor notation and quaternionic

notation.

In Section (2.2) we give an exposition of the Foucault pendulum. We solve
the equations of motion of the Foucault pendulum and derive some of the
associated constants of motion. We also draw analogues between the

Foucault pendulum dynamics and the dynamics of the spin % system.

In Section (2.3) we show the special equivalence condition between the
Foucault pendulum dynamics and the spin % system for the special case of a
time-varying magnetic field in the y direction. This result will establish
precedence for the next section, as it will motivate the definition of the
Quaternionic Foucault Pendulum to include a correpondence with a time

constant magnetic field in arbitrary direction.

In Section (2.4) we define the Quaternionic Foucault Pendulum and solve
for the equations of motion and the constant motions that are derived from
the quaternionic structure. We also give an interpretation of these constants
of motion by drawing parallels to corresponding constants of motion for the
Schrodinger-Pauli-Equation. We close this section by showing that an
arbitrary quaternionic Foucault pendulum is equivalent to two identical

Foucault pendulums at the same latitude.
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e In Section (2.5) we consider the set of solutions to the quaternionic Foucault
pendulum that are also roots of the Lagrangian, that is, solutions 7n(t) that
also satisfy L(t,n(t),7(t)) = 0. We find conditions on 7(t) that are
equivalent to the L = 0 constrain and we use these equivalent conditions to
show the correspondence between the SPE and QFP. We show the derived
correspondence to be a many-to-one map that relies on additional
parameters that do not affect the quantum solution. Such parameters will

be labeled ”hidden variables” from a quantum perspective.

e In Section (2.6) we show a partial corresponding between the QFP and the

SPE with a time-varying magnetic field.

e In Chapter (3) we close the discussion with a summary of the results

exposed.

An appendix has been included to include more preliminary results used by
the derivations of Chapter (2). These results were included in the appendix because
they are too mathematical in nature and provide very little physical insight.

We close this chapter by introducing the notation used for Quaternions.

1.2 Preliminaries

The Quaternions were first discovered by the Irish mathematician Sir William
Hamilton. Quaternions are a division ring of dimension 4 over the real numbers.
That is, they are a vector space R* with a non-commutative vector product for
which every non-zero vector is a unit (that is, every non-zero element has a
multiplicative inverse). The Quaternion algebra can be defined in different ways.

We define it using the "scalar plus vector” notation.
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Definition 1.2.1. The Quaternion Algebra is a free vector space with basis 1,?,;, k
equipped with a vector product. That is, H = R1 & Ri & Rf@ Rk with a prescribed
vector product that makes H into a division ring. A typical vector v € H will be

called a Quaternion. Using the coordinate representation, v can be represented as:
v o= g+ 01?+ vgf%— vg,E

Given a Quaternion v = vy + v1i + vgj'+ Uglg, we define the scalar or real part
of v as vy. And, we define the vector or imaginary part of v as v = V17 + vgj—i- 'Ug];.

Hence,

v o= v+,
Re(v) = w,
Im(v) = @

Using the scalar plus vector notation for Quaternions, we can define a product

between Quaternions.

Definition 1.2.2. Let v = vy + ¥ and w = wg + W be two Quaternions. Then, we

define the product of v and w as:

vw = (vg+ V) (wy + W)

= U0w0—<?7,?17>+vou7+wO?7+17X117

Where (,) is the inner product of two vectors in R® and x is the vector cross

product between two vectors in R3.

Note that immediate consequences of the product are k= 7,7, —k = ﬁ,
27 = —]7 Alternatively, the Quaternion algebra can also be defined using the

complexification construction. Recall that the real numbers R form a field. That is,



an associative algebra with a commutative product where all non-zero elements have
a multiplicative inverse. This field can be extended to the complex numbers by
adjoining a square root of —1 called i = /=1. This is done by considering the two
dimensional real vector space C = R1 & Ri~R®R spanned by the basis 1,;, and
by defining a product between vectors as: let a = ag + aqi, and b = by + byi be two

complex numbers, then

ab = (ag+ ai1)(by + byi)

= (Clobg — albl) + (a160 + blao);

In tuple notation,

(ao, al)(bg, bl) = (aobg — albl, CL1b0 + blao) (11)

It can be shown that this product makes R @& R ~ C into a field. Note that by
considering C acting on itself by p(a)(b) = ab, we can define a map of C into the
general linear group GLy(R) (the group of 2 x 2 invertible matrices with real

entries) via the use of the basis 1,7 or (1,0), (0,1). That is, by defining,

10
p(l) = ,
0 1
. 0 -1
p(l) = )
1 0
- apg —aip
plag +ari) =




A similar construction applied to C will yield the Quaternion algebra H.
Recall that a typical Quaternion has representation v = vy + vy + vﬁ—l— v3lZ. Also,

note that k = ;j using the Quaternion product. Hence,

v = vy +v1i 4 va) + Usk (1.2)
= —|— Ulz—f— Ugj—l- ’032_'?

= (vo+ vlf) + (vg + v3i)j

= 1+ V23]

Where v 1, v2,3 can be viewed as complex numbers because R @ Ri is
isomorphic to C as algebras. This expansion suggests that there is map between H
and C ® Cj‘ ~ C @ C where j is another square root of —1 different from i. Let us
consider the space C @ (Cj' where j is a square root of —1 different form i Clearly,

for two distinct vectors ¢ = ¢ + CJ, d=dy+ dJ where cg, ¢1,dy,dy € C,

cd = (C(] + Clj) (do + dlj)

= (codo + c17d1]) + (codr] + c1jdo)

Note that for any complex number ¢ = ¢y + clf,

cj = (co+cii)j
= (Coj—f' 0117)

——

= (coj — 177

—

= f(co — 1)

I
.



Where we have used Z} = —ﬁ and ¢ is the conjugate of the complex number c.

Similarly, we can show fc = Ej'. Hence, the product in C & C yields,

cd = (cody+ Cldiljz) + (Codlj‘f‘ Cljoj)

= (Codo — 01621) + (C(]dl + clcio)j
Which yields the product in C & C as:
(co,c1)(do,di) = (codo — crdi, cody + c1dy) (1.3)

It can be shown that C & C equipped with the above product makes C ¢ C
into an algebra that is isomorphic to the Quaternion algebra. We will call the above
product the right reqular product of Quaternions in C & C. Note that by using the

right regular representation pg : C @ C — G Ly(C) defined by,

pr((do,d1))((co,c1)) = (co,c1)(do,dr)
dg —Jl
pr((do,d1)) = |- (1.4)
di  do
we can show that pgr maps H = C @ C into GLy(C). Note that by choosing a

slightly different expansion as Equation (1.2),

v o= vy + v+ vy) + v3k
= U0+Ull‘+1)2j—1)3ji

= (vo+ UJ) + 5(02 — v31)

= w1+ Jwa3

We can deduce a relationship between C @ j@ ~ C @ C and H. This relationship

can be inferred from:



cd = (co+jc1)(do+ jdy)
= ngo —I— jcldo + Cojdl + chdl
= codo +520_1d1 +501d0 +jc_od1

= (codo — c1dy) + j(erdo + cody)
Hence, we can define a product between vectors of C & C as
(co,c1)(do,dr) = (cody — c1dy, crdy + cody)

It can be shown that C & C equipped with the above product makes C ¢ C
into an algebra that is isomorphic to the Quaternion algebra. We will call the above
product the left reqular product of Quaternions in C @& C. Note that by using the left

regular representation py : C @ C — G Ly(C) defined by,

pr((do, d1))((co, c1)) = (do,dy)(co,c1)
pr((do,dr)) = : (1.5)
dy dy

we can show that p;, maps H = C @ C into GLy(C). This shows that pr and pp,
have the same matrix representation if we use different definitions for the
Quaternion product on C @ C. Note that, if we were to identify a matrix that has
the form of Equation (1.4) or Equation (1.5) acting on C & C, we could identify
C @ C with H using the left regular product and view the matrix as the pre-image
of a Quaternion under py. Alternatively, we could identify C & C with H using the
right regular product and view the matrix as a pre-image under a Quaternion under
pr- This freedom in identifying C & C with H will help us deduce different but

equivalent Spinor solutions to Spinor ODEs.



10
An important map on Quaternions is the Conjugate map.

Definition 1.2.3. Given a Quaternion v = vy + v, the Conjugate of v is defined as:

—

U = Ug—U

If we identify C & C with H using the right regular product, the
(co, 1) = (€9, —cy1). Similarly, if we identify C & C with H using the left regular
product, the (¢g,c1) = (g, —c1). The following proposition summarizes important

properties of the Conjugate map.

Proposition 1.2.4. Let v = vy + 17 =c¢; + coj' =dy+ fdl be a Quaternion, where
Co, 1, dp, d; are viewed as complex numbers. Then, N(v) (the Norm of v) is defined

as vv, and,

Norm(v) = vv

= CoCo + 101

= dydy + dyd;

Let w = wy + @ be another Quaternion. Then,

W = W

2Re(v) = 2vy
= v+7v

2Im(v) = 20
= Vv—70

Also,



N(vw)

11
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CHAPTER 2

CLASSICAL MODELS OF THE SPIN 1 SYSTEM

We will propose a classical system motivated by the Foucault pendulum via a
generalization of the complex Lagrangian of the Foucault pendulum to Quaternions.
This will yield a set of Euler-Lagrange equations based on 4-space which will be
shown to contain the dynamics of the spin % system subjected to a uniform

magnetic field.

2.1 The Electron Spin State under a Uniform Magnetic Field

We will solve the Schrodinger-Pauli Equation (SPE) for the spin state of the
electron x under a uniform magnetic field and show how the resulting first order
ODE can be mapped to a first order quaternionic differential equation. Let us
consider the (SPE) for a spin 3 particle (for instance, electrons) under a uniform
magnetic field. Given a spin % Spinor y € C @ C representing the spin state of the
particle in the S, eigenbasis. The SPE predicts the time evolution of y by the
following first order ODE.

