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ABSTRACT

Lie symmetry group methods provide a useful tool for the analysis of differential
equations in a variety of areas in physics and applied mathematics. The nature
of symmetry is that it provides information on properties which remain invariant
under transformation. In differential equations this invariance provides a route
toward complete integrations, reductions, linearisations and analytical solutions
which can evade standard techniques of analysis. In this thesis we study two
problems in quantum mechanics from a symmetry perspective: We consider for
pedagogical purposes the linear time dependent Schrodinger equation in a potential
and provide a symmetry analysis of the resulting equations. Thereafter, as an
original contribution, we study the group theoretic properties of the density matrix
equation for the quantum Brownian motion of a free particle interacting with a
bath of harmonic oscillators. We provide a number of canonical reductions of
the system to equations of reduced dimensionality as well as several complete
integrations.
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1. INTRODUCTION

1.1 Summary

The theory of open quantum systems in physics provides a rich source of problems
for analysis. These arise in the course of replacing the time evolution equations for
closed quantum systems which are assumed to evolve in isolation with equations
for open quantum systems which evolve in interaction with their environments. A
number of these open systems models are differential equations of various forms
2, 3,9, 10, 23]. The usual research aim in such cases once the mathematical model
has been constructed is to obtain a maximal amount of information from a given
equation or system of equations. A useful tool to this end is the application of
Lie symmetry groups for differential equations [1, 14, 15, 16, 26]. A differential
equation which when subjected to Lie symmetry analysis is found to have corre-
sponding infinitesimal symmetry generators may be integrated or solved on the
basis of canonical transformations couched within the symmetry generators.

In this thesis we consider a problem from open quantum systems as a subject
of symmetry analysis: The quantum Brownian motion for the behaviour of a free
particle immersed in a thermal reservoir - an environment at thermal equilibrium
at high temperature. The model is described by the partial differential equation

dp ih (0% % 1
% " om (@_872 —§a2(x—y)2;07 (1.1)

for the density matrix in the position representation p(z,y), and has been the
subject of a number of studies in the physics literature [3, 9, 10, 29].

Applying symmetry based techniques we subject (1.1) to analysis. The main
results are that there are a number of nontrivial integrations for (1.1) which may
be arrived at directly using symmetries. Furthermore hidden in the algebraic
properties of the equation is the Heisenberg-Weyl group. This leaves it in the local
equivalence class of the diffusion equation as well as the Schrodinger equations for
the free particle and harmonic oscillator. These are original results of relevance to
researchers in open quantum systems and mathematicians working in differential
equations and symmetry groups.

The thesis is structured as follows: The remainder of this introduction contains
further material on symmetry, quantum mechanics and open quantum systems -
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the very basics. Chapter 2 and Chapter 3 are essentially background material for
the reader. The theoretical framework and standard algorithms for calculating
symmetries are introduced in Chapter 2. We introduce both the tools for calculat-
ing and obtaining symmetries and the details of Lie algebras and groups within the
context of differential equations. Chapter 3 turns toward the application of sym-
metry methods for partial differential equations. We use the Schrodinger equation®
in a potential

Oy 0?1

i % = a2 + V(x, t)y (1.2)
as an example for illustrating symmetry concepts. Chapter 4 contains the main
result of the thesis: the analysis of the quantum Brownian motion model as well as
a statement of specific problems where this type of work has potential for future
research. A basic idea of quantum mechanics at the level of [23][Ch 2.] and

differential equations at the level of [1][Ch.1] has been assumed.

1.2 Lie Symmetries

An important tool in the study of differential equations is the use of Lie symmetry
methods which reflect the invariance of the differential equation under infinitesimal
transformation. These were introduced by Lie who through his work on continuous
groups of geometrical transformations was lead into the study of the symmetries of
differential equations [14, 15]. Not long after, Noether studied the Action Integral
under infinitesimal transformation proving the eponymous theorem [24].

Although we will deal further with symmetry in Chapter 2 a simple example
with all the essentials is to consider the invariance of functions in a two-dimensional
space (z,y) where x and y are independent. The infinitesimal symmetries are
obtained by taking the transformations

T=x+e(r,y) y=y+en(r,y), (1.3)

where ¢ is the infinitesimal parameter. The requirement for the invariance of a
function f(x,y) is that

[z, 9) = fz,y) (1.4)
from which
f(@,y) = flz+ &y +en). (1.5)
The Taylor expansion of this expression in the parameter € leads to

Fang ) (1.6)

a.5) = Fo) 4= { €L+

! For the most part we will use units such that m = A = 1. This Schrédinger equation is,
strictly speaking, missing a factor of one half.
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which may be written as the differential operator

G =&(2,y)0 + (2, )0, (1.7)
acting on f as
f(@,9) = (1+G)f(z,y). (1.8)
G is a symmetry of f if Gf =0, i.e.
f (9f
S "3, =0. (1.9)

This can be considered both as an equation for £ and 7 given the function f or as
an equation for the form of f given a generator G with coefficient functions £ and
7. The former is the statement that an arbitrary function f can have an infinite
number of symmetries, i.e. if one simply chooses for an arbitrary &

0 0
£ = k(x,y)a—z ai

The latter is that given a generator GG a class of functions which admits the gen-
erator may be found, eg. consider

and 1= —k(z,y) (1.10)

G = y0, — x0,. (1.11)
The constraint (1.9) becomes
af f
= 0. 1.12
8:6 (‘3y (1.12)
This has the associated Lagrange’s system
d d
A (1.13)
Y —x
with the characteristic variable
u=x*+y> (1.14)

It may be then be inferred from (1.14) that any function of the form f(z? + 3?)
possesses (G as a symmetry.

This idea is of course generalizable to functions of more independent variables
as well as a dependence of one or more of the variables on each other which
is the case with ordinary, partial and systems of differential equations. There
are various types of symmetries of differential equations studied in the literature
[1, 26]. The simplest are point transformations which map the original space
of variables into itself. The other types may depend on derivatives of various
orders as well as integrals. These are termed generalized and nonlocal symmetries
respectively. In this thesis we limit our discussion to symmetry properties under
point transformation.
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1.3 Closed and Open Quantum Systems

The differential equations (1.1) and (1.2) are both drawn from quantum mechanics.
They are examples of open and closed quantum systems respectively. This section
gives a brief overview of both, it is not meant to be exhaustive. Details on both
quantum mechanics and open system dynamics may be found in [2] and [23] in
which the emphasis is more on the various aspects of quantum information and
computation.

1.3.1 Closed Quantum Systems

In standard quantum mechanics one works with closed quantum systems which
are postulated to evolve unitarily in isolation. They are described by state vectors
|1)) which are the elements of an underlying Hilbert space H or density matrices
p formed from the outer product of state vectors?

p =)l (1.15)

The state vector |1)) may then be expanded in terms of a basis on H such as
position |¢) or momentum |p). We have in the momentum representation, for
example,

) = [ doloole) (1.16)

and we denote the momentum space wave functions as

¥(p) = (plv). (1.17)

Finally, given the states [¢)(p)) and |¢(p’)) (where the prime is used to distinguish
two sets of momentum values) the probability that the states overlap is found
according to

Wl = / dpdp'* (D)()6(0 — p), (1.18)

where the * denotes the conjugate, and the integration is over the entire range of
momentum values. This is assumed to be finite.

The time evolution of a closed quantum system is assumed to be generated by
the Hamiltonian, H, to give the Schrodinger equation

0
—1) = H1. 1.19
i = Hy (1.19)
We also have the Liouville-von Neumann equation for the density matrix
dp
— = —i|H 1.20
5 = U o, (1.20)

2 We will only be working with pure states in this thesis see, [2] for details.
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where the square brackets denote the commutator. The Schrodinger equation (1.2)
is generated by the classical Hamiltonian for a particle in a potential treated as

the operator )
H =p*+V(,1), (1.21)

where & and p = i0/0x represent the quantisation of classical position and mo-
mentum variables such that

z|z) = z|z) and plz) = @%|x> (1.22)

1.3.2 Open Quantum Systems

The difference between closed and open quantum systems is essentially that open
quantum systems are assumed to evolve in interaction with their environments
while closed quantum systems are assumed to evolve in isolation. To model an open
quantum system one considers a larger closed quantum system divided into the
open system (which we are interested in) and an environment (which we average
over statistically).

