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Abstract

In this thesis, the relation between the generator of the Ornstein-
Uhlenbeck process and the Hamiltonian of the quantum harmonic oscil-
lator is used to derive a new understanding of the evolution of certain
quantum states. More precisely, we transform the Hamiltonian with
respect to the ground state and corresponding eigenvalue to find that it
is equal to minus the generator of the Ornstein-Uhlenbeck process. Next,
we use the knowledge of the evolution of distributions in the Ornstein-
Uhlenbeck process to obtain the time evolution of corresponding quantum
states. Specifically, we derived that the evolution of normal distributions
in the Ornstein-Uhlenbeck process remain normally distributed with vary-
ing mean and variance. Furthermore, the ground state of the harmonic
oscillator is equal to the square root of the reversible distribution of
the Ornstein-Uhlenbeck process. Combining these results gives us the
evolution of quantum states with an almost Gaussian wave function. If
we confine one degree of freedom in the end result, we obtain the coherent
states of the quantum harmonic oscillator. These are Gaussian wave pack-
ets, which means that the probability density is Gaussian with constant
variance and oscillating mean. Coherent states most closely resemble
classical particles in the harmonic oscillator and minimise Heisenberg’s
uncertainty principle.
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1 Introduction

In the nineteenth century quantum theory did not yet exist. Until then Newton’s
mechanics, Maxwell’s electrodynamics and Einstein’s relativity were used to
predict and describe the world around us. Classical mechanics deterministically
describes position £ and momentum p as a function of time, if the Hamiltonian
is known. This view drastically changed when quantum theory was introduced.
Quantum mechanics describes physical systems in a different way, through the
system’s wave function; ¥(x,t). The wave function, however, cannot tell us
everything we would like to know about the state of a system. We can only use
it to calculate the probability of getting a certain outcome to a measurement.
The indeterminacy of the quantum world is also seen in the fact that certain
pairs of observables cannot be known with certainty. A well-known uncertainty
relation was introduced by Werner Heisenberg in 1927. He showed that for each
system the standard deviation of the position times the standard deviation of
the momentum is equal to or greater than g, where & is the reduced Planck
constant. This relation indicates that the more precise the position is known,
the less precise the momentum can be known.

In classical mechanics Newton’s laws are used to describe the motion of particles
over time. In quantum mechanics, however, the time evolution of a system’s wave
functions is found by solving the Schrodinger equation, which was introduced
by Erwin Schrédinger in 1926. We will be considering a physical system with
quadratic potential V(z) = %mw2x2, which is called the quantum harmonic
oscillator. It is a fundamental object in mechanics and approximately describes
systems close to there equilibrium state (which is a minimum of the potential
energy). We will derive that the energy of the quantum harmonic oscillator is
quantised at energies (n + 1)hw. This means that when measuring the energy
you cannot obtain other values than (n+ %)hw Later on in this thesis, coherent
states will be introduced. These are special states of the quantum harmonic
oscillator that minimise Heisenberg’s uncertainty relation and that best resemble
the behaviour of classical particles in the harmonic oscillator.

The central idea in this thesis is that there exists a connection between quantum
mechanics and Markov evolutions. Calculating the evolution of a quantum state
comes down to applying an operator of the form e~ and for the expectation
of a Markov evolution over time we apply the operator e*”, where L is a Markov
generator. Therefore, by going from real to imaginary time and transforming
the Hamiltonian H in such a way that it equals a Markov generator L we
can understand the quantum mechanical system by treating it as a Markovian
evolution and vice versa. The main subject in this thesis is the relation between
the quantum harmonic oscillator and the Ornstein-Uhlenbeck process which is
an example of such a relation. We perform an alternative way of calculating
the time evolution of states of the quantum harmonic oscillator by transforming
the Hamiltonian with respect to its ground-state to find that this is equal to
minus the generator of the Ornstein-Uhlenbeck process. Such a transformation is
called a ground-state transformation. In order to understand this connection, an
introduction to Markov semigroups and Markov generators is needed. The fact
that Gaussian distributions are conserved under Ornstein-Uhlenbeck evolutions



can then be linked to the time evolution of coherent states.

