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Abstract

Coordinate transformations of differential equations have long been studied in the context
of mathematics and physics. They allow us to change a differential equation into one that
is easier to solve. In nonrelativistic quantum mechanics, the time evolution of a wave func-
tion is determined by the time-dependent Schrodinger equation (TDSE). Since quantum
mechanics must work in every nonrelativistic frame, there must be a TDSE for every set of
coordinates one chooses to measure in. Coordinate transformations between two reference
frames must then transform one Schrodinger equation into another. Called form-preserving
transformations (FPTs), these transformations allow for many puzzling solutions to the
TDSE and can be used for the efficient determination of symmetry groups.

In this work, we will determine the most general allowed FPT for the Schrodinger-Pauli
equation of a spinless charged particle in N-dimensions. We determine that the most general
allowed transformations are of the form X’ = R(X/y+ B) and 1’ = ftg dt y~2(t), for the real,
time-dependent functions B(t) and y(r) and the rotation R(r). Furthermore, we show that
the FPTs form a continuous Lie group, whose algebra is discussed in detail. Well-known
symmetry groups such as the Galilean and Schrodinger groups are shown to be subgroups
of the form-preserving group. We conclude with an analysis of FPTs in the phase-space

formulation of quantum mechanics.

11



Contents

Abstract

List of Tables

List of Figures

List of Abbreviations

1 Introduction

2 Form-Preserving Transformations
One-Dimensional Form Preservation . . . . . . . ... ... ... .....
Form Preservation in Higher Dimensions . . . . . . ... ... ... ...

3

2.1
2.2

23

2.4
2.5

22.1

3-Dimensional Considerations . . . . . . . . . . . . . . ... ...

Physical Interpretation and Expectation Values . . . . . ... ... .. ..

2.3.1

Ehrenfest Theorem in the Transformed Coordinates . . . . . . . . .

Rotating Frames . . . . . . . . . . . . .. ... ...
Free — Harmonic Equivalence . . . . . . . . . .. ... ... .. ......

25.1

Relation to the Diffusion and Heat Equations . . . . . . . ... ..

Form-Preservation with Operators
Unitary Transformations . . . . . . . .. ... ... .. ... .......
3.2 Symmetries in Quantum Mechanics . . . . . ... ... Lo

3.1

3.3

3.2.1
322
323

Conserved Quantities . . . . . . . . . . . . . e
Galilean Symmetry Group . . . . . . . . . .. .. ... ...
Free Schrodinger Group . . . . . . . . .. ...

Unitary Representation of Form Preservation . . . . . ... ... ... ..

3.3.1
332
3.33
3.34
3.35
3.3.6
3.3.7
3.3.8

The Dilation Generator . . . . . . . .. ... ... .........
Momentum translation by position . . . . . .. .. ... ... ..
The Form Preserving Algebra . . . . . .. ... ... ... ....
Unitary Form-Preservationin1D . . . . ... ... ........
Unitary Form-Preservation in Higher Dimensions . . . . . . . . ..
On the Time transformation . . . . . . . ... .. ... .. ....
Lie Elements of the Time Transformation . . . . . . ... ... ..
Spin-1/2 Particles . . . . . . ... .. ... ... ... .

v

iii

vi

vii

viii

17
20
24
28
33
37



CONTENTS

4 Form-Preservation in Phase Space

4.1 Quantum Mechanics in Phase Space . . . . . .. ... .. ..
4.2 Canonical Transformations . . . . . . . . . . . . . ... ...
4.2.1 Classical Canonical Transformations . . . . . . . . ..

4.2.2 Canonical Transformations of the Time Coordinate

4.2.3 Canonical Transformations of the Star Product . . . .
4.3 Transforming the Moyal Equation . . . . ... .. ... ...
4.4 Oscillator—Free Equivalence . . . . . ... ... .. .. ...
4.5 Senitzky Coherent Excited States . . . . . . ... ... .. ..
4.6 Berry-Balazs AiryBeam . . ... ...............

Conclusion
References

A Electromagnetism in Quantum Mechanics

A.1 Classical Electromagnetism . . . . . . .. ... ........
A.2 Lorentz Force in Quantum Mechanics . . . . . .. ... ...

B Levi-Civita Symbol

C Groups

C.1 Special Linear Group . . . . . . ... ... ... .......

D Orthogonal Transformations and SO(N)

D.1 Lie Algebraso(3) . . . . . . . . . ... .. .. ...
D.2 Rotations in Higher Dimensions and soN) . . . . . . ... ..
D.3 The Orbital Angular Momentum Tensor Operator . . . . . . .
D.4 Time Derivative of Rotations . . . . . . . ... ... .....
D.5 Time Derivative of the Rotation Operators . . . . . . . .. ..

E Free Dispersion of the SHO Stationary States

110

114

117

....... 117
....... 120

122

123

....... 123

125

....... 126
....... 128
....... 129
....... 129
....... 130

134



List of Tables

3.1 The generators of the Galilean symmetry group. . . . . . . ... ... ... 51
3.2 The generators of the Schrodinger symmetry group. In the last row, the
alternate expansion parameteris (t) = (1—out)~1. . . . . ... ... ... 57

-

3.3 The transformation of operators A’ = U AU" under the form preserving
group where U = exp(i€2/h) is an element of the group, and Q and A are el-
ements of the Lie algebra. The rotation matrix R is R = exp (6x) = exp($).

All scalar functions of position transform as [g(X)]' = g(X’). . . .. .. .. 67

vi



List of Figures

2.1

4.1

4.2

4.3
D.1

A volume element scaled by the Jacobian of a transformation. The proba-
bility density must vary inversely to the volume to preserve the outcome of
EXPEriMENt. . . . . . . .t vt e e e e e e e

The free space evolution of level curves of the simple harmonic oscillator
Wigner function in phase space. The dimensionless energy is € = 2E /®h. .
Phase space rotation of the level curves of the CES Wigner function with
dimensionless axes. . . . . . . ... L.
Time evolution of the level curves of the Airy beam Wigner function.

Orthogonal basis created by the axis of rotation and its time derivative. . . .

Vil



List of Abbreviations

CES coherent excited states.

DE differential equation.

FPT form-preserving transformation.
NR nonrelativistic.

PSQM phase space quantum mechanics.
QM quantum mechanics.

SHO simple harmonic oscillator.

TDSE time-dependent Schrodigner equation.

viil



Chapter 1

Introduction

Symmetries have long been an important aspect of understanding the physical world. The
most basic symmetries that we can identify in a physical system are space translation, time
translation and rotation invariance. With the presence of any one of these three basic sym-
metries we are able to solve many problems and explain their corresponding conserved
quantities: translational momentum, energy and angular momentum. More complex sym-
metries such as the Galilean boosts, which preserve the equations of motion for a particle of
any position-independent force, or the Lorentz transformations of special relativity, which
preserves the wave equation in all reference frames, provide even deeper insights to these
physical systems and the nature of spacetime itself.

Symmetries are also an essential tool for solving differential equations (DEs). The
methods of Sophus Lie [1] allow us to identify the symmetries of a differential equation.
Knowing the symmetries of a system allows one to limit its degrees of freedom, which often
simplifies its analysis. For example, rotationally invariant problems are best solved using
spherical coordinates, which are suited to exploiting the symmetries of the system.

Although these stricter forms of symmetries have been an extremely useful tool through-
out mathematics and physics, there exists a class of transformations that produce quasi-
symmetries. That is, they do not preserve the DE itself, but rather the class, or form, of a DE.
For this reason, they are called form-preserving transformations in [2], since they preserve
the form of a DE. Like regular symmetries, the quasi-symmetries also form a differentiable

group that is describable with infinitesimal generators, called a Lie group. Mathematically,



1. INTRODUCTION

these transformations are useful for developing techniques to transform between DEs. This
allows one to transform a new problem into one that is already known. This can also iden-
tify non-intuitive connections between problems that seem unrelated. Furthermore, beyond
their mathematical curiosity, the form-preserving transformation (FPT) has a direct physical
meaning and application.

The objective of this thesis is to derive the most general FPT of the TDSE, and gener-
alize previously known results. In particular, we consider the group of coordinate transfor-
mations on position and time that transform one Schrédinger equation into another. This is
important, since the Schrodinger equation governs the time evolution of a particle’s wave
function. All reference frames where the particle remains non-relativistic should have a
valid Schrodinger equation for determining the time evolution of observables. Therefore,
such coordinate transformations must be well-understood in the context of nonrelativistic
(NR) quantum mechanics.

In the literature, there are several examples of wave functions produced by FPTs. Such
examples include the well-known coherent excited states (CES) [3], which have many ap-
plications in optics [4], and the Airy beam [5, 6], which seems, paradoxically, to represent
an accelerating free particle; however, these accelerating states have been observed experi-
mentally with an optical analog system [7]. Form preservation of the Schrodinger equation
appears to have been first discussed in [8] and subsequently in [2, 9-11]. However, in
the literature, specific FPTs, such as the symmetry group of the free TDSE, known as the
Schrodinger symmetry [12—16] as well as the symmetry group of the harmonic oscillator
TDSE [17], have been well-explained. Another well-known example is the equivalence of
the free particle and the simple harmonic oscillator [17-19]. Lastly, in addition to the Airy
beam, more works relate free-space solutions to that of a linear potential [20, 21]. These
have been confirmed experimentally with gravitationally induced phase shifts on neutron
beams in the famous COW (Colella-Overhauser-Werner) experiment [22] and more re-

cently confirmed experimentally [23] for cold atoms. Other examples include the Sagnac



1. INTRODUCTION

effect [24, 25] and work relating the simple harmonic oscillator (SHO) to a time-dependent
SHO frequency [26].

We will begin in Chapter 2 by introducing the FPT in the position basis for the one-
dimensional TDSE, and then for the Schrodinger-Pauli equation of a spinless particle with
scalar and vector potentials in N-dimensions. We will show how the scalar and vector
potentials transform for the most general allowed FPT. We then go on to show the specific
properties of the FPT in three-dimensions, and demonstrate its use in rotating reference
frames. We will then discuss the physical interpretation of the FPT without the position
basis. Elementary probabilistic arguments lead one to the conclusion that the coordinate
transformation must be linear, regardless of the Hamiltonian’s exact form. Furthermore,
we are able to derive the FPT while avoiding the position basis entirely by considering the
time evolution of expectation values of the position and kinetic momentum operators. We
conclude by considering a non-trivial example of the FPT, which features a time-dependent
scaling transformation.

Next, we open Chapter 3 with a brief description of unitary transformations and symme-
tries in quantum mechanics. This is followed by a derivation of the Galilean and Schodinger
groups in §3.2.2 and §3.2.3, respectively. We show these to be subgroups of the form-
preserving group. We then detail the Lie algebra and the generators for the form-preserving
group and show that the operators can reproduce the FPT identically. We conclude this
chapter by discussing the group of time transformations and extending our work to the of a
spin-1/2 particle in 3 + 1 dimensions.

In Chapter 4 we extend the FPT to the phase-space formalism of quantum mechan-
ics. We show that linear canonical transformations preserve the Moyal star product, and
therefore, they also preserve the Moyal bracket. We are then able to derive the FPT for
the Wigner function and the transformation of its corresponding scalar potential. Lastly,
we conclude by demonstrating the free-harmonic equivalence, CES, and the Airy beam in

phase space quantum mechanics.



Chapter 2

The Form-Preserving Transformation

In this chapter, we will introduce the form-preserving transformation of the Schrédinger
equation in one spatial dimension, followed by the generalization to higher dimensions with
vector and scalar potentials. We will follow this with a discussion about the special case
of three spatial dimensions and provide two examples of its applications: understanding
rotating reference frames and a non-trivial example of a time-dependent scale factor. We
then introduce a physical interpretation of the FPT in §2.3, and introduce a method for
determining the FPT without the position basis using the Ehrenfest theorem. We conclude
with a non-trivial example of the FPT by discussing the free-harmonic equivalence. We

determine the free dispersion of wave functions that are the SHO stationary states at t = 0.

2.1 One-Dimensional Form Preservation

The form-preserving transformations are the set of all coordinate transformations that
preserve the form of the TDSE. That is, these are all of the real coordinate transformations

(x,t) — (x/,¢') that transform the TDSE

B2 0%y oy
————+V(x,t) =ih— 2.1
21718)62+ (r1) =1 ot 21
to the TDSE in the new coordinates
o oy
—%axlz —f—V(x,t):th, (22)
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where y'(x',¢') is the wave function in the new coordinates. Physically, this restriction rep-
resents a kind of transformation to a “quasi-inertial” reference frame in quantum mechanics
that preserves the form of the equations of motion. And since the transformed equation is
also a Schrodinger equation, we may interpret ' as being the wave function for the particle
in the new coordinates.

Following a similar method to Senitzky and Nauenberg [3, 21], we introduce the polar

ansatz

/ \V/ lS (x,t)/ (23)

where S and J are real functions and W' is a complex function in general. The inclusion
of the scale factor \/.7 is not necessary if S is allowed to be complex. It is, however, a
cleaner derivation to include this scale factor, which we will see later in §2.3 preserves the
probability density of finding a particle at a particular location in space.

Our goal is to perform the coordinate transformation (x,z) — (x',#') along with our
polar ansatz to arrive at the Schrodinger equation in the transformed coordinates (2.2).
Substituting the modified polar ansatz (2.3) into the Schrodinger equation (and dividing out

VJe'S/M), we get the equation

[y wasav s, (105):
ox2  hox ox haxzw h ox

J i dS oy’
1% it -
VY= < v h ot v ot
(2.4)
where J is the total time derivative of J. The phase function S is a function of the original
position coordinate x, so its derivatives can remain unchanged. The rest of the derivatives

on ' will be changed to the primed coordinates by the chain rule. This results in the
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differential equation

h2 ow\? 9% % 9 _oxor 92 o' \? 32 9% 9
- = St==+t2—+ ) S5+
2m ox ) ox'?  ox2 ox dx dx dx'ot’ ox /) o' ox2 ot

2. / / .2 1 2
. lBS(Bx 9 o 8)+zaS ( as> }\”W

Tax\axar oxar) hoe \har
J idS oJ' 9 o 9
=ih| —+-—+——+—=—=— V. 25
’ <2J+hat Tt axf)"’ (23)
Comparing (2.5) with the transformed TDSE (2.2), we see that there are second-order
derivatives in ¢’ as well as mixed derivatives in x" and " that should be zero. This restricts
the time transformation so that d,#' = 0. This removes a lot of the complexity from the
second-order spatial derivative
R [ox'\? 92 +82x’ 0, 2i950x' 9 L %S [19S\? !
2m 0x ) ox'? 0x?20x  hoxodxodx  hox? h ox 4 v
J idS o d oJ 9
=ih| —+-—+——+=—=— V. (26
’ <2J+h8t T T a ax/)“’ (26)
Comparing this to the TDSE in the new coordinates, we necessitate that the coefficient
of the second-order spatial derivative (9,x')? be the same as the coefficient of the first-order
time derivative, d,#/. Since ¢’ must be a function of time only, this requires that d,x" also

be independent of x. We then define the relationship between the spatial and temporal

o [a\* [ 1\°
T(a) Z%) ’ —

where Y(¢) is a real function of time only. Therefore, the most general form of coordinate

derivatives to be

transformations allowed is the 1D transformation

b :

¥ = B 2.8)
[t 4T

= o (2.9)
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where [(¢) is a real time-dependent translation.
Furthermore, since x’(x,?) is linear in x, its second-order spatial derivative d2x’ is zero.

Collecting coefficients, we have

2oy iyhoy [9S ox’ S ihJ ihdS 1 [3S\?
PPy by (amya_j) e <v+__l__l__+_(_> )W,

The coefficient of the first-order spatial derivative of the transformed wave function must
add to zero if the overall form of the TDSE is preserved. This gives the derivative of the

phase function as
oS dx’/ i .
a:—mYaszx‘yﬁ)' =

Integrating results in the phase

S(x,t) = = (%xz - 2yBx) +at), (2.12)

where o(¢) is an arbitrary function of time.
The linear term in ' can be identified with the transformed potential V/(x’,#') in (2.10).
This function must be real, so the imaginary part must add to zero. With 928 = my/,
ihJ  ihy

1
L) G N 2.1
5Ty 0=y (2.13)

meaning that J is the same as the Jacobian of the transformation from x' — x (which we
will show is true in general later).

Finally we arrive at the transformed Schrodinger equation as reported in [2]

h2 azw/ L awl
Tamaer VY TG 19
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where the transformed potential is

V(X1 S 1 [aS\?
#:V(x,t)-i-a—“f—z—(a—)
v FooamAox 2.15)
= Vi) it - ma(2i o)+ SPR
and the wave function is
_ Ly im (Yo o o
w(x,t)—ﬂlv'(x,t)exp {Zh (Yx 2y[3x>+zh]. (2.16)

The arbitrary time-dependent function a.(7) then corresponds to the gauge freedom of the
Schrodinger equation (without introducing a 1D “vector” potential A < Va).

The ability to use strategic coordinate transformations to change the potential of a
solution has utility when trying to solve the Schrodinger equation. With an appropri-
ate choice of o, ,y, we can sometimes transform a Schrodinger equation into one we
already know how to solve. This was demonstrated in [2] for the anharmonic potential
V =%+ 20u* 4 (02 —4n — 3)x* where o € R and n € N. Another example is the solution

2

to the time-dependent oscillator V = %m(r)x written in terms of the stationary oscillator

found by Yan [26].

2.2 Form Preservation in Higher Dimensions

Form preservation of the TDSE under coordinate transformations works much the same
in N spatial dimensions as it does in one dimension. If we exclude the special case of time-
dependent rotations, then even with the inclusion of a fixed rotation, the N-dimensional
case is much the same as the one-dimensional case. Since the potential and the phase are
scalar valued, the simplest generalization to N-dimensions is to replace the scalar products
of two real numbers with the vector scalar product, which is indeed what happens. For the
most part, time-independent rotations are a trivial extension of the one-dimensional case, so

we will not treat them directly. Instead, we move straight to the most general case, as was
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mostly covered in [9, 10], though our treatment will include the use of vector potentials to
describe a spinless-charged particle in a magnetic field.

The Hamiltonian in N-dimensions for a charged, spinless particle [27, 28] is identical
to the classical Hamiltonian of a charged particle with nonzero electric and magnetic fields.
As usual, we take the regular Hamiltonian of kinetic plus potential energy and replace the
kinetic momentum with j — gA /¢, where p is the conjugate momentum, which is p — —ihV
in the position representation. This results in the Schrodinger-Pauli equation for a spinless
charged particle

1

% _ v
{% (—th—;A) +q<1>}\v—lhat, (2.17)

where ®(X,¢) is the electric scalar potential and A (X,1) is the magnetic vector potential,
whose curl determines the magnetic field. For our purposes, we will drop the ¢/c coefficient
in front of the vector potential, and replace ¢g® with V (¥,1).

Since the magnetic field is determined by the curl of the vector potential B=VxA,
we can add the gradient of any scalar field VA to the vector potential without altering
the resulting magnetic field. In higher dimensions, we can still add the 4-gradient of a
scalar field to the vector four-potential A, — A, + d,A. The electromagnetic tensor Fyy is
invariant to this transformation, and therefore so is the force on a charged particle. This is
the gauge symmetry of the electromagnetic field, and the outcome of an experiment should
not depend on our particular choice of gauge. For example, computing the time derivative
of the expectation value of position by the Ehrenfest theorem [28], we get the quantization
of the Lorentz force law [29]

d2

m
dr?

(X) = (=VV - =+ =(VxB—-BxV)), (2.18)
where mV = P—A is the “velocity” operator of the kinetic momentum (see Appendix A.2
for higher dimensions).

Examination of the Schrodinger equation (2.17) shows that this is not invariant under the
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sole gauge transformation A — A+ VA. In classical electromagnetism, the potential trans-
forms as V — d;A, so we might expect this helps, but it is not enough. For the Schrodinger
equation to be invariant, the wave function itself must be transformed accordingly. Since
the only way to transform a wave function without changing the probability density in the
position representation is to introduce a phase factor, we might correctly guess that a gauge
transformation changes the phase of the wave function. Indeed, if we set X V and vy to
transform simultaneously as

oA in/h,

A—A+VA VoV—-— Y — Ye

o (2.19)

the Schrodinger equation remains invariant. The potential fields are normally said to be
nonphysical, and only the electric and magnetic fields are said to have any direct physical
consequences. However, since the gauge transformation can affect the phase of the wave
function, this may not be the case, as evidenced by the Aharonov-Bohm effect [27]. Though
the Aharanov-Bohm effect seems to detect the presence of a magnetic vector potential in a
region of zero magnetic field, the result of experiments will always be gauge-independent.

We can now expand the square of (2.17) to obtain the differential equation

h2 ih - WV -A + A2 )
SR NPy O8I (A S s v BV, (2.20)
2m m 2m ot

It is often customary in the treatment of electromagnetism to choose the Coulomb gauge in
which a gauge transformation (2.19) is applied to fix the divergence to be zero, or V LA=0.
Thus, it is natural for the sake of completeness to ask whether or not we are guaranteed to
find a gauge parameter A so that we can always transform into the Coulomb gauge. Taking
an initial nonzero divergence and requiring that the divergence vanishes, yields the equation
V-A+V2A = 0. This is the Poisson equation for the gauge parameter A and can always
be solved using the appropriate Green’s function. Furthermore, A is not even unique since

we can add the homogeneous solution @ of the Laplace equation V?® = 0 to the gauge

10
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parameter and it will still solve the Poisson equation. Thus, we are always guaranteed to be
able to fix a gauge so that V . A = 0 without loss of generality. It would therefore be safe to
assume that we can use the Coulomb gauge in both Schrodinger equations without loss of
generality. We choose not to do this for the sake of clarity.

We begin with the same ansatz as the one-dimensional case, generalized to higher di-

mensions:

Y(x,1) = /J()eSFEN (7' 1), 2.21)

where /' is assumed to satisfy the TDSE (2.20) in the primed coordinates with vector poten-
tial A’ and scalar potential V'. For the higher-dimensional case, we are expecting an equa-
tion for the transformed potential analogous to (2.15), which should be invariant to gauge
transformations. Since it is possible to fix the divergence of the vector potential, it would be
reasonable to expect the divergence to be absent from the resulting transformed potential.
Applying the gauge transformation (2.19) to the ansatz (2.21) leaves ' unaffected, and the
phase shift can be absorbed by S. Our transformation should then be independent of the
particular gauge we chose for the wave function in either coordinate system.

We now insert our ansatz (2.21) into the Schrodinger equation (2.20) to obtain

hZ
2m

quﬂ+ W VS + \|IV2S V' (VS/h) } @A (Vy' + qfvs

— 2 /
+<M+V) ( \4;’+\|;’ia—s+al) (2.22)

2m

As before, we must turn the derivatives of ' into the primed derivatives. For the same
reason as the 1D case, we will take ' to be independent of position, as the mixed derivatives
of time and space are not present in the Schrodinger equation. Using Einstein’s summation
convention with d; = 9, and 9} = 9/, the components of the gradient are

ox’,

J; = a—xia’j =J;id, (2.23)

11



2.2. FORM PRESERVATION IN HIGHER DIMENSIONS

where Jji(X,t) = 9;x] is the Jacobian matrix of the transformation X — ¥'. The Laplacian
can then be written as
0;0; = Jki‘]jiaza;- + (8ile~)8;-
(2.24)
= (JIT) 00 + (V*x))},
since 0;J;j = sz;-.
The Schrodinger equation in the primed frame must contain a Laplacian in the primed
coordinates, V’2. Therefore, since this is the only source of second-order derivatives in xﬁ,
the diagonal terms of JJ? must be equal. Furthermore, since the non-diagonal terms of

this product introduce mixed derivatives of the form 8’8;- for i # j which are not present

l
in the Schrodinger equation, we require that the non-diagonal coefficients are zero also.

Therefore, the only allowed Jacobian matrices of this transformation must satisfy
1
' = ;1 = (X)) =1, (2.25)

for the arbitrary real function! y(¥,¢).

According to (2.25), the matrix =yJ = R is orthogonal, so that its transpose is also its
inverse, RRT =1, in N dimensions. Furthermore, since det(£yJ) = detR = £ 1, we obtain
that the Jacobian J = detJ is y~~. We will drop the = in front since it can be taken up by the
orthogonal matrix. The significance of this being an orthogonal matrix is that it represents
general rotations and reflections. The definition of an orthogonal matrix allows it to have
two different determinants, detR = 1. When the matrix has a positive determinant, these
are called proper rotations. Proper rotations only rotate the coordinate axes and do not
perform any parity transformations on the axes. The case of determinant —1 encompasses
all rotations that also include a parity transformation.

Since the Jacobian matrix of the transformation is now known, we can rewrite the gra-

IReality must be enforced to ensure that the transformed position is a real coordinate.

12
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dient operator as

1
V= §RTV’, (2.26)

in the primed coordinates. After some rearranging, (2.22) now becomes

K2 in| vs A ox' ik
o V/Z / e e o RT R VZ—»/ . RTV/
2my? + m Y + Y S¥ *3 ( )] v)
ih_,. (VS)? 1. ihV - A + A2 zh] as 50y
— VS . _ = . (227
+ 2m * 2m m + 2m + Y W/ at ot ( )

Furthermore, we need the factor of y~2 to be equal to d,¢’ for this to match our transformed
TDSE, just as in the 1D case, to avoid the mixed time and space derivatives that are not
present in the Schrodinger equation. This also means that the factor of yis a function of time
only, since ¢ cannot depend on position. Since Y is the Jacobian of the transformation,
the transformation must be linear in ¥ and V2%’ = 0. Therefore, the only allowed coordinate

transformations are of the form

£+B(z)] & t’:/ti (2.28)
Io

where Y(¢) and B(r) are both arbitrary real functions of time, and R(t) € O(N) is a time-
dependent orthogonal matrix.