The entire system is built on the composite Hilbert space H = Hs ® He where
‘Hs is the open system Hilbert space, Hg is the environment Hilbert space and ®
denotes the tensor product. For our purposes we will assume that initial states in
the entire system are separable® whence |¢)) € H may be written as 1) ¢ ® [¢)
where 1)y € Hs and ), € He.

We have the density matrix for the total system as

p=ps ® pg. (1.23)

Since the total system is assumed to be closed the density matrix evolves unitar-
ily according to the Liouville von Neumann equation (1.20). The total system
Hamiltonian may be written as

H=Hg+ H;+ Hg, (1.24)

reflecting the environment, the interaction and the system degrees of freedom. In
principle, the dynamics of the open system may then be obtained by allowing the
unitary evolution of the total system as

p(t) — U(t, to)p(to)UT (¢, to) (1.25)
and then taking the partial trace over the environmental degrees of freedom,
tep{p(D)} = ps(t) = Y s(lUp(to)U¢) 5, (1.26)
E

3 These could also, in principle, be entangled states [2].
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after a time interval, t—ty, from an initial state for the total system p(t). However,
for systems with many environmental degrees of freedom this is not feasible. The
alternative approach is to replace equation (1.20) with an equation for the time
evolution of reduced density matrix pg in which the evolution of the environment
plays a passive role through dissipative operators and possibly interaction terms
in the Hamiltonian valid on the timescale for which the system environment corre-
lations occur. The most common is the Gorini-Kossakowski-Sudharshan-Lindblad
equation? [8, 17] which describes Markovian, short term, memoryless correlations.
This is

dp _ . Ly i i

L= il p] = 53" ({LiL]. o} —2LspL) (1.27)

j=1

where H is the Hamiltonian and L are the Lindblad operators. The quantum
Brownian motion model equation (1.1) and a number of standard models in open
quantum systems are based on this equation [2, 3, 9].

4 Political correctness.



2. LIE SYMMETRY GROUPS

2.1 Introduction

The idea of a symmetry in its simplest sense relates to regularity in the structure
of an object. If an object is regular then it has aspects that persist under types
of transformation, eg. in geometry the invariance of the equilateral triangle about
reflections about an axis or the invariance of a circle after a rotation about its
center. Symmetries are clues about how objects behave under transformations.
Lie group theory is the study of symmetry properties of abstract mathematical
structures [1, 14, 15, 16, 24, 26].

In the study of the group theoretic properties of differential equations the struc-
ture of the symmetry group and the concomitant algebra summarizes the effect of
the differential equation on the its space of dependent and independent variables
and their derivatives. The symmetry group of an equation, if there is one, deter-
mines the structure of the differential equation and the corresponding Lie algebra
determines the equivalence class of the differential equation under transformation
[1, 26]. The knowledge of the symmetry group can be used to find invariant,
mapping, reduction and solution properties of an equation. Isometry between
symmetry groups can then be used to identify equivalent differential equations.

2.2 Lie Groups of Transformations

Groups are algebraic structures the ideas of which underly familiar objects such as
the integers or matrices. They have diverse applicability and are widely studied.
In order to explore the properties of differential equations in a more general and
abstract way the notion of continuous groups and groups of transformations are
required. This section is an introductory delving into the ideas of group theory.
We follow the introduction by Bluman [1] [Ch. 2]. Further details regarding sym-
metry groups may be found in [1, 26].

Group: A group is a set of elements G with a law of composition between the
elements, ¢, satisfying the following axioms :

(i) Closure Property: For any elements x and y of G ¢(x,y) is an element of
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G.

(ii) Associative Property: For any elements z, y, z of G
o(z, 0y, 2)) = d(d(z,y), 2).

(iii) Identity Element: There exists a unique identity element I of G such that
for any element x of G

oz, I)=o(I,z) = .

(iv) Inverse Element: For an element x of G there exists a unique inverse
element 7! in G such that

o(z,27) = p(a~,x) = I.

Subgroup: A subgroup of G is a subset of G which forms a group with the same
law of composition ¢.

Abelian Group: A group G is abelian if ¢(x,y) = ¢(y, x) holds for all elements
x and y in G.

Groups of Transformations: The set of transformations
T = X(z;¢)

defined for each = in the space D C R" depending on the parameter ¢ €
S C R with ¢(e, §) defining a law of composition of parameters € and 6 in S
forms a group of transformations on D if:

(i) For each € in S the transformations are one-to-one onto D. In particular z €
D.

(ii) S with the law of composition ¢ forms a group G, i.e. if T = X(x;¢) and
g = X(x;0), then y = X(x;¢(g,0)), and £ = x when ¢ = I.

One-parameter Lie Group of transformations: A one-parameter Lie group
of transformations is a group of transformations which satisfies the additional
conditions’:

(i) The parameter ¢ is continuous, i.e. S is an interval in R, with 0 € S, and
€ = 0 corresponds to the identity element I.

L All statements are for standard forms of transformations.
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(ii) X is infinitely differentiable wrt x in D and an analytic function of € in S.
(iii) ¢(e,6) is an analytic function of ¢ and 6 for e € S and § € S.

Lie Algebras:
The Lie Bracket [z,y|pp of x and y is

[z, Y| = 2y — yx.
A Lie algebra® is a vector space £ equipped with the Lie Bracket that
(i) is Bilinear, i.e.
[z, ay + bz]1 5 = a[z,y|LB + blx, 2| LB, l[ay + bz, x] g = aly, x| + blz, 2] LB,
(ii) is Antisymmetric
[z, Y]l = —y, 7]LB,
(iii) satisfies the Jacobi Identity

[, [y, 2]l + [y, [z, 2llee + [ [2, y]les = O
for all vectors z,y,z € £ and a, b € R.
A Lie algebra £ is said to abelian if [x,y|,5 =0 Vz,y € L.
A Lie algebra L is called solvable if the derived series
LOL =L, L 2L =[L,LpD...D L =LY, LMY

is such that £* = 0, for some k € N.

2.3 Symmetries

2.3.1 Infinitesimal Transformations
An infinitesimal transformation in the space of independent variables (z, y) is given
by:
r=x+el(r,y), Y=y+en(zy), (2.1)

2 Here, we use an example of a Lie algebra that is relevant to our context. There are a
multitude of other examples of Lie Algebras [4].
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where € is an infinitesimal parameter. Equivalently we may regard the differential
operator

G =&(z,y)0: +n(z,y)9y (2.2)

where 0, and 0, denotes differentiation with regard to the respective variable, as
the generator of the transformation (2.1) since

T = (1+€G)z, y=(1+€eG)y.

Let y = y(z) in the case of a dependence of y on the variable . Under the
restriction that the coefficient functions ¢ and n be differentiable functions of x
and y the transformation induced in the first derivative dy/dx by an infinitesimal
transformation (2.1) is

dy d(y + en)
dz d(x + €€)
dy + edn
dz + edf

1
[ dy  dn d§
N (da:+€dx> (1+€dx>

_ Wy ([ dydg 2
= da:+6< >+O(e).