The rest of this thesis is organised in six other chapters. We start with some
mathematical preliminaries in chapter 2 (the reader familiar with Markov
process theory can skip this section). Firstly, we introduce the definition
of a Markov process together with some important properties followed by
mathematical introductions to the Paley-Wiener integral, invariant measures
and some Markov semigroup theory. In the latter, the Markov generator is
defined, which will be of particular importance later on. The stochastic process
of interest, the Ornstein-Uhlenbeck process, is introduced in chapter 3, where-
after its important properties will be derived. We calculate the evolution of
normal distributions in the Ornstein-Uhlenbeck process and finalize with a
calculation of the Markov generator.

The quantum mechanics starts in chapter 4 with an introduction to the
Schrodinger equation and wave function followed by a derivation of the Heisen-
berg uncertainty principle. The harmonic oscillator is looked at, the classical
case and the quantum case. For the quantum harmonic oscillator we find
the energy eigenfunctions together with the quantised energy levels. Then, in
chapter 5, we introduce the concept of coherent states of the quantum harmonic
oscillator and show that they behave in a way closely connected to the classical
harmonic oscillator. We use its definition to derive their wave functions explicitly
and also find that these minimise the Heisenberg uncertainty principle.

In chapter 6, we perform the ground-state transformation to the Hamiltonian of
the quantum harmonic oscillator. Then, we use our knowledge of how normal
distributions evolve according to the Ornstein-Uhlenbeck process in order to
deduce the time evolution of the corresponding quantum states in the quantum
harmonic oscillator. This is done for one and more dimensions. We finalize
with the results and observations in chapter 7.

This is a Bachelor’s thesis of the bachelor programs Applied Mathematics and
Applied Physics at the TU Delft.



2 Preliminaries

Firstly, we give an introduction to the theory behind the connection between
the Ornstein-Uhlenbeck process and the quantum harmonic oscillator. In this
section we introduce some basic background from Markov process theory.

2.1 Random Walk

We start with the definition of a stochastic process.

Definition 1.1 Consider a probability space (0, F,P). Then a stochastic
process {Xi,t > 0} is a collection of random variables indexed by time.

A Markov process is a kind of stochastic process for which the probability on
future states only depends on current state values and not on how it got there
over time. This property is called the Markov Property. A time-homogeneous
process is a process whose transition probability (density) between times ¢ and
t + s only depends on the time difference s, and not on the precise time ¢.
Mathematically and in discrete time, this translates as follows.

Definition 1.2 Consider a probability space (0, F,P) and let {X;,t > 0} be
a stochastic process with natural filtration Fy = 0{Xs,s < t} then we call it
time-homogeneous Markov if for all t,s > 0 and for all f € Cp(2)

E[f(Xe1s)|Fi] = E[f (Xi15)[ Xe] = Ex, f(Xs), (1)

where

A simple example of a time-homogeneous Markov process is the evolution of
a particle’s position over time in the case that it can either move up or down
with equal probability at integer times. The construction of such a process can
be done by considering 71, Zs, . .., Z, independent random variables such that
foralli=1,...,n:

7 1 with probability
" ]l-1 with probability

(SIS

Let {X,0 < k < n} denote the particles position. Then X}, can be expressed
as:

It can easily be seen that the development of the particle’s position over time is
a Markov Process, since the probability distribution of future positions is only
dependent on its current position and not on the further history. This example



is known as the (one-dimensional, discrete time) random walk. See Figure |1| for
a plot of the random walk.
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Figure 1. Three realizations of the random walk with 100 steps.

We give an example of a stochastic process which is not Markov. Consider

independent and identically distributed random variables Z; LN (0,1) for
t € Ng. Let Xg = Zy, X1 = Z1 and for t > 2

X=Xt 1+ X2+ Zy.

Then X7 is not independent of X;_; when conditioned on X;. So clearly, the
process {X;,t € Ny} is not Markov. Examples of more interesting stochastic
processes are the self-avoiding random walk, which avoids visiting the same
point more than once, and the reinforced random walk, where probability of
crossing an interval depends on the amount of crossings it has had in total.

2.2 Wiener Process
2.2.1 Definition

A more interesting example of a time-homogeneous Markov process is the Wiener
process. This is a fundamental object in probability theory and is defined below.

In the definition we use the notation = for equal in distribution.

Definition 1.3 The Wiener process {Wy,t > 0} is the stochastic process such
that it satisfies the following properties:

1. Wy =0,



2. Wy has independent increments, i.e. if 0 < 51 < t1 < s9 < ty then
Wi, — Wy, and Wy, — Wy, are independent random variables,

3. Wy has Gaussian increments with mean zero and variance equal to the
time difference, i.e. for allt,u > 0: Wy, — W; 4 N(0,u),

4. The map t — Wy is continuous.

Proposition 1.1 The Wiener process is a time-homogeneous Markov process.