Furthermore, comparing the terms of (2.27), we identify that the coefficient of R7 V/y/
must be the rotated and scaled vector potential Y_ZRTA" (instead of being zero as in the 1D

case without vector potentials). Thus, the gradient of the phase must satisfy

ox' 1 e
VS = —myRT L A— “RTA
S my; 3 + Y

. | (2.29)
=m (%)_c'— 'YB) +A— K(RTA’/ —mRTR(Z+B).

The first part of the phase matches perfectly with the 1D case we have already seen, but

the remaining part to the right is something different, which must be handled with some
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2.2. FORM PRESERVATION IN HIGHER DIMENSIONS

care. Unlike the 1D case, we are not guaranteed that, for a given set of vector potentials
and rotations, a scalar field S(X,¢) exists such that its gradient satisfies (2.29).

Consider the RR” ¥ term. The matrix RR” is antisymmetric for all orthogonal matrices
R. By definition, the product R” R is the identity matrix. Taking the time derivative of this

equation yields
d

0=—(R"R)
d (2.30)
=R"R+R'R
thus R”R = —(RTR)”, and the matrix is antisymmetric.

The equation V@ = AX for a space-independent antisymmetric matrix A has no solution.
To see why this is, define the circulation of the vector field V in the ij plane as o;V; —
d ;Vi. If the vector field can be written as the gradient of the scalar field @, this results in
zero circulation because the derivatives commute. Thus, in a higher dimensional analogy
to the Helmholtz decomposition [30], a vector field with nonzero circulation cannot be
written as the gradient of a scalar field. The circulation of AX in the ij plane, where A is
an antisymmetric matrix, is —2A;;. Therefore there does not exist a scalar field ® so that
Vo = AX.

Therefore, for S to exist, the transformed vector potential must be

RTA’
Y

—A—Vo—mR"RE+p), 2.31)

—

where ou(X,7) is an arbitrary scalar field, which represents the freedom to choose the gauge
of both A’ and A when we perform the coordinate transformation. It is easier to see that o
can also be a gauge transform of A’ if we remember that YRVo = V'a. The phase can now

be written as

S(x,t) = % (%;?2 — Zyﬁ )?) + (X, 1), (2.32)

where o is a real function of position and time.
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2.2. FORM PRESERVATION IN HIGHER DIMENSIONS

This leaves us with the Schrodinger equation

h vS)? 1. WV - A + A2 h oS
V|- ZV25+u——A-VS+;+V—l—+ ’
2m 2m m 2m ot
h? ih -
——V’zw’Jrl—A’ vy = i. (2.33)
2m ot’

Upon comparison with the transformed equation, we identify the coefficient of ' with

ihV' - A + A"
2m

+V. (2.34)

Therefore, the relation between the transformed scalar potentials can be written as

(VS)2 1- ihV - A+ A2 th oS ihV'-A'+A?% V
S Avs4 AT Ly oy A A Y 235
2m + 2m  m + 2m + at 2my? +72 2.35)

Next, we note that the Laplacian of the phase is just V2S = myTrI/y+V-A—V'-A' /¥,
The trace of the identity matrix / is just the number of dimensions, N. The Laplacian of the
phase then cancels the divergences of the vector potentials in (2.35), and we are left with

1 A S (A—=VS)? ih( y J
V4+—|=V4+—+—=-—">= N- 2.36
4 ( +2m> +8t+ 2m 2( Y+J) (2.36)
But the potential function must be entirely real, so the coefficient of the imaginary term on
the right-hand side must be zero since all of the functions here have been taken to be real.

This is solved by setting
J=7N, (2.37)

which we immediately identify as the Jacobian of the transformation (2.28).

The Hamiltonian in the new coordinates is H = (ihV’ +A’)2/2m+V’, or written explic-
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2.2. FORM PRESERVATION IN HIGHER DIMENSIONS

itly,
R, ih o[ YT 1y
H=-2-V +—y[R(A—Voc)—mR(x+yB) v
N .. A_ 2 o \ A
+7 V+a—a+’;—3)‘c’2—mx (ZYB+W)+M—(A—VOC)'GX’—YB>]- (2.38)

Overall, this means that the N-dimensional TDSE equation can be solved by the wave

function

w(f,t):#w’(fc’/,t)exp[z;i (M 216 ) @} (2.39)

where X’ and ¢’ are determined by the coordinate transformation (2.28). The transformed

wave function satisfies the N-dimensional TDSE in the primed coordinates with a vector

potential
A" = YR(A — Vo) — ymR (% +B), (2.40)
and a scalar potential
Vi3S (A-VS)2 (A)y)?
? =Vt or * 2m  2m
=V+ %—? + '%fz — - (248 + 1) + 2 (o) @241

(Ao myr" %[R(f-l—yﬁ)]z.

Comparing the terms of the N-dimensional transformed potential to the 1D case (2.15), we
see that much is the same. However, there are some differences in the last two terms that
are created by the magnetic vector potential A and the rotation of the transformation. Recall
that the non-relativistic Lagrangian for a particle in a magnetic field features an interaction
potential of —A - ¥ where ¥ is the speed of the particle. The first term of the second line is
then the interaction of the moving reference frame with the magnetic field. The last term is
then the kinetic energy of the rotation, which creates the centrifugal force.

We must show that the potential transformation (2.41) is invariant to gauge transforma-

16



2.2. FORM PRESERVATION IN HIGHER DIMENSIONS

tions of the vector potential in both coordinates. Beginning in the unprimed coordinate, let

A be the gauge parameter, and let us perform the gauge transformation (2.19). The wave

function will then transform as
A/

Y(®,1) = SN/ (7 1), (2.42)

Effectively, the gauge transformation on the right-hand side can be absorbed by taking the
arbitrary parameter o — o+ A. The quantity A — Va is invariant under this transformation,
since it transforms to A + VA — V(ie+A) = A —Va.. Therefore, the transformed vector

potential (2.40) is also invariant. The scalar potential (2.41) becomes

v oA Jd(a+A) my_, Lo 3 m, 3,
R v —mx- (278 +8) + 5 (1)
X _m

— (A—Va)-mR" [RE+B))%. (2:43)

o 2

This equation is identical to the original. Therefore, a gauge transformation of the wave
function leaves the transformed scalar and vector potentials invariant if one simultaneously
takes oo — a4+ A. Since the FPT must be identical in both directions (under interchange
of the primed and unprimed variables), it follows that the FPT is also invariant to gauge

transformations of ' in the primed coordinates.

2.2.1 3-Dimensional Considerations

In this section, we will focus on the special case of 3 spatial dimensions, and the SO(3)
subgroup of O(3). It is only necessary to consider this subgroup, since allowing the scale
factor yto be negative will still encompass all possible transformations. Since we live within
3 spatial dimensions (insofar as we currently know), this is the most physically relevant
number of dimensions to analyze in more detail. Moreover, in 3 spatial dimensions we can
exploit the cross product and the nice properties of SO(3) matrices.

In SO(3), the rotation matrices are normally parametrized by the rotation vector 6 where
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2.2. FORM PRESERVATION IN HIGHER DIMENSIONS

the magnitude defines the angle of rotation and the direction defines the normal vector of the
plane of rotation, according to the right-hand rule [31-33]. It was already noted previously
that R”R is an antisymmetric matrix. Let the components of the matrix be €; k@, which
spans the space of antisymmetric matrices in three dimensions. Here €; j; is the Levi-Civita
symbol (see Appendix B) and @ is a real (pseudo)vector. Multiplying this matrix with a
vector, it is obvious that this matrix has the action of taking the cross product of a vector
® x V. Since this matrix has the effect of taking the cross product, it is standard notation to
denote it by [®]«, where it is defined as the linear map [®]xV = ® x V.

Using this notation, we can now rewrite the time derivative of the rotation matrix as

R=R[®)],. (2.44)

Furthermore, if we parametrize the rotation R about the axis 72 with angle 0 according to the

right hand rule, the pseudovector ® can be shown to be (see Appendix D.5, eq. D.40)

@ = O +sinOA + (cos® — 1)A x /A # —6), (2.45)

dr

which is not the instantaneous angular velocity vector when the axis of rotation is time-

dependent. By the properties of the rotation matrix, we may also write this as

R=[Q].R, (2.46)

where Q = R® is the rotated angular velocity. The two angular velocities only differ by a
minus sign on the 7 X 71 component.

To see why this should be the case, consider the fixed point X in the non-rotated coor-
dinates. The corresponding point in the rotated coordinates is ¥ = RX. The velocity of this
point in the rotating frame is the time derivative ¥ = X’ = R¥, which will be seen to have

rotational velocity only, with no radial component. The speed of rotational motion [32] is

18



2.3. PHYSICAL INTERPRETATION AND EXPECTATION VALUES

V=@ x X', where @ is the instantaneous angular velocity in the rotated coordinates. Since
cross products preserve orientation and have unit determinant (see Appendix D), we must
have v = (R®) x (RX) = R(® x X). We already showed this is precisely the action of R on
the point X, thus we have R = R[®] « as desired.
Thus we can write the transformed vector potential in 3-dimensions as
A =YR(A—Va) — myQ x [R(x+P)]
(2.47)
= YRA —V'o,—myPQ x X'

Now that we are in 3 dimensions, we can define the magnetic field as the curl of the vector
potential. The transformed magnetic field should then be the curl in the primed coordinates

of the new vector potential, or B’ = V/ x A’. This yields the transformed magnetic field
B =vR(B—2m®) = v’ (RB—2mQ), (2.48)

where B = V X A is the magnetic field of the initial coordinates. Finally, the transformed

scalar potential is

_gmx@+ﬁW—@_vm.ﬂ_ﬁ_ax@+ﬁ).@@)

On comparison with (2.15), the top line of the three-dimensional case is analogous, only
differing by the inclusion of the additional 2 terms on the bottom. The first is the kinetic
energy of the rotating frame (which creates the outward centrifugal force), and the second

is the interaction potential of the moving frame with the magnetic field, as discussed earlier.
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2.3 Physical Interpretation and Expectation Values

In this section, we will find a physical motivation for the transformed wave function
(2.21). We consider how the measurable probability must transform in different reference
frames and determine how wave functions should transform. We will see that not only do
we arrive at the same form of the wave function, but that the restriction to linear frame
transformations is a fundamental limitation of quantum mechanics that does not depend on
the particular form of the Hamiltonian or TDSE under consideration.

Consider a wave function y(X,7) in the Hilbert space # for a particle with probability
density |y ]2 in the coordinates (¥,7). The probability of finding this particle within a volume
element dV at the location (X,1) is equal to the volume element multiplied by the probability
density at this point, or dP(X,t;dV) = |y(%,1)|*dV. Next, consider the particle’s wave
function in the transformed coordinates y'(¥’,¢), which belongs to the Hilbert space .
Since this is the wave function for the same particle, only in different coordinates, it must
predict the same outcome for all experiments we could perform on the particle.

Let (¥,7) and (¥',#') point to the same physical location in the two different coordinate
systems, and let dV' be the volume element dV in the primed coordinates. Since the proba-
bility of finding the particle in a given volume at a fixed point in time and space must be the
same irrespective of the coordinates in which we choose to perform experiments, we must

require that

dP(R,t;dV) =dP' (X' ,1;dV') — |y(&,0)[2dV = |y (x',1")|?aV’. (2.50)

The transformed volume element is related to the original volume by the Jacobian J (X, )
of the coordinate transformation (¥',#") — (¥,7). It is calculated by taking the magnitude
of the determinant of the Jacobian matrix J = |detJ|, whose matrix elements are J;; =
djx;. This then gives the transformed volume element as dV' = J(X,1)dV, which means

that the infinitesimal probability of finding the particle within the volume dV is |y|?dV =
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(X,r) = (X,1)

dv

dv’

Figure 2.1: A volume element scaled by the Jacobian of a transformation. The probability
density must vary inversely to the volume to preserve the outcome of experiment.

J(X,t)|W'|>dV . Since the states |v),

74 ), and the volume dV were arbitrary, we can divide
out the volume. Thus we can finally determine how the wave functions of two coordinate
systems are related by taking the square root, which introduces the arbitrary phase factor
s/ h where S (¥,1) is a real function. In total, we arrive at the same Ansatz we introduced

in the preceding sections:

V(& 1) = /I & )W (&, 1)eSEN/M, (2.51)

Therefore, to interpret the two wave functions as corresponding to the same particle, they
must be identical at every point in space (up to a scale factor and phase change).

In general, for an arbitrary coordinate transformation, the Jacobian will depend on po-
sition and time. In §2.1 and §2.2, it was assumed that this function was only dependent
on time. This was because the transformations turned out to be linear, in which case the
Jacobian is necessarily independent of position. The requirement that the transformation
be linear turns out to have a very important purpose: to preserve the expectation value of
position.

Let the original wave function be y(X,7) = (X|y(r)) and let the transformed one be
v (¥',¢") = (X'|'(r")). The expectation value of the position of the particle |y) at time ¢
is Xy in these coordinates. Physically, this corresponds to the point P in space. Since the
transformed state describes an identical state, only in different coordinates, the expectation

value of its position must correspond to the same point P in the primed coordinates, X’,. Let

!
p-

operators be denoted by upper-case letters, and their eigenvalues by lower-case letters. This
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2.3. PHYSICAL INTERPRETATION AND EXPECTATION VALUES

equivalent to the statement that

¥, = (VIX|v) = (WX, (2.52)

where the prime on the right-hand-side of (2.52) denotes the coordinate transformation of
Xp to X',

We will now evaluate the expectation value of the position operator by the transformed
wave function. By resolution of the identity, we have the result

(VIR = [ @2 (v |X ) @ )

(2.53)

But we have already determined the form of the transformed wave function to be (2.51).

We can insert this transformation into the previous equation to show that

WIRIW) = [ @075 w(Eof

= (y[X'y),

J(%,1) (2.54)

where X' is the transformed position operator, so that X’ |¥) = ¥'|¥). If the primed po-
sition is determined by the map X’ = T(¥,7), then an operator with eigenvalue X’ can be
constructed by the same function X' = T'(X 7).

In total, this means that the transformation function must satisfy

T((X),1) = <T(f(,z)> (2.55)

for all arbitrary states |y) in the Hilbert space. But this can only be true for general states if
the function 7'(X,7) is linear in position. As a counterexample, consider the SHO stationary
states. For these states, the position expectation value for any state |n) is (X) = 0. If

(2.55) was true for higher powers than linear, we would expect <X 2> = (X )2. However,

22



2.3. PHYSICAL INTERPRETATION AND EXPECTATION VALUES

this is not the case, and instead the expectation value of the quadratic position operator is
(X?) =h(n+1/2)/mo.

Indeed, the equation (2.55) means that the function 7" must satisfy

/ T )Pd¥x=T ( / x’|\|;|2de,z) : (2.56)

for all wave functions y. This can only be true if the function 7" satisfies all of the same
properties of linearity that the integral itself satisfies. Assume that 7'(¥,7) is representable
as a power series. Then the integral (2.56) becomes
1 2
/(c(o) + cl(j)x,' + cl(jlzxjxk + . ) wPdVx

:c(o)/|\|;|2de+6§;)/xj|\|l|2de+cg,2 (/xj|\|l\2de) </xk|\p|2de) +... (2.57)

(2)

This can only be true for an arbitrary wave function (X, ¢) if the constants c; i and higher

0) can only be nonzero if (y|y) € R

order terms in the power series are zero. Furthermore, ¢!
is a normalizable state.

Thus, the only allowed coordinate transformations are linear in position. As a con-
sequence, the Jacobian is independent of position and X' = MX + b, where M is a time-
dependent N x N matrix. Since the position operator is Hermitian, it follows that the linear
map M and the translation b must both be real so that the transformed position operator is
Hermitian, which guarantees that its expectation value will be a real position.

This is not to say that generalized non-linear coordinate transformations are not pos-
sible; they are. Consider the transition to spherical coordinates, as it has the position-
dependent Jacobian determinant J = r?>sin®. The key difference between these and the
transformations we have been considering is that these are transformations of the coordi-

nate system, and not a boost into a new reference frame. This means that it should be

understood that we are boosting into the primed frame, and the vector X is the same re-
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gardless of the coordinate system we choose to measure it in (i.e., Cartesian, cylindrical,
spherical...). It is, however, possible to apply nonlinear unitary transformations to the po-
sition and momentum operators, though doing so presents several issues, some of which we
have already mentioned. For a discussion of this, see [34].

To summarize what we have shown so far, we first showed that as a consequence of the
conservation of probability, the wave function must transform as (2.21). Next, we showed
that to be able to transform expectation values using the same point transformation, the
transformation must necessarily be linear in X. These two facts are true regardless of the
equation of motion for the wave functions and do not depend on the Hamiltonian of the
system. They only depend on the Hilbert space structure of quantum mechanics. Then
the exact form of the original and transformed Hamiltonians will only change the allowed
coordinate transformations and determine the phase function S(X,1).

We have so far limited ourselves to the class of Hamiltonians that are composed of a ki-
netic term p> /2m plus a potential function, and have required that the resulting transformed
Hamiltonian be of this same type. In some ways, we can best interpret these coordinate
transformations as a transformation to a quasi-inertial reference frame, in that they preserve
the form of the Hamiltonian and the resulting equations of motion, but do not necessarily
represent an exact symmetry. In this way, physics looks the same except for additional

fictitious forces.

2.3.1 Ehrenfest Theorem in the Transformed Coordinates

Next, we will introduce the equations of motion for observables in both coordinates.
Consider a state vector |y(¢)) that evolves in time according to the Schrodinger equation

H |y) = iho, |v) where H" = H is the Hamiltonian. By taking the time derivative of the
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expectation value of an operator, and using the Schrodinger equation, one shows
G@= (5 )+ wiag v+ (i i)l
dr ot dr
oQ
(3
_/0Q
(3

This result is known as the Ehrenfest theorem [27, 28], and is true for any Hamiltonian.

(WIQH|y) — — <\|f|HQ!w> (2.58)

1
7
Lo,

ih

The Hamiltonian of a spinless charged particle is H = (P —A)?/2m +V(X). We can
then find how the position expectation value changes over time in both reference frames
using the Ehrenfest theorem (2.58). Denoting expectation values of the transformed wave
function by (y/|Q|y’) = (Q)’, the expectation value of the kinetic momenta® of the two
states are
(%) = (P—A)

m
dr
J (2.59)

_)—(’/: P‘_A’//
s (%) = (P-4

where A’ ()? ) is the vector potential of the transformed Hamiltonian and is a function of the
position operator.

We have already determined that the expectation value of position position for the trans-
formed wave function must be the same point in space as the expectation value of the orig-
inal state and thus must be related by the same coordinate transformation. This restricts us
to the linear time-dependent transformation Mx + b, where M () is a N x N real matrix and

b(t) is a real vector.

The expectation value of position for the transformed state is then

(X) = (MX +b). (2.60)

ZMeaning the momentum due entirely to the particles velocity, as opposed to the total momentum P.
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Taking the time derivative of both sides of (2.60) and using (2.59), we obtain

dr’ 1

. (B—A)+ (B). (2.61)

—(P—A"Y =M (X) Y

m
Next we will look at how the kinetic momentum <I3 —A ) of the transformed wave function
relates to operators in the original frame. We will evaluate this by taking the integral over
the primed position, and then later inserting our ansatz (2.51) for the transformation of
wave functions in the position basis. Expanding the expectation value as the integral over

the primed position, we have

(B— A" / EA 7 1) iV — A @) E 1), (2.62)

where —ihV’ is the momentum operator of the primed coordinates. We can now replace '’

with the ansatz /' = J1/2=iS/h

(X, ). Next, the ith component of the gradient operator is
0; = (09X, )8’ M ;d;, which we can rewrite as V = M TV' Thus, since our transformation
was assumed to be invertible, the primed gradient operator is V' = (M7)~1V.

Putting all of this into the integral, we find that the expectation value of the kinetic

momentum in the transformed frame is
(p—A") =M")" (P-VS)— (A'(X")). (2.63)

Inserting (2.63) into (2.61), we have that

dr’

- (B— &)+ (D) (2.64)

(M) (B—VS) — (A)] = (%) + M

Since the state is arbitrary, this equality must hold for all states. Therefore, in general the

phase S(¥X,7) must satisfy

/
(‘Z)VS_—MT (MX+b+MA—((11—tA>+ (d—t—MTM)ﬁ (2.65)
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But since the phase is independent of momentum, the coefficient of the momentum operator
must be zero:
dr’

MM ="—. 2.66
yP (2.66)

Let 9yt = Y*. Then we have M = R/y, where R is an orthogonal matrix. Now that we
have shown that the linear transformation can only be a scaling, rotation and translation, let
us define b = RB so that the total transformation is now ¥’ = R(¥/y+ B) The gradient of
the phase is then

' — = — 1 — .=
VS—m (%X _ yRTb) iy ?RTA’ _ mRTRX (2.67)

Vo
The vector potentials may have nonzero curl, or in higher dimensions they may equivalently
have nonzero components for the spatial indices (u,v > 0) of the electromagnetic tensor
Fu = d,Ay — dyA,. The spatial components of the electromagnetic tensor represents the
circulation of the vector potential in the y — Vv plane. This nonzero circulation means that
we cannot write this as the gradient of a scalar field due to the higher-dimensional analogs
of the Helmholtz decomposition [30]. Since the matrix R” R is antisymmetric, the product
R” R% has nonzero circulation and therefore it cannot be written as the gradient of a scalar
field either. For the phase to exist, these terms must be equal to the gradient of a real scalar
function o(X,#) and all of the sources of circulation must cancel each other. This determines

the phase function S and the transformed vector potential Al

S(X,1) = % (%}?2 +YRTh z) +a, (2.68)
A'(X") =YR(A — Vo) — myRX . (2.69)

Thus, the transformed vector potential is just the result of a gauge transformation followed
by a rotation and a scaling, with the addition of the —myR}? term to introduce the fictitious
rotational forces, as we have already seen.

We have shown how the Ehrenfest theorem allows us to successfully find the phase
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function and the transformed vector potentials. This should perhaps not be surprising, since
the theorem is equivalent to the Schrodinger equation, for which we have already derived
the FPT. In principle, this can be done again to find the transformed scalar potential by
taking the time derivative of the kinetic momentum operator’s expectation value in both

coordinates and using the Lorentz force law. Starting with

— — ! d = - .
= <P—A’> =V R <P—A—VS+ Voc+mRTR)‘c’>, (2.70)
this would result in an equation relating the gradients of both potentials, which can be

solved for the transformed scalar potential. In practice this is proves to be quite difficult,

and we were unable to calculate the transformed potential in this manner.

2.4 Rotating Frames

After constant linear acceleration, rotating reference frames are one of the most fun-
damental non-inertial reference frames. Virtually every experiment we perform is done in
the rotating reference frame of the Earth’s rotation. This produces fictitious forces which
must be accounted for. Therefore, it is necessary to understand the rotating reference frame
in both classical and quantum physics. To demonstrate the utility of the form-preserving
transformation, we will use it to analyze rotating reference frames and show that it agrees
with well-known results.

Let ¥ be the position of an object in the inertial frame and ¥’ = R(8)X be the coordinates
in the rotating frame. Here, the linear transformation R is a rotation about the axis 6 with
angle 0. Performing the coordinate transformation in this way, transforming the compo-
nents of the vector rather than the basis vectors, is called an active transformation. In this
chapter, we will exclusively use active transformations. In a passive transformation, it is
the basis vectors themselves, or the coordinate axes, that are rotated. This means that the

active transformation about the axis 6 represents the coordinate axes of the rotating refer-
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ence frame spinning in the opposite directions. Our axis of rotation in the active frame of
reference is in the opposite direction to that of the usual passive transformations, such as
those used in [32, 35].

To see how rotating reference frames behave in classical mechanics, we start with New-

ton’s second law for an object located at the position X:

= ~ d>
F =ma=m—5X,
dr?

(2.71)
for the net force F on the object in the inertial reference frame. We must be careful taking
the time derivatives during an active transformation. We are treating vectors as lists of
coordinates, and thus, if we took the total time derivative of the transformed coordinates,
it would not take into account the time dependence of the new basis vectors. To counter
this, let ¥’ = RX be the coordinates of the object in the rotating reference frame. Since the
position of the object can be written as ¥ = RT ', the coordinates are now in an inertial
frame, and we need not worry about time-dependent basis vectors while taking the time

derivative. Now, Newton’s second law becomes
F=m(RTX'+2RT¥' + RTX"). (2.72)

Here X' = %)_c” denotes the total time derivative of position as measured in the rotating
frame. This then only includes the movement within the rotating frame and does not mea-
sure the rate of change due to the rotating basis vectors.