Since € is an infinitesimal,

y

I = Y +e(n' —y'¢) (2.3)

and the (") denotes total differentiation wrt x. The first extension of the differential
operator GG is then specified as

Gl =G+ (' —y'§)0y = E0x + 1m0y + (n —y'&)0y. (2.4)

The generalization for the generator to the nth extension is
Gl = g+ Z {n(i) _ 2321 (;)y(iﬂ—j)f(j)}ay(i) (2.5)
i=1

and the indices denote total differentiation wrt x and (;) are binomial coeflicients.
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2.3.2 Symmetries of Ordinary Differential Equations

For the nth order ordinary differential equation
E(z,yy.y",...,y") =0

if
G[n] [E(x7 y? yl7 y”? A 7y(n))}

=0 (2.6)
E=0
the differential equation is invariant under the action of the nth extension of (2.2),
admits the one parameter Lie group of point transformations (2.1) and G is a
symmetry of the differential equation.

The important feature about the structure of equation (2.6) is that it is a linear
first order partial differential equation and the method of characteristics can be
used to solve it. It has the associated Lagrange’s system

dr dy dy’ dy"

dy _ _dy LAY
& n o —y¢ ™ =3 Gy tmew)

The new variables obtained on integration may be used to reduce the order of
the equation to n — 1. In the case of a partial differential equation the number
of independent variables can be reduced using the characteristics. The coefficient
functions are not necessarily restricted to being point functions of the spatial
variables. If & and 7 are functions of z, y and 3/ and the first extension G is
independent of 3" then G is termed a contact symmetry. In the case that & and
n are functions of x, y, and the derivatives ¢/,..., y" ! a generalized symmetry is
obtained. For £ and n with integrals in their arguments the symmetry G is termed
nonlocal.

The imposition that £ and 1 be point functions, £ = £(z,y) and n = n(x,y)
and separation by relevant powers of 1/, y2... etc. leads to a system of over-
determined linear partial differential equations from (2.6). The general symmetry
generator GG obtained on solution is usually written as a number of one parameter
symmetries for aesthetic and computational reasons. As an example we give below
the symmetry calculations for the ordinary differential equation corresponding to
the classical free particle.

Classical Free Particle

The Newton equation for the motion of a free particle in one dimension is given
by
y" = 0. (2.8)
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The infinitesimal symmetries corresponding to (2.8) are obtained from the condi-
tion
2 —
GPE|,_ =0, (2.9)

where the operator G2 is the second extension of the infinitesimal generator. We
have

G = &(z,9)0: + n(z, y)0y, (2.10)
G =y —y'¢)o, + G (2.11)
and
G[2} _ (7]// . 2y//§/ - ylf”)ay” + G[I]. (2.12)
We may write the differentials ', n”; £, £, etc. as,
,_On  ,0n
= L 2.13
ox ty 8@/ (2.13)
0%n Pn . p0%n ,0n
"= —= 42 ! h—, 2.14
n a+yaa+yay2+yay (2.14)
It follows from condition (2.9) that
(" —2y"¢ —y'¢") = 0. (2.15)
Expanding out the differentials leads to
0%n n . n0n ,0n 0§ 08
2 / 1 2 >
o2 P Wm0, PV 9 tY g, y(ax yay)
0% 0% %€ %3
- 2y & "= =0. 2.16
y(az+ Yozoy TV a2 “’ay) (2.16)

The terms involving y” are set to zero when the differential equation is taken into
account. Separating in powers of 3’ leads to the system of determining equations

% - 0 (2.17)
2 ggy—% =0 (2.18)
%2’-25% = 0 (2.19)
giyg ~ 0. (2.20)

The system (2.17)-(2.20) has the solution,
n(x,y) = (Awy + Ag)x + Agy® + Ay + As (2.21)
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E(z,y) = Ara® + (Asy + Ag)z + Agy + As. (2.22)

The symmetry generator (2.10) may now be written in terms of the constants
of integration obtained from solving the determining equations as the eight one
parameter symmetries

Gy = 0, (2.23)
Gy = 0, (2.24)
Gy = 20, (2.25)
Gy = yo, (2.26)
Gs = z0, (2.27)
G = yo, (2.28)
G; = xyd, +1%0, (2.29)
Gs = 4°0, + zyo,, (2.30)

where we have set each of the A; = d;; and ¢;; is the Kronecker delta function.

2.3.3 Symmetries of Partial Differential Equations

The symmetries of partial differential equations are slightly more involved than
the symmetries for ordinary differential equations. The condition for the general
partial differential equation

in which the z;, ¢ = 1, m, are independent variables, the y; j = 1,n, are dependent
and y; ; denotes a partial derivative with respect to z; to possess a symmetry

G= 628:131 + njayj, (232)
where summation is implied, is
GEE|g_o =0. (2.33)

This is exactly the same as the condition for ordinary differential equations gen-
eralized to higher dimensions. The restriction that the coefficient functions ¢; and
7n; be constrained to point functions is the usual analysis. As was the case with or-
dinary differential equations this may be extended to a dependence on derivatives
and integrals.

The symmetry properties of partial differential equations and their analysis
will be addressed in the next chapters. Note that although the algorithm for ob-
taining the symmetries of partial differential equations is essentially the same as
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for ordinary differential equations the number of determining equations increases
dramatically with the number of variables. The usual practice is to use a com-
puter package for the calculation of the symmetries. There are a number of these
specialized for the calculation of symmetries [11, 25]. In this thesis PROGRAM LIE
developed by Head [11] is used.

2.4 Lie Algebras

The generators of the infinitesimal transformations or the symmetries
Go = £a0s + 100y, a=1...n (2.34)

form a vector space. The dimension of the Lie algebra is the dimension of the vec-
tor space of its generating operators and may be finite or infinite. The Lie Bracket
can be used to determine the algebraic structure corresponding to the symmetries
of a given differential equation, first integral or function. Preservation of the alge-
braic structure in the symmetries of a differential equation is a sufficient condition
for establishment of equivalence classes. The presence of solvable algebras is a
useful guideline when examining symmetries for a change of variables to perform a
reduction of order [26]. The representations of a Lie Algebra are not unique. Since
Lie algebras can be isomorphic to one another a given algebra is usually identified
with a standard classification. The classification schemes for standard algebras are
discussed in [19, 20] and [21]. We list below the standard classification tables for
Lie algebras of dimensions two and three.

Tab. 2.1: Canonical forms of Lie Algebras of Dimension Two

Type | [G1, G4 Canonical Forms Algebra
I 0 Gy = 0,Gy =0, Ay
II 0 Gl :ayGQZLan Al

117 G1 G1 zﬁng :xam—l—yay A2
v Gl G1 :8y,G2:y8y AQ
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Tab. 2.2: Standard Classification of Lie Algebras of Dimension Three

Algebra Nonzero Commutation Relations

3A,

Al X A2 [Gl, G3] = G1

A371 (Weyl) [GQ, Gg] = Gl

As o Gy, Gs] = Gy, (Go, G3] = G1 + Gy

As3 (D ®4T5) (G4, G3) = Gy, (G, Gs] =

Az (E(1,1)) (G, Gs] = G, (G, G3] =

A5 (0 <lal <1) | [G1,Ga] = Gh, (G, G3] = aG2

Az (E(2)) (G, Gs] = =Gy, (G, G3] =

Agj (b > 0) [Gl, G3] = bG1 — GQ, [GQ, Gg] G1 + bG2

Az (sl(2,R)) (G, Ga] = Gy, (Go, Gs] = G, [Gs,G1] = —2G)
Az (s0(3)) [G1, Gs] = G, Gy, Gs] = Gy, [G3,G1] = Gy

2.5 First Integrals and Noether’s Theorem

First integrals in dynamical systems correspond to conserved quantities, such as
momenta, charge or energy. The significance of first integrals is that a complete
set of first integrals is equivalent to a complete integration i.e. a solution can
be deduced in a global functional form albeit a quadrature or implicitly. Note
that symmetries may be used directly to find the first integrals corresponding to
an ordinary differential equation whereas for calculus of variations problems one
applies Noether’s theorem.