Proof. For t,s > 0 and f € C,(R) we have
E[f (W) |Fi] = E[f (Wi + Wips — W) Fi.

Given F;, Wy is given and from the third property of definition 1.3, it follows
that Wiy, — W, is independent of F;. Hence,

E[f(Wi + Wiys — Wi)|F] = E[f(W; + N(0,5))] =
= /jo f(Wy +x)
= Ew, f(Ws).

6712/25
da = B[f (Wss)|W,] =
\/% € [.f( t+()| t]

2.2.2 Constructing the Wiener Process

The construction of the Wiener process can be done in a number of ways. The
most straightforward one is done by starting off with the random walk. We
consider a random walk with n steps evenly spaced in time that are done in a
time interval [0, T]. Then, for the time step we have At = T'/n, the space step
we set to Az = v/At. The resulting stochastic process is known as the n-step
Wiener walk and its value at time ¢; is expressed as:

w"(ty) = Z Z;Ax.
i=1

Note that the probability density of the Wiener walk is binomial. The values in
between steps are found through linear interpolation, which allows the Wiener
walk to be in continuous time instead of discrete time. At each instance in
time the expectation of the Wiener walk is equal to zero. When calculating the
variance, we find

n 2
Var [w™(T)] = E [w"(T)%] = E (Z ZiAx> -

n

> (Awz;)?

i=1
=Az’n="T.

=E

= Az® f:E [27] =

i=1

10



Now the claim is that by taking the limit n — oo the Wiener process on
the bounded interval [0,77] is obtained [I]. It is obvious that the first and
second property of definition 1.4 are satisfied. Furthermore, because of the
central limit theorem we can conclude that the constructed process has indeed
Gaussian increments with zero mean and variance equal to the time difference [2)].
Because the obtained path is a limit of continuous functions, the fourth property
seems plausible. However, sequences of continuous functions do not necessarily
converge to continuous functions. Therefore, we should have given some more
explanation to properly show that the fourth property is also satisfied. Now,
we have constructed the Wiener process on a bounded interval, the unbounded
case can be formed out of a sequence of bounded intervals. See figure [2 for a
plot of the Wiener process.
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Figure 2. Three realizations of the Wiener process with a timespan of 100 seconds.

2.3 Paley-Wiener Integral

The Paley-Wiener integral is a stochastic variant of the Riemann-Stieltjes
integral. The integrand is still a deterministic function but the integrator is
now the Wiener process. Let f € Cp(R), we define a new stochastic process
{Y;,t > 0} by
t n
Y, :/0 F(8)dW, = lim Y~ f(tj—)(We, — Wi, _,), (3)

n—o0 4
Jj=1

where the limit is with respect to the L?-norm and t; = J—nt This is called a
Paley-Wiener integral.

The third property of definition 1.3 states that increments of the Wiener process
are distributed as normal distributions with variance equal to the time difference.

11



We have
. = d ;. = t
nh—{%o;f(tj‘l) (W, = Wi, ) = nlgngozgf(tj—l)/\/j (0, n)
Jj= Jj=

where the N (0, %)’s are independent normal random variables with expectation
0 and variance £. Therefore, it follows that

Tim S ()N (07’;) z lim N <0,f(tj—1)22) £
i=1 =

da nh_)ngo'/\[ 0, Z f(tj71)2% 4 N|o, nll_)II;oZ f(tj71)2% <
j=1 Jj=1
t
LN (0, f(5)2d5> :
0

/O fe)aw, L (o, / tf(s)2d8> . (4)

Let W, = (Wi, Way,...,Wy ) be the n-dimensional Wiener process and
f R — R™ bounded and measurable. We define the multivariate analogue of
the Paley-Wiener integral by

Y, — /0 F(s)dW, (5)

where Y; is the n-dimensional vector with ¢’th component equal to:
noot
Yii= Z/ fij(8)dWjs. (6)
j=1"9
In a similar way we can find the multivariate form of .

/ Cpaw, L (o.f t P (6)7ds). ™)

Here, N(u, ) stands for the multivariate normal distribution with mean p
(column vector) and covariance matrix 3.