As noted previously, the derivative of a rotation matrix is the matrix R = R[®]« and
we can take the transpose of this to obtain R” = —[®]<R” since the cross product is anti-
symmetric and the time derivative commutes with the transpose operator. The second order

time derivative of the rotation matrix then follows likewise, and we have the net force is

F=mRT¥ —2&x (RT¥') 4+ & x (0 x X) — ® x 7]. (2.73)
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From here we obtain that the apparent force on the coordinates of the rotating frame is

(2.74)

where Q = R® is the angular velocity in the rotated frame. Note that we do not have to be

careful about which coordinates we are using to observe the time derivative of ® since

—Q = R(® X ®) + R® = R®, (2.75)

and there are no additional changes to the time derivative due to the time-dependence of the
rotation itself.
Equation (2.74) shows that the coordinate transformation to the rotating reference frame

has introduced the following three fictitious forces:

Centrifugal Force: —m® X (® X X)

do
Euler Force: ma X X (2.76)
Coriolis Force: 2mo X vy,

where ¥, = RTX’ is the velocity observed in the rotating frame rotated back into the station-
ary frame. The vector @ is the angular velocity vector in the non-rotating coordinates. The
Euler and Coriolis forces are not conservative, unlike the centrifugal force. They cannot
be written as the gradient of a scalar potential F = —VV since they are of the form of an
anti-symmetric matrix acting on X. Indeed, if we compare these forces to the potential in
(2.49), we see no such analogs of these forces by taking the gradient. We shall soon see
that it is the transformed magnetic vector potential that is responsible for the introduction
of these forces in quantum mechanics.

It is the goal of this section to compute the quantum analog of the fictitious forces

that arise in a rotating reference frame. Consider the point transformation to the rotating
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reference frame X’ = RX, where R € SO(3) is a rotation and ' =t leaves the time coordinate
invariant. Furthermore, we will take the vector and scalar potentials to both be null in
the initial reference frame. The transformed vector potential is then Al = —mR(® x ¥) =
—mQ x X' where Q = R® is the angular velocity vector in the rotated reference frame. The
transformed Schrodinger equation is then

G oy

%V’Z —ih(QxX)-V+V(RTX)| ¢ = ih= 7. (2.77)

We can rewrite the gradient term as —ih(ﬁ x X')- V" as a dot product with the angular
momentum operator Q - (X' x —ikV’). Set ¢ (¥',') = (¥'|W/(¢')), where the transformed
position basis is |¥') = |RX). We will denote the position, momentum, and angular momen-
tum operators by X,PandL=X xP respectively. The transformed Hamiltonian operator
H'’ can then be written from (2.77) as

P2 4
H = P +Q-L+V(R"'X). (2.78)

In the Schrodinger picture, the state evolves through time according to the Schrodinger
equation H |y) = ifi|y). It follows that the time derivative of the expectation values of an
operator = is determined by the Ehrenfest theorem (2.58).

Dropping the prime on the position, since it is understood that the cross product of two
vectors must be in the same coordinates, we have that the time evolution of position in the

rotating coordinates is

(2.79)
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The ith component of the commutator with momentum squared can be written as
[Xl',Pij] = Pj[Pl',Pj] + [Xi7Pj]Pj = 2iﬁPj5ij. (2.80)

Thus the commutator is [X, P?] = 2ihP. Using the commutation relation [X;, L il = ihe; i Xk,
the second commutator is
[Xi O)ij} = ihg; k0 Xk,

(2.81)

—

— [X,®-L] =ihd x X.

Thus the expectation value of velocity of the state (2.79) in the rotating coordinates is
d 2 '
— XY =(=+0xX ). 2.82
% <m + > (2.82)

Using (2.82) as motivation, we define the velocity operator as V= ﬁ/ m+® x X. The
operator Pis the conjugate momentum. In the non-rotating reference frames, this is also the
kinetic momentum, mv (this can be checked with the Ehrenfest theorem in the non-rotating
TDSE). We can compute the expectation value of the non-rotating momentum by integrat-
ing in the position representation, which yields the result (P)’ /m = R (P) /m. This is just
the velocity of the non-rotating initial state rotated into the primed coordinates. Dropping
the rotation matrices>, this gives the classical result [32, Chapter 4.9] [35, Chapter 9.5]
(with a sign difference on ® since we are applying R in an active transformation, equivalent

to a passive transformation with opposite angle)
d d S

where the subscript r refers to the time derivative in the rotating frame.

3This is done for the sake of comparison. It is understood that for the two vectors to be equal, they must
be compared in the same basis, so we drop the matrices and assume that statement is true irrespective of basis
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2.5. FREE — HARMONIC EQUIVALENCE

Next, the acceleration in the rotating coordinates is given by the time derivative of (2.82)

>>, (2.84)

as determined by the Ehrenfest theorem (2.58).

%<v>’:<%mz>'+%<

= —»/ 1 1 =2 5 2 /
:<0)><X> + = —[ ,(0~L+V}+

R
—4+OxX,—+0-L+V(R'X)
m 2m

2
. OXX,—+®-L
ih\m "2m

Using the commutation relation [P;,L;| = iheg; kP, one can show that

d /-\/ do - - Lo =\

mE<V> :<—VV/+E><X+2m0)><V—m0)><(0)><X)> : (2.85)

The gradient term of the transformed potential V/(X) = V(R X) in the X’ position basis is

—RVV (X) which is the force of the non-rotating state rotated into the primed coordinates.
Comparing (2.85) with the classical result (2.74), we see that it is the simplest quanti-

zation of the classical force. Therefore, we have shown that fictitious forces arising from

rotating reference frames agree with the classical result, and are the result of the introduc-

tion of a “magnetic field” from the transformed vector potential.

2.5 Free — Harmonic Equivalence

Now that we have studied the transformations in some detail, we will look at a non-
trivial 1D example with a time-dependent y(¢). Examining the transformation of the po-
tential (2.15), we see that it is possible to introduce a quadratic term to the transformed
potential. In particular, free space is equivalent to a harmonic potential, as we can always
map solutions to one another. The equivalence of free space to the harmonic oscillator is
already a well-known result [17-19]. This equivalence means that any solution of either
the free-space or the harmonic oscillator TDSE can always be mapped to a solution of the
other. We will show this fact as a result of the FPT in one dimension.

In the derivation of the transformed potential, there was no reason to prefer one set
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2.5. FREE — HARMONIC EQUIVALENCE

of coordinates over the other since the equations of motion are preserved. If we were to
transform from the primed coordinates back to the original, the potential V should have a
symmetric equation to determine it from V’. Indeed, if we take € = 1/v, { = —yp and switch
the time derivatives for the primed time derivatives, the transformation for the potential is
completely symmetric. To avoid confusion, we will not swap the labels we used previously
at this point.

Consider the transformation from the harmonic potential V = %mcozx2 to free space in
the primed coordinates V' = 0. Using both of these potentials in (2.15), we may construct

a differential equation for the parameters o, 3, :
1 ) 2 ’Y . .. m 5e.n .
0=gmd (@ + v +mx(2YB+vB) + EYZB +a. (2.86)

Since this must be zero for all x € R, the coefficient of the quadratic, linear, and constant

terms must all be zero independently. This gives us the 3 differential equations
L 1 .
Y+ o*y=0 218 +vY3 =0 6+ 5myz[sz = 0. (2.87)

Then the scale factor y must solve the harmonic equation, and has the general solution
v(t) = Acos(wt + @) for the real constants A and @. Next, the translation f is solved by
separating the variables and integrating. This gives B = vy~ 2, where vy is a constant of
integration. Since the time transforms as dt’ = Y~ 2dt, we immediately have B = vot’ +x(, 18
a constant velocity translation of the x’ coordinate. Lastly the gauge parameter o integrates
too= —%mv(z)t’ plus a constant of integration. This constant of integration is just a constant
phase factor on the wave function, which has no impact on the physics. Therefore, we are
free to set this to be zero.

The transformed time can be integrated from Y to find that ¢’ = A tan(or + ¢) +1(. With
the initial conditions of #/ = 0 and / = 1 at ¢ = 0, we choose the constants of integration as

A =1and tj = @ = 0. Then we can rewrite the transformation parameters in terms of the
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2.5. FREE — HARMONIC EQUIVALENCE

transformed time coordinates ¢’:

m 1
of =tan(wr), o=——vit, = vot’ +xb, - (2.88)
(cor) >0 B 0 Y T+ (@)

We have now shown that there exists an a, 3,y such that we can take a harmonic oscilla-
tor potential to free space. Thus, we can write a free space solution as a harmonic oscillator

solution (and vice versa) with

o 1 ¥—B  tan !(wt')
im [(@*' (X —B)2+2v(x' —B) 5,
X eXp |:% ( 1+ (0)1‘/)2 +V0t ):| . (289)

This completes the map between solutions of free space and the harmonic oscillator.

With this map, we can calculate the free-space dispersion of any harmonic oscillator
state. Specifically, we will look at the dispersion of the stationary states. Since we will no
longer be comparing the coordinates, we will drop the primes on x and ¢ for brevity.

Let ap = \/W) be the length scale of the harmonic oscillator at t = 0. Then, if we
choose the harmonic oscillator wave function to be the nth energy eigenstate, the free space

wave function becomes

O N | () S N )
v( ’t)_\/m(ljtimt)”*é p[ 2a3(1+i0)t)]

ivo ( vot)} xX—
xexp|—5 x—— | | Hy| ——= |, (2.90)
p[ma% 2 apy/ 1+ (ot)2
where we have used

. B 2
efz(n+1/2)tan Har) ii—(::tl) (2.91)
l

]n+1/2

To see the results only of the spatial translation and scaling, it is advantageous to remove
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the phase and look only at the probability density. The probability density |y ]2 for this

wave function is

2 L By, (2B
- H, , 2.92
vl 2”n!a(t)\/7_te a(r) 2.92)

where a(r) is the time dependent width of the probability density a(t) = ag+/1+ (wr)2.
From the probability density, it follows that this is an oscillator eigenstate that is translating,
stretching along the x-axis while being squished vertically to preserve the norm of the state.
The phase that we removed is responsible for transforming the momentum of the state
introduced by the time-dependent scaling and translations.

The expectation values of position and momentum, as well as the width of the distri-
bution, can all be computed analytically for the state (2.90) using well-known recursion
relations of the Hermite polynomials (see Appendix E). The expectation values of this state

are summarized as:

(X) = vot +x <X2>:(X)2+a2(n+1/2) AX =a(t)\/n+1/2

2
(P) = mvy <P2>:(P>2+%(n+1/2) AP:% n+1/2 (2.93)
0
AXAP:h@ <n+1>
ao 2/

Notice the lack of dispersion in the width of the momentum distribution. This is
not unique to these particular states and in fact will occur for all states that obey a free

Schrédinger equation. The width of a momentum distribution [28] is
(AP)? = ((P—(P))*) = (P*) — (P). (2.94)

We may know take the total time derivative of both sides and apply Ehrenfest’s theorem.

Doing this, it is easy to see that the time evolution of the width is

d

aAPz = % ([P*,H])—2(P) % ([P,H]) = — <Paa—‘;-|-V'P> +2(P) <aa—‘;>. (2.95)
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But the derivative of the potential aa—‘; is zero for the free particle. Note that this also implies
that, for a normalized state with (y|y) = 1, there is no momentum dispersion for linear

potentials as noted by [36].

2.5.1 Relation to the Diffusion and Heat Equations

The heat equation is a partial differential equation that models the temperature in a
medium as it conducts and equilibrates throughout the medium. It is a special case of the
diffusion equation [37] without any sources or damping. The heat equation can be written
as

kV2u(%,1) X,1), (2.96)

— &u(
where u(X,1) is a real scalar field representing the temperature at the point X and at time ¢,
and k is the constant of thermal diffusivity with dimensions of L% /T.

The Schrodinger equation is also a special case of the diffusion equation. Consequently,
the heat equation may be transformed into the free Schrodinger equation by transforming
to an imaginary time it = ¢ and by writing the diffusion parameter in terms of the particle
mass m = h/2k. This then becomes the Schrédinger equation for a free particle

72

J
LR Ny _ 59 (e
2mV y(X, 1) zhat\p(x,r), (2.97)

where Cy(X,T) = u(X,t) and C is a real normalization constant with dimensions of tempera-
ture times L'/2. Therefore, any free-particle wave function (X, i) that is real will also be a
solution to the heat equation (and the diffusion equation for systems with nonzero potential
functions V (X,1)).

This means that our solution for the dispersion of the harmonic oscillator eigenstates

(2.90) can also be expressed as a solution to the heat equation. To obtain our solution to the
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heat equation, we take it — ¢ in (2.90). This results in the function

o P S el C.) i [_ﬂ]
7 V/2"nlag\/T (1+m1)”+% 2a(2)(1+03t)

vo (. Vol x—p
X eXp |:Q)_a(2) (lx— 7>:| Hn (W) s (298)

where the length scale of the oscillator is now ag = \/M In the dispersion example,
the frequency of the oscillator was a free parameter. Interpreting this as a solution to the
heat equation, the frequency or time constant of the system must then be determined by
the material and the initial conditions of the temperature field. Let the length scale of
the temperature field ag be the free parameter. Then the frequency of the system will be
determined by @ = 2k/a3, and the time constant will be T = 21t/ = Ta3 /k

Since the diffusion equation must be real, we must set vy to be zero to eliminate the
complex exponential. This eliminates the constant velocity translation that was possible in
the Schrodinger equation. This then limits 3(¢) to be a constant offset of the position, which

we may set to zero without loss of generality. Thus, a solution to the heat equation is

. [1— (or)2]"/2 { x } a
n(X,1) =Ay————F o ren |l s | 299
%0 (1+ oo )"tz =P 2a5(1 4 or) ap\/1— (or)? =

where A,, is a real constant with dimensions of temperature. However, for n # 0, the Hermite
polynomials contain regions that are negative. These u, may not then be physically relevant
solutions to the heat equation, but are still valid for systems that obey this diffusion equation

and allow for negative values in the scalar field.
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Chapter 3

Form-Preservation with Operators

The form-preserving transformations are interpreted as all of the coordinate transforma-
tions we can perform in which quantum mechanics remains valid. Because we assume we
can perform quantum mechanics in any of these reference frames equally, the outcome of
experiments and thus the expectation values of observables, as well as the inner product
between states must be preserved. Furthermore, since no reference frame is preferred and
quantum mechanics may be performed equally in all of them, any two successive FPTs
must also be an FPT, suggesting that they must form a group. Since FPTs form a group and
preserve inner products and expectation values, they are representable by unitary operators.

In this chapter, we will provide an introduction to unitary transformations in quantum
mechanics and their properties. We will then derive the Galilean and Schrédinger sym-
metries as unitary transformations, and will demonstrate that they are special cases of the
FPT. We will conclude by determining the unitary representation of the FPT group and its
algebra. We show that this is equivalent to the transformation derived for the position rep-
resentation in the previous chapter. We conclude by using the unitary transformations and

their corresponding algebra to extend the FPT to non-relativistic particles with spin.

3.1 Unitary Transformations

A unitary operator is an operator that satisfies the equation

U'U ==UU" =1, (3.1)
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3.1. UNITARY TRANSFORMATIONS

meaning that the operator’s Hermitian conjugate is also its inverse. To see why these oper-
ators are fundamental to QM, consider the transformed state vector |y') = U |y) where U
is a unitary operator. A unitary transformation of this type will preserve the inner product

of state vectors

(W) = (WlUTU ) = (wlw). 3.2)

It is easy to see from the above equation that not only does the unitary transformation
preserve the inner product with the same state, but also with any other state. In this way,
it is analogous to orthogonal transformations for regular vectors. Since the inner product
in Hilbert space is preserved, the probabilities of measuring a certain outcome from an
observable (via the Born rule) are preserved.

Furthermore, the expectation values of observables are preserved. However, the opera-
tors themselves must be transformed accordingly. To see this, we take the expectation value

of an operator, Q, and insert the identity operator UTU:

(WQly) = (WlUTUQUUy) = (V|Q|v), (3.3)

where ' is the transformed operator UQU . Thus all of the physical predictions in quan-
tum mechanics remain invariant under the transformation of all state vectors |y) — U |y)
and all observables Q — UQU".

Unitary operators may be written as the exponentials e, where H are Hermitian op-
erators [27]. It can be checked that operators defined this way are always unitary. The
transformation of operators UQU ' can then be calculated by the Campbell identity [31, 33]

KYe™X =ty =y + X, Y]+ %[X, X, Y]]+ %[X, X, X, Y]] +... (3.4)

where adyY = [X, Y] is the adjoint operator. We define ad%Y as applying the adoint operator
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to n times in succession: [X,[X,---[X,¥]---]] and € is defined as the operator
adx — i Lo (3.5)
e = . a ady. .
n=

It is also important to note that unitary transformations of the position and momentum
operators preserve the Heisenberg algebra. If X! = UX;U T and P/ =UPU T, then it is trivial
to verify that the algebra of the transformed operators is invariant under unitary transforma-

tions
X!, P] = ih, X/,X)] = 0 FLP)=0.  (3:6)

As noted by Dirac [38], this makes unitary transformations canonical in the sense that they
preserve the fundamental commutation relations just as canonical transformations preserve
the Poisson brackets between position and momentum. The Heisenberg algebra is not only
invariant to unitary transformations, as Mello and Moshinsky [34] and Anderson [39] point
out, but any transformation of the type Q' = UQU ~!. However, these transformations are
not considered here because they fail to preserve the hermiticity and expectation value of
observables, as well as the inner product of state vectors.

Lastly, we must determine the time evolution of this transformed state and therefore its
Hamiltonian operator. To obtain the Schrédinger equation for the transformed state vectors,

we take the time derivative of the transformed state
LU ) = i ) + iU ) 3.7
ih— =1 ihU— |v) . .
dr v v dr v
From here we can insert the Schrodinger equation for the original state vector

L d oy

iy W) = ihU |y) + UH |y)
(3.8)

= (i(hUUT +UHU") |y')
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Therefore, the transformed state vector obeys a Schrodinger equation with a new Hamilto-
nian H' = ihUU" + UHU'".

Note that this transformation of the Hamiltonian does not preserve its expectation value
due to the time derivative of the unitary operator. This may seem odd upon first glance, but
it should be an expected behavior of unitary transformations. Consider, for example, a boost
into a new reference frame with constant velocity v. This will change the expected energy
of our particle since the kinetic energies become shifted. Thus energy is reference frame
dependent, just as it is in classical mechanics, and it is not a problem that the expectation
value of energy is not invariant.

Instead, the reader should remind themselves that the Hamiltonian is better understood
as the generator of time evolution, rather than an energy operator. With this in mind, it
should be natural to predict that the reason the Hamiltonian transforms in this manner is to
produce the correct time evolution of the expectation values of observables via the Ehrenfest
theorem.

Let A be a quantum operator and (A) be the expectation value of the operator for the
state |y). We then introduce the unitary operator U and the transformed state |y/) = U |y).

Starting from the Ehrenfest theorem, it follows that

E<A> = l([AaH]>+<aa_?>

e in (3.9)
4oy Y uaoy < PN loutar vty '
—>dt<A>_ih<[ ,UHU]>+<at (outa Aoty

where the rightmost term in the second line follows from the product rule of the partial
derivative with respect to time. Next, we note that the operator UUT is anti-Hermitian,
which follows directly from taking the time derivative of UU" = 1. Thus, the time evolution

of the operator’s expectation value becomes

d, o 1,0, JoA\
E(A} _l_T_L<[A,H]> +<§> : (3.10)
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where the transformed Hamiltonian H' = UHUT + ihUU" is what we found previously.

3.2 Symmetries in Quantum Mechanics

Unitary transformations preserve the expectation values of operators and the proba-
bilities of a given measurement. In this way, they mirror rotations and other coordinate
transformations in classical mechanics, though Dirac argued that unitary transformations
are much more general in what they are capable of representing [38].

When a system is symmetric under a unitary transformation, we mean that the equa-
tions of motion for the system are preserved. In the case of quantum mechanics, the
Schrédinger equation is left invariant under the transformation. The most straightfor-
ward way to preserve the equations of motion is to leave the Hamiltonian invariant un-
der the unitary transformation. Requiring that the Hamiltonian remain invariant, or that
H' = H =ihUU" + UHU', is equivalent to stating that the unitary operator must obey the

von Neumann equation of motion [27, chap. 3]

d
[H.U]=ih U, 3.11)

which differs from the Heisenberg equation of motion[27, chap. 3] by a minus sign. This
must be true for both discrete and continuous symmetries.

For a continuous symmetry, we consider the Lie group element U = ¢, where G is
a Hermitian generator of the symmetry and € is a time-independent real parameter. Take
€ < 1 and expand (3.11) to first order in €. Then the generator of the continuous symmetry

will also satisfy the von Neumann equation

d
[H,G] =il G. (3.12)

Though this was taken from only expanding the exponential to first order, satisfying the

first order condition guarantees the higher order conditions of € are also satisfied [27].
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Symmetries of the type (3.12) do not describe all symmetries of the Schrodinger equa-
tion. Let D = ihd; — H be the Schrddinger operator, and the state |y) be a state vector so
that D |y) = 0. We will define a symmetry of the Schrodinger equation to be a unitary
transformation U that does not change the Schrodinger equation. Under this condition, we

have

0=DUW) (3.13)

= (UD+[D,U]) ).
The first term vanished since D |y) is zero, as before. Therefore, the second term must also
annihilate the state and must therefore be proportional to the product of any operator Q with
D on the right.
[D,U] < QD (3.14)

Therefore, an infinitesimal symmetry generator G satisfies the equations

[D,G] = ihyQpD (3.15)

for the unknown numbers A, and all operators €,. This statement is equivalent to (3.12)
when A,, = 0.

Lastly, it is worth noting how the Schrédinger operator transforms. By an insertion of
the identity, we see that D|y) = DU |y') = 0. Multiplying both sides on the left by U
it is clear that the Schrédinger operator transforms as a normal operator 2 = UDU" and
satisfies the transformed Schrodinger equation D' [y') = 0. It can be checked that this is

fully consistent with the transformed Hamiltonian we found in the previous section.

3.2.1 Conserved Quantities

Just as in classical mechanics with Noether’s theorem, symmetries in the Schrodinger
equation also implies the existence of conserved quantities. Let G be a Hermitian operator,

which thus corresponds to some observable that could in principle be measured by exper-
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iment, and denote the state by |y). The time evolution of this generator can be written
as

£ (6) = ([0.6) 3.16)

where D = ihd, — H is the Schrddinger operator. If G is a symmetry, then it will satisfy the
symmetry condition [D, G] = ik, D". The expectation value of this is zero, since D |[y) =0
and the Schrodinger operator annihilates the state vector on the right-hand side. Therefore,

the total time derivative of the expectation value of a symmetry generator G is
—(G)=0 (3.17)

and (G) is a conserved quantity. Just as in classical mechanics, the existence of symmetries

in the equation of motion implies a corresponding conserved quantity.

3.2.2 Galilean Symmetry Group

The Galilean symmetry group (in three dimensions) is a 10-parameter group that en-
compasses all of the allowed coordinate transformations that transform one inertial frame
into another. In classical mechanics, the Galilean symmetries are constant velocity boosts,
rotations, translations, and time translations. Any of these transformations preserves the
classical free Hamiltonian, and thus preserves the equations of motion in classical mechan-
ics.

In quantum mechanics, a Galilean symmetry can be represented by the unitary transfor-
mation U = ¢//", where G is the Hermitian generator of the symmetry. A unitary operator
corresponding to a member of the Galilean symmetry group will leave the free space TDSE
invariant. Therefore, they satisfy the symmetry condition (3.11) for the generator G. We
follow the usual technique [10, 12, 40] for finding the Lie algebra of the Galilei group. We

begin with the ansatz

G=a(X,t)-P+b(X,1)ihd, +c(X,1) (3.18)
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where d, b, and ¢ are functions of time and the position operator. Using the symmetry con-
dition [P?/2m, G] = ihG we may solve the system of differential equations for the Galilean
symmetry generators.

This ansatz is chosen because it is the most general operator we can write that is linear
in momentum and d;. We require these to be linear so that the transformation on position
is not a function of the momentum operator, and so that the time transformation is not a
function of the operator d;. These would not result in a simple coordinate transformation of
the arguments in the wave function.

Expanding the commutator, we have the differential equation

[2i(8jak)P,~ + thak]Pk + [2i(ajb)Pj + hvzb] iho; + [Zi(ajC)Pj + hVZC]

— —2mi(d- P+ bihd, +¢). (3.19)
From this, we have the following coupled differential equations:

W(V%d) +2iVe+2midi =0,  (9;a)PiP,=0, (Vb)-P=0,
(3.20)
BV2b+2mib =0, hVZc+2mi¢ = 0.

The functions b and c satisfy the free Schrodinger equation. Furthermore, we have Vb - P=
0, which implies that the gradient of b is the zero vector Vb = 0 and thus b is a function
of time only. The Schrodinger equation for b then becomes b = 0, or b is constant in time
also. Therefore, b = 1y is a real number.

The general solution to (djax)PjP, = 01is a; = S;;(t)Xj+u;(t) where S(t) is a real time-
dependent N x N antisymmetric matrix and i(¢) is a time-dependent N-dimensional vector.
In three dimensions we can write the antisymmetric matrix as S;; = €;j0x(¢) so that @ =

=

6 x X +ii. Therefore, the Laplacian of 4 is 0 since @ is first order in position, and the
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remaining differential equations become

8,-c+mS,-ij+mu,- =0 (3.21a)

VZe+2mic/h=0. (3.21b)

Taking the divergence of the top equation shows that V2¢ = 0 and therefore the function ¢
does not depend on time. Since c is a function of position only and u is a function of time
only, d;c = —mui; = —mv; where v; is a constant. The time derivative of S; ;j (and the vector 0
in three-dimensions) must then be zero. This is because the matrix S is still antisymmetric,
and there does not exist a scalar function of position f(X) such that its gradient is the
product of position with an antisymmetric matrix.