2.5.1 First Integrals

A function, I = f(x,y,y/,...,y" '), is a first integral of an nth ordinary differential
equation if

Gl =0 (2.35)
and I

—| =0 (2.36)

dr|p_,

are satisfied and the dependence on ¢! is nontrivial. The first integral is obtained
from the n characteristics, u;, associated with (2.35) and the n — 1 characteristics,
v;, associated with (2.36). The first integral is then

where h is an arbitrary function of its arguments.
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2.5.2 Noether’s Theorem
For a first order classical Lagrangian L(¢, x, %), the Action Integral
to
A= / L(t, o, &)dt, (2.38)
t1

is invariant under the infinitesimal transformation generated by the differential
operator

if there exists a function, f, such that
: oL oL . N OL )
— 7 xS (Xi - T) ~ L TL 2.40

in which the summation over repeated indices is implied. The expression for the
first integral,

o OL

Z;

is obtained when the Euler Lagrange equation [26] is invoked in (2.40).

The differential operator (2.39) is referred to as a Noether symmetry. Every
Noether symmetry is a Lie symmetry of the Euler-Lagrange equations [26] related
to the Action Integral. The function f is often referred to as a gauge term, a
distinction which has its origins in physics. Noether’s theorem provides a direct
means of calculating first integrals associated to a Lagrangian or Hamiltonian
using (2.41). There are obviously extensions to higher order Lagrangians and
Lagrangians with more than one independent variable.

The calculation of first integrals and the use of Noether’s theorem will not be
relevant for this work, we include it for completeness.



3. THE SCHRODINGER EQUATION

An old problem in the study of symmetry properties is the study of an equation
containing an arbitrary term. This is called the group classification problem and
the idea of it is to examine the forms for the term which admit a certain amount
of symmetry. This pioneering work was again by Lie [14, 15, 16] who performed
the classification of linear equations with two independent complex variables and
a potential, implicitly studying the one dimensional time-dependent Schrodinger
equation

Ou 0%u

for a particle in a potential V(x,¢). His results [16] were that (3.1) admits as po-
tentials the harmonic and repulsive oscillator and that these are locally equivalent
to the Schrodinger equation for the free particle. Since Lie’s original paper was
published in 1881, one can guess that there has been much subsequent work on
the subject of classification for a variety of Schrodinger equations [1, 26].

The purpose of the present chapter is to introduce the essentials of symmetry
analysis using equation (3.1) as our starting point. The group classification of
(3.1) leads to forms V o< 2%, V o< 1/2? and V o cst for the autonomous potential
V = V() which have respectively 5, 5 and 3 nontrivial symmetries in addition
to the infinite number of solution symmetries and the homogeneity symmetries
admitted by (3.1) for V' arbitrary. These symmetries then provide a route for
introducing the analysis. The harmonic oscillator, free particle and Ermakov-
Pinney cases (1/x?) are each treated in an application of a symmetry related
technique.

The chapter is structured as follows: In the next section we give the proof of the
group classification for (3.1). Thereafter we study the properties of the free particle
Schrodinger equation and use the infinitesimal symmetry group to construct the
finite Lie group of transformations and find the functional forms of the equations
group invariant solutions. The harmonic oscillator Schrodinger equation is used
to describe mapping and solution properties using symmetry and the Ermakov-
Pinney potential equation is used to illustrate the procedure for reduction of order.
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3.1 Group Classification

The general form of the symmetry generators of equation (3.1) correspond to the
vector field
G =71(t,x,u)0 + &(t, z,u)0p + n(t, x,u)0, (3.2)

acting on the space of variables (¢,z,u). The coefficient functions 7, £ and 7 are
now found from the determining equations obtained from the condition

GPE|, =0, (3.3)

where G2 is the second prolongation of the vector field (3.2) and E is obtained
after rearranging (3.1). Analysis of (3.1) by PROGRAM LIE returns the determining
equations

Tuu
Tu =
Te =
Ty + & =
28ur — WUTwV — Ny =
W,V 4 T — T + 26 =
—2iuTyy + UV — 20uy + Gou + 18 =
—iuT,V — un,V + urV 4+ uVir + uVpé — v, V2 — e + 0V —in,

o O O o o o o o

Once the trivial integrations have been performed the form of the generator G
may be written as

G=71(t)0 + &(t,2)0, + n(t, z,u)0,. (3.4)

This leads to the simplified set of determining equations

Nuuw = 0 (3.5)
=26 = 0 (3.6)
uV (g — 1) — u(Vir + V28) +ine — 0V + 1y 0. (3.8)
Equations (3.5)-(3.7) give the following information
n=a(x,t)u+ b(x,t) (3.9)

and
£ =4m+c(t), (3.10)
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ap =1 (Ty + ) & a=1i(smux’ + sax) +d(t). (3.11)
Substitution of (3.9) and (3.10) into equation (3.8) gives

uV(a—7) —uVr —uVy (37 +¢) +i(uay+b) + (ue +beg) — V(ua+b) = 0. (3.12)

Separating this equation in powers of u gives

Oa 0%
and ob 0%

Here, the function b(z,t) satisfies the original differential equation. It generates
via (3.9) what is termed a solution symmetry since the solution of the original
differential equation is required in order to specify the symmetry. A characteristic
property of partial differential equations which are linear, or related to a linear
equation is that they possess a generator of this type. Substitution of (3.11) into
(3.13) gives the equation for the potential,

—%Ttttl’Z - %Cttx +id + }liTtt — Vit — Vx(%Tt +c) = 0. (3.15)

For an autonomous potential the following ordinary differential equation is ob-
tained for V' (z):

awv .
(%Tt + CO% = ’L(dt + %Ttt) — (%Ttttlz -+ %Cttx) - TtV (316)

For V = V(z) arbitrary we have the conditions

V- 7 =0 =7 =k
%Tttth + e — Z&Ttt tid, = 0 = d = 0 =d= do,

from (3.16). We have that

n = dou-+b(t,x,u) (3.17)
£ = 0 (3.19)
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This gives the point symmetries

G1 = b(t,z,u)0, (3.20)
Gy = ud, (3.21)
Gy = 0. (3.22)

The general solution of (3.16) for the potential V' is

k(1 1 o
V= (17'[E(—f)— 6)2 - ;(%Tttt-’tZ + cxr + Zdt — Z%Ttt) + (323)
5Tt ¢
2 1 Tttt 2

5—2(%7'15.1' -+ c)(iTttt + Ctt) — %—3(%7}1' —+ C) .
T T

The solution for V' may then be written as

w2

Yy 24
mx+m2+x, (3.24)

V= (ux +v)* +
and \,w,x, pu and v are constants which depend on the autonomy of V. The
following forms for (3.1) may be obtained if the scaling and translation parts of
(3.24), u and v, are absorbed into the  variable:

Ou Pu

ZE = —@ + X U, (325)
Ou Pu 5,

Ou Pu w?

Restrictions on the functional forms of V(x) allow us to integrate (3.16) by sepa-
ration in powers of x. This enables the admission of a number of new symmetries
over and above the solution, homogeneity, and autonomy symmetries, GG;, G5 and
G3. The symmetry and algebraic properties of equations (3.25), (3.26) and (3.27)
are presented below for the values of the parameters x? = 0, A> =1 and w? = 1.

3.2 The Free Particle

As one of the oldest problems in quantum mechanics its no surprise the group
theoretical properties of the free particle Schrodinger equation

(3.28)
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are well travailed. In addition it is of the equivalence class of a diffusion equation
under the point transformation
t— it (3.29)

which is a textbook problem in symmetry considered in both Bluman and Kumei
[1] as well as Olver [26].