L O0x
h—-= = H 2.1
ih—, X (2.1)

Where H is the Hamiltonian of the system. For the spin % particle, H is given

as,
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Where B is the magnetic field, v is the gyromagnetic ratio, and S is the spin
vector. The —yg - S term is the energy of the spin vector in the magnetic field, the
hwol is the rest energy term that is introduced to make the correspondence between
the SPE and the Foucault pendulum dynamics possible. One can interpret the rest

energy as a rest mass by use of the equation mc? = hwy. In operator form, we have,

-

= —v(B,S; + ByS, + B.S.) + hwol

In the S, eigenbasis, we have:

Al 1 O
5225

0 —1

Rl 0 1
SI:E

10

A O —1
sy:%

1 0

Also, Bin spherical coordinates is given by,
B(sin(e) cos(8)i + sin(¢) sin(8)] + cos(¢)k),

where B is the norm of B. Hence, H is given in the S, eigenbasis as,

H = —vB(sin(¢)cos(#)S, + sin(¢)sin(0)S, + cos(¢)S,) + hwol

_ _@ cos() sin(¢) exp(—i6) + Rl

2 sin(¢) exp(i6) — cos(9)
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Thus, the SPE in operator form is given as,

apox | _aBh cos(¢)  sin(¢) exp(—if) + hwol | x
ot 2 sin(¢) exp(if) —cos(¢)
Hence, the SPE is equivalent to,

ox ~B icos(o) isin(¢) exp(—i6) ool | x

A e — Wy

ot 2 isin(¢) exp(if) —icos(¢)

_ |B icos(g)  —sin(@)exp(@®) | ) (2.2)

2\ isin(6) exp(if) i cos(d)

Where y is a function y : R — C & C, or a curve in C @ C. Note that the SPE
in the form of Equation (2.2) has the form of the right regular or left regular
quaternionic representation depending on the type of product that we define on
C @ C. We will equip C & C with the right regular quaternionic product of Equation

(1.3). Using this product, the SPE can be written as,

—

(S oaleos(o) + sn(@)eap(@)7) — o ) x

Where pp is the quaternionic right regular representation. Using the
identification x = (xo, x1) € C & C with the Quaternion n = yo + Y1j, we can

re-write the SPE as a Quaternion equation as,

vB - -

n(t) = n(t)(—6o) — (iwo)n(t) (2.3)

Where wy is the rest energy term in H (a real number), and ﬁ; is given by the

purely imaginary unit Quaternion:
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—

Bo = cos(¢)i —sin(¢)sin(0)] + sin(¢) cos(6)k
Equation (2.3) is the equivalent form of the SPE in quaternionic notation.

2.2 The Foucault Pendulum

We will introduce the Lagrangian of the Foucault pendulum and solve the
Euler-Lagrange equations of motion using complex numbers. This will provide a
motivation for the quaternionic Lagrangian of the generalized Foucault pendulum
which we will call the Quaternionic Foucault Pendulum (QFP).

The Foucault pendulum or Foucault’s pendulum, named after the French
physicist Leon Foucault, is a simple device conceived as an experiment to
demonstrate the rotation of the Earth. The experimental apparatus consists of a
tall pendulum free to swing in a vertical plane. The actual plane of swing appears
to rotate relative to the Earth; in fact, the plane is fixed in space while the Earth
rotates under the pendulum once a sidereal day. Figure (2.1) shows a diagram of
the Foucault pendulum on the surface of the Earth. In this figure, a pendulum of
length [ and mass m is located at latitude § — ¢. As the pendulum moves through
the surface of the Earth, due to the rotation of the Earth, the motion of the
pendulum precesses. The motion of the precession can be predicted in the small
angle-limit approximation with respect to the vertical axis of the pendulum by
making use of the § parameter which equals to € cos(¢) and the wy parameter
which equals to \/? ; where €2 is the angular velocity of the earth, [ the length of the

pendulum, and g is the acceleration due to gravity.



Earth’s
Rotation <3~

16

A Q B =Qcos(g)

Clockwise
Precession

Figure 2.1: Depiction of a Foucault pendulum on the surface of the Earth.

The Lagrangian that describes the equations of motion of the Foucault

pendulum (FP) in the small-angle limit approximation is given by
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L= g + 6007} — b {rae + 220t} + 8 {m (Baalt) — aat)a (1)}

Where 3 = Qcos(¢) is a real number, and z;(t), z2(t) denote the position of
the pendulum on the tangent plane (horizontal plane with orthogonal axes x1, z5) to
the surface of the Earth at the location of the pendulum, and wy = \/? is the
natural frequency of the pendulum.

We can write this equation in vector form, with Z = [x1(t)x2(t)]7, and,

&
OHM
S
51

+
@
8
S~
11

Note that by mapping & — z = z1(t) + ix2(t) € C, we can think of the
trajectory of the pendulum given by ¥ as a curve in the complex plane C. Under

this map, the Lagrangian takes the form,

L(t23) = %52 _ %w%?z + Re(3(i8)2) (2.4)
= %?z —~ %wgzz + % {?(iﬁ)z + 2@2}

We note that without the Re(z(i(3)z) term, L is the Lagrangian of two
independent oscillators with the same natural frequency wy. The term Re(Z(i3)z)
introduces a coupling between the oscillators given by the x; and x, parameters
that is also known as the Coriolis coupling given by the 3 parameter. Hence, the
Foucault pendulum can be interpreted as two coupled harmonic oscillators with a
Coriolis coupling.

The equations of motion can be deduced by calculating the Euler-Lagrange

d [dL\  dL
dt \dzf — dz

(E-L) equations. That is,
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For the Lagrangian given by Equation (2.4), we get,

& = 37Tyl
E = —5(.4)02' + 52(2&)

Hence, the E-L equations give,

F42Bit+wiz = 0

It can be shown that this equation has general solution,

2(t) = cyexp(fByit) + coexp(B_it)

Where,

By = =B+ +uw]

B = =B/ +uf

And, ¢, ¢y are complex constants.

The solution space to the Euler-Lagrange equations of the Foucault pendulum
deserves special attention because it has analogues in the solution space of the spin
+ system. For example, the solution where ¢; =1, ¢, = 0 (2(t) = exp(8yit))
corresponds to a normal mode with clockwise rotation of the pendular plane of
oscillation with frequency (3, . Similarly, the solution where ¢; = 0,¢c, =1
(z(t) = exp(f_it)) corresponds to a normal mode with counterclockwise rotation of
the pendular plane of oscillation with frequency (_. We will see that both of these

normal modes have analogues in the spin % system by use of Proposition (2.3.1). It
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can be shown that the normal modes correspond to the | y.),| y_) states of the spin
% system of a negatively charged particle under a uniform magnetic field in the

y-direction, where:

1 1
|y+> = ﬁ .
\y,> = E »

With the clockwise precession corresponding to | y,) and the counterclockwise
precession corresponding to | y_).

As supporting evidence of this correspondence, we note that the \/m
factor has the effect of producing two normal mode solutions of the Foucault
pendulum that are equally spaced above and below a natural frequency —( — just
like the Zeeman splitting of the energy levels an electron in a uniform magnetic
field. Also, we note that the precession of the normal modes give evidence of a
Berry phase or geometric phase angle for the Foucault pendulum solutions — a phase
already present in the spin % system. As it is well known, a linear oscillation in the
x7 direction precesses into a linear oscillation in the x5 direction and then back to
the x; direction. However, this 27 rotation of ¥ = (71, mg)T in the solution space
corresponds to a 7 rotation of the pendular plane of oscillation in physical space.
We note that a similar behavior is present in the spin % system for a negatively

charged particle under a uniform magnetic field in the y direction with the states,
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Figure (2.2) illustrates the precession of the plane of oscillation of a Foucault
pendulum at latitude 30° North. Notice the 7 rotation of the pendular plane of

oscillation after the pendulum has been moved once around the earth.

Figure 2.2: Precession of a Foucault pendulum at latitude 30° North.
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Additionally, any solution of the E-L equation of the Foucault pendulum is a
linear combination of the normal mode solutions. A property that has as analogue
in the spin % system the superposition principle of quantum mechanics. A more
concise correspondence between the Foucault pendulum and the spin % will be given
in Section (2.3).

Now, we proceed to calculate some of the constants of motion of the Foucault
pendulum. Note that C can be viewed as a Lie group under the right regular

product of Equation (1.1). Also, note that for o € C of unit norm (@a = 1),
Lla-t,az,aZ) = L(t, z2)

Hence, G = {a € C | @a = 1} is a symmetry group of L. Clearly, G is a circle
and hence G is a Lie group of dimension 1. Thus, by Proposition (A.3.2), there is
exactly one linearly independent constant of motion. In order to calculate this
constant, we first calculate the Lie algebra of G. Clearly, the Lie Algebra is given by

R, and the exponential map exp : R — G taking the Lie algebra to G is given by:

exp(d) = exp(if) e GCC

Near the identity 1 € G, the elements of G are given by exp(idf) where df is a

small number. Clearly,
exp(idf) = 1+ idf + O(d6?)

Hence, the infinitesimal generator of the Lie algebra is given by i. Note that

&i(z) = zi. Also, recall that p = 4 = 1(Z + Biz). Hence, the constant of motion of
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this symmetry is given by,

= %(z + Biz,iz)

= %Re(z’ + Biziz)
12, . _

= 5{5(22—22)4—522}

_ % (Im(:2) + 872}

1 : .
= 3 {z12 — 202y + B(a] + 23) }

It can be shown that if we let x; = pcos(f),z2 = psin(f), then L becomes a
function of p, p, 6, 0, and because L is cyclic in # the canonical momentum
Pg = ‘Z—s = pz(é’ + () is a constant of motion. Also, by making the transformation
pP=ai+a3, 0= arctan(f), it can be shown that S; = £2. This verifies our result.
We note that the canonical momentum given by py is not the same as the
angular momentum because the latter is not a conserved quantity. Also, we point

out energy as another conserved quantity corresponding to time translation

symmetry in L.

2.3 A Special Equivalence Between the Foucault Pendulum and the
Spin % System

For the special case of a time-varying magnetic field in the y direction, one
can show that the Foucault pendulum and the spin % system have almost the same

solutions provided that one allows the natural frequency of the Foucault pendulum
to vary like y/w@ — [32.