The solutions for d, b and c are therefore
a=SX+v+Xx b=1 c=-—mv-X, (3.22)

for the (N + 3)(N +2)/2 real parameters v;, xo;, S;; and fo. These parameters must be real
so that the generator is Hermitian.

We can now write all generators of the Galilean symmetry as the linear combination
G= %Si iLji + viK; + x0iP; +toT for the boost generator K =1tP—mX , rotation generator
L;j = X;P; — X jP;, translation generator P and the time-translation generator T = ihd,. Thus,
all of the symmetries for the free Hamiltonian in classical mechanics are present in quantum
mechanics as well. The Galilean algebra in three-dimensions is defined by the (120) =45

commutation relations

[Pa,Pb] =0 [Pa,Lb] = ihSabCPc [Pa,Kb] = ithab
[T,P)] =0 [T,L,] =0 [T,K,] = ihP, (3.23)

[LayLb] - ihsabch [KaaLb] = iheachc
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In higher dimensions, the angular momentum tensor instead satisfies the commutation re-

lations
[Lij,Lap] = ih(8 jpLia + SiaL jb — 8 jaLip — SipLja) [T,Lap) =0

(3.24)
[KaaLbc] = ih(sach - 8ach) [Pmec] = ih(sacpb - SabPC)'

Using these commutation relations, we can construct unitary operators of the form
U = @G/l where ay, are real constants and G, = {ﬁ,Li j,I? , T} are the generators of the
Galilean symmetry group. The free Hamiltonian will be invariant to any of these transfor-
mations.

Temporal and spatial translation invariance and rotational invariance are all trivial to
show for the free Hamiltonian, since they commute with it and feature no time-dependence.
Boosts, however, feature the time-dependent generator K which commutes with neither the
Hamiltonian or the time Translation generator. We will show that the Schrodinger operator
is invariant to boosts, regardless of its noncommutativity.

iv-K/h

Consider the operator U = e . The transformed Schrédinger operator D =T — H

is
1 =
D' =UTU" — —(UPUT)?. (3.25)
2m

The time-translation operator has the commutation relation [iK,,T| = hP,, and [iK}, hiP,] =
mh?8,4, which commutes with K. Thus, we only retain the first 3 terms in the Campbell

identity (3.4). The time translation operator thus transforms as

UTU" =T + “2[iK,, T) + Y22 [iKy, [iK,(, T)] = T +7- B+

2
5 2 v (3.26)

S

Similarly, from the commutation relation [iV- K /h, 13] = mv, the momentum operator trans-
forms as

P—UPU" = P+mv (3.27)
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under a Galilean boost. Thus, the transformed Schrodinger operator is
/ - 5, My
Q):T+V~P+5v ——=T——, (3.28)

which is exactly equal to the original Schrodinger operator. Therefore, boosts leave the free
Schrédinger equation invariant.

Lastly, we must determine how the Galilean operators transform the coordinates of a
wave function. Starting with space and time transformations, it is easy to see via Taylor

expansion that

@I (1)) = y(R+a1), (3.29)

iTs/h

(X|e

and (% T/ [y (1)) = w(F,t —s). (3.30)

Rotations and boosts must be handled with slightly more care.

Starting with 3-dimensional rotations, we have
(¥ (o)) = @IV y(,0). (3.31)

This is a differential operator acting on the wave function, which we expect to be a rotation.

Expanding the exponential to second order, we have

B = 1
e(9><x).V =1+ (9 X )?) -V+ 5(e,-jkejekai)(eabcebecaa) +... (3.32)
- 1
=1+ (9 X f) -V+ E(E-Iabiebﬁijkejxkaa + Eijkﬁabcejxkebxcaiak) +... (3.33)
1+ éx*+léx(éx*) v+1(§><*)(é><*) > + (3.34)
= X+ — X)| - — X); X)j=——+... .
2! 2! 7 0x;0x

The third-order term will introduce a (6 )3%/3! into the coefficient of the first-order gradi-

ent and so on. Expanding higher order terms it is clear that the pattern becomes a translation
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by* [exp (éx) — 1]X. Thus, the rotation operator is

(3L (1)) = w (5,1) = wiRE, ) (3.35)

where R is the rotation about the angle 0 (see Appendix D), giving the expected result of a
rotation on the position coordinate of the wave function.

For general, higher-dimensional rotations,

j 1
(exp (-~ 558k ) () = exp | 3550, ) Wiz
(3.36)

= exp (ad%Sij(xiaj—xjai)) V(1)

since [9;, f(X)] = 0;f(X). Furthermore, the exponential is entirely real, so there is no way
to introduce a phase shift ¢®. Since the argument of all functions transforms in the same
manner, it is sufficient to consider the simplest scalar function, y(X,7) = x;x;. Let Q =

LS:j(x:0; —x;9;). Then we have

oy, — o1/ o1/ Ny 1O (3.37)

But since the algebra is the same for [Q x;] as [—%SabLab,Xi], the position will transform

the same way as the position operator. That is, we have
eadfg/ﬁxix,- = R,-jij,-kxk, (338)

where R is the rotation matrix e >. Therefore, the wave function transforms identically to
the 3-dimensional case; as y(X,1) — Y(RX,1).
Lastly, we will examine the effect of boosts on wave functions. Making use of the

Baker-Campbell-Hausdorff (BCH) formula [33], we may break the boost operator into the

4This can also be seen by applying n first order rotations () — (X +d® x X) where d6 = 6 /n and taking
the limit as n — oo.
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separate exponential operators

eiw?/n _ imy*t/2h eitvﬁ/h efim\'zﬁ)_(' /h (3.39)

e
It is then easy to perform the translation on the rightmost exponential and the wave function.

This yields the transformation
@] ™K/ (1)) = om0 gy (3 4 5. 1), (3.40)

This contains the phase factor exp(—imV-X/h) which is responsible for shifting the mo-
mentum of the state by —myv to keep the expectation value of momentum invariant, as well
as a phase —mi’t /2h corresponding to the modified kinetic energy of the wave function in
the boosted frame.
The elements of the 10-parameter Galilean symmetry group and their effects are sum-
marized in Table 3.1.
Table 3.1: The generators of the Galilean symmetry group.

Generator U Effect Phase Shift

3D Rotations L oL/ Y(RX,1) -
ND Rotations L e~ 2SiLis Y(RX,1) -
Translations P ef@P/h y(xX+a,r) -
Boosts K VKM (x4 1) — Iy (3 + L)
Time Shifts T ST/ (Rt —s) -

3.2.3 Free Schrodinger Group

We have seen that the Galilean symmetry group leaves the free Hamiltonian invariant,
and thus any valid state vector |y(¢)) that solves the Schrodinger equation will remain a
solution if it is transformed by a Galilean transformation. The Galilean symmetries are
not the only symmetries of the free Schrodinger equation, however. There exist additional

symmetries that are present in the Schrodinger equation. These symmetries will act on both
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the space and time coordinates, transforming not only the Hamiltonian but the time deriva-
tive as well. The totality of this group, the Galilean symmetries as well as its extensions,
is called the Schrodinger group or sometimes the maximal kinetic invariance group of the
Schrédinger equation, found by Niederer [12]. For a historical review of the Schrodinger
symmetry, see [16].

The free Schrodinger equation contains a global scale symmetry. To see the existence
of this symmetry, take ¥ — X’ = axX and t — ¢’ = a’*t where a is a real number. With this
transformation we have the partial derivatives rescale as V = aV’ and 9, = a9}, thus the
scale factors in the transformed Schrodinger equation

I vy inat 2y (3.41)
m ot
can be divided out, and the Schrédinger equation is symmetric under these global scale
transformations. The additional symmetries of the Schrodinger group are found by making
the global scale symmetry of the Schrodinger equation local in time.

The reason we missed the global and local scale symmetry of the Schrédinger group in
our analysis of the Galilean symmetry is because we limited our symmetries to ones that
leave the Hamiltonian invariant. Any symmetry that transforms the time derivative i/id; in
an equivalent way to the Hamiltonian will have been missed by this analysis, even though
this will still preserve the Schrodinger equation. Therefore, instead of using the symmetry
condition [H,G| = ihG, we must perform the same analysis as in [12, 17] and consider
solving the equation [D, G| = iLD where A(¢) is a real function.

For the free Hamiltonian, the symmetry condition [D, G| = iAD becomes

2mG+2VG-P—ihV?G = A (2mid, — P* /1) . (3.42)
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Using the same ansatz as (3.18), we find the general solution to this symmetry condition:

b=—ar* +2omt+1t9 d= (o —m)X +SX + vt +Xo
(3.43)

; N o -
A=b=-20+2n c= %(—octJrn)—mTXz—mVX,

for the real constants a., M, o, V, Xp and the real antisymmetric matrix S. In 34 1 dimensions,
these total 11 parameters, which again must be real so that the generator is Hermitian. We

may now write the most general symmetry generator of the free Schrodinger equation as
1
G=vK;,— ES,']‘L,']‘ ~+ x0iP; +toT +0A —MD (3.44)
which is identical to the Galilean symmetry with the two additional operators

t = = g oy d = 1—» - - -
A:—r2T+§(X~P+P~X)—§X2, and D =-2T+ (X -P+P-X). (345

The generator D is called the dilation generator and is responsible for the scale transfor-
mations X — "X and ¢ — ¢*z. Dilation generators and why their algebra generates scale
transformations are covered in more detail in section 3.3.1. The presence of the dilation
operator captures the scale invariance of the TDSE that we pointed out was missing from
the Galilean symmetry group.

We have also found another symmetry generator A, which Niederer [12] calls the ex-
pansion generator. He notes that this is similar to the generator for special conformal trans-
formations; it is a type of time-dependent scale transformation that leaves the free equation
invariant. It is the infinitesimal generator for the scale transformations

(fc’,t)%( X ! ) (3.46)

1—ot’ 1—ot

with a real Lie parameter o and on the domain t € R\ {1/a}.

We can compute the commutators directly from the symmetry generators. Doing this,
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we get the algebra in three dimensions as

[Pa, Pyl =0 [Pa,Lp] = il€apcPe  [Pa,Kp) = imhSa,  [T,P] =0
[T,1]=0 [T,K|=ihP  [KaLp) = ih€apcKe [LarLy] = ih€apLe

K., Kp] =0 (3.47)
[A,P]=ihK  [A,K]=0 [A,L] =0 ID,L] =0
[A,T] = —ihD  [A,D] = 2ihA [D,T] = 2ihT [K,D] = ihK

of which the Galilean algebra is a sub-algebra. In N-dimensions, we replace the angular
momentum vector with the angular momentum tensor. These have the commutation rela-

tions
[Lij,Lap) = ih(8pLia + iaL jb — 8 jaLip — dipL ) [D,Ls) =0

[Ka»Lbc] = ih(sach - 8ach) [Pavac] = ih(Sach - 8ach) (3.48)
[T,Lyp) =0 [A, L) =0.
As noted in [12], the operators A, D, and T form an SL(2,R) sub-algebra. To see this,

let us transform the operators as A’ = iA/h, D' = —iD/h, and T' = iT /h. Together, these

operators have the algebra
[T",A'] =D D' A"] = —2A' D', T'] =27, (3.49)

which makes {A’, D', T’} an sl,-triple, i.e. they are isomorphic to the Lie group of SL(2,R)
(see Appendix C.1).

Like the Galilean group, we now wish to compute the action of the additional two
operators, A and D, on the wave function. Starting with the operator U = ¢M?/ and the

transformed state [y') = U |y), we have that in the position basis

W (%, 1) = eWV/2210 WV (% ). (3.50)
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Expanding the exponential and comparing it to a Taylor series, we see that the operator
eV takes a function of X to a function of e"X. The exponential with the time derivative

behaves in the same way, but with 1| scaled by a factor of two. Thus in the position basis
Y (X,1) = ™/ 2y ("X, e™Mr) . (3.51)

Finding the action of A on the state vector is considerably more difficult to do directly.
However, we can learn a lot about how this behaves by seeing how it transforms the position

operator. We begin with the transformed position operator

X' = e®diamny (3.52)
For the first-order adjoint, we have
1 - it X, . _
HlidX] = lTb[Pb,X] — X, (3.53)

The only other commutator we must consider is

iA,"X] = —[—it?T, ") X + "X = (n+ 1" X, (3.54)

St —
St —

It then follows that ad, / hX = nt"X. Therefore, the transformed position operator must be

. LS X
X' =e®umx =X Y ()" = — (3.55)
=0 — o

Likewise, we can compute how the time “operator” transforms as UtU". Since ad?, =

nlt", it is trivial to compute the transformation. It is

t

t/ — eOLadiA/ht — .
1—ot

(3.56)
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Now we wish to compute the transformed wave function in the position basis V' (X,7) =
(X|U|y). We can expand the expansion operator to first order in o using the exponential
function and compute its resulting action on the wave function in this manner. Doing so

results in

FU|y) = exp{octza, +orx-V+ oct%[ — ioczﬁhfz}\p(f,t) (3.57)
=2
~ (1+@> (1 —i“ZZC )w[)?(l—l—oct),t(l—l—(xt)], (3.58)

for o < 1. As we mentioned in §2.3, the operator X' transforms in the same way as the
position coordinate in the argument of the wave function. Thus we expect that X — X/(1 —
o) ~ X(1+ o). This asymptotic expansion agrees with (3.58) to first order. Expanding
this operator past first order is a tedious exercise, and instead, we may find the action of the
expansion generator by different means.

Assuming that this is the correct asymptotic expansion, we can instead use the form-
preserving transformation to calculate the time transformation, scale factor, and phase func-
tion. The corresponding functions are Y= 1— o, p = 0 and we will set the phase to

o(t) = 0. With these parameters, the transformed time variable is

A VA
t_/(l—at)z_oc(l—oct+c)' (3-59)

where C is a constant of integration that corresponds to the freedom of time translation.
Setting C = —1 results in the desired time transformation #' = /(1 — o). The wave function

would then transform as

. =2 —
(X = — 7N/2 @_ax X 4
ViE)=(1-ar) eXp<2h1—w)‘"(1—w’1—w ! (3.60)

which does indeed agree with the first order expansion of (3.58). It may also be checked

that these parameters leave the free particle invariant in (2.41).
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Table 3.2: The generators of the Schrodinger symmetry group. In the last row, the alternate
expansion parameter is 6(t) = (1 — o)~ L.

Generator U Effect Phase Shift Scale Factor
3D Rotations L eie_'L/ h y(RX,1) — -
ND Rotations L e~ wSilii y(R¥,1) — -
Translations P PIh (X +d,r) - -~
Boosts K e’?’K/h Y(E+it,E) = (R4 5i) -
Time Shifts T ST/ (Rt —s) - -
Dilations D eMP/h ("R, e2Mr) — eN/2
Expansions A eloA/h vy (oX,0t) o 2 ol/?

Schrodinger Group as Form Preservation

We have shown the usual Lie method for finding the Schrodinger group. However, the
form-preserving transformation proves to be a convenient alternative way to derive the free
Schrodinger group. Setting both the scalar and vector potentials in (2.40) and (2.41) to be

zero, we arrive at the following symmetry conditions:

0 = —yRVo.— myR(X+7P), (3.61)
0= %—‘f + ’%?2 —m¥- (24 +1B) + %(yﬁ)z +Va. myRTaa—’i, U EX)
The general solution is the coordinate transformation
, _at+b

R
%’ (X + Vot + %) (3.63)

T i+d Coct+d’

Where vy,%p € RY, R € O(N) and ad — bc =1 are all real numbers. Since the numbers
ad — bc = 1, the time transformation is a Mobius transformation on the real time ¢. Mobius
transformations are a type of conformal transformation. The connection of the Schrodinger
group to the conformal group is discussed in [8]. As Niederer in [12] mentions, this trans-
formation results directly from the fact that the generators {A, D, T} form an sl; triple, and

thus the matrix formed by these constants (¢ §) is a element of SL(2,R).
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The parameters of the FPT that generate this transformation are

- 1
o= —%\721‘ + 0y B = ?(\701/‘ —l—)?o) Y=ct+d, (3.64)

where 09 € R. The phase of the transformation is then computed as

S= = —X- — — Vot + 0. 3.65
ct+d <2x +ax VO) 2a2"0 oo (3.65)
It is easy to check that (3.60) is a special case of this transformation with ¢ = —a and

the rest of the constants set to either zero or one as appropriate. The entire Schrodinger
group is covered by these transformations, thus showing that it is a valuable tool in iden-
tifying symmetry transformations in Schrodinger equations. This approach also works for
the “maximal kinetic invariance group” of the harmonic oscillator, which, thanks to the

oscillator—free space equivalence, is isomorphic to the free symmetry group [17].

3.3 Unitary Representation of Form Preservation

Unlike the usual symmetry groups, such as the Galilean and Schrédinger groups, the
form-preserving group does not necessarily leave the Schrodinger equation invariant. In-
stead, the form-preserving group is a quasi-symmetry group that guarantees a Schrodinger
equation for one potential will be transformed to another. In this way, we guarantee that a
solution to a Schrédinger equation can always be transformed into a solution of a different
equation, rather than the same one in the case of the symmetry groups.

There is another key difference between the form-preserving group, the Schrodinger
group and the SHO groups. Since time is a parameter and not an operator in QM, there is
no reason for us to treat it as one for the general case, as we have done for the previous
symmetry groups. Forcing the time coordinate to be a parameter means that it must com-
mute with all of the infinitesimal generators in the Lie group. Since time commutes, we

will lose all generators of time transformations in the algebra, such as the generator of time
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translations ihd,. Consequently, we are free to let the parameters of the group depend on
time. As we shall see later in §3.3.6, the time transformations do form a group that is not
necessarily continuous.

Despite these differences, we will show that all of the FPTs form a Lie group, whose
representation is unitary. We will derive the group from the infinitesimal generators and

show that the entire transformation and the phase factor can be attained in this manner.

3.3.1 The Dilation Generator

The Lie theory of translations and rotations is well understood (see Appendix D for
rotations). The next generator that we must introduce in detail is the dilation generator D to
generate the 7y scaling transformations. We will determine the form of the dilation generator
by deducing its commutation relations.

Assume that a hermitian operator D exists so that we can construct a unitary scaling

iaD/h

operator by the exponential map U = e , where a is a real parameter. According to

(3.4), this operator will transform the position operator as

| | . 2 ia’
ezaD/hXe—zaD/h — X+ E[D,X] _ a_[D, [D,X]] _la

n 2 372 0D DX+ (3.66)

First, we consider this to first order in a. To scale the position operator, we require that
it transforms to a real scalar multiple of the position operator bX = X + ia[D,X|/h. If we
restrict b to be real, then the commutator [D,X]| must be proportional to iX. Thus, we set
the commutator to

[D,X] = —ihX (3.67)

so that to first order, X — X (1 +a).
Since the commutator is proportional to X, all the terms in the series (3.66) will con-
tribute to the final sum. Using [D,X]| = —ihX, it follows that applying the commutator

successive times will only multiply the position operator by the constant —ih, or ad},(X) =
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(—ih)"X. Thus we have

iaD/hy, ,—iaD/h @ a
ezaD/ ),XefzaD/ X (1 +a+ 5 + y +.. ) = Xé4. (3.68)

This can also be determined from the fact that X' = e*iv/nx = elia/N(=ih)x — pax

Since unitary transformations preserve the canonical commutation relation [X, P] = ih,
the momentum operator must be scaled inversely to the position operator, up to the addition
of an operator that commutes with position. In other words, P must transform to e “P 4 Q
where Q is an operator that commutes with position [X,Q] = 0. If we assume that the
operator € is zero, then this would suggest that the commutator of the dilation operator
with the momentum operator is analogous to the position commutator, only differing in
sign [D, P| = ihP.

To fully determine the commutation relation between D and P, consider the unitary

operator

U= e—iaP/he—iaD/ﬁeiaP/heiaD/h (369)

which corresponds to first dilating the position by e, then translating the position by a,
reversing the dilation, and then reversing the translation. Written explicitly, we have the

transformation

X — "X — ¢*(X+a) — X+ae® — X+a(e*—1)=X+a*+0(a’), (3.70)

elaD/h elaP/h e—iaD/h e—iaP/h

which is a translation by a? (to all orders it is a translation by a(e? — 1)). Thus, for small a,

. . . 22
we can write the transformation as the translation operator U ~ ¢ /h,

Expanding the unitary operator to second order in a, we have

— (emp/h L )
2 h (3.71)

a 3
= 1+ﬁ[D,P]+O(a ),
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where the first line follows from the Campbell identity. Comparing orders of a to the

- 2
operator ¢/« /1

, we find that the commutator of the dilation operator with the momentum
is

[D,P] = ihP, (3.72)

as expected.

One can check that two operators that satisfy both (3.67) and (3.72) are XP and PX.
Since neither of these operators are Hermitian on their own, we set the dilation operator to
be the symmetrized sum

1
D = - (XP+PX)+ Dy, (3.73)

where Dy is an operator that commutes with both P and X (which will be responsible for
time dilation in subsequent sections).

Generalizing to higher dimensions requires no significant alterations to the derivation
of the dilation operator in 1D. If we follow the same arguments for general dimensions, the

commutations relations become
[D,X] = —ihX ID,P] = ihP. (3.74)

This is satisfied by the operator
D:%()?-ﬁ+ﬁ-)?)+Do, (3.75)

where again Dy commutes with X and P.
Lastly, we must determine how the dilation operator transforms eigenstates of the posi-
tion and momentum operators. First, consider an eigenstate of position |X) and the unitary

operator U = ¢/"P/" We note that
UX|X) =X'(U|%) =%U 7). (3.76)
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Therefore, X is the eigenvalue of the operator X' = y)? on the state U |X). We then conclude

that the transformed state must be
U|%) = Ayl%/7) (3.77)

for a complex constant Ay.
To determine the constant Ay, we start with the orthogonality condition for the two non-
normalizable states (¥|y) = 8" (X — ¥) for the two positions X and y. Next, via an insertion

of the identity I = U TU, we have

&) = ®UU )
= (X/YIAAY[5/) (3.78)

= |Ay/*Y'8" (¥ 7).

Consequently, we have |AY|2 =7V, or that the constant of proportionality is determined to
be Ay = v N /261 for an as yet undetermined real phase factor, ¢.

To determine the phase factor, we consider the precise form of the dilation operator

D=_(X-P+P-X)/2+Dy=X-P—N—+Dy (3.79)

1
2

where N is the number of dimensions. Next, we look at the transformed state U ) in the

position representation. This is

(R U ) = (¥ e IEPinh/24D0) Ry

(3.80)

—n/2€—imyDo/he—Jny£V

=7 W(X,1)

where the second line follows since —infi/2 and Dy commutes with X - P.

axoy

Lastly, we must consider the action of the operator e**°x, which is similar to a translation

operator. Naively we might expect this to take the function f(x) — f(x+ ax), which is not
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too far from correct. Taylor expanding this operator acting on the function f(x) in orders
of the parameter a yields
a 2y, @ 292 | 393
1+ axo, + 7(x8x+x d;7) + a(xax—f—?)x 0 +x°07)+...| f(x)

a @ L5, 3 232
= 1+ {a+T+3+ ﬂ%+zﬂa4ﬁl+“)xaf+”.f@) (3.81)

We can compare this to the Taylor series of the function f(e“x) near x, which is the

equation

2 2 2
fwm:1+G+1+m%m+le+i+m>ﬁ£+”f@. (3.82)

2 2! 2

Comparing orders of @ and xd, of equations (3.81) and (3.82), we find that the two equations
are equal (as can be checked to higher orders).
To prove this for all orders, we assume that the function f(x) can be represented by a

power series in x. Then

|
MOy — l;)E(na)kx” = (e“x)", (3.83)

and each power of x in the power series is transformed to e“x. Therefore, €% f(x) = f(e%x)
for all functions f that may be written as a power series. This result generalizes to higher

ax-V

dimensions for the operator e**" as we might have expected, since the transformed position

eigenstate must be proportional to x /v, as we saw previously.

Returning to the transformed state vector in the position basis, we now have
(XU [y) =y 2oy (3/y,1). (3.84)

From this transformed state in the position basis, we can determine the position eigenstate
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from the Hermitian conjugate (U |¥))T = (¥ U". Therefore, the transformed state must be

o—iInD/h 'R) =7 —n/2 ,~ilnyDo/h x/Y). (3.85)

The constant phase factor introduced by a dilation transformation of the position eigenstate
can then be arbitrarily determined by adding multiples of the identity to Dy. In the case of
the free Schrodinger group, the operator Dy is responsible for time dilations. However, time
is not treated as an operator in the form-preserving group. Then for the form-preserving
group, Dy is an arbitrary constant. Since this is just a constant phase transformation, we are

free to set it to be zero without loss of generality.

3.3.2 Momentum translation by position

In addition to the dilation operator, to completely encompass the FPT, we need a way to
take P and add the position operator to it P+aX, as was present in the position basis. Let
us denote the generator of infinitesimal momentum translation by position by the operator
0 so that

o 5 o R o) -pras. s

Comparing the first-order terms in a, we see that the commutator must be [Q,ﬁ] = ihX.