2.4 Markov Semigroups

Consider a Markov process {X;,t > 0}. We define {S,¢ > 0} by

(Sef) (@) := Eo[f(X)] := E[f(X¢)|Xo = 2] (8)
for all f € Cy(Q).
Proposition 1.2 {S;,t > 0} satisfies the following properties:

12



1. Identity at time zero: Sof = f for all f,

2. Normalization: S;1 =1,

3. Right continuity: The map t — S; is right continuous,

4. Semigroup property: for all t,s > 0, f : Siysf = S:(Ssf) = Ss(Sif),
5. Positivity: f > 0 implies S;f > 0,

6. Contraction: max, |S: f(x)| < max, |f(z)].

The properties 1,2,3,5 and 6 can be derived from the definition straightforwardly.
We skip their proofs and restrict us to proving the semigroup property. We give
the proof in discrete setting, i.e. for continuous time Markov chain on a finite
set Q.

Proof. We start by defining the transition probability function
pe(@,y) = P(X; = y|Xo = ).

We can write

Sivsf (@) = B[f (Xer o) Xo = 2] = > peys(a,9) f(y)-

yeQ
Since { X, ¢ > 0} is Markov, we can apply the Chapman-Kolmogorov equation
3J:

Pros(@,y) = Y pe(e, 2)ps(2,y).
z€Q

Combining these yields:

Stesf(z Zthrs (z,9)f(y)

=)

=Y il 2)ps(z,9) f ()

yeQ z€Q

IS Y] yeN

= Z pe(z,2)Ss f(2)

z€Q

= Si(Ssf)(2).
O

Semigroups like {S;,t > 0} are called Markov semigroups. Each Markov semi-
group corresponds to an underlying Markov process [4]. For these semigroups
we define a so-called Markov generator L:

Lf= hmm (9)

t—0 t

for f € D(L), i.e. all f € Cp(Q) for which this limit exists. This is called
the domain of L and is dense in Cp(£2). In the case that  is infinite (e.g.

13



Q =R) L is an unbounded operator with dense domain, and the limit has to
be interpreted in sup-norm sense. These operators can also be linked back to
Markov semigroups [5] [6].

Theorem 1.1 If f € D(L), then S;f € D(L) and the following holds:

d
%Stf =S Lf =LS.f (10)
Moreover, St f is the unique solution of the differential equation
dipy
=L 11
Y ()

with initial condition g = f.

For a proof of this theorem see [5] and [6].

2.5 Invariant Measures

Let {X;,t > 0} be a Markov process with corresponding semigroup {S;,¢ > 0}
and let p be a probability measure on the probability space (2, F, P). If we
let the process start from u, then we denote .Sy for the measure evolved after
time ¢. Hence, this is the unique probability measure such that:

/Q Sy fp = /Q FdusS, (12)

for all f € Cy(Q).

Definition 1.7 Consider a Markov process on probability space (2, F, P) with
corresponding semigroup Sy. Then a probability measure p is called invariant
if the following relation holds for allt > 0 and all f bounded and continuous:

/Qstfduz/gfdu. (13)

Theorem 1.2 A probability measure p is invariant if and only if
/ Lfduy=0 (14)
Q
for all f € D(L).
Proof. Suppose p is invariant and let f € D(L), then

1 1
/ Lfdy = 1imf/ Sif — fdp = lim — </ Stfd,u—/ fd,u) =0.
Q t=01t Jqo t—0 ¢ Q Q
Conversely, if (L4]) holds, we find for all f € D(L):

/Q Suf — fdp = /Q /0 td%szdsdu=

-1/ (LS f)dsdp = / t ( / (Lsz)du> ds =
=0

14



Hence,

/Q Sy fdu = /Q fdu.

Since D(L) is dense in Cp,(£2), this extends to all f € C,(Q). O

Definition 1.9 Consider a Markov process {Xi,t > 0} on probability space
(Q, F, P) with corresponding semigroup S;. Then a probability measure u is
called reversible if

/(Stf)gdu = /f(Stg)du (15)

for all f,g € Cp(Q) .

Proposition 1.3 Consider a probability space (Q, F, P) and a Markov process
X with semigroup S; and generator L.

1. A reversible measure is invariant

2. Let the process start from Xg = pu. Then, u is reversible if and only if
{X}, X} has the same distribution as its time reversal {Xr_;, X7} for
all t,s € [0,T],T > 0.

3. A measure p is reversible if and only if

/ GL(f)d = / FL(g)dy (16)
for all f,g € D(L).

Proof. 1. Let p be a reversible measure. From definition 1.9 we find that for

all f e Cy(2)
/QStfdu:/Qf(Stl)du:/Qfdu.