Proposition 2.3.1. Let X be the solution space of the E-L equations of the

Foucault pendulum with parameters 3(t) = ”’BQ(t) and natural frequency
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Wy = W. Let Y be the solution space of the SPE with magnetic field
B(t) = %(t)j and rest mass frequency wy. Let z1(t), z2(t) be a basis for Y the
solution space of the SPE. Then, {Re(z;), Re(z2), Im(z1), Im(z2)} is a basis for X
the solution space of the E-L of the Foucault pendulum. That is,

X = Re(Y) ®r Im(Y).

Proof. By considering a Foucault pendulum with a time-varying ((¢) and natural

frequency wy, one can deduce the Euler-Lagrange equations as:

F42:8i+ 2fi4+wiz = 0
Or, in coordinate notation by using the map,
2(t) = wi(t) +iza(t) — (21(t), 22(1))7,

We deduce that,

Ty (t 21 (t : x1(t) 0
N s | Y s s | =
0 — 10
Where J = ,and [ = . On the other other hand, when
10 0 1
we let the magnetic field be uniform in the y direction B(t) = %(t)i and let the rest

mass be wy, then the SPE takes form:
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By letting x(t) = (x1(t), x2(t))T where x1, X2 are complex valued functions, we

get the 2 dimensional linear ODE.

Xl(t) _ —1iwp 5(0 Xl(t)
Xa(t) —B(t) —iwo Xa(t)
x1(t)

= (—iwol — B(t)J)
Xa(t)

Clearly, from this we deduce that:

X o= (=iwol = B(H)I)X = B(t)IX
Where X = (x1(t), x2(¢t))*. Hence, when Y is a solution to the SPE, we calculate,

X+28(1)JX +Bt)IY = —(wi—B)HIX

_ 2o
= —wiX

Hence, Y is a complex solution to the E-L of the Foucault pendulum with
parameter ((t) and natural frequency w;. Thus, the SPE yields complex solutions
the E-L equation of the Foucault pendulum. We will use the following elementary
claim to deduce a basis for the solution space X of the E-L equations of the

Foucault pendulum using a basis of the solution space Y of the SPE.

Claim 2.3.2. Let X be a vector space of functions over the complex numbers with
function basis given by {z1(t), 22(t)}. Assume further, that there are no complex
linear combinations of z;(t), z2(¢) that yield a purely real function. Then, the set
{Re(z1), Re(z2), Im(z1), Im(29)} is a linearly independent set of real functions where

linear independence is taken over the real numbers instead of the complex numbers.
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It can be verified that the SPE with rest mass wy cannot admit purely real
solutions. This is an elementary result in quantum mechanics. Hence, if the space Y
of solutions to the SPE has basis {z1(t), 22(t)} over the complex numbers. Then, the
set = = {Re(z1), Re(z2), Im(z1), Im(22)} is a linearly independent set of real
functions with linear independence over the real numbers. Clearly, every complex
function that satisfies the E-L of the Foucault pendulum must have its real and
imaginary part also satisfy the E-L of the Foucault pendulum. Hence, every
function of = solves the E-L of the Foucault pendulum. In particular, = generates a
4 dimensional vector subspace of the solution space X of the E-L of the Foucault
pendulum. Clearly, this must yield that = spans X because X is a 4 dimensional

vector space over the real numbers as well.

We will seek to generalize the Foucault pendulum to 4 dimensions in such a
way that Proposition (2.3.1) holds in some simpler form. We will do this for the

case of a time independent uniform magnetic field.

2.4 The Quaternionic Foucault Pendulum (QFP)

In the previous Section (2.3), it was shown that the solution space X of the
SPE with a special magnetic field B was related to the solution space of the E-L of
the Foucault pendulum. We will seek to generalize this correspondence to an
arbitrary uniform magnetic field. In order to do this, we propose extending the (3(t)
parameter to an arbitrary purely imaginary Quaternion. Using the complex
Foucault pendulum as motivation, we will propose a Quaternionic Foucault
Pendulum (QFP). This quaternionic version will be shown to generalize Proposition

(2.3.1) in the special case of an arbitrary magnetic field B(t) that is time
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independent and uniform. The following diagram depicts the generalization
hierarchy from the Foucault pendulum to the quaternionic Foucault pendulum

along with their corresponding correspondences to the SPE.

Qrp =Y SPE B(t)=B
U U
FP  «— SPE,B(t) = Bo(t)j
We will then solve the Euler-Lagrange equations for the quaternionic version
and write the solution set in standard form.
The Lagrangian of the Foucault pendulum given by Equation (2.4) is defined
over the complex numbers. We will generalize this Lagrangian to a function of the

quaternionic variables 7(t), n(t). That is,

) 1. 1 ,_ 1, - -
L(t,n. ) = S — 56«)3?7?7 +3 {nBn+npm}
.1 5 —_
= 57— §w§m7 + Re(n )

Where in the above, 3 is a purely imaginary Quaternion and wyq is the natural
frequency of the pendulum. As an observation, we note that when n(t),n(t), 5 are
restricted to the complex numbers, I becomes the Lagrangian of the Foucault
pendulum. Hence, it is justified that L generalizes the Foucault pendulum. We note
that because g = ﬁ is a purely imaginary imaginary Quaternion, it has the property
that 8% = —|| ]|

The correspondence of Proposition (2.3.1) between the solution space of the
FP and the solution space of the SPE can be made more direct if we substitute the
natural frequency of the pendulum wy with \/W . We note that the E-L

will keep their original forms even though this substitution for wy makes wy a
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function of ¢. This substitution amounts, to modifying the Lagrangian of the
Foucault pendulum to:

1

1. —
L(tn i) = i = 5(wh = 1] )in + Re(ion) (25)

Thus, if we define the modified Foucault pendulum to be the dynamical
system given by the solution space of the Euler-Lagrange equations of the
Lagrangian given by Equation (2.5) where 7,7, 5 are complex valued functions and
3 is purely imaginary. Then, we can rephrase Proposition (2.3.1) as,

Proposition 2.4.1. Let X be the solution space of the E-L equations of the

modified Foucault pendulum with parameters ((t) = %(t) and natural frequency

wp. Let Y be the solution space of the SPE with magnetic field B(t) = %(t); and
rest mass frequency wg. Let 2z;(t), 22(t) be a basis for Y the solution space of the
SPE. Then, {Re(z1), Re(z2), Im(z1), Im(z2)} is a basis for X the solution space of

the E-L of the Foucault pendulum. That is, X = Re(Y) &g Im(Y).

We point out the E-L equations of the modified Foucault pendulum are,

d
i+ D g w181 = 0

We will take the Lagrangian given by Equation (2.5) as the Lagrangian of the
Quaternionic Foucault Pendulum (QFP) by allowing 3, n(t),n(t) to be quaternionic

valued functions and forcing 3 to be a purely imaginary Quaternion.

Definition 2.4.2. The Quaternionic Foucault Pendulum (QFP) is the dynamical
system given by the solution space of the Euler Lagrange equations of the

Lagrangian defined by:

. 1;. 1 = — A
L(t,n ) = 5 - §(w§ — 1811>)7n + Re(157)
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Where L is defined on R x H x H, n(t),n(t) are quaternionic functions, wy € R
is the natural frequency of the pendulum, and 3 is a purely imaginary Quaternion
(ie., 8= 0).

We note that without the Re(n37) term, the Lagrangian of the QFP is
nothing more that the Lagrangian of four independent oscillators with the same
natural frequency wy. The term Re(n37) is a coupling term between the four
oscillators that depends on three parameters that will correspond to the components
of the magnetic field of the SPE.

By considering the map,

n(t) = no(t) + ()i +m(t)j + ns(Ok — () = (no(t), m(t), n2(t), ms(1))",

we can re-write the Lagrangian of the QFP in 4-coordinate vector notation as:

i — (Wi = 18177 + 1 pr(B)7 (2.6)

N | —

ﬁ‘_

N | —

L(t,i7(t), (1)) =

Where pr(3) is the right regular representation of Quaternions under the right
regular product of C & C. Since [ is purely imaginary, § = 5 = ﬁj%— ﬁJ—l— ﬁZlZ.
And, pg(f) is nothing more than the right isoclinic rotation corresponding to (3.

That is,

0 _ﬁz _By _5Z
x 0 z -
pr(B) = ’ o
ﬂy _ﬁz 0 Ba:
ﬁz ﬁy _ﬁx 0

Where, we have identified C & C with R* by using the map,

(ao +a1i7a’2 + a3i) - (a07a17a27a3)'
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Proposition 2.4.3. Any solution to the E-L equations of the QFP with time

independent (3(t) = (3 parameter has form

n(t) = Cyexp(Byt) + C-exp(8-1)

Where,
(18| + wo =
By = —HLIHg
: 13
18Il = wo 5
o = ———p
151l

The function exp() is the exponential function defined over the Quaternions H, and

C,,C_ are quaternionic constants.

Proof. Using the 4-coordinate vector notation for L, we can deduce the E-L

equations as:

d(pr(8)7)

S RO+ (Wb~ AT = O

n+
Or, in quaternionic notation,

d -
i+ g - 1A = o

Because (3(t) is time independent, we can reduce the E-L equations to

i+ 208+ W2 —6)m = 0

The result now follows from Proposition (A.2.2).

24.1 Constants of Motion of the QFP

We will solve for the constants of motion that are generated by the
symmetries induced by the quaternionic structure of L. For any unit Quaternion

a € H, we consider the diffeomorphisms induced by the Lie structure of H*:
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R.(n) = na

Lao(n) = an

Note that L is almost invariant under the action of R, whenever a is a unit

Quaternion. That is,

L{t, Ra(n), Ra(i)) = 3 Fali) Rali) — 5 — | FIPRal Raln) + Re(Ra(i) TRl
= JTnayia — (A — |31 Tnadna + ReGiafGrm)
= Samio — (& ~ | A)ama + ReGioan)
= Saain — (w5 — |3]P)aam + Re(i@Bayn)

= L(t,n,n) as long as § = afa

Where we have used the fact that 7n, 77 are real numbers which commute
with any Quaternion, and that aa = 1 because a is a unit Quaternion. Hence, R, is
almost a symmetry as long as afa = 3 or equivalently Sa = af3. It can be shown
that given a Quaternion 3 = [y + 5, the set of all Quaternions that commute with 3

is given by the set:

Cu(B) = {neH|ns=0n} )

= {neHl|n= a0+boi,a0,b0 € R}
151l
Hence, R, is a symmetry of L whenever a = ag + boﬂ%\\ where a + b3 = 1.