Next, to see how Q must commute with the position operator, we construct the operator
jaX;/h ,iaQ/h ,—iaX;/h ,~iaQ/h a’
U— ezaXi/ ezaQ/ e—taXi/ e—laQ/ =14 ﬁ [Q7Xi] + O(a3), (3.87)
This unitary operator will transform the momentum as

P — Pi+aX; —> Pi+a+aX; —>P+a — P, (3.88)

e—iaQ/h e—iaX;/ aQ/h elaXi/h

which is the same effect as the identity operator. So comparing orders of a leads us to the

conclusion that [Q,X;] is zero. Thus, since the Q operator commutes with position, all of
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the higher-order commutators in the Campbell identity (3.86) are zero.
Next, we repeat this procedure to compute the commutation relation with the dilation

operator. By considering the operator

U= €iaD/h€iaQ/h€_iaD/he_iaQ/h, (389)

one can show that [Q, D] = 2ihQ. Repeating this procedure with the rotation generator L
shows that it commutes with Q, as expected since Q is a scalar. An operator that satisfies

all of these commutation relations is
(3.90)

3.3.3 The Form Preserving Algebra

These two additional operators we have looked at are, in fact, all that is necessary to
recreate all of the FPTs, save the time transformation, which will be discussed later. Now
that we have computed all of the commutation relations in three-dimensions for the 11

operators X, P, L, Q, and D, we can write the (') = 55 commutation relations of the

algebra.
[Xa,Xp] =0 [Pa, Pp] =0 [Xa, Pp] = ihdap,
(Xa,Ly) = ihegpeX, [Pa,Lp) = ih€apePe  [La,Lp) = ih€apeLe ‘o1
D, X] = —ihX ID,B] = ihP D, Q] = —2ihQ .
D,I]=[0,L]=0  [0,X]=0 0, P] = ihX.

In higher dimensions, we may no longer use the angular momentum vector and must use

the angular momentum tensor. The angular momentum tensor satisfies the commutation

65



3.3. UNITARY REPRESENTATION OF FORM PRESERVATION

relations

[Lij, Lap) = if(8 jpLia + SiaL ji, — 8 juLity — SipL ja)
[Xa, Lpe] = in(8acXp — 8apXe)  [PasLic) = il(acPy — 8apPe)
(3.92)
[, Lap] =0 [D, L) = 0.

In addition to these operators, we may show that the algebra closes with any real scalar
function of the position operator. The function itself must be real so that the generators
remain Hermitian. The closure of these functions within the algebra is necessary to en-
sure gauge transformations are contained within the FPT. Let f(X) and g(X) be real scalar
functions of the position operator. Then the algebra is

X, f1=0 [P,fl==ikVf  [L,fl=ihVfxX
(3.93)

[0,f]=0 [D,f]=—ihX-Vf [f,g]=0,

which closes since each of the 9; f is an arbitrary scalar function of position.

It is worth paying attention to the commutation relation [Z, f], since this is not zero
for all functions f. This commutator is zero for rotationally invariant, or central, func-
tions f(X?) since the gradient of a central function is parallel to the position vector. That

argument only works for three dimensions, however. In higher dimensions, we have

[Labaf] = ih(Xaabf _Xbaaf) (3.94)

This is also zero for central functions. Let the central function f(X) = f(u) where u = X2.

Then the partial derivative is d, f = Zxa% f, and the commutator (3.94) becomes

(3.95)

df dfy _
du du) =0

[Lap, f] = 2ih (XaX;,— — XpXa—

The fact that central functions commute with the angular momentum vector and tensor
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Table 3.3: The transformation of operators A" = UAUT under the form preserving group
where U = exp(iQ/h) is an element of the group, and Q and A are elements of the Lie
algebra. The rotation matrix R is R = exp (6x) = exp(S). All scalar functions of position
transform as [g(X)]’ = g(X').

Q X/ P I L o D
aX X P-da L+axX LjtaX,—aX 0 D—a-X
b-P | X+b P L+bxP  Lj+biPi—bjP, Q+b-X+% D+b-P
6-L | RX RP RL - 0 D
3SijLii | RX  RP - RiaR jpLap 0 D
X0, X P-AX L Lij 0 D—2)\Q
oD X e3P L L;j €20 D
f(X) X P-Vf L+VfxX Lj;+X0;f—X0if 0 D—X-Vf

operators is important because this shows that central potentials are invariant to rotations.

The presence of arbitrary scalar functions of position is important to ensure that all
gauge transformations of the vector potentials are valid parts of the algebra. Thus, we have
the generators of the form-preserving transformations are X , 13, Z, 0, D, and all other real
scalar functions f ()? ). The generator Q itself is a real scalar function of the type described,
but it has particular importance in the 1D case where we wish not to introduce a vector
potential, and thus it will keep its independent name.

Now that we have specified the algebra of the form-preserving group, we may compute
the transformations of the Lie algebra under the unitary transformations it generates. These
transformations are summarized in Table 3.3. All members of the group may be, in princi-
ple, separated into individual unitary operators like the ones in Table 3.3 by the use of the

BCH formula.

3.3.4 Unitary Form-Preservation in 1D

The one-dimensional case can be derived from the form-preserving group. In this case,
we limit the Hamiltonian to P?/2m + V(X). Unlike the full N-dimensional case, where
we consider the effect of vector potentials and time-dependent rotations, the 1D case only
considers a scalar potential. Limiting transformations to those that do not introduce a vector

potential means that there will be some restrictions on the parameters of the transformation.
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When we discuss the N-dimensional case, we will see that this is no longer a problem.

For the one-dimensional case, consider the unitary operator

U— e—ik/he—iaQ/he_ibX/he_iBP/heiIHYD/FL, (3.96)

where A, a, b, B and y > 0 are real functions that depend on time only. This operator is a
dilation followed by a translation in position, momentum, and then lastly a translation of
momentum by position.

Under the unitary transformation (3.96), the position and momentum operators trans-

form as
1
X' =UXU" =y(X —B); P =UPU" = §(P+b+aX). (3.97)

Next, we consider the time derivative of the unitary operator. If we use the series definition
of the exponential, since none of the operators depend on time, we find 0, = iaQe™ <.

Thus, through an application of the chain rule, we have

thUT — 7\‘_{_aQ+beme/hXemQ/h + Be*l'aQ/fLe*ibX/ﬁ,PeibX/ﬁ/ei(lQ/ﬁ

_ Y —iaQ/h ,~ibX |k ,~iBP/h [ iBP/h ,ibX /1 jiaQ/h (3.98)
Y
The above transformations on X and P are trivial since we have already discussed them.
The transformations on the dilation operator can be determined by the algebra (3.91).
As per Table 3.3, the commutation relation [P,D] = —ihP means the operator e BP/R
takes D — D — BP and translates it by the momentum operator. Similarly [X, D] = ihX so we

now have in total D — D+ bX — B(P + D). Lastly, the commutation relation [Q, D] = 2ihQ

means that the final operator will translate D by 2Q, ie. D — D+2aQ+bX —B(P+b+aX).
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Now we can finally write the transformed Hamiltonian from (3.8) as

P? a ¥ b . ¥
H = +D(———>+P(—+ + )+X(b—b—+a +a —)
2my? my> y my? b+B, Y b Bv

) : 2
v : v b N
+0 (— +a— 2a—) +b <B+B—) +—+VX)+A (3.99)
my* Y v/  2my
Under the restrictions of the 1D case, the transformed Hamiltonian must not contain
momentum contributions of linear order or mixed terms of position and momentum. Thus,
we must choose the parameters a and b such that the coefficients of D and P are zero. The

former requires that

and the latter requires

b= —my({B+p). (3.101)

With these two coefficients chosen, the Hamiltonian can be simplified with a bit of algebra.
This yields the transformed Schrédinger equation

r mY37 2 _mpEx — Y2C2+YZV N+Ph| ) = zh—}\|l’> (3.102)

2m

where we have substituted { = yB and dt’ = y2dr.
The original wave function can be recovered by taking |y) = U |y’). In the position

basis, this is

\u(x,t) _ <)_C” e—ilnyD/heiBP/heibX/heiaQ/heil/h ‘w/(t/)>
1 . . .
_ 7Yey[Saxetbx/Y}ietax /2Y2ﬁet7»/ﬁwl(x/% l‘l) (3.103)
1

~ e {5 | Lo —mb e+ 2|+ F v arrepr)

which only differs from (2.16) by the addition of a function of time in the phase, which we

can remove by absorbing it into the function A. Let A = o+ mYB(B + 27[3) /2 where o is an
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arbitrary function of time. The wave function now matches (2.16) exactly

W(x,1) = \% exp [% (gxz - ZYBx) + %] v (x/v+B,1). (3.104)

Finally, by computing the time derivative of A it is easy to show that the transformed poten-
tial is
1

17\//()() = ”213)(’2 —mX' (2B +B) +V(X') + 6+ %yzﬁz, (3.105)

where X’ = y(X — ). This is in agreement with what we found during the previous chapter

in equation (2.15).

3.3.5 Unitary Form-Preservation in Higher Dimensions
Unlike the one-dimensional case, for higher dimensions we must include rotations that

are time dependent in general. Let them be of the form

exp(%’@f) N=3

U= (3.106)

exp(ﬁSijL,-j) N;é 3

Where the real, time dependent parameters S;;(¢) and 6(¢) parametrize the rotation matrices
for general dimensions R = ¢5 and 3-dimensions R = ellx , respectively. Unlike the other
algebra generators, the operators 6-Land %Si iL;j do not commute with their time derivative.
This makes computing the time derivative U more complicated than the other transforma-
tion generators in the FPT. The time derivatives are computed explicitly in Appendix D.5.
Now that we have seen the one-dimensional case and have briefly discussed time-
dependent rotations, we now have all of the information required to perform a transfor-
mation under the most general element of the group. There are only four unique transfor-
mations that we must consider to encompass the entire general case for the form-preserving

transformations. They are:
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1. Gauge transformations e~/ for a scalar function of position and time o. These
leave the position operator invariant and transform the momentum as P — P+ Va.

Thus, the entire Hamiltonian will transform as
H(X,P) - H(X,P+Va)+a. (3.107)

For the Hamiltonian of a spinless charged particle, this has the net effect of trans-

forming the vector potential as A — A — Vo and the scalar potential as V — V 4 Q..

These gauge transformations encompass both operators of the type a - X and Q since
they are both scalar functions of position and their effects can be considered in this

class of transformations.

2. Position translations e~ ®*/" for a real vector B. These leave the momentum operator
invariant and instead translates the position operator X+ X— B. The Hamiltonian
transforms as

H(X,P) > HX —B,P)+p-P. (3.108)

3. Rotations of the form e~L/" in three dimensions or ¢’iiLii/2" in general. This trans-
formation will rotate the position and momentum vectors by applying the linear trans-

formation R” . According to (D.52), the overall Hamiltonian will become
H(X,P)— H(R"X,R"P)+ (RR"X) - P (3.109)

ilnyD/h

4. Dilations e where Yis a real function of time. As already discussed, the dilation

operator scales the position and momentum operator opposite to one another y)? and

P /y. The Hamiltonian is

H(X,P) > H <y}?, %ﬁ) - %D (3.110)
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The strategy we will employ is to perform each of these transformations individually and
then build up the entire general transformation from the algebra. The precise order of these
transformations does not matter, except as a matter of convenience to compare to the results
we obtained in the position basis.

The order we will perform the transformations is a gauge transformation, followed by
the dilation, the translation, and lastly the rotation. This will have the net effect on the

position operator transforming it to

— —

X5 E=yR'X—p) 3.111)
We begin with a general gauge transformation on the original Hamiltonian with a gauge

parameter oc()? ,1). In accordance with (3.107), the transformed Hamiltonian will be

(P+Vo —A)>?
2m

H= +V +a, (3.112)

where all functions of position A,V and o are evaluated at the original position X. We will

denote the gauged vector potential as Ag, for convenience.

ilnyD/h

Next we will apply the dilation e , which will transform the Hamiltonian as

P—vAy)? ‘
H=£——£§L+V+a—YD
2y v (3.113)
(ﬁ—Yxa—mWX)z . e ) .

where the arguments of all the functions of position are with respect to the total transfor-

mation on the position operator, which is currently y)? . Although it appears that we have

5

altered the vector potential, the curl of this addition is zero” so it can be removed with a

. . . N2 . .
gauge transformation. Performing the transformation e """ /2 transforms the Hamiltonian

3In higher dimensions, the antisymmetric derivative 0,yX; — 9,YX; = Y(8;; — 8;;) is zero, since there is
no rotational component of the vector field X in any plane. Therefore this gauge transformation leaves the
electromagnetic tensor invariant.
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to
(P_YA(X)Z

H=
2my?

— - 1 =
+v+a—yAa-X+5mwX2 (3.114)

and removes the gauge transformation to the vector potential.
The third transformation is the translation by the time-dependent vector —[3. The Hamil-

tonian, according to (3.108), will become

=3

ﬁ— A) 2 — — - 1 — — =
u+v+0c—‘onc-(X—B)+Emw(X—ﬁ)zﬂz-P

2my?
N (13 + mYZB - Yga)z
N 2my?

H =

PV o= TP 4 Ao B 1E —B)] + (R — B,

(3.115)
where again we have absorbed the B . P term into the kinetic momentum squared term in
the front. This again is the gradient of a scalar function, so we can remove it with the gauge
parameter —myzﬁ . X, which will further transform the Hamiltonian to

(ﬁ - YAQ)Z

H=
2my?

+V i DB+ Ao B~ ¥(X ~ B)]

+ %mW(f( — B2 —myX - (2y[§+y§). (3.116)

Finally, we will now apply the appropriate rotation e~ OL/N o eﬁSiJ‘LU, yielding

_ (P—yRA,)? L Moy o & ore @
H= " o tVta ZYZB +Aq- [YB—V(R'X —B)]

+ %mW(RT)? B —mRTR - (21BH1B) + RO x X)- P (3.117)

where R® - L = (R® x X ) . P follows from the cyclic property of the scalar triple product

(while keeping the order of position and momentum the same). Since the divergence of
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R® x X is zero, the dot product with momentum commutes and we can write

P—A"? . S o o s L o=
H= %%—VJroc—%YZBZJFAOL-[ycoxRTX+yB—y(RTX—B)]
1

— %myz(RG) x X)? 4 5;m(y((RT)? B2 —myRTR - 2B +4B) (3.118)

where A’ is the transformed vector potential

A'(X,1) =yRIAE,1)— (V) (E,1)] — mPRO = X. (3.119)

Unlike the previous times, the cross product cannot be written as the gradient of a scalar

field and so cannot be absorbed by a gauge transformation. Thus, time-dependent rotations
create an apparent magnetic field.

The last transformation we will make is a gauge transformation by the gauge parameter

my?B - B, which finally takes our Hamiltonian to

A 35 o N o s L o=
ot V@t ST A 10 x R 49— (K'Y~ )

1

— %myz(R(T) x X)? + Emyy((RT)? B2 —my(RTX —B)- 1B +1B). (3.120)

This can now be rewritten in terms of the transformed coordinate & as

= OV v a4 B - (T E) TS Lo B4+ T

— mE- (298 +1B) + mvzﬁz (3.121)

Equation (3.121) can be written as H =y 2[(P — A")2/2m + V'] =y 2H'. The TDSE

for the transformed state is then
H'|y) = zhyz W> (3.122)
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Let dt’ =y~ 2dt so that y* 4 7= dt’ Then the time evolution of the transformed state is just

the Schrodinger equation of a spinless charged particle in an electromagnetic field

V') = ind '), (3.123)

dt’

(P—A")?
2m

where the vector potential is (3.119) and the scalar potential is

L S B 1
V(X 1) =V 40t (A= Vo) R = 5m(® > (&+7B)] +2¥

—mE- (218 +1B) + mvzﬁz (3.124)

The functions A, V and o and its derivatives are all evaluated at the point (E,t). This 1s
identical to what was found in the position basis in (2.41) with X swapped with ¥ and E
swapped with X.

In total, the unitary transformation that we applied to get to this point is the transforma-
tion

U = o #7BB, 101 PR o

:«\»

ﬁﬁ — X2 gD~ (3.125)

This unitary operator transforms the position and momentum® as

=2 = —

- - - 1 R N V— -
—E&=Y(R"X - B) PoTi= yRTP—myB+m¥§+Voc(§) (3.126)
Then, in the position basis, the transformed state vector is ['['(r)]) = [V (1)) = U |w(¢)),
is
VER) =e k BB, (Ox0) v, iypr, BV, B R/2 Y ol

—erxp[ (az vﬁ&)——'a@)}w(é,r) o

which is precisely the result we found in the position basis, with only the labels of the

°Tf one does not count the Vo translation towards the vector potential transformation
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variables and functions different.

3.3.6 On the Time transformation

There are some questions about the time transformation that we have not yet answered
in this text. Do the vy transformations form a group? If we ignore the ambiguity about time
being a parameter, not an operator, can we write a unitary operator for every Y transforma-
tion?

To answer the first question, we must check that the vy transformations satisfy all of the
group axioms. Namely, the group product must satisfy closure, associativity, the existence
of the identity element, and the existence of the inverse element [33]. Let us first consider
two successive ¥ transformations: y; and y,, and their corresponding group members g(7y;)

and g(v2). Since the group must close, there must be a third group member g(7y3) so that

g(n)-g(n) =2g(s), (3.128)

where this group member means to first apply y» followed by the transformation y;. Under

a Y transformation, the time coordinate undergoes the transformation

tdr
t—>/a A =T, (3.129)

where a is a real constant. We will denote the element of the group that corresponds to this
transformation by the member g(v;a).
Then the total transformation due to two successive time transformations by g(V2;b)
followed by g(y1;a) is
t = T3(t) =T( (1)), (3.130)

where I, is the respective time transformation function (3.129) for v,. Since the I" are at

least once differentiable, we take the derivative of both sides of (3.129) with respect to time
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to obtain

V(1) = tnTi()n (). (3.131)

The square root introduces the 4-, however, this can be shown to be positive only since the
position transformation is also a group and constrains it to be positive. Under the transfor-

mation g(3), the position changes as

x— al - (3.132)

b Ya(t) wa pT@E))nE) @)

which eliminates the negative case. Therefore, the group composition rule for a y transfor-

mation is

g(11:a) - g(y2:0) = g[na(T1 (1))yi: Ty (B)], (3.133)

and the group is therefore closed.

Now that we have verified closure, we must check that the group satisfies the additional
group axioms, the first of which is the associative property. Associativity states that if
f,&,h € G are elements of the group, then the composition rule must satisfy (fg)h = f(gh).

Then for the time transformations to be associative, we require

(g(vl;a) 'g(Yz;b)> -g(13:¢) = 8(1130) (g(vz;b) -g(73;c)). (3.134)

Using the composition rule we have already found, this is equivalent to the equality

g | BT)n@)yvry (c)] =g [73(F2<F1))72(F1)71;F1‘ : (F;l(c))] : (3.135)

Where I'|; is the time transformation of the resulting group member g(Yi;a) - g(v2;b). But
from the composition rule we know that I'2(t) = I'2(I'1(#)) and so both sides of (3.135)
are equal, and the time transformations do satisfy associativity.

The next property the composition rule needs to satisfy is the existence of the identity
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element. This is satisfied by the element g(1;0), whose corresponding time transformation
is the identity transformation I, (¢) = ¢, which is equal to its inverse function. Checking the

identity on the left and right, we have

g(1;0) - g(y;a) = g(y;a) (3.136)

g(y:a)-g(1;0) = g(v.T1(0)) (3.137)

The second line contains the inverse term I'~'(0). But since y and I" are arbitrary, the only
time this is guaranteed to happen is when the beginning and end of the integral are the same.
So if T" is invertible, as we require, then the inverse at zero must be a. Thus, the element
g(1;0) is the identity on both the left and the right.

The last property the time transformations must satisfy to form a group is the existence
of an inverse. Define the inverse element to be g(1/y(I'"'(¢));T"(0)). According to the

composition rule, the inverse element acting on the left and right of the group element

g(v;a) yields

g(v:a)-g {m;r@] =g(1;0)=e (3.138)
! o(v-a) = , L a
8L(r_1<,))’r(0>] g(v;a) g{v(Fmv(t))Y(F_1 (r))’rmv( ), (3.139)

where I'jy,,(¢) is the transformation

i (1) = /t(o) di' (T (1)), Letu=T"1(r),

r

-1
_ / to (3.140)
0

~1 (),

which is the inverse function of I'(¢). So the inverse of the inverse is just itself, and I'(a) is
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just zero. Thus (3.139) is just the identity, and the inverse of g(Y;a) is

1
~1
g (ra)=g {_—;F(O)} : (3.141)
Y(IH(1))
Therefore, since the composition rule we have defined for the time transformations
satisfies associativity, the existence of an identity element, and an inverse, the time trans-

formations do in fact form a group.

3.3.7 Lie Elements of the Time Transformation

There is a subset of the group of time transformations that can be represented as a Lie
group. These members would be continuous and differentiable transformations of some
parameter, as opposed to discrete elements such as the parity transformation g(—1;0). Let
o be some Lie parameter for some specific 'y function that is representable as a Lie group.

We can then Taylor expand I" with respect to o around the identity

oI’
Do) ~T(0.0) 45| a (3.142)

If we set oo = O to be the identity transformation, then we have
(o) ~t+ol(r) (3.143)

where {(f) = dol'|o=0 is an arbitrary real function of time.

Taking U = ¢"*G/" to be a unitary transformation where G is a Hermitian operator, then
we can write I'(¢r) = UtU ¥, Expanding this to first order in o and equating to (3.143) yields
the commutation relation

[G,t] = —ihL(2). (3.144)

Since the resulting transformed Schrédinger operator cannot contain time derivatives higher
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than first order, the only allowed form for G is
) 0
G= —zhC(t)g +Q (3.145)

where Q is any Hermitian operator that commutes with time. The asymptotic expansion for
vy then has to be

Yol %C(t) (3.146)

to agree with the asymptotic expansion for I'(z). So then the regular dilation operator that
takes X — X/vis exp(—ilnyD/h) ~ exp (OLZ;D / 2h) . Thus, it is a reasonable assumption that

the generator for the time transformation must be
. P
Gy = —ihCo; + ECD' (3.147)

Furthermore, for the transformed operators to exist, it is easy to see that {(#) must neces-
sarily be infinitely differentiable or a C* function { : R — R.
We may expand the time and space transformations to verify that the generator generates

what we expect. The time transformation is
. A . A (xz . (13 . ..
() = /%C/Me 10G/h — ¢ 4 of + 7@@ + ?C(CZ +80)+... (3.148)
And the spatial transformation is

X' = G/ iaGIh _ % [1 + %C+ % (CC+ %cz) +.. } . (3.149)

We can verify that this generate the correct transformation (¥,7) — (X/v,I'(¢)) by the fact

that I" = y~2. Checking this in an asymptotic expansion for o, we have
1 - o - (xz .. 1 2y
—=VI~14+=0+— = 3.150
,=Vr +2€;+4<CC+2C)+ (3.150)
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which agrees with (3.149).

We do encounter some difficulties if we wish to include this into the rest of the form-
preserving group. Earlier, we had assumed that time was a parameter; however, in order to
execute the time transformations in an analogous unitary manner, we have essentially pro-
moted it to an operator that itself is an element of the algebra. This means it no longer makes
sense to use time-dependent parameters as they no longer commute with the entire algebra.
Instead, if we wish to do this, the group will then encompass all () x {)? P.L.D,0,f(X )}
and G for all real C* functions of time n(¢) and {(¢). It is easy to convince yourself that
the algebra will close.

There are other problems, however, for practical purposes. Given a function {(7), it is
not guaranteed that you can find a closed form for y and I' except for a few elementary
cases. In general, it is useful to avoid promoting the time transformations to part of the
group, and instead let time remain a parameter only.

Lastly, we may compare the time transformation generator (3.147) to the expansion and
dilation generators, A and D, of the Schrodinger algebra [12] in (3.45). These generators are
elements of the form-preserving algebra, with A = G[t?] — mQ and (the Schrodinger algebra
dilation generator) D = G[2f]. Indeed, this is also the case for the harmonic oscillator
symmetry group in [17].

The corresponding generator for {(¢) =const, {(¢) =t and {(¢) = t* cases are all handled
within the Schrodinger symmetry group. The next simplest case one may consider is the

cubic generator, {(¢) = ¢3. This results in time transformation

[(r) = 1+ afiG.1] + ~-02[iG, [iG,f]] + ..
2! (3.151)

3 15
:t+oct3+§(x2t5+?oc3t7+...

By Taylor expansion about o0 = 0, it is evident that this generates the time transformation

()= —— (3.152)
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Comparing this to the { = ¢> case, we see that there may be a simple pattern to the
generators of the form {(¢) = t"*! for n # 0. In fact, one can show that these generate the

time transformation

t

A diverse set of functions can be created by chaining together the transformations of this
type. This means that we can use { =¥ where y € R as a basis for the algebra. This will
then span all { that are representable as a power series.

In the limit as n — 0 we should expect this to become the regular dilation operator.
Performing the limit, we have
%

lim ! (3.154)

n—0 (1 —noyn)l/n -

which indeed does produce the expected dilation operation.