Hence, 4 is invariant.

2. Let p be a reversible measure and let the process start from Xg = pu.
Because a reversible measure is invariant, we have that X; = p for all
0<t<T. Let T >0, we denote the time reversed process by Y; = Xp_;
for 0 <t < T. Tt follows that for all 0 < ¢ < T and all f,g € Cp(Q):

Eu[f(Y0)g(Ye)] = Eulf (X7)g(Xr = 1)]

Because X; is Markov, we can conclude that

B, [f (X1)g(X7 — )] = Bu[£(X0)g(Xo)] = / 8./ (2)g(x)dp

We use the definition of reversibility and find:

/ 8 (2)g(x)dp = / F(@)Sug(@)dp = Bulf (Xo)g(X0)].
Q Q

Hence,
E[f(Y0)g(Y)|Yo = 1] = E[f(Xo0)g(X¢)|Xo = p].

15



Because X; is time-homogeneous Markov, we can conclude that {X;, X}
has the same distribution as its time reversal {Xr_;, X7_¢} for all t,s €
[0,7] and T > 0. Now we can simply read this proof inside out in order
to proof the converse statement.

3. Let f,g € D(L) and p be a reversible measure. We insert @ and find:
L(f)dp = li - S, dp = li ! S, d
9 (f)dp = Qgtg%;( tf = fldp = lim — 9 of —gfdp.
Since p is reversible, we can interchange g.S; f with fS;g inside the integral:
1 .1
lim = [ g8 f —gfdp=lim— [ fSig—gfdu= [ fL(g)dp.
=0t Jo t=01t Jo Q
We have found that
/ gL(f)dp = / fL(g)dp.
Q Q

We can use the fact that D(L) is dense in Cy(2) and then read this proof
inside out to prove the converse statement.

O

Remark. We defined reversibility for Markov processes only, but if we would
define it on a general stochastic, then the equivalent of item 2 should read:

The stochastic process {Xi,t > 0} is reversible if and only if {X;,0 <t <T} 4
{X7r_,0<t<T} forT > 0.

For time-homogeneous Markov processes this relation will already hold when
the joint distribution of just two instances in time is distributed equally to its
time reversal.

16
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3 Ornstein-Uhlenbeck Process

The stochastic process of interest is the Ornstein-Uhlenbeck process. In this
section we discuss its definition and consider some of its properties. Later on,
these properties will be used to calculate the evolution of quantum states in
the harmonic oscillator.

3.1 Univariate Case
3.1.1 Definition and Explicit Solution

The Ornstein-Uhlenbeck process is another example of a Markov process. We
define it through the following stochastic differential equation

dXt :H(M—Xt)dt—FO'th, (17)

where 6, and o are parameters and W; is the Wiener process. Intuitively
we can describe this as the position of a particle experiencing thermal noise
with variance o2 which wants to return to its mean value p with rate 6. Such
a process is called a noisy relaxation process. See figure |3| for a plot of the
Ornstein-Uhlenbeck process.

12.5

1.2 %{1

Position

0 20 40 60 80 100
Time

Figure 3. Plot of three realizations of the Ornstein-Uhlenbeck process with parameters
u=10,0 = 0.05,0 = 4 and starting from positions 8, 10 and 12.

From now on we will limit our view to the case where the mean pu is equal to
zero. For this case we want to calculate the explicit solution to . We start
by introducing a change of variable:

}/t = eotXt.

18



We have:

dY, = 07 X, dt + ¢’ d X,
= 0" X, dt + €% (=0 X, dt + cdW;)
= gt dW,

Integrating from 0 to ¢ yields

t
Yt:YOJra/ P dw,
0

where this is a Paley-Wiener integral as introduced in section We reverse
the change of variable to obtain the explicit solution to (L7):

t
X, =e 0, = e %X, + a/ e 0= aw,. (18)
0

If we start from an initial point, say Xy = x, we find for its distribution after
time ¢:

t
X, =e %z + a/ e =) qw,.
0

Using we find

t t
/ e=0t=)qw, L A (0,/ e29<f5>d5) LN <o, LN 62‘”)) .
o o 20

Hence,

2 2
X, Lety 4 N (0, ‘216(1 - 62“”)) L o0y 4 /1= e 20N (0), ;LQ). (19)

We use this equation to find an expression for S; f(x):

Suf(x) = B (X)) Xo = 0] = / FEe VT e Ty aydy,  (20)

where )

fi = N(0, ‘2’—0). (21)

The result of is known as the Mehler formula [1].