A similar calculation will yield that L, is a symmetry of L for arbitrary unit

Quaternion a € H.
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Proposition 2.4.4. The diffeomorphisms L, are symmetries of L for an arbitrary

unit Quaternion a, as well as the diffeomorphisms R, where a = ag + bgﬁ and
ag 4+ b = 1. These will be called the symmetries induced by the quaternionic
structure of L. Also, these groups form a group of symmetries isomorphic to

S x S3 where S™ is the n-dimensional sphere.

Proof. As it was shown previously, the groups:

H, = {R.,|af = Pa,aa =1}

Hy = {L,|aa=1}

Are symmetry groups of L. Hence, the group (Hy, Hs) generated by H; and
Hs is a symmetry group of L. Note that by the associativity of Quaternion
multiplication, it follows that every element of H; commutes with Hs. Hence, by
the diamond theorem of group isomorphisms (H;, Hy) = H; X Hy because
Hy N Hy = {1}. Clearly, Hs is isomorphic to the unit Quaternions as a group. This

group is known to be isomorphic to S3. Also,

—

H = {a€H|a:a0+boi,ag+bg:1}

151l

By letting cos(0) = ag, sin(f) = by, it follows that,

B
H = cH = 9—_,
v = AecHla=opl Z))

Clearly, under this representation of H;, H; is isomorphic to S. The result

follows. L

Now, we proceed to calculate the constants of motion that correspond to these

symmetries. We will do this by applying Proposition (A.3.2). As a first step, we
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calculate

oL
o1
= 7+ pr(B)7

This calculation can be derived using Equation (2.6). Next, we calculate &,(17).
Recall that in the notation of Proposition (A.3.2), {, is the vector field generated by
the diffeomorphism R, which in our case is either R, or L,. It is a standard result
in Lie theory that the exponential map maps the Lie algebra (tangent space of the
Lie group at the identity) to the Lie group. Also, the exponential map can be used

to identify the infinitesimal generators of R, or L,.

Proposition 2.4.5. Let R,(n) = na, L,(n) = an where a is a unit Quaternion.
Then, both R, and L, have the same infinitesimal generators, however, R,
corresponds to a left invariant vector field and L, corresponds to a right invariant

vector field. That is,

Er, (1) = pr(do)y

§0, (M) = pr(do)i

a—ap

Where a = ag + @ and dy = =
—a

Proof. By assumption, a is a unit Quaternion. Hence, a = a¢ + @, where

a? + ||@]|> = 1. Let 6 be defined such that cos(6) = ay, sin(f) = ||d||. Hence,

—

L a
a = &o—i‘HaHm

= cos(f) + Sin(G)\/l_—_ia2

= exp(0dp)
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By Theorem (1.3.2) of Duistermaat and Kolk [JD99], dj is the infinitesimal
generator of the diffeomorphisms R, and L,. By Lemma (1.3.1) of Duistermaat and
Kolk [JD99], R, corresponds to the left invariant vector field generated by @y and
L, corresponds to the right invariant vector field generated by dy. Hence, by the

definition of left invariant and right invariant vector fields,

—

Era(M) = pr(do)y

§0, (M) = pr(do)

Now, we are ready to calculate the constants of motion induced by the

quaternionic structure of L.

Proposition 2.4.6. Let H; x Hy be the symmetry group of the Quaternionic
Foucault Pendulum (QFP) Lagrangian induced by the quaternionic structure of L

as they are given in Proposition (2.4.4). Where,

Hy = {R.|a=cos(8)+sin(0)f, A = ||§||}

Hy = {L,|a=exp(fd),dd=—1,0 € R}

Let n(t) be a solution to the Euler-Lagrange equations of the quaternionic
Foucault pendulum. Then, the following are the constants of motion induced by

H1 X HQ.

Re(n+ n306on) Corresponding to H,

Im(n +npBn) Corresponding to H,

sk

Where ﬁo

=
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Proof. By Proposition (A.3.2), the constants of motion are:

-

= <ﬁ+PR( )17, pr(do)7)

—,

S(La) = (i+ pr(B), pr(do))
We note that in quaternionic notation,
Er,(n) = don
€.(n) = ndo

p(i7,7) = n+ns

o

For the group Hi, the variable a can take on the 50 = value. Hence,

Y

S(Rg) = <ﬁ+ﬂR(5)ﬁpr(go)ﬁ>
= <77+775;go77>

= Re(i) +n35m)

Where we have used the fact that Re(ay) = («, ) by using the definition of
Quaternion multiplication.

For the group Hs, the variable a can take on an arbitrary unit Quaternion.
Hence, dy can take on an arbitrary purely imaginary unit Quaternion. In particular,

the following quantities must be constants of motion.

S(L7) Re(n) + nni)

S(L;) | = | Re(i+nbnj)

S(Ly) Re (1 + npnk)
= Im(1)+npbn)

Clearly, because zjj, k generate the Lie Algebra of Hy, any constant of motion

corresponding to a g € Hy will be a linear combination of S(L;), S(L3), S(Lg).
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Similarly, because 50 is the generator of the Lie Algebra of Hy, any constant of
motion corresponding to a g € Hy will be a constant multiple of S(Rj ).

]

We note that one can calculate these conserved quantities directly. These are

given as,
Im(i+npn) = 1ieif — noif — 17 x 17 — {(ng — |711*)5 + 203 x 77 + 2(B. i) 7}
= 2w {C_3C- — T GCy}
Re(n + 7755077) = —770<§0,77> + (17, 0o + Bo % ) + HEH{Hﬁ”Q + 15}

= QWO{C_+O+ - EC_}

Where, C,C_ are quaternionic constants, and:

no= o+
. 8
6 = T
DT TR )
n(t) = Ciexp(Byfot) + C- exp(B-Fot)
B = —lIBll +wo
B = —lI6ll - wo

2.4.2 Interpretation of the Constants of Motion of the QFP

One can interpret the constants of motion of the QFP provided in the
previous section by studying the constants of motion of the SPE. We note that for

the following Lagrangian,

1 1 — 1 — 3
Lspr = 3+ 536 (n617m) + §W0R€ (775177@>
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The E-L equations are those of the SPE, that is,

0 o= 1B —iwon

Where wy is a real number, (§ is a purely imaginary Quaternion, and ; is a
purely imaginary Quaternion satisfying,
—y
161

Note that for wy = 0, the Lagrangian of the SPE has the same group of

(1 — Briwo)( ) = B

symmetries as the Lagrangian of the QFP. Note that for Lgpg, p = nf8. A direct

calculation of the constants of motion for the groups H; and Hs using Lgpg yields,

S(Rs) = (nd, ﬁm

_ — b
= fe <”ﬁ1 Hﬁlu”)

1 _
= ——Re (ﬁlﬁﬁln) corresponds to H;

[ 634]]
S(L;) Re (nBun)
S(Ly) | = | Re (776177])
S(L:) Re (ﬁm?)
Re _J)
= M| Re (Ej)
Re (E/%’)

= 7nnp; corresponds to Hy

The above constants are the analogues of the constants of motion inhereted by

the quaternionic structure of the QFP in the SPE when wg = 0. We can further
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calculate these constants explicitly by letting n(t) = Ce’t! giving,

S(Rp,) = Re (ﬁlél‘ngC) corresponds to H;
1
S(Ls)
S (L;) = (CCp; corresponds to H,
S(Lg)

Hence for the H, group, the QFP constants have as analogues in the SPE
constants of motion that are scalar multiples of the norm of the 7(t) state.
Similarly, for the H; group, the QFP constant has analogue in the SPE the constant
of motion given by Re (ﬁfng—i” )

For wy # 0, we note that Hy can consist only of unit quaternions that
commute with 7. Hence, S (L7) = mnRe (EZ) is the only constant of motin due to
H,. In which case, Hy has as constant of motion a constant multiple of the norm of
the n(t) state. Thus a similar set of analogies that hold for the wy = 0 case also hold

for the wy # 0 case.

2.4.3 A Canonical Reduction for the QFP

We will show how one can transform the solution space of the QFP into the
solution space of a pair of independent Foucault pendulums at the same latitude
using a right isoclinic rotation as long as the 3(t) parameter is time independent.

We note that given any solution 7(t) to the E-L equations of the QFP, we can

consider the following transformations of functions,

Ry(n(t)) = n(t)y

L,(n(t)) = ()

Where v is a unit Quaternion.
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Let R be the group of transformations generated by the R, and £ be the
group of transformations generated by the L, for arbitrary v. As we know from the
previous section, L. (n(t)) is always a solution of the E-L equations of the QFP as
these transformations come from the symmetry group £ = Hy. We can view these
transformations as gauge transformations because they leave the solution space of
the E-L equations of the QFP invariant. Thus, the group £ yields a 3 dimensional
group of gauge transformations. We will see in Section (2.5.2) that these symmetries
will correspond to hidden variables when mapping the solution space of the QFP to
the solution space of the SPE.

On the other hand, R,(n(t)) is not always a solution of the E-L equations of
the QFP unless v commutes with 3. The set of these 7 is given by the group
H; C R. Thus, R has a subgroup of dimension 1 that leaves the solution space of
the E-L equations of the QFP invariant. We may ask, what effect does the
remaining transformations in R\ H; have on the solution space of the E-L equations
of the QFP? We will see in the next proposition that the remaining transformations
in R\ H; will yield a 2 dimensional orbit space that will make all QFP equivalent to

the case when (3 = ak.