3.3.8 Spin-1/2 Particles

In this section, we will describe how spin is introduced into the three-dimensional FPT.
A charged particle with spin has its time evolution determined by the Schrodinger -Pauli
Hamiltonian [27]

H=———"—"+V (3.155)

The Pauli spin matrices satisfy the identity 6;,6; = J;; + ig; kOk [28]. Therefore, it follows
that we can write (G-4)(G-b) = a-b+i6 - (d@ x b). For the Hamiltonian, we can use this

identity to show

—

[6-(P—A))? = (P—A)?+ic-[(P—A) x (P—-A)]. (3.156)

The cross product between the kinetic momentum and itself would normally be zero if

the kinetic momentum were an ordinary number. However, since its components do not
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commute with the others, we instead have

[(P—A) x (P—A)]; = &;jx(P; — Aj) (P — Ay)

= —&;jk[P},Ax] (3.157)
= ih(V x A);.
Therefore, the Hamiltonian is
(P—A? h_ -
H=-— ——06-B+V. (3.158)
2m 2m

where B = V X A is the magnetic field. The interaction term of the spin of a charged
particle with an external magnetic field evidently behaves as a magnetic dipole suspended
in a magnetic field.

The spin of a particle is unaffected by translations, and since the electron has zero size
in non-relativistic quantum mechanics, its spin cannot have dimensions that are affected by
the scale transformations. Therefore, the only type of coordinate transformation that may
interact with the spin is rotation.

Since the expectation value of spin is a vector in space, if we were to enter a rotated
frame, the expectation value should rotate in the opposite direction. If |y') = U |y) is the
state vector after a rotation, then the expectation value of the spin vector S =hoé /2 in the

rotated wave function should be

(S =RT (5). (3.159)

Since the rotation matrix is just a c-number and the expectation value is linear, the trans-

formed spin operator S' = USU" must be

USU" = RTS. (3.160)
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For small angles of rotation, this is

§~S5-0xS. (3.161)

If we denote the rotation operator by e~/ /" then the commutation relation between the

rotation generator 6-J and the spin operator must be
Va,Sp] = il€apeSe, (3.162)

which are the same commutation relations as quantum angular momentum (s0(3) and
su(2)).

Therefore, since J must also generate rotations of the position, we identify J with the
total angular momentum operator

J=L1L+S§. (3.163)

Since these have the same commutation relations as the original angular momentum algebra
we used to rotate the spinless particles, it is easy to compute the time derivative of the

spin-rotation generator just as before. Under the rotation U = ¢~/ /h

, the time-dependent
rotation will introduce the term ihUU " = .- J, rather than the term Q- L from the spinless
case (where Q is the rotated angular velocity of the rotation (D.42)). The total Hamiltonian
can be shown to be

G- (P-AN? - .

H= +RARTE)- (O x X)— %(ﬁ <X +V(RTX)— =50, (3.164)
m

2m

where A’ = RA(RTX) —mQ x X is the transformed vector potential. The only difference
between this and the spinless case (3.109) is the addition of the spin-rotation interaction
term —S - Q./m.

The last thing we must consider is the transformation on the spinor itself. Since the

spin and orbital angular momentum operators act on different spaces, they commute with
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one another. This allows us to write U = e~®S/7¢=®-L_Thjs is the usual rotation operator
that rotates the position coordinate of the wave function, plus an extra rotation of the two
components of the spinor. The formula for this rotation is well known, and can be found
in texts such as [28, pg. 383]. The transformed spinor wave function that satisfies the
Hamiltonian (3.164) is then just a rotation of the position coordinates and a rotation of the

spinor components:
V' (%,1) = [cos(8/2) +isin(0/2)8 - S]y(RTX,1). (3.165)

Although straightforward, this argument used an entirely non-relativistic approach to
include spin into the algebra. A full argument would look for symmetries in a radially sym-
metric scalar potential, which would identify the operator L+ as the rotational symmetry
generator [11]. Indeed, if one takes the rotation to be time-independent so that it does not
introduce fictitious forces, the transformed Hamiltonian (3.164) is invariant if the potential

is central.

Removing the Vector Potential of a Homogeneous Magnetic Field

Just as for the spinless case, we may use the FPT to completely remove the vector
potential for a homogeneous magnetic field. However, due to spin-rotation coupling, we
cannot completely remove all of the effects of the magnetic field, as will be apparent.

Let the state |y(¢)) satisfy the Schrodinger -Pauli equation with the divergence-free
vector potential A= %E(z) X X, and the central potential V(r). The vector potential pro-
duces the homogeneous magnetic field E(t) Next, let us perform the unitary transformation
W' (¢)) = U |y(t)) where U = ¢~®J/h i3 a rotation. Then the transformed state will have
time evolution according to the transformed Hamiltonian

RTP—ARTX)> &

H =UHU +in0U" = o — %(RTG) B+V+&-(RTL). (3.166)
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Remembering that L=XxP,and that J = L+ %6, we may rearrange the Hamiltonian

to the simplified form

P—RARTX)+mROxX)> m, . o [
H’:[ ——(R®dxX)>——(RTG)-(B— . (3.1
o 2( O xX) 2m( G)- (B—mw)+V. (3.167)
This has the effective, transformed vector potential

—»/ 1 — — —

A = E[R(B —2m)] x X. (3.168)

Therefore, depending on our choice of ®, we may either eliminate the vector potential
or the spin-coupling term, but not both. Choosing to remove the vector potential, we set
®(t) = B(r)/2m. This results in the simplified Hamiltonian

}‘)’2
:% 2m

e

H G-ﬁ—%(ﬁxi)z. (3.169)

Although the vector potential was removed, we have added a spin-rotation coupling term

—S-Q/m and the Coriolis term —m(€ x X)2/2 to the scalar potential.
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Chapter 4

Form-Preservation in Phase Space

We have now examined the form-preserving transformation in terms of frame transforma-
tions in the position basis and as unitary transformations of the state vector. However, as
we shall see, the FPT is a linear canonical transformation in phase space. Furthermore, the
FPT has not been considered in the literature for phase space quantum mechanics (PSQM).
Therefore, we should extend our analysis to phase space. In this chapter, we will briefly
introduce some aspects of PSQM, followed by a discussion of canonical transformations
in classical mechanics. We will then derive the form-preserving transformation in phase
space for the case of no magnetic vector potentials and conclude with an analysis of the

oscillator—free space equivalence in phase space.

4.1 Quantum Mechanics in Phase Space

PSQM is an alternative formulation of quantum mechanics in which all of NR quantum
mechanics can be performed. It is fully self-consistent and equivalent to the Schrodinger
formulation. In quantum mechanics, one usually performs computations in the position or
momentum basis. However, in classical Hamiltonian mechanics, we use the phase space of
conjugate variables (x, p) to describe the state and time evolution of particles. The position
and the momentum of the particle are given equal importance to the time evolution of ob-
servables, which seems to be at odds with the usual approach to quantum mechanics. Phase
space quantum mechanics aims to rectify the imbalance between position and momentum

and give them equal footing in computations. However, there are fundamental limitations
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4.1. QUANTUM MECHANICS IN PHASE SPACE

to the accuracy of any prescription used to describe quantum mechanics in a phase space
due to Heisenberg’s uncertainty principle between conjugate variables. Therefore, unlike
in classical mechanics, we cannot represent the state of a particle by a single point in the
phase space. A single state must instead be distributed across phase space, representing the
different possible measurements of (x, p) a particle may be observed in.

In the Schrodinger formulation of quantum mechanics, classical observables are quan-
tized by replacing the classical c-numbers X and p with their non-commutative operator
counterparts X and P (also called g-numbers). These operators obey the Heisenberg alge-

bra
[Xa, Pp] = ihdp (X4, Xp] =0 [Py, Py) = 0. “4.1)

Unlike this approach, the phase space formulation of quantum mechanics does not replace
the c-numbers with non-commutative g-numbers, but instead introduces a deformed prod-
uct, usually called the Moyal star product “x,” which introduces the non-commutativity.
The most common map between the quantum operators and the phase space observables is
called the Wigner map [41], defined in N-dimensions as the inverse Wey! transform. The

Wigner map of a quantum observable F is
&7 =W Py =2Y [y @ eiFpE-e P @)

where f(X,p) is the corresponding c-number observable of the operator F, also called the
symbol of F'.

In general, the Wigner map of a function of the position operator is W~ {f(X,P)} #
f(¥X,P) since the Weyl transform of a phase space observable W{f} = F obeys the Weyl
ordering. That is, since the position and momentum operators do not commute, when the
classical observables are quantized to operators, we average over all distinct permutations

of the operators. For example, the product X - p would be symmetrized to the operator %(X .
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4.1. QUANTUM MECHANICS IN PHASE SPACE

P+P.-X ). This also guarantees the Hermiticity of real observable operators constructed
with ¥ and p.

Let F and G be two g-numbers in quantum mechanics, and f (¥, p) and g(, j) be their
corresponding phase-space c-numbers. The Wigner map of the operator product is the
Moyal star product

WHYFG} = f(%.5)»(%,5) = fe* g (4.3)

where « is the star product and &7 is the Poisson bracket. The exponential is understood to

be a power series. The Poisson bracket can be defined as the pseudo bi-differential operator
— —
P = 9,3y — Opds, (4.4)

where the left and right arrows mean that the partial derivatives act only on the left and right
of the Poisson operator &, respectively. The summation over the indices i is implied. We
will define the Moyal bracket, or the sine bracket, as

2 h
{f.eft = %[fyg]* = %(f*g—g*f) = f sin (533) g (4.5)

It is also called a deformed Poisson bracket. This is because in the classical & — O limit,

the Moyal bracket is the Poisson bracket

assuming that f and g are independent of A.

In QM the wave function contains all of the information of the state; all observable mea-
surement probabilities can be computed from the wave function. The wave function can be
further generalized to the density matrix p to include the classical mixing of probabilities.
In PSQM the role of the density matrix is replaced by the Wigner quasi-probability distri-

bution W (X, p;t), from which all probabilities and expectation values can be computed, just
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4.1. QUANTUM MECHANICS IN PHASE SPACE

as with the wave function in the Schrodinger -Heisenberg-Dirac formulation of quantum
mechanics (QM).

Though the Wigner function is always real, unlike the density matrix, it cannot be di-
rectly interpreted as a probability distribution as it is not > 0 everywhere. There are regions
that are negative, on the order of area AxAp = h (in one dimension)’. There exists other
phase-space distributions that are always positive, but not without concessions 8.

In the absence of a magnetic vector potential®, the Wigner function is defined as the

Wigner map of the scaled density matrix (wh)™"p

1 Yo, = = = 2ipy
= (nh)N/dNW F+F)WE-5)e2PVh @)

for a pure state p = |y) (y|. The expectation value of an observable f(X,P) is then given

by the phase space integral of the c-number observable as determined by the Wigner map:

() = [ % pW G i (i) @$)

The normalization in (4.7) is present so that the phase-space integral of the Wigner

function is equal to the trace of the density matrix
/dedeW(x,p;t) = Trp(z). 4.9)

The equation of motion for the Wigner function, called the Moyal equation, is deter-

mined by the Wigner transform of the von Neumann equation for the time evolution of the

For an essay written about the concepts and implications of negative probabilities, see the essay R. Feyn-
man, Quantum implications (Routledge, 1987) Chap. Negative Probabilities [42]

8Smearing out the Wigner function with a Gaussian convolution of size > % will always remove these
negative regions and yield the positive Husimi distribution [43]. Despite being positive everywhere, it remains
a quasiprobability distribution.

9See [44] for an attempt to create a gauge-invariant definition of the Wigner function.
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density matrix. The Moyal equation [43] is then

ow
Sr=—fw.H}. (+.10)

The stationary states of the Wigner function occur when there is no time dependence, so
that the Moyal bracket of the Wigner function with the Hamiltonian is zero, and the two

star-commute. The Wigner transform of Hp = Ep is the stargenvalue equation
HxW =EW, 4.11)

for which the Wigner function is an eigenfunction of the differential operator Hx and E is

a real eigenvalue, which is the energy of the stationary state.

4.2 Canonical Transformations

As we have seen in §3, the FPT can be entirely described by unitary transformations
of the Schrodinger equation. Therefore, the transformations to the position and momentum
operators are canonical in the sense that they preserve the Heisenberg algebra [38]. We
then expect that the only transformations in phase space that preserve the Moyal equation
(4.10) are linear and canonical. These are the only transformations that we could reason-
ably expect to preserve the Moyal equation since the star product itself is an infinite series
of bi-differential operators (or, equivalently, can be represented by an integral kernel). Any
general coordinate transformation that we perform on the star product will introduce arbi-
trary derivative terms to the series, of which we are not guaranteed to find any Hamiltonian
that we can use to write a Moyal equation in the transformed coordinates. Therefore, it is

reasonable to limit our consideration to transformations that preserve the Moyal bracket.
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4.2.1 Classical Canonical Transformations

Canonical transformations are fundamental tools of classical mechanics. The reason
that they are special is that canonical transformations preserve the form of Hamilton’s equa-
tions, and the two conjugate variables will remain conjugate after the transformation. Thus,
when examining a new physical system, it may be possible to use a canonical transforma-
tion to either simplify the equations of motion or transform them into ones that already have
a known solution. This not only allows us to simplify the problem using the known sym-
metries of the system, but it also allows us to gain deeper physical insight into the physics
involved.

Let f and g be two phase space observables. It is easy to check that Hamilton’s equa-
tions are preserved for two conjugate variables if the Poisson bracket is preserved by the

transformation. This is equivalent to the statement

1,8 wp) =11 8P (4.12)

where the left-hand side is the Poisson bracket in the original coordinates and the right-hand
side is the Poisson bracket in the transformed coordinate (Q,ﬁ) The constraint (4.12) will
be the main focus of canonical transformations in this section.

Since the Poisson bracket between conjugate coordinates is invariant, the fundamental

Poisson brackets between any two conjugate variables Q and P are preserved

{Qi,Pj} =§;; {0i,0;}=0 {P,P;j} =0. (4.13)

Thus, it is not important to write the particular coordinates that the Poisson bracket is being
taken relative to. It remains invariant as long as any conjugate pair of variables satisfying
the relations (4.13) is used to define the Poisson bracket.

We now follow [32, Chapter 9] to derive the constraints on canonical transformations.
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The Poisson bracket with respect to the original coordinates can be written as

of 9 of o

where V, and V, are the gradient operators (as a column vector) with respect to either
position or momentum, respectively. We define the coordinates 1 and the gradient Vy, as

the column vectors

=l

X

n= , and Vp= . (4.15)
p

a1l

With the notation we just defined in (4.15), we can now conveniently rewrite the Poisson
bracket using block matrices. Replacing the dot products the the product of a row and a

column vector, we have

T
V.f Vpg

{f.8}= = VnfIVng (4.16)

Vpf —V,8

where the matrix J is the antisymmetric block matrix

0 Iy
J= (4.17)

—Iy O

and Iy is the N x N identity matrix. Next, we consider a canonical transformation to the
coordinates € = (%) from m. Then by the chain rule, the gradient is V;; = SV, where
Sij = On,€; is the Jacobian matrix.

Since canonical transformations must only swap the conjugate coordinates present in

the Poisson bracket, we necessitate that

{f.g} = (SVe)  fI(SVe)g = Vi fIVeg. (4.18)
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Therefore, the Jacobian matrix S of the canonical transformation must satisfy the equation
STIS =1. (4.19)

Matrices S that satisfy this equation are called symplectic, and together form a group of
2N x 2N matrices.

If we let the symplectic matrix S be equal to the R?V*2N block matrix

A B
S= (4.20)
C D

where A,B,C,D € RN Then the symplectic condition (4.19) reduces to the following

three conditions on the matrices A, B,C, D:

ATc—-CcTA=0
ATD-cTB=1.

Taking the determinant of the symplectic condition (4.19), since the determinant J is

nonzero, we immediately see that

detS%detJ = detJ —> detS = =+1. (4.22)

Therefore, the Jacobian determinant of our canonical transformation must either be plus or
minus one. It is, however, worth noting that it is a well-known fact that the determinant of

a symplectic matrix is always one. For a collection of proofs, see [45].
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4.2.2 Canonical Transformations of the Time Coordinate

Until now, we have assumed that the canonical transformations do not transform the
time coordinates. If we did allow transformations of the time coordinate t — ¢’, this would
introduce derivatives of the form (dy,t")d, which needs to be zero to preserve the Poisson
bracket and the canonical commutation relations, as will be shown in this section.

Let us perform the general coordinate transformation (¥, 7) — (O, P) and the time trans-

formation r — ¢’. The Poisson bracket between two functions f and g is then

(f.g) = (SVSf-I-Vnt’ f> J(SVSg-l-Vnt'gf)

ot
dg df dg /)
at,‘f’yy{t,t}.

(4.23)
= VTfSTJSVgng = ,{t g} +{f.1'}

The last term is zero by the anti-symmetry of the Poisson bracket. Next, we are left with
the transformed time derivative of f and g multiplied by the Poisson bracket of ¢ with the
opposite function. Since we are looking exclusively for transformations that look like a
Poisson bracket in the new coordinates, the coefficients of the time derivatives of f and g
must be zero. Since f and g were arbitrary, this means that the only way to ensure this is to

set
/
g—;:O, aa;l_o = t' =), (4.24)
so that the transformed time coordinate can only depend on time.
Thus, any time transformation that accompanies a time-dependent canonical transfor-
mation must only depend on time, and cannot depend on the position in phase space. Fur-

thermore, the time transformation does not modify the requirements of the position and

momentum transformation and thus satisfies the symplectic condition (4.19).

4.2.3 Canonical Transformations of the Star Product

Just as we would have assumed based on the work of previous chapters, the star product

—

between two phase space observables f(X,p) and g(X,p) is invariant to linear canonical
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transformations [43]. To see that this is the case, we will find it convenient to use the

Fourier definition of the star product [46] generalized to higher dimensions:

frg=(an) 2 [ @V ahp ¢ AV fE 4T g )

xexp|—®-p' - -p)|. (4.25

From elementary calculus, the coordinate transformation (%, ) — (0, P) will transform the

phase space volume element [37] as
d¥xd"p = |detS|d"Qd" P, (4.26)

where det S is the Jacobian determinant of the transformation

%6 20
_|ox 9dp

detS = 8_13 8_13 . 4.27)
ox dJp

Canonical transformations will then preserve the phase-space volume element [47] since
|detS| = 1 (see (4.22)). Therefore, the volume element in the integral star product (4.25) is
preserved, and transforms as d¥xd" p = dVQdV P.

Let f(Q,P) = f(%,p) and likewise for 3. Since we have assumed the canonical trans-
formations are linear, we necessarily have that f(¥+¥,p+ 7)) = f(O+ 0, P+ P). So

then the star product between the two phase space observables is

f*g — (Tch)ZN/dNQ/dNP/dNQ//dNP//f(Q+ Ql,ﬁ—i—Pl)g(é—i— Q//,P—l—P”)
2l =// =l =
X exp %(x ~X-F)|. 428

Since the canonical transformation is linear (and invertible, since detS # 0), the inverse

transformation is linear and symplectic [45] as well. Let us write the inverse canonical
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transformation as the linear transformation

%(0,P) =AQ+BP
(4.29)

B(0,P)=CQ+DP
where A, B,C, D are RV*Y matrices that satisfy the symplectic condition for block matrices

(4.21) so that this transformation is canonical. Then the product in the exponential (4.28) is

)_c’/~]_)’”—)_cw'ﬁlzél~(ATC—CTA)Q//+ﬁ/'(BTD—DTB)ﬁ//

D/

+0 - (ATD-CTB)P'~ (" - (ATD—CTB)P (4.30)

However, using the symplectic conditions (4.21) of the block matrices, this reduces to Q’ .

B’ — Q" -P'. Thus, the star product becomes

f*g — (TCﬁ)_zN/dNQ/dNP/dNQ//dNPHf(Q—f—Ql,ﬁ+ﬁ/)g(é+éll,ﬁ+ﬁ//)

—

21 = — = ~ -
xexp| (0P = 0" P)| =7+g, (43D

where ' is the star product with respect to the new canonical variables Q and P. Since
f*g = f*' g for canonical transformations, the Moyal bracket is also conserved { f, g} =
{{f,&}}. The star product is left invariant in the additional case of phase-space translations.

It is important to note that the Jacobian of the phase space coordinate transformation
being one is not enough to preserve the star product in the new coordinates. In addition to
a unit Jacobian, by requiring the exponential to be equal, we have identically enforced the
symplectic condition. This argument only follows in general for linear canonical transfor-
mations, though it is not clear if there exists any non-linear transformations for which it is
also true, and as authors before us [43], we do not claim there are no non-linear transfor-

mations for which the Moyal bracket or the star product are conserved.
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4.3 Transforming the Moyal Equation

As in the Schrodinger -Heisenberg-Dirac formulation, we must be able to perform quan-
tum mechanics in the transformed frame. Consequently, we are able to determine that the
most general allowed coordinate transformation must be linear in position. We may also
hold the same requirement for momentum, since the measured momentum must be the same
in both coordinate frames. This leads to the ansatz for the wave function (2.21). Further-
more, since the transformed momentum must also be a linear function, the phase function
S(X,t) must be at most quadratic in position.

Denoting ¥’ = R(X/y+ B) and p’ =R (yﬁ— myxX + my%) , we may use the FPT (2.39)
(restricting o to depend on time only) in the Wigner transform (4.7) to verify our ansatz for

the Wigner function’s transformation'. Doing this results in
W, pit) =W (X', p'st") (4.32)

where W' satisfies the time evolution for a new Hamiltonian in the transformed coordinates,
H,(f/,ﬁ/,t/):

ow'’ ,
e —{(wW',H"} (4.33)

where {{-,-}}" is the Moyal bracket with respect to the canonically transformed coordinates.
Thus, it must obey the time evolution (4.33) with the same transformed Hamiltonian as the
wave function. Therefore, we have shown that linear canonical transformations satisfy the
desired ansatz we arrived at in the position basis.

According to (4.32), form preservation of the Wigner function should look very simi-
lar to form preservation of the wave function. The difference is the lack of a scale factor
and phase. Although the Wigner function is a quasi-probability density, canonical trans-
formations preserve the phase space volume element, and thus no scale factor is required

to conserve expectation values and the norm of the state. In the wave function, the phase

101t is not necessary to use the exact FPT, the Wigner function ansatz can be derived directly from the wave
function ansatz after restricting the phase factor to be quadratic.
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normally carries the information about how the momentum transforms, but this has been
moved to the arguments of the Wigner function.

With all of this information, we are ready to derive the allowable FPTs in phase space.
We desire to perform the time-dependent coordinate transformation (X, p) — (¥/, p’) on the
time evolution of the Wigner function (4.10) for the Hamiltonian H(%,p,t) = p*/2m +
V(X,t). Since we need to preserve the form of this equation, the Moyal bracket must
transform to something that looks like another Moyal bracket. Any arbitrary coordinate
transformation of the star product would introduce a complex series of derivatives into this
equation. Therefore, it is a reasonable assumption that we need to limit the coordinate
transformations to linear canonical transformations of the form

X' =AX+Bp+X

(4.34)
p'=CX+Dp+ po

where A, B,C,D € R?M*?N that satisfy the symplectic conditions for block matrices (4.21)
and X, Po : R — RY are real functions of time. The linear canonical transformation will
leave the Moyal bracket invariant, as mentioned previously.

Expanding the time derivative in terms of the new coordinates, the Moyal equation

(4.10) becomes
(ax; d dpi o odd

op, ot or

Mg+ L ) W= — W, H}. 439)

However, the time transformation can only depend on the time coordinate and not on the
position in phase space. This is because this would introduce (dy,t")d; and (9,,t')d; terms
into the Poisson bracket, which cannot be cancelled, as was discussed in §4.2.2. After

rearranging and subtracting (4.33), we obtain

o (Y v apjow
iy =(5) (v 5555, 30

since the Moyal bracket is invariant under linear canonical transformations.
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Since the Wigner function was arbitrary, the coefficients of the partial derivatives must
be equal on both sides. Therefore, the first-order Poisson brackets must match (so the
equation must be true to zeroth order /). To satisfy the higher-order Poisson brackets, the
additional terms in the Hamiltonian must be at most second order in X and p. Looking at

the first order equations and denoting the arbitrary derivative ‘31—’; =7(t)~2, we have

0H  0x] H’ 0H dp}
. 4.37
apl =7 (ap, at) =T (ax ar) @37
Assuming that the transformed Hamiltonian is of the form H' = ' /2m+V'(¥',t'), the
leftmost equation in (4.37) becomes

p_f B ox; %& ox.
m =7 (apla + op. m o ot (4.38)

Since in general the derivative 0,V will be greater than first order in position, we must
have that 0 piXj = 0V i, j. Thus, the inverse canonical transformation must be X = Ay

Xo and cannot depend on the transformed momentum. Consequently, B must be the zero
matrix. Since ¥’ does not depend on momentum anymore, we can perform the inverse

transformation on the momentum to obtain the matrix d,;p; = (D')j;. Now equation

(4.38) becomes
- ox
p=7 [(D ) p+m§} (4.39)
But comparing this to our canonical transformation (4.34), we see that the matrix y>(D~ )7
must be precisely D. Therefore, the matrix D must be
D =1YR (4.40)

where R is an orthogonal matrix.
With B = 0, the symplectic condition BT D = D' B is automatically satisfied, and the

third condition becomes A’ D = I. Therefore A = (D~!)T = R/y. Now the total transfor-
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mation of the momentum (4.38) becomes
Pl =YRijpj +m(—R;j +YRij)x; + my o (4.41)

This equation allows us to read off the matrix C = m(—YR + YR) and the translation jy =
my*xo.