3.1.2 Invariant and Reversible Measure

We want to calculate the time-invariant (or stationary) distribution from .
We can do this by taking the limit ¢ — oo, we find:

2
: L T— /1 _ o—20t 7,4 o7y d -
tlggothtlggoe Xo++V1—e ./\/'(0,29)7./\/'(0,29)—#. (22)

19



This is the only invariant measure, since every initial distribution will converge

towards this one. We will write the variance of the stationary distribution as

o= g—; and the distribution of the Ornstein-Uhlenbeck process starting from

Xo = fi as {X;,t > 0}. Now the claim is that {X;,t > 0} is reversible. In order
to proof this, we have to start by calculating the covariance between arbitrary
times ¢ and s. We have

t s
COV(Xt,XS) =E [(eeth + 0/ efe(t*")qu)(efeon + 0’/ ee(su)quﬂ
0 0
=E [eo(Hs)Xg + aefe(tﬂ)f(o/ P dw,
0

t t s
+ 06_9(t+5)X0/ P aw, + 0’26_0(t+s)/ eeuqu/ eeuqu] .
0 0 0

We can calculate the first term easily by inserting the distribution of X,. For
both the second and third term we know that the Paley-Wiener integrals are
independent of X,. Hence,

E [XO /O ' eeuqu} = E[X(|E [ /O ' eGUqu] =0. (23)

We rewrite the last term to

t s max (s,t) min(s,t)
/ et aw, / eltaw, = el qw, / et aw,
0 0 0

min(s,t)

min(s,t) min(s,t)
+ / v dw, / et dw,,.
0 0

The first part of this expression is the product of two independent random
variables which both have an expectation of zero. Just as in the expectation
of their product will be equal to zero. For the expectation of the second part of

the fourth term we find
min(s,t) min(s,t) min(s,t)
/ e dw, / v dw, / e dw,
0 0 0

min(s,t) 1 )
_ / eZOudu - (emln(s,t) _ 1) )

Combining these results yields

E = Var

COV(Xt,XS) — 6—9(1‘,-&-3)0_5 + 6_9(t+s)0'f (emin(s,t) _ 1) — Ufe—e\t—s|. (24)

Because Cov(Xy, X,) is a function of |t — s|, we can conclude that the covariance
matrix of the multivariate normal distributions {Xt, XS} and {X’T,t, X't,s} are
equal for all 0 < t,s < T and T > 0. Therefore, {Xt,XS} and {XT,t,)N(t,S}
have the same distribution for all 0 < ¢,s < T and T > 0. From proposition 1.3
it follows that {X;,¢ > 0} is a reversible process.
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3.1.3 Time Evolution of Normal Distributions

Normal distributions which diffuse according to the Ornstein-Uhlenbeck process
will remain normally distributed (but with changing mean and variance). Let
us start with initial distribution Xo = N (u, 03), then for its time evolution X;
we get

t
Xy =e "N (u,02) + cr/ e 0= qw,

0
*N( Y oge )+ N(0,07(1 — e7?))
LN (pe™, 62e20t 4 62(1 — e~ 20)). (25)

3.1.4 Generator

The generator of the Ornstein-Uhlenbeck process will be of particular interest.
Before we can calculate it on smooth test functions, we must look at its semigroup
first:

Sif(x) = Eo[f(X1)] = E[f(ze™" + N(0,07(1 — 77))].

Taylor expanding f around ze~?% yields
S, f(x) = E[f(xe % + N(0,02(1 — e2%))
=E [f( —9t>} +E {f (z _at)N(O,af(l _ e—29t))]

+E [WN(O,UEQ —e )2 4 ]

2
f(ze™")
2

f’ —Ot

_ f(xe—ét) + 03(1 _ 6—29t) NI

= f(ze™") ~

f (xe"%)

5 o+ ... (26)

= flwe™) +

We insert this expression in the definition @D

Lf(z) = Jim t
o F@e ) — f@) | f @)
t—0 t 2
o [E ) S @) f e
t—0 t 2
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Lastly, we Taylor expand f(z — x%) around x to arrive at the final result:

f(if) - f/(x)x% +...— f(.’E) f” (xe_‘%) 9

L) = g ; L
= —xzf'(x) }g}% 891;79:1 + féx) a?
=t ) iy G+ L
= o) ity ' g
= —0af' @)+ 51 (@), (27)

Now that the generator is known, the stationary distribution can be derived
from it too. We start by noting that the generator can be written in the
following form:

d df
Lf=CeV@® L [ ~V(@ZL 28
bl e (28)
with V(z) = %ﬁ and C = "72 The claim is that when a generator can be
written in this form, such that V(z) — oo as © — +o0o and [, e™Vdz < oo, the
eV

stationary distribution is given by <-—, where Z is a normalization constant.
We have for f € Cp°:

o0 efv
/Lfdu:/ —Lfda
R —o0

_C [ d [ _ydf
Z/Oodac<6 dm)d
c

]

Z dzx

=0.