Proposition 2.4.7. Let 7(t) be the solution the E-L equations of the QFP with
constant g(t) = 5 parameter and natural frequency wy. Then, there exist a unit
Quaternion 7 independent of 5(t) but dependent of 3 such that n(t)y is the solution
of the E-L equations of the QFP with constant 3 (t) = ok parameter for some o € R
and natural frequency wy. In particular, the dynamics of any QFP with constant 5
parameter is equivalent to the dynamics of a QFP with constant 5 parameter a

constant multiple of k. We note that for ﬁ(t) — ok, the corresponding magnetic
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field points in the z-direction not the z-direction, and the unit Quaternion ~

corresponds to an orthogonal rotation of 3-space that maps 5 to ak in 3-space.

Proof. By Proposition (A.1.3), there is a unit Quaternion ~ and real number « such

that:
Ty = ok
Recall the QFP Lagrangian,
. 1;. UJ2 - 5 2 _ =
Lyttn®).i) = sin— SO, g ()

Note that by direct calculation, we can show that,

La(t,my,my) = Lgg (¢,m,1)
= La]}'(tv 7, 77)
In particular, this shows that if /(t) = n(t)~ is a solution to the E-L equations

of the QFP with g(t) = [ parameter. Then, n(t) = n'(t)7 is a solution to the E-L

equations of the QFP with ﬁ = ak parameter. n

We note that the solution space of the E-L equations of the QFP with 5 = ak
parameter is that of two independent Foucault pendulums with the same /3

parameter. This is because, in vector notation,

e (i) = o

0 0 0 —a
0o 0 a o
= 7
0 —a 0 0
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Which decouples L(t, n(t),n(t)) as,

—

L(L T, 7(0) = Lalt, Go(t), do(t)) + Lalt, 61 (2), 1 (1))

Where to(t) = (no(t), m ()T and ¢y (t) = (ma(t), ns(t))7, and Ly is the
Lagrangian of the modified complex Foucault pendulum of Equation (2.5) with
B = Qcos(¢) parameter equal to a. That is, L is the Lagrangian of two identical
but independent Foucault pendulums that are at the same latitude as this

guarantees the same ¢ and .

2.5 Equivalence Conditions

We will find necessary and sufficient conditions on the solution set of the QFP,
under the uniform field (constant 3) assumption, that satisfy the condition L = 0.
Then, we will show that the L = 0 condition is necessary and sufficient to establish
a correspondence between the SPE and QFP. We start with a proposition that
calculates the function f(t) = n(t)n(t) explicitly, where 7(t) is a solution to the E-L

equations of the QFP.

Proposition 2.5.1. Let f(t) = n(t)n(t), where n(t) is a solution to the
Euler-Lagrange equations of the quaternionic Foucault pendulum Lagrangian L.

Assume further, that 5(¢) = [ is a constant of time. Then,

1 The function f’(t) is equal to,

f'(@)

a7 e i)

2 The function f”(t) is equal to,

£ = Al 5@~ 1817+ Re(5m))
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3 The function f"”(t) = —4wif'(t).
4 The function,
ft) = f(0)+ asin(2wt) + €(cos(2wet) — 1)

For some real constants a, e.

Proof. Clearly, f'(t) = Wt)n(t) + n(t)n(t). Also, from the E-L equation,

ii(t) + 20(8)5 + (wp — 161)n(t) = 0

One can solve for the quantities,

1

. o . 2 12
n(t) = 2H5H2{77(t)ﬁ+(wo 181%)n(t)3}
-~ o 1 = i 2 12\ H—
nt) = QHBIIQ{ on(t) — (wo — I18117)6m(8)}
From these equations, it follows that,
L P
= 2”3”2{ B + 5}
1 _ ..
= 2”3”2R6(77775)

Hence, part one follows.

For part two, note that a direct calculation yields,

£ = 2+ {am + i}
Using the E-L equations, one can deduce that,

i +7i = 4Re(Bim) — 2(w2 — ||5]1*)7m
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Thus,

1. 1 > :
1" = A — 5w = I1817)m + Re(51m)}

Hence, part two follows. Now, we show part three. Note that a direct calculation
yields,
R
= (287 — (W — 1BIPm7 + 0208 — (F — [1517)m)
= —(wg — I1BI"){m) + M}
= —(w - 181" @)

Also, note that,

%fﬁ")} — Re (B(in + 071)
= Re(Bin) + Re(Bm)
— —Re(Tiif3) + (7)) Re ()
= —|IBIP£(t) + (70) * 0
= 811 (1)
W —

Hence, it follows by using the formula for f”(¢) that,

) = —Awgf'(t)

Thus part three follows. The previous equation shows that for y(t) = f'(t),

the function y(t) satisfies the ODE §j(t) = —4w2y(t). Clearly, this ODE has solution,

y(t) = f'()

= acos(2wot) + bsin(2wyt)
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For some real constants a,b. Clearly, the integration of y(t) yields the formula for
f(t). Hence part four follows.
O

The next proposition gives an explicit calculation of the constants «, € of part

4 of Proposition (2.5.1).

Proposition 2.5.2. Let n(t) = C exp(&ﬁ}t) +C_ exp(ﬁ,ﬁot), where
B, = =18l + wo, B— = —||8]| — wo, be a solution to the Euler-Lagrange equations of

the quaternionic Foucault pendulum. Then,
1 The function n(t)n(t) equals,

ntnt) = C.C+C_C_ 4 2Re(C,C_) cos(2wot) — 2Re(C.4FoC_) sin(2wot).

2 The function n(t)n(t) is a constant of ¢, if and only if

R6(0+C ) =0

Re(CLf,C) = 0

3 If n(t)n(t) is a constant, then n(t)n(t) = C.Cy + C_C_.
Proof. Part one is a direct calculation that makes use of the formula for 7(¢) and of,
() = exp(—Pafot)Cy + exp(—B_Fot)C_
Clearly,
nOn(t) = C.Cx +C-C= + Cyexp((B- — 51)ot)C- + C exp(—(5- — ) ot) C-
Note that f_ — 3, = —2wy. Hence,

n(t)ii(t) = C.Cy + C_C- + 2Re(C's exp(—2wofot)C-)
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A direct calculation of C'\. exp(—ZwOEOt)i using the formula for Quaternion
multiplication yields,

Re(C exp(—2wofot)C-) = Re(C.C_)cos(2wot) — Re(CFyC ) sin(2wpt).

Thus, part one follows. Part two is a clear consequence of part 1 by using the linear
independence of the set of functions {1, cos(2wpt), sin(2wpt)} which imples the

unique representation of the zero function as a linear combination of these functions,

0% 14 0% cos(2wpt) + 0 * sin(2wpt) = 0

By letting n(t)n(t) = Ey be a constant, we deduce that:
(CL.CL + C_C_ — Ey) % 1+ 2Re(C.C_) cos(2wot) — 2Re(C, foC_ ) sin(2wot) = 0
Hence, Re(C.C_) = 0 and Re(C,3,C_) = 0 and part 2 follows. Part 3 is a clear

consequence of parts 2 and 1. O

The next proposition characterizes the solutions 7(t) of the E-L equations of
the QFP that satisfy the L(t,n(t),n(t)) = 0 condition. This condition will be shown
later to be necessary and sufficient to establish the correspondence of Proposition

(2.4.1) between the SPE and QFP.
Proposition 2.5.3. Let 7(t) be a solution to the E-L equations of the QFP. Then,
1 The function 7n(t) satisfies L(t,n(t),n(t)) = 0 if and only if 7(¢)n(t) is a

constant.

2 The following sets are the same,

{n(t) = Cy exp(B fot) + C_exp(B-Fot) | Lit,n(t),i(t)) = 0}
{n(t) = Cy exp(Byfot) + C_ exp(B_fot) | Re(CLC_) =0, Re(C43,C-) = 0}

{n(t) = Cy exp(B46ot) + C_exp(B_fot) | (Cy,C) =0,(Cy, pr(fo)C_) = 0}
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Proof. Recall that, by Proposition (2.5.1) part 2,

d*{n(t)n(t)}

gz = ML= Re(ifn) + Re(5mn)}

Hence, if n(t)n(t) is a constant, then we must have,
L = Re(nBn) — Re(Bin)

We will show that the right hand side of the above equation is zero. This will

establish that n(t)n(t) is a constant implies L(¢,n(t),n(t)) = 0. Recall the E-L

equations give,

7+ 207 + (Wi — [61%)7 = 0
i+ 206+ (i = [16IP)m = 0
Hence,
 — 267 + (g — 151 = 0
il — 2087 + (w§ — 61" = 0
Hence, by taking the real part of both of the previous equations, we get:
Re(ijn) — 2Re(81) + (f — 16" = 0
Re(ii) — 2Re(nBn) + (f — |B17)m = 0

Because 7n = n7 = (1, 1), we can deduct the previous equations from each

other to yield,
Re(ifn) — Rel(if) — 2Re(nB7) + 2Re(B1n) = 0
Hence,

Re(iiG) — Re(Bim) = 5 {Re(im) — Re(ii)}
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Note that for any two Quaternions «, vy, Re(a7y) = Re(ay) = (a, ). Thus,
Re(137) — Re(Bim) = 0

Establishing that L = 0.
Now, we proceed to show that if n(t) satisfies L(t,n(t),n(t)) = 0, then n(t)n(t)
is a constant. We note that the previous calculation showed that for a general n(t)

that satisfies the E-L equations,
Re(nfB7) — Re(Bin) = 0

Hence, for any such 7n(t),

d*{n(t)n(t)}
dt?