Next, we apply the symplectic condition A7 C = CT A which limits the time dependence
of our orthogonal matrix, R, to

RTR=RTR. (4.42)

But because the product R” R is always antisymmetric for an orthogonal matrix R, the only
way for the transformation to satisfy the symplectic condition (and therefore be canonical)
is if R = 0 and the rotation does not depend on time. This should not be surprising, as the
time-dependent rotation must introduce a vector potential, as we have already seen.

Therefore, we have restricted the linear canonical transformations to
¥ =R (f + B)
v (4.43)
-/ — . =
7' =R (Y5 — mi + mpPB)
where v and B = RT¥, are real functions of time and R is a time-independent orthogonal
matrix. Then the Jacobian matrix S;; = (Vy) j€; of the canonical transformation is

1
YR 0

S= (4.44)

—myR YR

This block matrix satisfies the symplectic condition (4.19). Therefore, the linear transfor-

mation S7 is canonical.
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4.4. OSCILLATOR-FREE EQUIVALENCE

With this specific canonical transformation, the rightmost equation in (4.37) becomes
1 / ;Y—» 3 s
FVV =VV+ m. ¥~ m(27B +vB). (4.45)

After integrating, we have the transformed potential

Y—IZV'()?’,II) V(&) + ’;—322 —mE- (24P +1B) + o) (4.46)

where oi(7) is an arbitrary real function of time. Since the corrections to the Hamiltonian
are only second order in ¥’ or X, the higher order derivatives of the Moyal bracket in (4.36)
are automatically satisfied. Thus, this represents the Hamiltonian we would obtain by per-

forming this coordinate transformation entirely classically.

4.4 Oscillator-Free Equivalence

We will revisit the topic of the equivalence of the oscillator to the free particle in the
phase space formalism. We will begin from where we left off in §2.5, where we set the
primed coordinates to those of free space and the unprimed potential to the harmonic os-
cillator with frequency ® and the same mass. It is important to note that it does not matter
which coordinates we call the primed and which we do not: the transformation is symmet-
ric.

We already determined the parameters of the transformation in (2.88). Using the coor-

dinate transformation (4.43) we have

X —vot’ —xg

V14 ()2

mo’t'x

The time evolution of the Wigner function is determined for both free space and the

4.47)
p=(p —mvp)\/1+ (ot')2 —

harmonic oscillator by the Moyal equation. But if the Hamiltonian is at most quadratic in
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4.4. OSCILLATOR-FREE EQUIVALENCE

position and momentum, the Moyal bracket reduces to the Poisson bracket. This means

that the Wigner function will obey the classical Liouville equation [32]

ow
= = —{W,H}. (4.48)

If we assume the ansatz that W (x, p;t) = f(Q(x, p;t), P(x, p;t)) where Q and P are conju-
gate variables that lie on the same level curve of the Hamiltonian as x and p, then Liouville’s
theorem [32] is solved for any f if Q and P evolve according to the anti-Hamiltonian flow

90; oH 0P, oH

o P a0 (+:49)

where H(Q,P) = H(x, p). Therefore, the time-dependent solution to the Wigner function

for free space should be
W', pht") = f(' = p't' fm —x0,p" = po). (4.50)

For a time-independent Wigner function where o;W = 0, Liouville’s equation is solved
by setting W (x, p) = f(H) where f is any arbitrary function of the Hamiltonian. Thus, our
harmonic oscillator Wigner function is some function of the harmonic oscillator Hamilto-
nian

Wx,p)=f (ﬁ PP+ %mmzxz) . (4.51)
So then the free space Wigner function W (', p’;¢’) is f(H(x, p)). However, the time de-
pendence of the harmonic oscillator does not seem to match the free flow (4.50) upon first
inspection.

Written in terms of the primed coordinates, the Hamiltonian for the harmonic oscillator
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becomes

2 2
1 , mot'x 1 (X —vot'—xo
— | (p—mvp)\/ 1+ ()2 — —— | +-mO" | ————
2m [( ) (r) 1+ (o')? 2 1+ (t')?

1 / 2, L 50, 14, ’
—%(p —mvo) +§m0) x—%pt—xo

1
=H <x' ——p't' —x,p' — mV()) . (4.52)
m

This shows that this is the precise time evolution of the classical Hamiltonian in free space.

As we have already discussed, solutions to the free Schrodinger equation should not
exhibit any momentum dispersion due to the lack of a potential. If we plot the dispersion
of the level curves of the harmonic oscillator’s Hamiltonian H (x, p) = E = const, then we
can see the dispersion of the Wigner function of the stationary states as in figure 4.1. The

level curves are parametrized by 6 € (—7, ) as

Iz/_ =sin®
i pove (4.53)
= cos0+ orsin0,
X0V/E

where € = 2E /ho is the dimensionless energy and xp = \/WJ and py = v/mhw are the
length and momentum scales of the oscillator. The limits of the momentum occur when the
angle is £7/2, which have a corresponding momentum of +pg+/€. The position extrema
occur at 4-tan~! @r with a corresponding extremum position of +xp\/€ \/m . Using
the energy as the energy eigenvalues of the stationary states, E, = hw(n+ 1/2), we see that

the width of the positions and momentum of the eigenstates are on the order of

X0 2

AP ~ @ n—l—l AX ~ \/Exo\/[n—k %] [1+ (or)?], (4.54)

which agree with the properly computed widths given in equation (2.93).
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—wt=0—owr=1 or=2

x/xo0

Figure 4.1: The free space evolution of level curves of the simple harmonic oscillator
Wigner function in phase space. The dimensionless energy is € = 2E / oh.

4.5 Senitzky Coherent Excited States

Senitzky’s coherent excited states [3] are a solution to the harmonic oscillator TDSE,
which feature rigid rotation about the origin in phase space. The coherent excited states can
be found by a FPT of the harmonic oscillator eigenstates. Specifically, it is an example of
the harmonic oscillator symmetry group [17], which transforms an oscillator into another
oscillator in different coordinates. Let V/ = %m(ozx’ 2and V = %m(;)zx2 be the potentials in
both coordinates, so that both are harmonic with the same frequency ®. Then the 1D case

of the potential transformation (4.46) with y=1 is

1 1 ..
Emco2 (x4 B)? = zmo*x* — mxp + o

2
| (4.55)

L\ 2 m .
_ 2 -2
—Em(l) ()C—O) B) —2—032[3—1—06.

Both sides of this equation can be made equal by setting o,(7) = mp/2®? and B+ ?p = 0.
Thus f = Acos(of + ¢) is harmonic.
Next, we solve the Wigner function in the case of time-independence for the trans-

formed potential V'. The Wigner function W’ then satisfies the stargenvalue equation
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EW’ = H'xW/’, for which we will employ the Bopp-shifts [48]:
EW’(xl,p/) :H/(x/,pl)*W’(x’,p/)
—H' (x iy P — —a') (4.56)
_ L p/2 —ihp,a/ _ _alz + lmmz ¥ +ihx'd. — h_zalz w’
2m o4 F 2 P4 7P

Since the Wigner function is entirely real, we may separate this equation into two parts: the

real and imaginary parts.

2 232
14 ol 1 w22 _ Mo h n_ /
L _a — —0 =0 4.57
(2m 8m " i 2" > v “37)
/
(—p—a;+mm2x’a;,) W' =0. (4.58)
m

The potential is quadratic, so the second of these equations (4.58) is satisfied by setting
the Wigner function to be a function of a single variable W/(x', p’) = W'(u) where u is
proportional to the harmonic Hamiltonian.

Let u be the dimensionless variable u = 4H’ /hw. Then the real part of the stargenvalue

equation becomes
E d &
(E_____u_> W' =0. (4.59)

Substituting W’ = L(u)e ™%/ yields

d? d E 1
du ho 2

d2+(1— u)— —l————)L(u):O. (4.60)
This equation is known as Laguerre’s differential equation, and are solved by the Laguerre
polynomials L,(u) (see [37, Chapter 18.7]) when E/wh — 1/2 = n is a natural number.
Then the Wigner function for the nth energy state E, = hw(n+ 3) is W, = CuL(u)e /2,

where C,, is a normalization constant,
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—Py |

Figure 4.2: Phase space rotation of the level curves of the CES Wigner function with di-
mensionless axes.

The CES are then the time-dependent solution to the Moyal equation

W (x,p;t) = W,{ulx+Acos(or +¢), p — mmAsin(ot + )]} (4.61)

Therefore, a solution to the time-dependent harmonic oscillator is a harmonic oscillator
eigenfunction that rotates about the origin clockwise (for A > 0) in the dimensionless phase
space (x\/mo/h, p/\/mhw). The level curves of the Wigner function are circles in the
dimensionless phase space that rotate around the origin. The time evolution of the level

curves is depicted in Figure 4.2.

4.6 Berry-Balazs Airy Beam

The Airy beam [5] is a solution for the free TDSE that has an accelerating wave front,
seemingly in violation the Ehrenfest theorem [27, 28]. This is however not the case, since
the Airy function in not square-integrable and thus the state is non-normalizable.

The Airy function itself is the energy eigenstate of a constant force, suggesting that the
Airy beam is produced by an FPT from the free particle V = 0 to the constant force potential
V! = ax’. We will use the FPT in phase space to solve for the Wigner function of the Airy

beam directly using the stargenvalue equation (4.11). Using the potential relation (4.46),

107



4.6. BERRY-BALAZS AIRY BEAM

we have

B=—2 — B(1) = —%112+v0t+x0 (4.62)

where vy and xg are real constants of integration.
Like the CES, to solve the free space Wigner function, we must now solve the time-
independent stargenvalue equation for the constant force potential, V = ax. Again, using

Bopp shifts, the stargenvalue equation becomes

EW/<X/,pI) :Hl(Xl,p/)*W/(X/,p/)

in in
H (x’ + 50— 58;) W’ (4.63)
1 2 '
= [2— (p'2 —ihp'd,. — %8;2> +a (x' + %aﬁ,)] w’
m

Separating this equation into the real and imaginary parts yields the two equations:

p/2 h2
3?4 al —E|\W =0 (4.64)
2m  8m
p/
<—a; — aa;,+> W' =o0. (4.65)
m

The second of these equations (4.65) is again satisfied by setting the Wigner function to be a
function of a single variable W’(x’, p') = W'(u) where u is proportional to the constant-force
Hamiltonian.

Let u = 8mH' /a’h?. Then, through a change of variables, the real part (4.64) becomes

the Airy equation
d>w’

W =0, (4.66)

for which the solution is the Airy function W = C Ai(u), where C is an arbitrary constant.
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—— t=0 \ i
- t =AMt
t =21 \

_— Ax = pAt

Ap =0.

Figure 4.3: Time evolution of the level curves of the Airy beam Wigner function.

Therefore, a solution to the free TDSE is the Wigner function'!

. 8m 1/3 1 2 a 2
W(x,p;t) =CAi (W) {%(p —at+mvy)°+a (x— ﬂt + mvg —}—xo> —E}
(4.67)
The level curves of the Wigner function again do not appear to obey the free time-evolution,

but one can show that it does indeed obey the free Hamiltonian flow

(p+mvo)?

pt
+ —— +x9). 4.
o a(x = X0) (4.68)

const =

The rigidly translating parabolic level curves of the Wigner function are depicted in Figure

4.3.

n [5), they use B> = 2m/a?.
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Conclusion

While form-preserving transformations may be applied to any differential equation, they
highlight some important and surprising properties of fundamental quantum mechanics.
Namely, the ability of quantum mechanics to deal with linear transformations into non-
inertial reference frames. FPTs then provide a framework for performing these transforma-
tions and quickly determining the Hamiltonian that results from the transformation. They
also explain several remarkable time-dependent solutions of the Schrodinger equation, such
as the Coherent Excited States [3], the Airy beam [5], and Yan’s time-dependent oscillator
[26]. However, in some ways, the FPT also highlights a limitation of quantum mechanics
in its inability to describe generalized nonlinear coordinate transformations. The FPT may
then give us insight into the fundamental nature of quantum mechanics or may hint at some
deeper phenomenon.

FPTs also represent an important method for determining solutions to the Schrodinger
equation, one that should be more well-known. Their primary utility is that they allow one
to create new solutions to problems in terms of potentials that have already been solved,
or to use strategic coordinate transformations to simplify the problem. This forms equiv-
alence classes between different potentials, such as the equivalence between the harmonic
oscillator and free potentials that has been discussed previously. These equivalence classes
then show how seemingly unrelated systems can share physical properties; however, they
are limited to system whose potentials differ at most by second order in position.

In this work, we began by expanding on the work of [9], generalizing the FPT to N
dimensions for the spinless Schrodinger -Pauli equation. We show that the most general

coordinate transformations allowed by the FPT are of the form (2.28). This results in the
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transformed wave function (2.39), which satisfies the Schrodinger -Pauli equation with a
vector potential (2.40) and a scalar potential (2.41). In §3.3.8, this was further generalized
in three dimensions for spin-1/2 particles.

We showed that the FPT can be directly interpreted as being the transformation between
two wave functions of the same particle: one wave function belonging to one set of coordi-
nates and the other belonging to the transformed coordinates. The ansatz for the FPT wave
function (2.21) follows from this assumption as a consequence of elementary arguments
of probability and the uniqueness of experimental outcome. Then, under the requirement
that expectation values of position correspond to the same point in space for both coordi-
nate systems, we showed that quantum mechanics fundamentally restricts the coordinate
transformations to be linear. Without this requirement, we would not be able to transfer
the results of experiments from one reference frame to another, an obvious problem for the
theory. Furthermore, these facts follow without an explicit form for a Hamiltonian and are
instead a direct consequence of the linearity of quantum mechanics. To our knowledge, this
argument appears to be new.

The operator representation of the FPT was covered in Chapter 3. We showed that FPTs
of the Schrodinger equation form a continuous quasi-symmetry group if one lets time be a
parameter rather than an operator'?. The Lie algebra of the form-preserving group is shown
in equations (3.91) and (3.93). The transformations present in the FPT are then generated
by elements of the algebra. We then proceeded to show the exact transformations that each
of the generators creates in §3.3.5 and that the most general unitary transformation (3.125)
reproduces the form-preserving transformation identically.

The time transformations are the least well-understood part of the FPT. The current lit-
erature fails to answer several questions. In §3.3.6, we analyze the properties of the time
transformation in more detail. We show, for the first time to our knowledge, that the time

transformations ¢ — #'(r) satisfy all the properties of a group; we determined the composi-

215 the literature, such as in [10, 12, 17], the quantum mechanical treatment of the Galilean and
Schrddinger groups often include time in the Lie algebra.
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tion rules and inverse elements. Then, for continuous elements of the time transformation,
we construct a Lie algebra and describe one possible basis for generating the transforma-
tion. It is an open question whether the entire group is a Lie group or if there exists discrete
elements which are not differentiable.

Lastly, in Chapter 4 we cover the FPT in PSQM in the case of no magnetic fields. We
show that the FPT is the linear canonical transformation (4.43). Therefore, the Poisson
bracket and the star product are invariant under FPTs. This allows the form of the Moyal
bracket to be preserved. The transformed Wigner function obeys the ansatz (4.32) and
satisfies the transformed Moyal equation (4.33) with the transformed potential (4.46). To
our knowledge, there is no existing work in the literature on the FPT in the phase-space
formalism.

Although we covered many different aspects of the FPT in this work, there are still a few
open questions and generalizations to be performed. The extension to particles with spin is
not complete; we do not describe particles of arbitrary spin-s. Furthermore, our treatment
of the spin-1/2 particle was done only for three dimensions. A fully general treatment of the
NR FPT would describe particles with arbitrary spin and any number of dimensions. We
also did not consider how boundary conditions are affected by the FPT, nor did we show
which types of boundary conditions remain valid after an FPT.

Future work may expand the FPT to relativistic quantum mechanics, doing analogous
work for the Klein-Gordon equation and the Dirac equation. Since these equations are
relativistic, we expect that they will treat the space and time coordinates symmetrically.
The FPT for the TDSE is not symmetric about time and space, instead it scales the position
by y~! but the time by y~2. It would be expected that the FPT should be obtainable by the
non-relativistic limit of its relativistic counterparts.

More work may be done in the future to show whether the entire group of time transfor-
mations is a Lie group. It is also an open question whether linear canonical transformations

are the only possible transformations that we can perform in phase space. This question
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remains unanswered in the literature on canonical transformations in the phase-space for-

malism.
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Appendix A

Electromagnetism in Quantum
Mechanics

Electromagnetism is the most ubiquitous force in quantum mechanics, and is responsible
for all of chemistry. It is the primary fundamental force that the Schrodinger equation is
able to model, and the only force we deal with in this work. In this appendix we will
show how the non-relativistic Hamiltonian of a charged particle is derived from classical
electromagnetism, which is the only Hamiltonian we use. The classical theory of electro-
magnetism is a relativistic theory, so we will get the Hamiltonian of the system by first
finding the Lagrangian of a charged particle, and taking the non-relativistic limit. Then we
perform a Legendre transform to get the classical Hamiltonian, which then may be quan-
tized to obtain the quantum one. We then examine the force on the quantum particle within
an electromagnetic field to determine the quantized Lorentz force law, which we use in
several places in the main body of this work.

A.1 Classical Electromagnetism
The Lagrangian density for electromagnetism is

1
L = jul'+ JFnF, (A1)

where j, is the 4-vector current density j* = (cp,f), A 1s the 4-vector potential A¥ =
(¢/c,A) and Fiv = duAy — d0vA, is the electromagnetic field tensor [29].

We will introduce a single charged particle to the Lagrangian. The non-relativistic
charge density is then p(X,7) = g8 (¥ — X(t)) where X,(z) is the location of the particle.
Likewise, the non-relativistic current density is J(¥,) = gv&> (¥ —Xo(r)). The simplest gen-
eralization to special relativity is to replace the velocity with the 4-velocity W/ /y = (c,V)
where y(v) is the Lorentz factor and 7 is the proper time. We also generalize the delta func-
tion to the 4-dimensional version. Therefore, this quantity is the 4-density, instead of just
the space density. Thus, we integrate over the proper time of the particle T to obtain

#=ecq / dr %u‘“(’t)ﬁ“(x — (). (A2)

We will assume that the single charge creates negligible changes in the potential A,
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A.1. CLASSICAL ELECTROMAGNETISM

and thus also has no effect on the electromagnetic tensor F,y. We will drop these from
the Lagrangian since they will not affect the Euler-Lagrange equations. The Lagrangian is
computed as the integral over space of the Lagrangian density, or

L(xo,uq,t) = /d3x$:cq/d3xAﬂ(x)/d‘c%u“(‘c)S“(x—xo)
(A.3)
q

= ;Au(m)u’“’ (7)

This is the interaction Lagrangian for the particle and the electromagnetic field.
In special relativity, the action of a particle is the negative of the length of its world line
multiplied by mc to obtain the proper units

S= —mc/ds, (A4)

where ds? = Nuvdx“dx”. The principle of least action then chooses the path through space-
time that minimizes the length of a particles world line. Diving both sides by the infinitesi-
mal time interval, dr and taking the square root, we have ds/dt = /%% where X is the total
time derivative of x*, as opposed to the 4-velocity. With a metric signature of (—,+,+,+),
we then introduce a minus sign into the square root so that the action is real. This gives the
Lagrangian of a relativistic free particle as

Liree = —me/— i = — (A.5)

Y

Adding this to the interaction Lagrangian, we obtain the total Lagrangian of a charged
particle in a electromagnetic field:

1
L = —mc\/—X 3"+ q;Ayu“ = —mec\/ =X M 4 gA X (A.6)

Next, we wish to find the equations of motion for the particle. To do this, we take the
Euler-Lagrange equation for the position of the particle at the spacetime position x*

d oL oL
— A7
R T TR T &.7)
This gives the result
d mcxy,
— | —E= + A" | — giy0”AY = 0. A.8

Next, the total derivative on A* of time can be written by the chain rule as xyd", and the
total time derivative can be replaced by the proper time derivative dt = Ydt. The result is
that the 4-force F;, on the particle is

dp
d—: = qFluVuV. (A'9)
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A.2. LORENTZ FORCE IN QUANTUM MECHANICS

From the definition of the electromagnetic tensor, Fjy = E;/c and F; i =& jkBk where
E and B are the electric and magnetic fields. Thus, it follows that the Lorentz force on a
particle dp/dt is
d_' = —
d—’t’:q(EHxB), (A.10)

where p = ymV is the relativistic momentum. In the non-relativistic limit, this matches the
classical Lorentz force.

Next we wish to quantize the non-relativistic Hamiltonian to describe a spinless charged
particle in quantum mechanics. In the non-relativistic limit, the Lagrangian becomes L =
%vz — g®+ gA -V, and the canonical momentum p = 9yL is mv + gA. The Hamiltonian is
defined as the Legendre transform of the Lagrangian H = p -V — L, where p is the canonical
momentum obtained from the Lagrangian. This gives us the Hamiltonian in terms of the
velocity:

H:V-(mv+qg)—%\72+qd>—qﬁ-gz Ve +qd. (A.11)
Replacing the velocity with the momentum p = mv + qﬁ, we arrive at the classical Hamil-
tonian for a charged particle in an electromagnetic field

HEp) = ——T"2 4 ¢ (A.12)

In the case of a spin-1/2 particle such as an electron, we take p — gA — G- (P— qﬁ)
where ©; are the Pauli spin matrices. The matrices %6,- form the spin-1/2 representation of
the su(2) Lie algebra.

The result is the modified Hamiltonian for a spin-1/2 particle

H (B—qA)? — qhG - B| +q®. (A.13)

T 2m
Let the spin angular momentum operator be S = ho /2. Then we can write the interaction
potential of spin with the magnetic field as — %§ ‘B. Comparing this to the potential energy
of a magnetic dipole U = —p- B, we see that we can interpret this interaction term as the in-
teraction of a magnetic field with the magnetic dipole moment of a spin-1/2 particle, q§ /m.
The magnetic dipole moment of a charge with angular momentum Lisp= qZ/ 2m. Thus,
the quantum dipole moment of a spin-1/2 particle is twice the classical result. This factor
of two is called the g factor. The Schrédinger-Pauli equation (and the Dirac equation) pre-
dicts that the g-factor is precisely 2. Quantum field theory predicts corrections in quantum
electrodynamics from the self-interaction of electrons with the electromagnetic field that
increases the g factor by about .2% for the electron.

The Schrodinger-Pauli equation can be derived as the non-relativistic limit of the Dirac
equation for the electron. But since spin has no classical analog, it cannot be derived from
quantizing classical theories. See [28, Chapter 20] for a derivation from the Dirac equation.
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A.2. LORENTZ FORCE IN QUANTUM MECHANICS

A.2 Lorentz Force in Quantum Mechanics

The equations of motion for expectation values of an observable € in the Schrédinger
picture are given by the Ehrenfest theorem [28]

d oQ 1
—(Q)=( — —(|Q,H A.14
5@ =(5 )+ (. (A14)
where H is the Hamiltonian, given that the state is normalizable. The velocity of the state
is the time derivative of position [27], which for a particle in an electric and magnetic field
is given by

30 = 5 (% P=ad]) = - (P—gd). (A.15)

Let us define the velocity operator mV =P— qZ. Next, the force on the particle is the
mass m times the time derivative of position, which is
> (A.16)

d - A\ 1 /|2 - (P—gA)?
— W ={(—g=— +={( |P—gA,~—2 1+ ¢
mdt<v> < qat>+ih<[ o om ta

The commutator [ﬁ,qcb] is just the gradient of the scalar potential —ihg®, and since the
vector potential and the scalar potentials are functions of position and time only, they com-
mute. Since the electric field is defined as —V® — 0,A, we now have the force

m% (V) = (¢E) + 2iim < [ﬁ—qA’, (ﬁ—qA’)Z] > (A.17)

Next, the ith component of the remaining commutator yields
—qV; ([AiPj] + [PiA)]) —q ([Ai, Pi] + [P, Af]) V). (A.18)

The inside of the parentheses is ihd;A; — ihd;A; = —ihF;j where F is the electromagnetic
tensor. In three-dimensions we can write this as —ih€; jx€.k0sAp using the identity (B.5).
Since the magnetic field is the curl of the vector potential, €,,.0,4; = Bi. Thus, we have

P, — th (ﬁ — qA’)Z] = qihﬁ,‘jijBk + (]ihS,‘jkBij = (]ih(‘_} X E —E X ‘7), (A19)
Therefore, the total Lorentz force is

= 1

m%<\7>=q<E+ (x7><§—§><\7)>. (A.20)

This is the Weyl ordering'? of the classical Lorentz force, where the two orderings of the
cross product V x B and —B x V are averaged over. This ordering guarantees that the

13The Weyl ordering is the sum of all distinct permutations of operators, divided by the total number of
permutations. For example, the Weyl ordering of x?p is §(x?p +xpx + px?)
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A.2. LORENTZ FORCE IN QUANTUM MECHANICS

resulting operator is Hermitian. For higher dimensions, this is given by:

d 1
m (Vi) :q<E,-+§(VJ-I~",-J-+E-jVj)>. (A21)
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Appendix B
Levi-Civita Symbol

The Levi-Civita symbol € in 3-dimensions has the components

+1 (i, ],k) = cyclic permutation of (1,2,3)
gjxr=14 —1 (i,j,k) = cyclic permutation of (3,2,1) (B.1)
0 otherwise.
It is completely antisymmetric, so swapping any two indices introduces a minus sign, eg.
€jik = —&ijk-
The Levi-Civita symbol can be used to define several mathematical operations such as
the cross product of two vectors

(@xb);= € jka b, (B.2)
and the determinant of a 3 X 3 matrix
detA = €;3A1:A2jA3k. (B.3)
The Levi-Civita symbol has the following useful identities

€ jk€ij1 = 20k (B.4)
€;jk€itm = 0 j1Om — 0mO, (B.5)

which are often used for proving mathematical identities in vector calculus, and are used
many times in this work.