Now the claim follows from theorem 1.2 and the fact that C;° is dense in C}.
The invariant measure is indeed equal to what we found earlier:

V@ 0 o2
dp = 7 dr = 71_02602 dx = far(0,02)(x)dx.

We can also use the expression in to prove that this is the reversible measure.
We have for all f,g € Cy°:

O[> 4 v
/RQL(ﬁdM—Z/_OOg% (6 v dz)dx'

Integration by parts yields:

A (v d, [ ved]” /00 49 v df
/Rgdm (e dx dv = 1g¢ dr | _ Oodxe dxdx
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The first term is zero, since V(z) — 0o as & — £oo. The remaining expression
is symmetric in the roles of f and g. From interchanging them, we find:

/R 9L(f)dfi = /R FL(g)dii

From the third statement of proposition 1.3 we can conclude that this measure
is indeed the reversible measure.

3.2 Multivariate Case
3.2.1 Definition and Explicit Solution

The multivariate Ornstein-Uhlenbeck process is defined by the stochastic differ-
ential equation:
dX; = BX; + XdWy, (29)

where B and X are n x n matrices and W; is the n-dimensional Wiener process.
We consider the case where B is a symmetric, invertible matrix and ¥ = 1.
Again, we want to calculate the explicit solution and start by introducing a
change of variable:

Y, =Pl X,

We have:

dY; = BePt X, dt + PtdX,
= BeBtXtdt + €Bt (—BXtdt + th)
= eBtdw,.

Integrating from 0 to ¢ yields
t
Y, =Y, +/ ePsaw,,
0

where this is a multivariate Paley-Wiener integral as introduced in section 2.3}
We reverse the change of variable to obtain the explicit solution to (29):

t
X, = e By, = e BtX, + / e BU=s)aw,. (30)
0

3.2.2 Invariant and Reversible Measure

We want to calculate the invariant and reversible distribution. So we insert the
Ornstein-Uhlenbeck process starting from Xy = 0 in the explicit solution

t
th/ e~ BU=9)qw,.
0
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By using the result for the multivariate Paley-Wiener integral, @ we find

¢ ¢
/ e~ B=)qw, L N (0,/ e_B(t_s)e_BT(t_s)ds) )
0 0

Since B is symmetric and invertible, we have

t t
N <0’/ eB(ts)eBT(ts)d8> =N (07/ eZB(ts)dS)
0 0

_ 1 -1 _ _—2Bt
—N(O,QB (1—e )).

Hence,
1
X, LN (0, FB7 (- e2Bf)> : (31)
By taking the limit ¢ — oo we find the invariant measure
_ 1.4
p=N{0, §B . (32)

3.2.3 Time Evolution of Normal Distributions

Multivariate normal distributions also remain normally distributed while diffus-
ing according to the multivariate Ornstein-Uhlenbeck process (with changing
mean and variance). Let us start with initial distribution Xo = A (u, o), then
for its time evolution X; we get

t
X, = e BN (1, 20) +/ e BU=)qw,
0

t
i/\/'(e_Btu,e_BtZoe_BTt> —l—/\f(O,/ e_QB(t_S)ds>

0
d —Bt —Bt —BTt | — —2Bt
:N(e p,e” 7 e >+N<O,2B (1—e ))

AN <eBtu, e Btyge Pt —B7H(1 - eth)> , (33)

| —

where we have used that B is symmetric and invertible.