AL(t, (1), n(t))

In particular, this shows that the function f(¢) = 77(¢)n(t) has zero second
derivative. Hence, this shows that f(t) = mt + b for some constants m, b. By
Proposition (2.5.1), f(t) = f(0) + asin(2wqt) + €(cos(2wpt) — 1). In order for f(t) to

satisfy both functional representations, f(t) must be a constant function. This

shows part 1. Part 2 is a clear consequence of Proposition (2.5.2). [
2.5.1 Equivalent Equivalence Conditions
We note that one can identify C & C with H via the map,
(CLQ + ial, bo + Zbl) — Qg + a1;+ (bO + bl;)j

Using this map, one can solve the SPE and the E-L equations of the QFP in
Spinor notation. That is, by viewing the solutions of these ODEs () as functions
on C @ C instead of H one can provide for solutions as functions on C & C. One can

then solve for an analogous result to Proposition (2.5.3) and Proposition (2.3.1).
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Recall the Spinor form of the SPE as it was given by Equation (2.2),

I B icos(¢) —isin(¢) exp(if) ,
i ) e B IR B

isin(¢) exp(if) icos(¢)
By viewing x(t) as a function on C & C, one can solve this ODE and find the

general solution in Spinor notation as,

Xo(t)
x(t) =
xi(t)
0 -
—  feriwnteibt cos(3) L geiente—idt sin(3)
sin(§)e — cos(4)e'

Where f, g are complex constants and 3 = %. We note however, that by
mapping C @ C — H using the map (a,b) — a + bj, one can map
x(t) — xo(t) + x1(t)j and transform x(t) from Spinor notation to quaternionic

notation as,

X(t) = e e f 4 e ole g g, (2.7)
Where,
0 0 e
5 = cos(§)+sin(§)e’¢j
0 0 e
B = sin(é)—cos(ﬁ)e“ﬁj

One can also re-write the SPE ODE from Spinor notation to quaternionic
notation as

) = x0Tl
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Where,
Bo = i(cos(8) + sin(G)e’?quﬁ')
By Proposition (A.2.1), this ODE has solution,
x(t) = oot (1o ot

Where C'is a quaternionic constant. The next proposition will provide a map
between solutions to the SPE given by Proposition (A.2.1) and solutions given by

the Spinor notation of Equation (2.7) with the e=*0! term omitted.

Proposition 2.5.4. Let n be the Quaternion valued function n(t) = Ceo%t where

C'is a quaternionic constant, a € R, and y = i(cos(d) + sin(6)e®}). Assume

further, that n(t) can be written as,

n(t) = *fB+e " gbs

Where,
0 0. - -
6 = cos(§)+sin(§)el¢’j
0 0, -
B = sin()) — cos(D)e¥]

And f, g are complex constants. Then, the following must hold,

o > - 0 0 -
g+ f1 = e’Z%C’eZ%(sin(g)—i-cos(i)j)

6—;‘ _7

(94 7)(sin(5) ~ cos(3)]

C = ¢

M-

Proof. A direct calculation yields,
1 -8,
2
1+ 103, 0
—I—Qzﬁo _ sin(a) 3,

- i
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Also, one can re-write,

pobot Cos(at)+sin(at>ﬁ_£)

e{at + 6—;ozt e;oct _ e—fat 5

B ;g
- 1—ify o, 1416
1t 1t

e —2 +e —2

> 0 > 0
= ™ cos(i)ﬁl + et sin(g)@

Let C' = h + mj where h, m are complex constants. Then, a direct calculation

yields,

— = - = 9
Ce®t = (h4myj)(e™ cos(g)ﬁl +e sin(§)ﬁ2)
fat 0 LA datgp (9 0\ —is
= e"{h COS(E) + msm(?e o+ e {h sm(§) - mcos(i)e }5a

Hence,

f = hcos(g) + msin(g)e_%
g = hsm(g) —mecos(=)e i
Or, in matrix notation,
g B sin(4) —cos(&)e " h
f - cos(4)  sin(4)e~ m
Hence,
ge's B sin(4)e’2  —cos(§)e 2 h
fe'z - cos(g)ei% sm(g)e_’%

0 . 0 .4
- pR(sin(é)eZ% + Cos(i)el% 7
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Thus, in quaternionic notation via the map (a,b)? — a + bf.

-

67L

(3-8

9+ 1) = (et mi)es(sin(3) +cos(3)7)

Clearly, from this equation, it follows that,

(g+fj) = €

Ce

(SIS
&

N

(sin(3) + cos()7)

-, —,

By using the fact that (sin(%) + cos(£)7)(sin(%) — cos(£)j) = 1, we can solve for C' in

terms of g + f; O
Corollary 2.5.5. Let x(t) be a solution to the SPE with constant magnetic field B.
In Spinor form, x is given as,

X(t) — e_i“’ote’ﬂtfﬁl + e—iwote—i,@tgﬁQ

—

Where 3 = 7”2 I gnd v is the Gyromagnetic ratio which can be approximated as

v = 55 where q is the charge of the particle, and m is the mass of the particle. We
note that v can be negative as q can be negative. Then, x(t) can be written as

X(t) = et CeBot where C' is given by Proposition (2.5.4)
Now, we can provide for a solution to the E-L equations in vector notation.

Proposition 2.5.6. Let n(t) = (no(t), n1(t), m2(t), n3(t))T be a solution to the E-L

equations in quaternionic form. Then, there are complex constants a, b, ¢, d such

that,
. ~ 7 )
9 - in(¢ .
n(t) = Re|e ™t {q COS(2>A R T T I S B I
sin(5)e” | y-) —cos(§)e” [ y-)
\ L . J
( r T )
—gin(2)ei® _ 0 i¢ -
Re e—iwot c sm(2)e ‘ y+> 6—i||BHt +d COS(2)€ ’ y+> ei”ﬁHt
COS(%) | y+) sm(g) | y+)
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Where,
1 1
lyy) = E ;
1 1
ly-) = E y

Proof. Recall the solution to the E-L equations in quaternionic form.
n(t) = C+€(—H5H+wo)ﬁot + O~ l1B]l=wo)Bot
Where C, C_ are quaternionic constants. By Proposition (2.5.4), we express,

O e Wit lBlwolitp 3 o ~(IFlw0lity g

OBt — Bl-eoitp 3 o o~(lBl-wolity g

For some complex constants f,,g., f_,g_. By direct calculation these expressions

yield,
n(t) = e~ I8l {eiwotf+ + efiwotfi}ﬁl + ¢illBllt {efiwgtg+ 4 eintg,}ﬁQ

Now, define the complex constants a, b, ¢, d such that,’

de™®
f+ - \/§

a
- = E

b
9+ = —2

G

Then, under this choice of constants,

» . ae—iwot +E€iw0t€_i¢ : . be—iwot _Eeiwote—i(b
ot = e IIBt{ = 5, 4 el - 3,

L In the following equations, we will be identifying 7 with its quaternionic version i
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By making use of the relations,

B = 1

BBy = 1

B = —e B

552 = e B

BB = (B
= —jeii(b

BB = B

We can deduce that,
e—iwot g o—illAllt e—iwotpoill Bl elwotzeillBllt . eiwot ge—ill Bl -

B+ J61 +

n(t) = T i B2 + 2 T]ﬁz

We note that the above equation is really a Spinor solution. That is, by
viewing 3; = Bio + ﬁzlj — (Bi0, Bi1) € C® C where G0, ;1 are complex numbers,
we can view (3; € C @ C thus giving n as a Spinor. However, we can provide for a
different representation for 7(¢) that makes use of the fact that each summand
0;, fﬁi is a real 4 vector multiplied by complex factor component wise. This
representation will allow for the introduction of hidden variables in the
representation of 7(t) that will give physical significance to the correspondence
between different solutions of the QFP that map to the same solution of the SPE.
We will do this by making use of the following identity. Let & = (g, z1, ¥, 23)T be a
4 vector. Clearly, this 4 vector can also be viewed as a Quaternion x under the
natural representation x = zy + x1;+ xgj'—l— .Tg;; Note that, as a 4-vector

calculation, for any complex number ¢y + ¢,



Zo —T1 i —X
. T . Zo x1 Zo
Re | (co + c1i) +4 = ¢ T
i) —T3 ) —x3
XT3 ) T3 i)
o —I1 Co
T1  Xo +c
To —XI3 Co
T3 T2 +c1
| xo+ g
= (co F 1)
To + 173

= (Co + Cﬂ)(l‘o + $1;+ l’gj—F Igl})

We have identified in the above last two equations, a real 4-vector with its

Quaternion counterpart. We note that,

—I Zo

Zo €
= pr(i)

—I3 X2

T2 €3

Hence, we have shown the following identities:
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Where 7, (1—1:5 are real 4 vectors and c is complex number. The left hand side
of the above equations involve component wise multiplication of the complex
number ¢ with the components of the vectors &, (z—x_s The right hand side of the
above equations involve Quaternion multiplication of the complex numbers ¢, ¢ with

the Quaternion x.

Consider,
([ cos(9) ] | 0 1
w®l) | _ )| 0 | e
sin(£)ei | y_) V2| | sin(9) cos(¢) sin(2) sin()
ul sin(g)sin(@ | I —sin(g) cos() 1)

- L (- )

Where, we have identified 3; with its corresponding 4 vector B: and ¢3; with

its corresponding 4 vector (if3;). Hence,

[} oA T
Re ae*iwote*i”m't 008(2) [v-) = Re (aeiwotei“ﬁ“tﬂl . Z(Z&))

>

e—iwot o —ill Bt
—0
V2

Using the identities,



5}

B, —i(iB)
NG

(361) +i(ijbh)

V2

(7052) +i(ij B2)
V2

—iwoty il Bt Sin(g) | y-) e~ iwot il Bt
Re | e be ' = —— 5
—cos(8)e | y_) V2
j 8)er wot gl Al
A A sin(5)e*? | y iwo .
Re e—zwotce—zHﬂHt (2) | +> _ e ce ]ﬁl

V2

- iwot g o=l Blt
Re | et deilAlt e Oc\l/% jp

2

The result follows.

The next proposition will give the analogous conditions on the constants
a, b, c,d of Proposition (2.5.6) that corresponds to the conditions given by

Proposition (2.5.3).

Proposition 2.5.7. Let 7(t) be a solution of the E-L equations and choose the
constants a, b, ¢, d as they are given by Proposition (2.5.6). Then, L(t,5(t), n(t)) = 0

if and only if ad = be.



Proof. Recall that, from the proof of Proposition (2.5.6) and the result of

Proposition (2.5.4) that,

Clearly, by direct calculation,

CLBC

— is [ b+ Ee_z‘z’j —cel® — aj —ip
Cc,C. = ex e 2
' ( V2 ) ( V2

(sin(g) — cos(3)7

w [(b+de ] o —ce® —af\ -
ez | ———= | (—i) | ——=—| ez
V2 V2

Note that, for any Quaternion o = g + @, we have that,

Clearly, e’ qe?