The Levi-Civita symbol may be extended to any number of dimensions. If N is the
number of dimensions, then we may define the Levi-Civita symbol as

1 i1,i2,...1y is an even permutation of 1,2,...N
€iy..iy = § —1 11,12,...1y 1s an odd permutation of 1,2,...N (B.6)
0 otherwise.

It is totally antisymmetric, so swapping any two indices results in the introduction of a
minus sign. For example,

€itip...iv = —Eiyiy...in- (B7)
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Appendix C
Groups

A group is a set of elements with a defined product or operation that combines two elements
into a new one. Let g1,g2,g3 be elements of the group G. Denoting the group product by

(I3

,” the group and its product must satisfy the following properties:

1. Closure: g1-g2 =83 €G.

2. Associativity: g;-(g2-23) = (g1-82) - &3-
3. Existence of an identity elemente: e-g =g-e = g.

1 1 1

4. Existence of an inverse element g™ ': g- g~ =g -g=e.

(T34

If the set of objects and its product operator “-” satisfies these properties, then G is a group.

Groups are very important in the analysis of symmetries since symmetries form a group.
For example, consider the group of transformations that keeps the orientation of an equilat-
eral triangle invariant (called D3). Doing two of these operations in a row will still preserve
the orientation and shape of the triangle and, therefore, the closure property is automatically
preserved. This is the case in general, since if two operations preserve some symmetry, then
performing the two operations in sequence will still be a symmetry, irrespective of the sym-
metry in question.

C.1 Special Linear Group

The special linear group SL(2,R) is the group of 2 x 2 linear transformations with real
entries and that are special, or have determinant 1. As with most matrix groups, they multi-
ply by ordinary matrix multiplication. In other words, the group SL(2,R) is the group that
is equivalent to the two-dimensional representation

R(g)e{(z Z) :a,b,c,deRandad—cdzl}. (C.1)

Here R is the representation and g € SL(2,R). The constraint leaves 3 free parameters to
define an element of SL(2,R), such as the numbers (a,b,c), with d = (1 + cd)/a. The
group of two-dimensional rotations, SO(2), is a subgroup of SL(2,R). The main differ-
ence between this group and SO(2) is that these matrices are not all orthogonal, so they do
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C.1. SPECIAL LINEAR GROUP

not preserve the angles and distances between vectors. However, since both of their deter-
minants are still unity, they preserve the area of shapes. The additional constraint is why
SO(2) is a 2-parameter group while SL(2,R) has 3 parameters.

SL(2,R) is a continuous group with three degrees of freedom. It will not be shown
here, but SL(2,RR) is smooth and differentiable, and thus it is a Lie group. Let the matrix
M = ¢4 be an element of SL(2,R), where A is a 2 x 2 real matrix. Then the matrix M must
have unit determinant. Using Jacobi’s formula, 1 = detM = eTi(eA) Therefore, the matrix
A must have zero trace for € # 0. We choose the traceless basis

10 01 00
h:(0-4) e:(00> f:(10>’ €2)

so that A € span({e, f,h}). The span of this basis completely covers the vector space of all
traceless 2 x 2 real matrices.
In this basis, the matrices form the closed Lie algebra

[h,e] = 2e [h, f] = —2f e, f] = h. (C.3)

Any collection of 3 operators {e, f,h} that satisfy the commutation relations (C.3) is called
an slp-triplet. The group the set of operators generates is then isomorphic to SL(2,R) when
using real parameters, and SL(2, C) if the space is spanned with complex parameters.
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Appendix D

Orthogonal Transformations and SO(N)

The orthogonal group in three dimensions, O(3), is defined as the set of R3*3 matrices
whose transpose is equal to its inverse:

RRT =R"R=1, (D.1)

where the group product is the matrix product. The reader is encouraged to verify that this
definition satisfies all of the axioms for a group, namely closure, associativity, the existence
of the identity element, and the existence of an inverse.

The property (D.1) is very important because linear transformations by such matrices
leave the inner product of two vectors invariant. Let i and ¥ be vectors in R>. Let i’ = Rii
and V' = RV be the transformed vectors under an orthogonal linear transformation. Then the
inner product between the two transformed vectors is

(D.2)

the inner product of the two original vectors. Therefore, orthogonal transformations pre-
serve both angles and distances between vectors.

There are two types of orthogonal matrices, classified by their determinant. Taking the
determinant of RT R = I, we see that the determinant of an orthogonal matrix is detR = +1.
The orthogonal matrices with determinant 41 are called proper rotations, and make up
the group of special orthogonal matrices, SO(3). Orthogonal matrices with determinant
—1 are called improper rotations, as they contain a reflection as well as a rotation. As a
consequence, they change the handedness of coordinate systems.

Rotation matrices in SO(3) have the property that they preserve cross products, since
they preserve the handedness of coordinates as well as angles and distances. As a conse-
quence, rotating the resulting cross product of two vectors is the same as taking the cross
product of two rotated vectors:

R(ii x ¥) = (Rii) x (RV). (D.3)

For an orthogonal matrix with determinant —1, the right-hand side picks up an additional
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minus sign.
To show this is the case, begin with the i-th component of the cross product

[(Rﬁ) X (R‘_;)]l = 8iijqukquVs (D.4)
= €0k Oi¢R jqRysttgVs. (D.5)

But since the R matrices are orthogonal, we can rewrite the Kronecker delta as the product
of R with its transpose. Thus we have

[(Rﬁ) X (R\j)], = EfijipREpquRksquy (D.6)

But we can define the determinant of any 3 X 3 matrix [31] as €; jxR;pR jqRys = €pgs det R, and
it is clear that the Levi-Civita symbol is an invariant tensor under SO(3) transformations (for
which the determinant is one). With this identity, we can write the cross product between
the two rotated vectors as

[(RE) % (RV)); = det(R)Rip€ pqsitqvs = det(R)[R(ii x ¥)); (D.7)

which is equivalent to (D.3).

D.1 Lie Algebra so(3)

Rotation matrices are smooth and differentiable. For example, consider the rotation in

2 dimensions
cos® —sin0
R= (sine cos9 ) (D.8)

that is parametrized by the angle 6 € [0,2r). This familiar matrix is differentiable with
respect to the continuous parameter 0. Since the group is smooth and differentiable, it is
a called a Lie group. The parameters serve as the coordinates of the group element on the
group manifold.

The Lie algebra of a Lie group is the tangent space at the identity element and the
algebra of the tangent space: the commutation relations between all elements of the tan-
gent space. The algebra must be closed (otherwise we wouldn’t get closure of the group
elements), so the commutator between two elements of the Lie algebra must itself be an
element of the algebra. The structure of the entire Lie group can be recovered only from its
Lie algebra and the exponential map.

Since SO(3) is orthogonal, we may define R = e where the matrix J is a 3 x 3
antisymmetric matrix and A is a real parameter. To find the tangent of the matrix R with
respect to the parameter A, we take its derivative and set the parameter to zero: %R‘L:O =
—iJ. Consequently, the matrix —iJ is an element of the tangent space of SO(3) matrices.

The reason we can recover the entire rotation group and its manifold structure only from
its Lie algebra and the exponential map is a consequence of the group being differentiable.
Consider, for example, n successive infinitesimal rotations by the angle A® = 6/n, which
will approximate a rotation by the angle 6. Each infinitesimal rotation may be described
by the matrix R(A0) ~ 1 —iA8J, and the full rotation by [R(A8)]". Since the infinitesimal
rotation is caused by the matrix J, we sometimes call this a generator of SO(3). As we

—iNJ
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increase n, the approximation will become successively better until it becomes identical to
the full rotation in the limit as n grows to infinity. Performing this explicitly, we obtain

. 0J\" & () [ —iB\* _
R(G):nlgg<1—7) anin)kZE)(IJ( " ) = exp(—i0J) (D.9)

since lim,, . (})n ™/ = 1/k!. For this reason the exponential function is sometimes called

the exponential map, since it maps an element of the Lie algebra to its Lie group.
To see why J must be antisymmetric, we expand R R = 1 to first order in A, obtaining

RTR=1+iMJ" +ikJ + O(A?). (D.10)
Equating this to the identity, we see that the matrix R with by orthogonal if
Jh=-1 (D.11)

or that the elements of the Lie algebra are antisymmetric matrices. The most general way
to write an antisymmetric matrix in three dimensions is with the Levi-Civita symbol J;; =
i€ j9x where 0 are real numbers. The imaginary number i keeps the generator Hermitian.
Using these as a basis gives the adjoint representation of s0(3):

1 = i), (D.12)

which represents the infinitesimal generator of rotations for the a = (x,y, z) axis, according
to the right hand rule.
The Lie algebra s0(3) can then be directly determined from the properties of the Levi-
Civita symbol by
[J(a)v‘](b)]ik — ](a)](b) _J.(b)

ic Yck ic

I

= —(€iacCehk — EibcEcak)

= —[(8ipOuk — 8iBup) — (8iadpk — SixSup)] (D.13)
= —(8ipOka — 0iaOxp)

= —€ikc€bac

Rearranging the indices in the Levi-Civita symbols, it is easy to obtain

[J(a)J(b)] = i€ ped ). (D.14)

The most general generator is then the antisymmetric matrix —i-J = [é] x Where the
matrix [0]x has the effect of taking a cross product of a vector: [0]V = 6 x V. This allows
us to explicitly compute the rotation matrix from the generators by the exponential map

. © 1

a —i0-J 0], A
R(8) = e = (l°) _Z‘Oa[e]x. (D.15)
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As a side note, from this equation it is obvious that the inverse rotation R (6) = R(—8) is
simply an equal and opposite rotation.
The exponential map may be computed exactly by exploiting the recursion relation for

the powers of cross products. By the vector triple product, we have [é]zxﬁ =0(0-a) —0%d,
which means that the cube is [8]3, = —62[6],.. By mathematical induction, it follows that

120+l _ (_d2\n[g >
O = ) el 20 (D.16)

6] = (=6)"[6]% n=>1.
Let 7 denote the direction of 8, or the axis of rotation. Then by breaking the exponential
into even and odd terms, it is easy to see that

R(6) = I +sin®[f]« + (1 —cos0)[A]% DA

= c0s 0] +sin6|iA] « + (1 —cos0) (A ® ), '
where (7®1);j = n;nj is the outer product. This formula for calculating rotations explicitly
is usually called Rodrigues’ rotation formula.

D.2 Rotations in Higher Dimensions and so(N)

In three dimensions, we are safe to label rotations by the singular vector that is orthog-
onal to the plane of rotation. This is only possible in three dimensions, and for higher ones,
there is no longer one unique vector that is orthogonal to a given plane of rotation. Thus, in
higher dimensions, it becomes more convenient to label rotations by the plane of rotation,
which can be done by specifying the two basis vectors that span the plane. Let the rota-
tion generator be the antisymmetric matrix J (@) where the labels run from a,b=12,...N
where N is the number of dimensions. We will give these antisymmetric matrices compo-
nents

(ab) .
J = —l(saiSbj—Saij,'). (D.lS)

1

These generators will then generate infinitesimal rotations from the coordinate axis a into
b. For example, in three dimensions, the rotation generator for rotations about the z axis is
simply J (@) = J(2) 1t can be checked that this antisymmetric basis has the commutation
relations

) J@b)] = (85,00 4§, P — § () — §;, gy, (D.19)

There are N(N — 1)/2 basis matrices that span the vector space of antisymmetric matri-
ces. We may write a general antisymmetric matrix in this basis as %S,- U (i/) = § where S; jis
itself another real, antisymmetric matrix. Since this also has N(N — 1) /2 free parameters,
this is not an issue. Each entry of S, tells you the angle that axis a is rotated into axis b.
Then in total, the rotation matrix is

LNV ()

R =25l = 65, (D.20)

128



D.4. TIME DERIVATIVE OF ROTATIONS

D.3 The Orbital Angular Momentum Tensor Operator

We may define a rotation generator operator, or the orbital angular momentum tensor
Lij = X;P; — X;P;. (D.21)

This will satisfy the (scaled) commutation relation for generators of rotations along the i
and j axes as
[LijaLab] = ih(ﬁijia + Siaij — SjaLib — aibLja)- (D.22)

Physically, these angular momenta are the angular momentum in the plane spanned by the
i and j axes. In three dimensions, the angular momentum vector is related to the angular
momentum tensor by L, = %SabcLbc-

If an operator V, transforms as a vector, such as the position or momentum operators,
then it will have the commutation relation'#

[Vas Lpe) = ih(84cVp — Sup Ve ). (D.23)
Defining the rotation generator G = — %Si iLij for the real antisymmetric matrix S;;, we have
[iG/h, V] = SupVp. (D.24)

That is, the action of an infinitesimal rotation is to take V — V — SV. It then follows that
the operator will transform as

V' =UVU' =&’V =RV (D.25)
We may apply this to the angular momentum tensor. Let L] i =UL;;U T, then
Li;=X;P;—X}P|

= RiererPs - stRriXsPr (D.26)
= RiyR strs-

And so the angular momentum tensor does indeed transform as a tensor under rotations.

D.4 Time Derivative of Rotations

Taking the time derivative of (D.1), we get that RTR + RTR = 0. Rearranging this
equation, it becomes
(RTR)T = —R"R. (D.27)

Therefore, the matrix RT R is antisymmetric. In three dimensions, we can write this as

(RTR)l'j = ([(_f)]x),'j = €y (D.28)

4 Tensor operators, such as L;;, will have each index transform in this same manner, as is consistent with
(D.22).
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where [®]«d = ® x d is the cross product matrix and @ is some real vector. Since the
Levi-Civita symbol is completely antisymmetric, this satisfies (D.27) and [®]« spans all
antisymmetric matrices in R**3. Therefore, the time derivative of an SO(3) matrix can be
written as

R = R[®)]« (D.29)

for some as-yet undetermined .
For a constant axis of rotation, consider an unmoving point X being observed after a
time-dependent rotation R(8(z)7). The time velocity of this point in the rotating frame is

V=R(0)xX¥) = ® x (RY), (D.30)

since @ is parallel to the axis of rotation and is left invariant under the rotation. That this is
just the velocity of regular rotational motion means that @ must just be the angular velocity
in this case.

For the general case of a time-dependent axis of rotation, this is no longer true. Since 9

is left unchanged by rotations, we may take the derivative of RO=061to yield RO+ RG 6
Rearranging, we obtain

RTR8 =6 x 6= (RT —1)8. (D.31)

Solving this equation yields
® = ai +sin6i + (cos8 — 1) x 7, (D.32)

where a is an arbitrary real constant with dimensions of inverse time. The only scalar
quantity with these dimensions that could be a is 6. However, we will show this more
rigorously in the subsequent section.

D.5 Time Derivative of the Rotation Operators

We will show how the time derivative of the rotation generators is derived; first in 3-
dimensions and then for any number of dimensions. The total derivative of the exponential
map eX with respect to the parameter ¢ is given by [1, theorem 5, sec. 1.2]

d _ —adX
dr ady

Using the derivative (D.33), we can compute the time derivative of the rotation U =
exp(—ié-i/h). This is

n dX
th

(D.33)

L = (=0t S
U=—U mead_iéi 8L (D.34)

Next, the first-order commutator is easily shown to be

_i . . — = -
f[ealﬂ, ebLb] = €,pc9,9pLc = (6 X 9) -L. (D.35)

130



D.5. TIME DERIVATIVE OF THE ROTATION OPERATORS

Since 6 was arbitrary, this means that the action of the adjoint operator ad_ 5 ; /p On the

operator a - L, for some vector 4, is to take @ — Oxa. Therefore, after repeating this n
times, the nth order adjoint is just

—

ad" .. 6-L=([6]"6) L (D.36)

where [6] . is the anti-symmetric cross product matrix with [6],.@ = 6 x .
We can write an explicit formula for the vector @ by exploiting the recursion relations
for powers of [0].. We have the vector triple product identity [0]%2d = 0 x (8 x @) = (0 -

)0 — 62a@, which means that [8]3, = —62[6].. By mathematical induction, it follows that
B12k+1 _ (_B2Vk(g S
O = (67 0] k=0, (D.37)
[0 = (=0°)"[l% k> 1.

Let A denote the direction of 8, or the axis of rotation. Then by breaking the exponential
into even and odd terms power of [0] ., we have

O O N e G e
m—<1‘§m92k[’”*‘ IWG%["K)e (D.38)

Where U = %U ®- L. Using the vector triple product identity, we may simplify this further
to

I R . %

®= é{smG—I—(cosG—l)[ﬁ]x—|—(6—sm6)ﬁ®ﬁ}9 (D.39)
where the outer product between two vectors d ®b is defined as the matrix with components
(ﬁ@b)ij = aibj.

We may at this point use the fact that the time derivative of the rotation vector is 0=
07 + 07. This gives the resulting angular velocity vector 67 + sin 67 + (cos® — 1)i x n

. d6 . .
0):E—F(smﬂ—e)ﬁ%—(cose—l)ﬁxﬁ (D.40)

where we have used 7 - 71 = 0 since 7 must be orthogonal to 7. If this were not the case, then
the length of 77 would change, which by definition must be held constant at one. For a small
time step At =t — 19 < 1, the length of the unit vector is

A(1)|> ~ |ii(to) + Atii(1g)|> ~ 1+ 2Ath - . (D.41)

Since it must be constant, 72 must be orthogonal to the unit vector. The vectors {7, 7,7 x i1}
then form an orthogonal set of basis vectors, as seen in Figure D.1.
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>
X
>

il

Figure D.1: Orthogonal basis created by the axis of rotation and its time derivative.

Another relevant quantity is the rotated angular velocity Rt = Q. Using (D.40), it is

—

~ de . .
Q= E—l—(sine—e)ﬁ—(cose— 1) x f. (D.42)
The quantity relevant to the transformed Hamiltonian in the FPT is
ihU"=Q-L=(RR"X).-P (D.43)

We mentioned that this must be related to the time derivative of the rotation matrix

—

R(8) =exp —i0 f) where —i6-J = [é] « 1s the usual coordinate basis for the Lie algebra

50(3). This is easy to show using the same derivative formula (D.33)

5 . (_l)n n 2
R—Rn;) (n+1)!ad_iéj(—ze-f). (D.44)

Using the s50(3) commutation relation [J(@), J®)] = ig,,.J(%), it is clear that the adjoint is
related to the previous case ad” o fé .J=([6]".6)-J. Thus, the time derivative of the rotation

matrix is
R=—iR®-J = R[(T)]X, (D.45)

where @ is the same vector in (D.40).

Time Derivatives in Higher Dimensions

Next for higher dimensions, we will find the time derivative of the exponential map of
the angular momentum tensor, U = exp (%Si iLi J-). We will relate this to the time derivative
of the rotation matrix R = exp (%Si i () ). Beginning in the same manner as before, the time
derivatives of the unitary rotation operator and the real rotation matrix are

L& (=)
U=_-US, ————ad", L
2h “bn;)(n—i—l)!a 2 SiiLij P
B (D.46)

(o)

s i (_1)n n (ab)
k= ERSab g’ madésijf(i'i)J '

Since the algebras for the angular momentum tensor and the rotation generators is the same

(up to a factor of A, the adjoint of the operators ZihS ijLij and %Si U (i) with Ly, and J (@b) re-
spectively, will transform each into the same linear combination of themselves. The adjoint
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will be (Sia 5+ S j50ia)L;; for the angular momentum tensor and (S;,8p, + S 50,0 )J (), Let
Tuvij = Sia®jb + S jb0ia, and Tabz] Taviy jy Tiy jrings - - Tiy_y ju_yij- Then we can rewrite the time
derivatives (D.46) as

US“”Z —l—l | TapiiLij = hUSabAabijLij

(D.47)
= SRSu Z —|—1 ! LG] ) = iRSabAabijJ(l])'
where the components A, are the real numbers
La (-1
A — — T" .. D.48
abij 2,,2()(n+1)' abij ( )

From (D.47), without having an explicit formula for the object A, we can see that U is
related to the time derivative of the rotation matrix.

Using the components of the rotations generators (D.18), we can show that the compo-
nents of the antisymmetric matrix R’ R are

(R"R)ij = Sab(Auvij — Aapji)- (D.49)

Using the asymmetry of the angular momentum tensor, we can then write U as

L U(RTR);Lij. (D.50)

U= _USab<Aabij —Awji)Lij = o

2h
The term relevant to the Hamiltonian in the FPT for time-dependent rotations is ihUU .
Then using (D.26), this evaluates to
— |
Ihu'" = _ERkiRijainjLab

1.
= ERainija (D51)

= (RR'X)-P
Therefore, for general N dimensions this becomes

ihUU" = (RR'X) P={"" ’ (D.52)
—1RuiRyjLay N #3.
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Appendix E

Free Dispersion of the SHO Stationary
States

In this appendix, we calculate the expectation values of X,P,X2, and P? for the free dis-
persion of the wave functions (2.90), which are the SHO stationary states at t = 0. Let
a(t) = ap\/1+ (o) where ag = \/h/m is the length scale of the oscillator. Then the
expectation value of the position of the state is

(x) = zn,,.a a7 ) d”exp[ <>B)]H5(x;<_r>ﬁ)

— m/_wdu la(t)u+B] e H; (u).

The integrand uH2(u)e~u? is an odd function, and therefore it integrates to zero. Using
the orthogonality condition | H,,(u) Hm(u)e’”2 du = /n2"n'd,,, (see [37, Chapter 18.9] for
properties of the Hermite polynomials) results in the expectation value of position

(X) = B. (E.1)

The expectation value of the position-squared is

(0) = gz [ Qulatus BRe 1)

2nnv\/_/ u* +2a(t )uB-i-Bz) e_qu%(u)_

The constant term will integrate according to the orthogonality condition, and the linear
term will again be zero. For the term that is quadratic in u, we use the the recursion relation

H, 11 (u) =2uH,(u) +2nH,_1(u), (E.2)
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so that
(X?) =B+ 2nf2 ‘f/ du (H2, —4nH, 4 H, | +4n’H2_ ) e ™
5 (E.3)
= B2+ % [VR2"  (n+ 1)1 +4n*v/m2"  (n— 1)1] .
This finally gives the result for all n > 0 that
(X?) =B +a(1)(n+1/2). (E.4)

With the two position expectation values, we can calculate the width of the distribution

AX =\ (X2) — (X2 = al)y/nt 12 =aoy/(n+ 1/2)(1 +022).  (ES)

The expectation value of momentum can be calculated by the Ehrenfest theorem (P) =
m(X) = mvg. One may also compute it directly:

. B .X)(l — l(l)t) imVO H:’l —(X—B)Z/az(t)
wf hK 20k )H a(r)% Fnde
—u(l—iwr) imvg H,| _p
| (G R e ]
(E.6)

The derivative of a Hermite polynomial is H, = 2nH,,_1, so this will integrate to zero due to
orthogonality. Likewise, the term linear in u will integrate to zero, leaving only the constant

. 2 . . .
coefficient of H2 e~ to integrate, which leaves us with

- 2"n!\/7_t /_oo

(P) = ———=mvp/T2"n! = mvy. (E.7)

2 '\/_

Lastly, the momentum-squared operator has the expectation value

) 1 —iot (B—x)(1 —ieox) imvy| H;,
= Faiati v f/{ T o el

. . . 2 "
+{(B x)(1—iwr) | imvy n)}Hne-<x—ﬁ>2/a2<r>dx, E3)

20 +— } Hn+m

The H/ term will integrate to zero, as will the constant coefficient of H/,. After making the
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usual substition u = (x — ) /a(t)

=P {2 [
) [u(laztgwt) B in;vo} " } Hoe?du (£9)

For the derivative term, uH/, = 2unH,_; = n[H, —2(n — 1)H,_1] as per the recurrence re-
lation used earlier. The n — 1 Hermite polynomial will integrate to zero, and the n term that
is linear in u

2(1—i —1 (1 —iot)?  m?y
() =" wf/ { T hO}H2 "

B2 (1 —iwt)(1+2n) m2v3 1 —iwt)? 2
- ( aQZ)2§ . 2nn!\/_/ { "o (a(t);m) }H,%e du

_mzvz+h2(1—i(x)t)(1+2n)_ R2 mA (1 —ion)?
0 a2() 2w h2 a(r)?

X % [VR2"  (n+ 1)1 +4n* /2" (n— 1)1]

(E.10)
This then simplifies to the result
1 2
(P) = (mvo? + 2"Y (E.11)
ag
Therefore the width of the momentum distribution is
h
AP =—\/n+1/2, (E.12)
ao
and product of the width of position and momentum is
1/2 E,/o
AXAP—p L2 Eo (E.13)
1+ (or)? 1+ (or)?
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