3.2.1 Symmetries and Algebras

The infinitesimal generators returned by LIE are:

K = 9 (3.30)
K, = 0, (3.31)
Ky = 2t0, + 20, ( )
Ky = uo, (3.33)
Ks = wxd, + 2it0, ( )
Ko = [3it+ j2%| ud, +it*0, + itx0, (3.35)
Ky = Ek(z,t)0,. (3.36)
The function k(z,t) is any solution! of

0%k 0%k

I = T
The equation’s algebraic properties follow from the nonzero commutator brackets
of the symmetries. The commutator of K., with any of the other symmetries is

zero. This follows because it is of the form of the homogeneity symmetry K, when

u = k is a solution of the equation. The brackets for the nontrivial symmetries
K, — K¢ are:

(3.37)

K K, K; | Ky| K; K

K 0 0 2K, 0 | 20K, | SiKy +iK;
K, 0 0 K, 0 | Ky s K

K —2K, —-K, 0 0 | K; 2i K
Ky 0 0 0 0 0 0

K —2iK, -K, | =K | 0 0 0

Ko | —2iK, —iKs | —1K5 | —2iKq | 0 0 0

I Note that while for the equations treated in this thesis the symmetry corresponding to the
infinite number of solution symmetries of the partial differential equation satisfies the original
equation this is not necessarily the case. In the study of equations which contain nonlinearities
in their derivatives the equation may for instance admit a generator which is the solution of a
linear partial differential equation. This usually points to a transformation relating the original
nonlinear equation to the linear equation found in the symmetries [22].
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In order to identify the Lie algebra we look for closed lower dimensional subalgebras
contained in K;-Kg and use the standard classification tables from Chapter 2.
The generators K, K; and K5 immediately form a closed subalgebra. These
are identified with the Heisenberg-Weyl algebra As; which has the commutator
brackets

(X1, 5] =0, [X1,%3]=0, [X2,%3]=2%. (3.38)

The generators K, K3 and K¢ are not closed directly or in standard form. How-
ever, since any linear combination of symmetries is itself a symmetry we may write
Kl = ’iKl, Kg = %(’LK{J, + %ZK4) and Kﬁ = —’LK@' obtain

[[_(67}?1] == Kl; [[_(67[_(1] = —2K3, [[_(37[_(6] = Kﬁ. (339)

The algebra is now identified as sl(2,R) or Assg.

The algebra of (3.28) may be written as { A3 1®; A3 s®;00A4; }, where the abelian
algebra for the commutativity of K, with the other symmetries has been denoted
as oc0A; and ®, is the semi-direct sum. Further details on the representation
theory of Lie algebras may be found in [4].

3.2.2 Lie Groups of Transformations

Another property is that the infinitesimal generators lead directly to the construc-
tion of the corresponding finite Lie group of transformations where the sleight of
hand used is to solve the associated Lagrange’s system for the symmetry as an
initial value problem with respect to the group parameter. One finds, for example,
from (3.28)

u(t,z, €), z(t,x,e), t(t,z,e), (3.40)

where € is the group parameter and the initial condition is
u=1u, t=t, =1, (3.41)

when € = 0. This gives the functional forms for the group invariant solutions which
satisfy

ou 01U
f— = ——— . 3.42
Yor T T om (3.42)
The symmetry Kj, for example, has the characteristic system
du __  dx o dt

This may be integrated with the initial value condition (3.41) to give the finite
transformations

i = uexp(ite® + xe), T =2ite+mx, t=t, (3.44)
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which enables us to write the functional form for the solution, say u = f(z,t), as

u = exp(—ite? — xze) x f(x — 2ite,t). (3.45)
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The complete set of integrations is:

U t T
K U t+e T
K, U t T+e
K U te’ xe’
Ky ues t T
Ks wexp(ite? + we) t | x+2ite
Ko | u\/(1 — idet) exp (z:f;) e o

The functional forms for u(x,t) which leave the equation invariant are found by
solving for the original variables. We have that

u = f(x,t—e€) (3.46)
u = f(r—et) (3.47)
u = f(e ‘w, e ) (3.48)
u = e “f(x,t) (3.49)
u = (1- iet)_% exp (4__6'115) X f (1 —xz'et’ N —tz'et) : (3.50)

Each of these is a particular type of special solution of (3.28). The form of the
solution (3.46) for example reflects invariance under translations in ¢ and (3.47)
translations in x while (3.48) provides scaling solutions.
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3.3 The Harmonic Oscillator
3.3.1 Symmetries and Algebras
The harmonic oscillator equation
ou Pu
— = 3.51
e 927 + z*u (3.51)

arises if the form of the potential is taken to be V(x) = x2. This has the symme-

tries:

29, — xud,)

Y (130, + 20, + (2° — 1)ud,)
—dit (%i@t — 20, + (2* + %)u@u)
h(t,z)0,.

e
(&
€
e

The function h(t, z) here is any solution of

Oh P

2
oh_ O oy
T o T

The table of commutator brackets is given by

H,
H, 0
H, 0
Hs | —2H;
Hy| 2H,
H5 4H5
Hg | —4Hg

0 | —4Hs | =2H, | O

H2 Hg H4 H5 H6
0 | 2Hs | —2H, | —4H;5 | 4Hg
0 0 0 0 0
0 0 | —2Hy | —4H, | O
0 | 2H, 0 0 4H3
0 | 4Hy 0 0 2H,
0

(3.59)

The Heisenberg-Weyl algebra, As;, is then formed from H,, H; and H, and the

sl(2,R) algebra, Az, from Hy, Hs and Hg, up to various factors®.

2 The author points out that if the standard form of the classical Hamiltonian H = %(ﬁ2 +4?)
for the harmonic oscillator had been used in the calculation instead of H = p? + ¢2 this would

not be necessary.
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3.3.2 Solution Surfaces

Another application of symmetry is the construction of invariant solution surfaces
and the mapping of solutions to solutions. For example, consider the associated
Lagrange’s system for Hy

dt dz du
= 3.60
0 1 —au ( )
The characteristics are found to be
v=t and w = ue/*’.
Substituting the ansatz
u=e Y f(t) (3.61)
into (3.51) gives f(t) = €. Define the solution surface 3y by
EO — u—16—1/2z2+it (362)
HiYy = —2au te M2+ (3.63)
HXYy = (42 — 2)ulel/27 400 (3.64)
The solutions
uy = e ¥ (3.65)
w = —2ge /2B (3.66)
uy = (4a? — 2)e /20 (3.67)

illustrate the idea that symmetries map solutions into solutions. Hj acts as an
annihilation operator, whilst Hg acts as a double annihilation operator. Equally,
Hj is a double ladder operator, mapping by two states at a time, viz ug — uy — uy.
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3.4 The Ermakov-Pinney Potential

The final form of the Schrodinger equation which was found from the group clas-
sification was the Ermakov-Pinney type potential [28]. This gives an equation of
the form

= = —=— + —u. (3.68)

The symmetries of this equation are

G = ud, (3.69)
Gy, = 4itwd, + 4it*0, — (2it + 2°)ud, (3.72)
G = g(z,t)0,, (3.73)
where g(x,t) is a solution of the equation
dg 0?9 1
2 _ 74 .74
"ot 8x2+x2g (8:74)

The generators Gy, Gz and G4 form, up to a closure with an addition of GG; where
appropriate, the sl(2,R) algebra.

As an application we consider the reduction of order of (3.68) using the sym-
metry generators. The combined symmetry

G=G1+Gs+G3=(2t+1)0; + ud, + x0, (3.75)

has the associated Lagrange’s system,

dt dr du

WA @ u (3.76)
This gives the characteristics
x u
= : = — 3.77
¢ A (3.77)

for the form of the similarity solution

w=zh(C) = xh( ’ ) , (3.78)
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where h is an arbitrary function of its argument. The substitution of (3.78) into
(3.68) and simplification gives the ordinary differential equation

2 1 3
Y U S N S Y -’} (3.79)
(t+1) (t+1)2  2(t+1)
This is recognizable as,
2C°h" + C(4 — i)W — 2v*h =0, (3.80)

which may be solved using the method of Frobenius with the ansatz
h=>Y a;¢"* (3.81)
j=0

and substitution into equation (3.80) to obtain a recurrence relation for the coef-
ficients a; and the value of s.