60za6—0$ — 60$040€_0$+60IO_2€_0$

= g+ ae "

¥ is purely imaginary. Hence,

o6



Hence,

Re (C4.C)

Re (C!ﬁ%i)
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b+ 36*%; el aj

R (—bcew + %e_w’)

b+ de0f ~ [ —ce® —aj
Re( T) = (T))

%Re ((b +de ™) (ice™ + Zaj))

%Re (fbce% 1 ibaj — idce~%] %6—%)
%Re (z’(bceid’ + %e_i¢))

%Im (bee™ + dae™"?)

Thus, by Proposition (2.5.3), L = 0 if and only if there are real numbers , € such

that,

Therefore,

In particular,

—bee' + dae™ = e

bee'® + dae™ ™ = 7y

2ce’® =y —ie

2bce’® = ~ —ie
= v +tie

= 2dae™ "
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Hence, bc = da. O

2.5.2 SPE And QFP Correspondence

We will provide for a map between solutions to the quaternionic Foucault
pendulum and solutions to the SPE analogous to the correspondence given by
Proposition (2.4.1). We will see that the L = 0 condition will couple the 4
independent oscillators in the QFP further to reduce the number of free parameters
in the solutions of the E-L equations of the QFP to the number free parameters of
the spin % system. Thus making the map between the solution space of the QFP
and the solution space of the SPE possible. We start with a Lemma that will

provide for the map used in the correspondence.

Lemma 2.5.8. Let a,b,c,d be complex numbers satisfying ad = bc. Then, there are

complex numbers A, B, f, g such that,

a = V2Af
b = V2Ag
¢ = V2Bf
d = V2Bg

We note that if a,b, c,d can be written in the above form for some constants

A, B, f,g then ad = bc by direct computation.



Proof. Let the following be the complex polar representation of the complex

numbers a, b, ¢, d.

a = re?
b = rye'®
c = rye®
d = re

Note that the ad = be conditions forces,

™mry = Torg

91+94 = 92+93 mod 27

Let us assume first that both a,d are not equal to zero. Then, clearly
r1,79,73,74 # 0. Thus, the following choice of A, B, f, g will suffice,

€i91

62(04_92)7"47’3
V2

ei(93 -0 ) ,,,.4,’,.3

V2

Let us assume that a = 0,d # 0,¢=0. Then, f =0,9g=1,A = B =

b
V2’
suffices.

Let us assume that a = 0,d # 0,b = 0. Then,A:O,le,g:\%,f:\/L5

suffices.

Sl

29
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Let us assume that @ # 0,d =0,¢ =0. Then, A=1,B=0,g9 = \%,f: \%
suffices.
Let us assume that a # 0,d = 0,0 =0. Then, f=1,9=0,A = \%,B: %
suffices.
O

The complex constants f, g, A, B of Lemma(2.5.8) will be given
interpretations in the next results. The complex constants
| A2+ | B|?¢ =gy| A|?>+ | B|? will correspond to different solutions
of the SPE, and the complex constants A, B to hidden variables that are

independent of the SPE solutions.

Proposition 2.5.9. Let 7(t) be a solution to the E-L equations of the QFP.

Consider the SPE with constant magnetic field B and a negatively charged particle

1B

5 Assume further that

(that is 7 is negative). Assume further that ||3]| = —2

L(t,n(t),n(t)) = 0. Let a, b, c,d be constants of Proposition (2.5.6) in the
representation of n(t). Clearly, by Proposition (2.5.7), ad = bc and by Lemma(2.5.8)

there are complex constants A, B, f, g such that:

a = V2Af
b = V2Ag
¢ = V2Bf
d = V2Bg

Then,

-,

(A—Bj)
VIAP+|BJ?

Is a solution of the SPE where f' = f\/| A|?+ | B|>,d =g/| A|? +| B |? and

—

e

n(t) = e—iwot{eillﬁlltffﬁl _|_6—z'||,6||t9152}
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Proof. Recall, from the proof of Proposition (2.5.6) that:
oot ge—ilBlt  gmiwotpgilBlt ot giwotge—illdlt
) = — 2 B+ v 5+ 3
77( ) \/5 Bl \/§ ﬁ? \/5 jﬁl \/5 jﬁ2

—

_ miwot g { fe~ilBltg 4 geillAll 62} 1 g0l {7ei||ﬁ||tj-51 + geilBIt; 62}

A direct calculation yields,
A-Bhn(t) = AR+ B R {1 pg, 4 1At}
Clearly, from this it follows that,

(A—BJ)

VIAP+|B?

n(t) = e*iwot{eillﬂlltf/ﬁl _|_€fi||ﬂ||tg/ﬁ2}

We note that if we parametrize n(t) = (no(t), m1(t), n2(t), n3(t))T as a 4-d
function with real valued coordinate functions 7;(¢). Then, using the complex
constants A, B, we can define a map between the Quaternion representation to a

Spinor representation by letting,

(o +im)A+ (o —ins) B
X+ (t) = > >
VIAPZ+| B
(=m0 +in1) B + (n2 +in3) A

O = A B

We will call this map 04 5(1(t)) = (x+(t), x=(t)). We will denote by 6 the

map 6. We note that, by direct calculation,

B (A - Bj)
Oa(nt) = 9( AR B |27](t)>
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In particular, the last proposition can be paraphrased as the following

Corollary.

Corollary 2.5.10. Let n(t) be a solution to the E-L equations of the QFP with
constant B(t) = [ parameter. Assume further that L(t,n(t),n(t)) = 0. Then, there

18 a unit Quaternion u such that,

0 (un(t))

Is a solution of the SPE with —%EH = HBH for a negatively charged particle

subjected to a uniform magnetic field B.

Corollary(2.5.10) is the analogous of Proposition (2.4.1) for the QFP .

2.6 Results for the Time Varying Magnetic Field Case

We will show that the converse of Corollary(2.5.10) is a partial correspondence
of the QFP solution set and the solution set of the SPE for an arbitrary

time-varying magnetic field.

Proposition 2.6.1. Let 7(t) be the a solution to the SPE of a negatively charged
particle under a time-varying magnetic field B = || B ||ﬁ_g) and rest energy wy where
BB is a time-varying unit vector. Consider the QFP with time-varying ﬁ parameter
equal to %léll 50. Then, for any unit Quaternion ~, the function yn(t) is a solution
to the E-L equations of the QFP. Further, because any solution of the SPE has
constant norm, by Proposition (2.5.3), the solution yn(t) satisfies the

L(t,yn(t),yn(t)) = 0 condition as well.

Proof. We are assuming that 3(t) = Mﬁ%(t) and that ||5]| = M which is

consistent as 7y is negative because we are studying the state of a negatively charged
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ilt) = mw(”“ﬁ”W%>—ummw
= —n(t)F — iwon(t)
Also, the E-L equations for the QFP is,
() + 20(0)F +n(t) (<131 + B+ ) = 0 2.8)

It suffices to show that if 7(t) satisfies the SPE,

E-L equations of the QFP. The v constant on the left

then it must also satisfy the

n(t) can be shown to respect

the algebraic operations that are to follow. Let us assume that 7(t) satisfies the

SPE. Note that,

Hence,

i) + 205+ n(t) (<181 + 5+w) = Guon(®) +0(8) § = n())1 512
= —n(t)36 — ()15’
= @A = n@)7)?

= 0
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CHAPTER 3

SUMMARY AND CONCLUSION

In the above sections, we discussed the properties of the Foucault pendulum
as classical analogs of the spin % system. These properties include the Berry or
geometric phase, the presence of the Zeeman energy splitting phenomenon, and the
superposition of the normal modes. These similarities motivated the formulation of
an equivalence among solutions of the Schrodinger-Pauli-Equation and the modified
Focault pendulum which was given by Proposition(2.4.1). Proposition(2.4.1) had
the shortcoming of being applicable to magnetic fields in the y direction only. This
motivated the definition of the quaternionic Foucault pendulum by first generalizing
the complex Lagrangian of the modified Foucault pendulum to a quaternionic
Lagrangian, second generalizing the real valued parameter 3 to a purely imaginary
Quaternion, and third defining the QFP as the solution to the E-L equations of the
generalized quaternionic Lagrangian.

Using the quaternionic structure of the Lagrangian of the QFP, two groups
were found to be symmetry groups of the QFP Lagrangian. These groups were
defined using left multiplication by a unit or right multiplication by a unit. The
constants of motion associated with these groups were found using Noether’s
theorem and the infinitesimal generators of the Lie algebras of both of these groups.
These constants were compared to their counterparts in the SPE by postulating a
Lagrangian for the SPE in quaternionic notation. It was also shown that any QFP
with constant § parameter was equivalent to a QFP in canonical form with (3

parameter equal to ak. That is, any QFP with constant § parameter is equivalent
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to the dynamics of two independent modified Foucault pendulums at the same
latitude and of the same length. We called the equivalent QFP with 3 parameter
equal to ak the canonical form of the QFP.

We then closed the discussion with an extensive derivation of the equivalence
between solutions of the SPE with time independent magnetic field and solutions of
the QFP with time independent (3 parameter. The main achievement of this
extensive derivation was the determination that the L = 0 condition is necessary
and sufficient in the SPE equivalence with the QFP. This result is summarized by
Corollary(2.5.10), which gives the existence of a unit quaternion u that makes the
equivalence between the QFP and SPE possible as a many-to-one map. This is a
many-to-one map, in the sense that there are additional parameters in the solution
to Equation (2.8) that can be altered without affecting the corresponding quantum
solution, including an overall phase. From a quantum perspective, these additional
parameters would be called "hidden variables”.

The similarites between the dynamics of the Foucault pendulum and the
dynamics of the spin % system has been explored before in the work of Klyshko
[D.N93] but only in the context of the Berry phase. Section (2.3) shows that the
analogy goes beyond the Berry phase analog. Prior efforts to find a classical analog
of the spin % system have made use of the physical angular momentum vector in real
space as the analog for spin. Under such working assumption, a physical rotation of
the angular momentum vector by 27 does not yield a m geometric phase without
making additional reference to elements outside of the state itself. This is illustrated
by Feynman’s coffee cup demonstration in Feynman and Weinberg [FR87].

We close the discussion by posing the question of whether or not it is possible

to construct a working mechanical or electrical version of the classical oscillators
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described in Section (2.4) for the QFP. Such construction would make a remarkable

demonstration of the dynamics of an unmeasured electron spin state.
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APPENDIX A

APPENDIX

We will derive a few geometrical results about Quaternions, solve two
quaternionic Ordinary Differential Equations (ODEs), and give a formulation of

Noether’s theorem on constants of motion in the context of Lie Groups.

Al A Few Geometrical Results about Quaternions

In this section, we will cover a few geometrical results about Quaternions that
will prove useful in the derivation of the results that are covered in the manuscript.

The non-zero Quaternions H* equipped with the multiplicative product makes
them a 4 dimensional real Lie group. A Lie group that is isomorphic to SU(2) x RT,
where SU(2) is the Lie group of 2 x 2 complex matrices that are unitary and of
determinant 1, and R* is the multiplicative group of positive real numbers. The
SU(2) component is isomorphic to the group of Quaternions that have norm 1. The
R* component corresponds to the image of the Norm map.

One can define the Exponential map for Quaternions using the standard

definition of the Exponential function.

Definition A.1.1. Given a Quaternion w. The, Exponential of w is defined as:

wt o w? w?

exp(w) = 1+T+a—|—§+«~

- ;%?
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Proposition A.1.2. Let w = wy + w be a Quaternion. Then,

—

— w . —
exp(w) = exp(wg)(cos ||| + W sin |||

The Exponential map can be viewed as a map from the Lie Algebra to the Lie
Group. Based on the definition given, one can show that the Lie Algebra of the Lie
subgroup of Quaternions of Norm 1 is given by the purely imaginary Quaternions.
We will use the Exponential map to determine the infinitesimal generator of a Lie
group element.

We close this section with a Group theoretic result about Quaternions.

Proposition A.1.3. Let 5 and 77 be purely imaginary Quaternions. Then, there

exist a (not necessarily unique) unit Quaternion v and a real number a such that,

Proof. Without loss of generality, we can assume 7 = k. That is, it suffices to show
that for arbitrary ﬁ , there are 7 and a such that 757 = ak. Once this is shown, we

can find vy, a; and s, ay such that,

’)715’71 = all;
T2y = CLQE
Hence,
767 _ i
ay
_ Y212
a2
Thus,

M2B7172 = Y2niBne
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Therefore, v = v172 and a = Z—; will give the desired result.

We proceed to show that for given 3, there exist a unit Quaternion v and a

non-zero real number a such that 767 = ak.

Let 4 be an arbitrary unit vector, and # be the angle between @ and 50 where

Note that for,

—

Bo =

Q¢|Q¢

@]xﬁ
160 x |
ﬁ%xﬁ>

150 > |

v = cosf +sinf

= exp(f

We have the relation,

7307 = (4cos’f — 1)50 — 2cosOu

In particular, if we choose  so that 6 = Z,

!

N —

By = —u

The last equation satisfies the conclusion of the proposition if & = k and 5 can
be joined to k by a geodesic arc of length %. Note that, if 5 and k could be joined

by a piecewise path of geodesic arcs each of length %, the geodesic path will yield a

series of v;’s and the ordered product of all the ~;’s will give,

Ty = (-1)'k

Where [ is the number of geodesic arcs in the path joining 57) and E,

v = II'_,v;, and ~; is the 7 constructed by Equation (A.1).
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Hence, the result follows if we are able to show that any two unit vectors in
the unit sphere in R3 can be joined by piecewise path of geodesic arcs each of length
7. We leave it as an exercise to the reader to show that one can always find such a

path and the length of this path is at most 4. n

A.2 Special Quaternionic ODEs

We will consider the solution space of the following first order differential

equation in quaternionic space.

n(t) = an(t) +n(t)y (A.2)

And of the following second order differential equation in quaternionic space.

0 = ij(t) +20(t)5 + (w5 — 15*)n(®) (A.3)

Where a and v are two fixed Quaternions, B is a purely imaginary Quaternion, and
wp is a real number.

The Schrodinger Pauli Equation (SPE) for the spin % particle will be shown to
be special case of ODE (A.2), and the Euler-Lagrange Equations for the

quaternionic Foucault pendulum will be shown to be given by ODE (A.3).

Proposition A.2.1. Let a and ~ be two fixed Quaternions. Then, the following
ODE,

Has solution,
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Where C' is a quaternionic constant.

Proof. Recall that using the definition of the exponential function, we get that for

exp(yt),
dexp(yt) _ d [~ (1)
—a E{ZT}
d ()
EiRs

Where we have used the fact that ¢ commutes with any Quaternion because it

is real. Thus, we get that,

dexp(yt
# = vexp(yt)

= exp(7t)y

Now, applying the product rule of differentiation for functions of one real

variable to n(t) = exp(yt) x C x exp(at), we deduce:

n(t) = ~exp(yt)Cexp(at) + exp(yt)Cexplat)o
= () + )
Hence, n(t) = exp(~yt)Cexp(at) is a four dimensional solution set to the ODE

over R. Clearly, the solution set of the ODE is four dimensional over R. Hence, the

result follows.



Proposition A.2.2. Let ﬁ be a purely imaginary Quaternion and wy a real

number. Then, the second order quaternionic ODE:
0 = ij(t) +27(t)5 + (w5 — 15]1*)n(t)

Has solution:

(—18l + w0)B (~ 131 - w0)B
t = C X —_,t + C, X —_,t
" *ep< 1A ) ‘3p< 1Al )

Where C,C_ are quaternionic constants.

Proof. Let us assume a solution of the form 7(t) = C'exp(at) where C'is a

quaternionic constant. Note that, for this 7(t), we must have for arbitrary ¢:

0 = i(t) +20(t)5 + (wi — 151*)n(®)

= Cexp(at) <a2 + 205 + (wi — HEH))
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Hence, the ODE is satisfied if and only if « is a root of the following quadratic

equation over H,

o® +20f+ (w§ —[IBl)) = 0

We will show that this quadratic equation has exactly two quaternionic roots

a4, a_. Hence, the general solution to the ODE will be given as:

n(t) = Ciexp(ast)+ C_exp(a_t)

The result will follow by giving the exact formula for a,,a_. Let a = ag + a.

Then,
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o = af — @] + 2a0d

— —

af = —(af) +af+axp

Hence,

- -

0 = (af — lG@° = 2&@ ) + w§ — 151°) + 2 * (c0d + aoff + @ x )
Thus, the following conditions must be satisfied,

0 = af—|la” - 2(a,8) +wi — 187 (A.4)

0 = Ck[)O_é’—FCKQB’—FO_é'X/g (A5)

Clearly, from Equation (A.5) we deduce @ x 3 = —ao(@ -+ ). In particular,
this means that a x 5 lies in the plane spanned by & and ﬁ Note that a x ﬁ is
always perpendicular to the plane spanned by & and 5 unless @ and 5 are linearly
dependent. Hence, in order to satisfy Equation (A.5), we must have oy = 0,

& x =0, and @ and J3 be linearly dependent. Thus & = k3. Clearly, with this
condition Equation (A.5) is satisfied trivially. Note that Equation (A.4) is

equivalent to,

wo = al® +2(a 8) + |16]°
= |la+4|’
= (k+1)?(15]?
This gives a solution for £k = —1 + ITJTQII Hence, the roots to the quadratic

equation in H is given as:



5

— g + wo =
v = Al
18]
N
151l
The result follows. O]
A.3 Noether’s Theorem for Lie Groups

In the following, we shall be interested in finding the constants of motion
associated with a symmetry of a given dynamical system that is defined by a
Lagrangian L. Specifically, the Foucault pendulum and the quaternionic Foucault
pendulum. Both of these systems make use of a real valued Lagrangian L defined
over a division ring (C or H). Also, for both of these systems the division ring at
hand can be viewed as a Lie group under the right regular product of Equations
(1.1) and (1.3). We will see that subgroups of these Lie groups induce symmetries of
L. Hence, it is natural to talk about the symmetry group of the Lagrangian L as a

Lie group as well.

Definition A.3.1. Let L(t,z, %) be a Lagrangian of a system that is real valued,
where x, 2 € R™. That is, L is defined on R x R™ x R". Let a Lie group GG act on R"
and R, and be of dimension m. We will call G a symmetry group of L whenever for

all g € G,
Lig-t,g-x,9-%) = L(t z, )
Where - is the action of G on R™ and R

It is well known, by Noether’s theorem, that a symmetry of the Lagrangian

corresponds to a constant of motion of the solutions to the Euler-Lagrange
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equations. The following result summarizes this result in the context of Lie groups

and gives an explicit formula for these constants.

Proposition A.3.2. Let L(t, 7, f) be a Lagrangian of a system that is real valued,
where 7,7 € R"™. That is, L is defined on R x R” x R™. Let G be a Lie group of
dimension m that is a symmetry group of L. Define p" as having components

pi = g—i, where z = (21, -+ ,2,)". Thus, §(Z, &) = %. Let Ry(Z) = g -  be the
diffeomorphism induced by ¢g under the action of G on R". Let £, be the vector field
generated by the infinitesimal generator of R,. Then, for given g € G, the following

quantity,

S(Ry) = (p(T, ), &(T))
Is the constant of motion that corresponds to the symmetry given by g.

A consequence of Proposition (A.3.2) is that one only needs to calculate the
constants of motion given by the vector fields of the generators of the Lie algebra of
G to determine all the constants of motions of G. This is because any constant of
motion induced by G is a linear combination of the constants of motions induced by
the generators of the Lie algebra of G. Hence, by Proposition (A.3.2) there are only
m linearly independent constants of motion induced by G.

In Chapter 2, we will apply Proposition (A.3.2) to get all the constants of
motion of the Foucault pendulum and the quaternionic Foucault pendulum that are
associated with the induced symmetry group in the corresponding background Lie

group C or H.
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