3.5 Remarks

We have given a basic outline of the applications of symmetry properties to partial
differential equations using a number of standard examples. The group classifica-
tion problem for the Schrédinger equation was used to illustrate the standard uses
of symmetry techniques for the analysis of equations containing arbitrary terms.
This provided a number of problems with which to continue the analysis. The
free particle Schrodinger equation was used to demonstrate the construction of Lie
groups of transformations and group type solutions using symmetry. The harmonic
oscillator equation provided a means for demonstrating the mapping properties of
solutions and their relation to the corresponding generators. Finally we used the
Ermakov-Pinney equation to show how symmetry methods are related to reduction
of order. These types of applications will be used in Chapter 4 for the quantum
Brownian motion model. In our discussion of Lie algebraic properties we gave the
algebras of the corresponding equations in the standard classifications and clarified
how these may be obtained using standard tables. A possible omission is that we
have not demonstrated the local equivalence of equations using purely algebraic
properties. It cannot be emphasized enough that the algebraic properties of its
symmetries determine the invariance properties of the differential equation.



4. ANALYSIS OF THE QUANTUM BROWNIAN MOTION
MODEL

In open system dynamics the general idea is that one models a reduced quantum
subsystem of a larger quantum system which is evolving unitarily and averages over
the effects of the remaining environmental degrees of freedom on the subsystem.
The fundamental problem is to study the time evolution of the reduced system
conditional on environmental dissipation. This may be approached in two ways:
One approach is to construct a density operator for the total closed system allow
it to evolve unitarily and then use the partial trace to obtain the density operator
for the reduced system by statistically averaging over the environmental effects on
the open system. This is known as the quantum operations formalism [23]. The
alternative is to place a variety of restrictions on the evolution of the system and
formulate statistically a quantum dynamical semigroup to reflect the transfer of
energy and entropy from the open system to the environment via the build up of
system environment correlations [2]. This leads to the formulation of an evolution
equation for the density matrix which replaces the Liouville-von Neumann equation
for the evolution of a closed quantum system and includes dissipative effects. The
most common type is the Lindblad equation [17, 8] which describes the behaviour
of open systems for short term, memoryless correlations. The equation for the
reduced density matrix p has the form

dp i 1 <

j=1

where H is the Hamiltonian, which may include interaction terms, and L are the
dissipative Lindblad operators describing the environmental effects.

A simple open quantum system model both amenable to analysis and ubiqui-
tous in open quantum systems literature is the quantum Brownian motion model
3,9, 10, 5, 6, 7, 29]. The model consists of a non-relativistic free particle of mass
m weakly interacting with a high temperature bath of harmonic oscillators. The
master equation for the density operator is

dp _ih <02,0 82p> 1

o -2 o 2

ox?  Oy?
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where a?> = 4m~ykT/h?, T is the temperature of the environment, v is a mea-
sure of dissipation, k is Boltzmann’s constant and x and y have the meaning of
coordinates. This is the Lindblad equation (4.1) with the operators, [10],

p N
H = o and L = az. (4.3)
(Here, p and & are momentum and position operators.) The appealing physical
features of this model are that for both equation (4.2) and its generalizations it
has been shown numerically and analytically that the system localizes for certain
types of initial conditions i.e. the density operator becomes approximately diago-
nal and we have, p(x,y) ~ p(z,x). This is the decoherence phenomenon whereby
the quantum fluctuations in the particle dynamics are damped by thermal fluctu-
ations in the environment. An important result is that the particles phase space
trajectory becomes approximately equivalent to classical Brownian motion [10].
In this chapter the aim is to study the analytical properties of the quantum
Brownian motion equation (4.2) from the perspective of symmetry analysis. A
straightforward symmetry analysis by PROGRAM LIE reveals that equation (4.2)
has sufficient symmetry for it to be interesting. These symmetries suggest a
change of variables for the equation into a form which is easier to study. A check
of the nonzero commutators of this equation gives the corresponding algebra as
{(A1 ®s A1) @s A§75} where ®, is the semi-direct sum. A curious point is that
this contains the Heisenberg-Weyl algebra, Az ;, in common with the free particle
and harmonic oscillator Schrodinger equations. The symmetries of this equation
are then used to reduce the order of the system in terms of either the number of
variables, the degree of the derivative or both. Analysis of these reduced equations
lead directly to solutions of (4.2) once the variables have been inverted. These are
the main part of our results.

4.1 Lie Symmetries and Algebras

We begin by performing the symmetry analysis of equation (4.2). For aesthetic
purposes we rewrite the equation as
0 0? 0?

Uy ( u u

5 )+ B o

i
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where the constants A = ¢h/2m and B = —%aQ have been introduced and we have

set u = p. The analysis by PROGRAM LIE returns the symmetries
X1 = 0, +0, (4.5)
Xy = 0O (4.6)
X3 = u0, (4.7)
Xy = —u0y+2t0, + (v + 2y)0, + (2x + y)0, (4.8)
Xs = (v —y)ud, —2At(0, + 0,) (4.9)
X¢ = 2B(z —y)tud, + 9, — 2ABt*(9,, + 9,) (4.10)
X; = [24°B(z — y)t* — x| ud, + 24t9, — 3(d, + 0,) (4.11)
Xow = f(t,z,y)0,, (4.12)

where f(t,z,y) is any solution of (4.2).

The symmetries immediately suggest information on the structure of the dif-
ferential equation. The recurrence of the differential operator 9, + 0, and the
terms (x —y) in the symmetry generators (4.5)-(4.12) suggests the transformation
of variables

v=r-—y (4.13)
w=z+y. (4.14)
Also, it may be observed that (4.4) can be written as
ou 9
i A(0y — 0,)(0; + 0y)u+ B(x — y)“u (4.15)
from which 5 P
u u
—=A Bvu. 4.1
ot Ovow v (4.16)

Since it is a straightforward point transformation none of the the essential prop-
erties of the solution are altered. The algebraic properties of the equation remain
invariant under the transformation. It is this transformed equation which we will
concentrate on. The symmetries of this equation are

Vi = O (4.17)
Y, = & (4.18)
Ys = 2t0, — v0, + 3wo, (4.19)
Yy = ud, (4.20)
Ys = wvd, — Ato, (4.21)
Ys = 2Butvd, — ABt*0,, + 0, (4.22)
Y; = (w— ABtv)ud, — Atd, + 1 A*Bt*9, (4.23)

(4.24)

Yoo = g(t,v,w)0,.
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The function g(¢,v,w) is again any solution of (4.16).
The Lie algebra of the symmetries is determined by the commutators of (4.17)-
(4.24). These are:

Y) Y, Y5 | Yi| Y5 Ys Y7
Yi| 0 0 | 3y, 0] O 0 ~Y,
Yo | 0 0 | 2V, | 0 | —AY, | —2BY; | —AY;
Y3 | =3Y1 | =2V, 0 0| —Y;5 Ys 3Y7
Y| 0 0 0 |0] o 0 0
Ys| 0 | AV | Y5 0] O Y, 0
Yo | 0 |2BY;| -Ys | 0| -V, 0 0
Yol Yo | AYs | =3Y: | 0| 0O 0 0

In terms of the standard algebraic classification of equation (4.16), the symmetries
Yy, Ys and Ys constitute a representation of the Weyl algebra As; which has the
structure

G1,Gs] =0, G1,G3] =0, (Go, Gs] = G1. (4.25)

We may rescale Y3 as Y3 = %Y}, to obtain the commutators
Vi,V = Vi, and [V3, Vi) = 2V5. (4.26)

The bracket [Y7,Ys] = 0, gives that Y}, Y3 and Y3 are of the form of the algebra
A3 5
[Gl, Gg] = Gl, [GQ, Gg] = (IGQ where (0 <a< 1) (427)

Since Y7 commutes with Yy, Y5 and Yg, the algebra may be decomposed as {(A; ®;
Az1) ®s A35}. This is especially promising since the algebra Asz; is shared with
the linear diffusion equation and the Schrodinger equation for the free particle.
We will see below that there is a corresponding reduction.

4.2 Reduction by Symmetry

The symmetries of the differential equations (4.4) and (4.16) now give a route into
the applications highlighted in the Chapter 3. Each of the non-trivial symmetries
(4.5)-(4.11) and (4.17)-(4.23) provides a possible route for reducing either the order
of the system or the number of independent variables using the solution of the cor-
responding associated Lagrange’s system [1, 14, 26]. Also note that, in principle,
we could also take linear combinations of symmetries and then use those to find
characteristics as well provided that the Lagrange’s system could be integrated.
We find in this section the various reductions to lower dimensional and/or lower
order partial differential equations using the symmetry generators. The reduction
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by Y; gives an analytic solution independent of w. The symmetries X5 (Y3) and X3
(Yy) are used to illustrate the separations of variable solution. The characteristics
obtained from Y give a reduction in terms of similarity variables [1] to a second
order nonlinear partial differential equation in two-independent variables. Reduc-
tion by Yj results in a first order nonhomogenous partial differential equation that
provides a complete integration of (4.4). The most physically interesting change
of variables is that of Yz which reduces the quantum Brownian motion model,
under transformation, to a type of damped heat equation. The reduced partial
differential equation provided by Y7 has nonlinear and time-dependent coefficients.

Reduction by Y;
The first reduction is fairly simple. The characteristic system® corresponding to

Y, =0, is
du B dw dv dt

- - — =, 4.28
0 1 0 0 (4.28)
The integration of this is
u=F(v,t). (4.29)
Substitution into equation (4.16) gives the first order differential equation
oF
— = Bv’F. 4.30
5 = DY (4.30)
The equation has the solution
u = exp[Bv*t]¢(v), (4.31)
in terms of x and y, and p
p=exp [—1a*(z —y)’t] p(z — y). (4.32)

Reduction by Yy and Y,

The symmetries Y5 = 0, and Yy = ud, reflect the autonomy and homogeneity
of (4.16) (inherited from (4.4)). These allow one to construct the separation of
variables solution to the problem [1, 26]. We have trivially that using Y2 or Y}
alone that the equation admits the forms

u=F(v,w,t) and u= F(v,w). (4.33)

! Note that in the following cst will denote constants with respect to the characteristics, and
we will introduce additional variables as required.
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The first is not very helpful and the second is the time-independent solution.
However we may also use the linear combination Y5 + xY, as a generator for some
constant y. This has the associated Lagrange’s system

du_di_dv_dw

= 4.34
XU 1 0 0 ( )

from which we may obtain the separation of variables form
u= [ &CO (O F(v,0), (4.35)

where we have introduced the function C'(y) in the parameter. The form for (4.16)
is
2
F
A 0
Jdvow
which may be solved directly by applying separation of variables for a second time.
If we let F' =V (v)W(w) we have,

= (x — BvH)F (4.36)

AV'W' = (x — Bv*)VW. (4.37)

This may be separated into the ordinary differential equations

AV = u(x — Bv*)V (4.38)
and
pW'=w. (4.39)
The solution of which is
w
F(v,w) = /duD(u) exp [%(Xv - %ng)] exp {;} , (4.40)

where we have integrated over the parameter 1 and introduced the function D(pu).
Finally we have
1 w

U= /dxd,uC’(X)D(,u) exp [Xt + Z(XU — %Bv?’) + ;} ) (4.41)

Reduction by Y3

The usual idea when searching for similarity transformations is to employ an ansatz
which reflects invariance under a group of scalings and then substitute into the
differential equation to find the correct values of the scaling constants. There is
also a close connection to dimensional analysis [1]. The scaling symmetry

Y3 = 2t0; — v0, + 3wa, (4.42)
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allows us to obtain the correct variables directly. We find the associated Lagrange’s

System

dt dv  dw du
2t —v 3w 0
The first and the second equalities give

dt n dv _0
2t v
from which the characteristic
tl/ZU = kl'
The first and the third give
dt B dw B
2t 3w

and
£1/2,-1/3 — ko,

clearly we also have
U = cst.

The solution for u in terms of these characteristics is
u= F(t"Y20, 12w 3) = F(ky, ky).

We now substitute this into (4.16) to obtain the equation

oF oF 0*F
14-1/2,, t 2, ~1/89 _ p | _1p, 43 9L B F
T ks i T
This is identified in the new variables as
oF oF 0*F
1k 1k + 1 Ak; — BK?F =
2y, Tty Tty o~ B

Reduction by Y5
We have that Y5 = uwvd, — At0,. The associated Lagrange’s system is
duv dw dv dt

w At 0 0
We have

v = cst

and
t = cst

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)
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as characteristics. This and the first and second of these equations give the general

form for u as
VW

u= F(v,t)exp [—E} : (4.55)

Equation (4.16) is then reduced to a first order nonhomogenous partial differential
equation for F

OF vOF 1
— 4+ -——+ (=B F=0. 4.56
ot "iav T (t ! ) (4.56)
This can be solved from the associated Lagrange’s system
dt  td dF
a_ kv 4 (4.57)

L v  F(Bv-1)

This gives the solution for F

1 9 v
F(v,t) = Eexp[—%Bv t]1II <¥> : (4.58)
And, finally for p
1 1 2 2 g2 —
p=exp —aaQ(x — )%t + z?m (x ; i )] I1 (:C ; y) , (4.59)

where II is an arbitrary function of its argument.

Reduction by Yj
The symmetry Ys = 2Butvd, — ABt?0,, + 0, gives the system
du dw dv  dt

= = — . 4.60
—2Butv  ABt? -1 0 (4.60)
The second and third characteristics give
ABt +w = cst = g (4.61)
and from the last we have
t = cst = go. (4.62)
The form for wu is
u = exp(Bgav?)F (g1, 92)- (4.63)
Substitution into (4.16) leads to
or or
— — A’Bgs— = 0. (4.64)

992 2 8_9%
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This is identifiable as the backwards heat equation
OF  h%a® 0*F

95 " 8m oz

=0 (4.65)

in the time variable s = 1/t = 1/go and r = ¢g;. This is clearly the most interesting
case. The solution for p can then be written in terms of these as

p=exp [—1a’t(z —y)*] F(r,s), (4.66)

where F' is any solution of (4.77) and where the variables r and s are now defined

by
r= _h X ia*t? + (z+y) and s= E (4.67)
o2m = 2 t .

The properties of this solution will be discussed further in the next section.
Reduction by Y7
The final symmetry gives the characteristic system,

du dv 3dw dt

== ———=—. 4.68
(w — ABt?v)u At A?2Bt3 0 (4.68)
The second and the third of these give the characteristic
TABt* v +w = cst = hy. (4.69)
We also have
t = cst = hy. (4.70)
Integration for u gives
w? 1 2
U = exp m + EBhQU F(h17 hg) (471)
This leads to the following equation in the characteristic variables
OF  h OF | 5. ,0°F 9h?
— +——+:A*Bh — F=0. 4.72
Ol om0 gz T opep (472)
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4.3 Analytical Solutions

We found in the previous section that there were several possible reductions of the
quantum Brownian motion equation to equations of lower dimensionality as well
as degree. We found that Y7, Y5, and Yg allow for reductions to equations which
may be solved exactly and the Y5 and Y, can be used to construct the separation
of variables solution to the problem. These give solutions for the distribution
p(x,y,t) of the density matrix in the position representation

p= / dzdyp(z,y,t)|z)(yl, (4.73)
once the variables have been inverted. The solutions which we obtained were

p(a,y,t) = exp [—3a°(z — y)*t] @ (z —y), (4.74)

1 1, o, .2m [(x® —y? T—y
p(a:,y,t)—texp{ 5 (x y)t+zh< : I ; : (4.75)

where ® and II are arbitrary functions of their arguments, and
p(‘ra Y, t) = €Xp [_%GZ(I - y)2t] F(h 8) (476)
where F(r, s) is the solution to the backwards heat equation

OF N h2a? 0*F
0s &m Or?

=0 (4.77)

with the variables » and s defined by

_ o 1
r= z4m><at+(x+y) and 5= (4.78)
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Since the backwards heat equation (4.77) is a well known problem the various
forms of the solution may be obtained directly [26, 27]. The following solutions
are well known for «, 3, u arbitrary constants and k = —h%a?/8m,

Fr.s) — oy Z (2n)(2n—1)...2n—2j — 1) (ks)jr%_zj

i=1 J

F(rs) = rty Z (2n+1)(2n)...(2n — 25+ 1) (ks)Ir2n-2i+1,

i=1 J:

. 2
F(r,s) = a53—/exp(4k ) + 5,

" 2
F(r,s) = a5 X p(4k)+ﬁ,
F(r,s) = aexp(—ku?s)cos(ur) + 3,
F(r,s) = aexp(—kp?s)sin(ur) + 3,
F(r,s) = aexp(—pur)sin(ur — 2ku®s) + f3,
F(r,s) = aexp(—ur)cos(ur — 2ku?s) + 3,
F(r,s) = aerf z + 5,

F(r,s) = aerfc( : >+ﬁ

s = o[ (5)- 5 o))

Here, n is a positive integer, erf is the error function and erfc is the complementary
error function. These are probability distributions defined by

z

erfz = T exp(—&2)de, (4.79)

and erfcz = 1 — erfz.
Note that for the construction of solutions to (4.77) we may also use symmetry
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analysis as a starting point. The symmetries of (4.77) are:

) (4.80)
Zy = 0, (4.81)
Zs = 2804+ 10, (4.82)
Z, = Fop (4.83)

h2a?
Z5 = s@r + FTaF (484)

4m

h2a? h2a? h2a?
_ 2 2

Zsg = (T ym 3) For + o sro, + S Os (4.85)
Zoo = f(ra S)aFa (486)

where f(r,s) is any solution of (4.77).
These may be used to construct various types of solution for the heat equation.
For example, the symmetry Z5 gives

r2
F(T, S) = 0181/2 exXp |:m:| s (487)

where (] is a constant of integration. Also, by repeated action of the symmetry
generators on the solutions we may also construct an infinite hierarchy of polyno-

mial solutions above in a similar vein as for the harmonic oscillator equation in
Chapter 3. The surface defined by

Yo = C = us"?exp (%) (4.88)
acted on by Z; provides the hierarchy
2
uy = S5~ 2 exp <m> : (4.89)
w1 r? r
uy = X8 /Cexp (4_14:5) X (r - 2_s> (4.90)

and so forth using Z7'%,,. Further details on the symmetry approach to construc-
tion of solutions to the heat equation may be found in [26].

The results above are a fairly decent beginning for constructing analytic solu-
tions for the quantum Brownian motion model. Many of these results are original.
Of course, these solutions are provided independent of initial, boundary and ter-
minal conditions. One could use symmetry to include these in the construction
by arguing that the symmetry be consistent with the boundary conditions [22].
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Clearly the imposition of terminal conditions at ¢ = co and at ¢ = 0 will place
restrictions on the nature of the arbitrary functions II, & and the form of the
solution for F'. A further constraint is that the solution be normalizable which is
required since p is a probability distribution. This is the condition from quantum
mechanics that

trp=1, (4.91)

or

/_00 /_00 dxdyp(z,y,t)d(z —y) =1, (4.92)

where ¢ is the Dirac delta function. If all these conditions are met it would be
interesting to explore whether the decoherence behaviour and the tendency for the
solution to localize i.e. the important physical aspects of the model mentioned
in the introduction to this Chapter are valid for our solutions and their possible
extensions. This is a question for future research.

4.4 FExtensions

We also point out that the version of the quantum Brownian motion model which
we have studied can be generalized to include both potential and dissipative terms
[2]. This is merely modifying the standard Lindblad equation with the Hamiltonian
and Lindblad operators

D “
H=X 4V 4.93
v, (493)
and
L = azx + ibp. (4.94)

Here the constants a, b again relate to specific thermal properties of the bath. The
term involving b is the dissipator while V' (x) is the potential. The constants have

the meaning
2 1/2 2 1/2
P b= 1, (4.95)
Am~kT Am~kT h

where k is Boltzmann’s constant, the parameter ~ is a measure of the dissipation
and T is the temperature of the bath. The master equation (4.1) takes the form

dp 1 v . 2M~ET . .

which is written in the position representation as

dp ih (0% % op  Op\ 2m~kT o

2 ay) 2 oo L (V@) -V W)
(4.97)

ox?  Oy?

or 0Oy
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A useful exercise would be an analysis of this problem especially with regard
to group classification. Another would be to modify the potential, for example, to
include a situation such as one encounters with the nonlinear Schrodinger equa-
tion with the aim of finding analytical solutions. The clue is that the algebraic
structure of the modified equation (4.16) corresponds to the free particle equation
and it is to be expected that similar algebraic properties hold for related problems
including the dissipative harmonic oscillator and possibly the time dependent har-
monic oscillator. The latter of which is known to be integrable by quadrature for
the Schrédinger equation [12; 28].

4.5 Discussion

In this chapter we have studied the model equation for the quantum Brownian
motion equation from a symmetry perspective. The symmetries of the model
equation point out a simplified form of the problem as a route for the analysis.
The algebraic properties and reduction of this equation to a series of other partial
differential equations were also found. Among these was a mapping of the quantum
Brownian model to the diffusion equation. This was used to construct a variety
of analytical solutions to the model. We also discussed possible extensions of this
work to more general forms of the quantum Brownian motion model including
quantum Brownian motion with potentials. The analysis is expected to be of use
to practitioners in open quantum systems and quantum mechanics.



5. SUMMARY

The main work of this thesis has been the application of Lie symmetry group based
techniques [1, 14, 15, 16, 26] to the partial differential equation for the quantum
Brownian motion model from open quantum systems [2, 9, 10]. Chapters 1-3
contains the background material for the analysis. The main results are contained
in Chapter 4.

Chapter 1 introduces the problem and the basic ideas from quantum mechanics
and open quantum systems.

Chapter 2 contains an introduction to the theory of Lie symmetry groups for
differential equations. In this chapter the basic algorithm for calculating the sym-
metries of a differential equation and the rudiments of symmetry analysis are
explained. The theoretical background concerning Lie groups, and Lie algebras
are included. The properties of Lie algebras necessary for the development of later
text are explained and tables of low dimensional Lie algebras are for reference.

Chapter 3 gives a survey of the applications of Lie symmetry groups to the one
dimensional time dependent Schrodinger equation in an autonomous potential as
an example of the application of symmetry groups to partial differential equations.
This chapter acts as an introduction to the techniques available when applying
symmetry groups to partial differential equations within the context of a standard
problem. The various techniques of Lie analysis for partial differential equations
were applied to the Free Particle, Harmonic Oscillator and Ermakov-Pinney partial
Schrodinger equations.

Chapter 4 contains the main results of the thesis - the symmetry analysis
of equation (4.2). A symmetry analysis of this equation is performed and the
symmetries are used to study the transformation and algebraic properties of the
model. The main results are that a number of new analytical solutions for the
model may be obtained by mapping the problem to the 1 + 1 diffusion equation
using the symmetries. The results are discussed in §4.3 and mark a valuable
contribution to the subject in that the quantum Brownian motion model is well
known the literature [2, 10] and this research indicates that the model contains
further, previously unknown, analytical properties. Possible extensions of this line
of research aimed at further symmetry analysis for related models would in this
case also be valuable. This is discussed in §4.4.

Overall, T have introduced the theory of Lie symmetry groups [1, 26] and dis-
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cussed various applications to problems in quantum mechanics and specifically
presented an analysis of the quantum Brownian motion model [9, 10] from the
theory of open quantum systems [2].
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