3.2.4 Generator
For the semigroup on smooth test functions we have
1
Sif(x) = Ez[f(X1)] = E[f(e” Bz + N(0, 5B—1(1 —e 2B

We Taylor expand f around e~P*x to obtain the multivariate equivalent of
17 :

Sif(x) = fle Bla) + %V2f(e_8tw)t +... (34)
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We insert this expression in the definition @[)

L) — 1 (@) = (@)

t—0 t
_ }g% f(e_Bt:Bt) — f(=z) n %VZf(e—Btw>
_ tlg% f(w — €7Bt(eBtt_ 1):12)) — f(:l)) + %VQf(ethm)'

Lastly, we Taylor expand f(x — e~ B*(eP* — 1)x) around x to arrive at the final
result:

xz) — (e BBt — D)V (x)+ ... — flz

= & i (e PP 1)V (@) + 5V (@)

= —mTBTVf(m) + %VQf(m)

= —2"BVf(x)+ %vz’ f(x). (35)
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4 Harmonic Oscillator

Now that we have discussed the Ornstein-Uhlenbeck process, we will shift our
view to some quantum mechanics. In this section we will turn our attention
to the quantum harmonic oscillator. But before we start with the quantum
mechanics, we first consider the classical version.

4.1 Classical Harmonic Oscillator

Consider a classical particle attached to a spring. If we pull the mass from its
equilibrium position, it experiences a restoring force which is proportional to the
magnitude, but opposite to the displacement. In this case the potential energy
of the string is a quadratic function of the displacement. (Quantum) physical
systems with a potential, quadratically dependent on position, are called the
(quantum) harmonic oscillator. It is a fundamental system in mechanics and
can model every system near an equilibrium configuration.

4.1.1 One-Dimensional Case

We start by considering the problem in one dimension for a particle of mass m.
Applying Newton’s second law for a potential V() yields:

dv
By inserting a harmonic potential V(z) = 2mw?z? we find:
o1av
iP=—-———-—=-w.
m dx

The general solution to this differential equation is given by
x(t) = C cos(wt + @), (36)

where C and ¢ are constants depending on initial conditions. We have found
that the position is an oscillating motion with angular frequency w. The relative
contributions of the kinetic and potential energy oscillate as well, with their
sum being the constant total energy:
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4.1.2 Multidimensional Case

First, we consider the n-dimensional harmonic oscillator with harmonic po-
tentials along orthogonal axes. In this case the potential is of the form

V(x) = im(z, D?z), with

2
Wn

This is simply the one-dimensional case in each direction. Hence,

Cy cos(wrt + ¢1)
C cos(wat + ¢2)

x(t) = (37)

Cy, cos(wpt + @)
Now we will look at the general case where the potential is of the form V(x) =
sm(x, Az) with A a positive definite real matrix, i.e. for each non-zero x the
inner product (z, Ax) is strictly positive. All eigenvalues of positive definite

matrices are positive. We can rewrite V() to a form where A is replaced by
the symmetric matrix 1(A + AT)

<17, Aac) = Z Z x;Aijx; = Z Z ixl(A” + A]‘i)xj = <ZL‘7 §(A + AT)CL'>
i=1 j=1 i=1 j=1

Therefore, we can consider V(x) = %m(w,Aa:) with a symmetric, positive
definite matrix A without loss of generality. Newton’s second law yields the
following equation of motion:

P = —%VV = —%V(m,Am) = —Azx. (38)

Since A is real, symmetric and positive definite, it can be diagonalized by some
orthogonal matrix @ such that[8]:

A=Q'D’Q = Q" D*Q. (39)

Matrix A and D? have the same positive eigenvalues, say {w?,w?,...,w2}. The
rows in @ correspond to the eigenvectors of these eigenfunctions. By substituting
this relation in , we find:

& =—Ax = —QTD?*Qx. (40)

Hence, ~
& = Qi = -D*Qx = —D*z (41)
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We can see that & has the same equation of motion as in the case with harmonic
potentials along orthogonal axes. Therefore, we can use the solution of the
orthogonal case in order to conclude:

Cy cos(wit + ¢1)
w(t) _ QT:'I’:(t) _ QT CQ COS(WQt =+ ¢2)

Cs5 cos(wpt + ¢dn)

4.2 Basics of Quantum Mechanics
4.2.1 Schroédinger Equation

In classical mechanics a particle’s state is determined by knowing the position
z(t) at any given time ¢. All physical observables like velocity, momentum
and kinetic energy can be derived from it. In quantum mechanics, however, a
particle’s state is described by its wave function ¥(z,t), whose interpretation
will be discussed in the next subsection.

All quantum mechanical systems satisfy a single differential equation, the
Schrédinger equation. We can use it to calculate the time evolution of quantum
states, but solving the equation is not easy for most quantum states. In one
dimension, the Schrédinger equation is given by [9):
th = HY(z,1), (43)
ot
where h is the reduced Planck constant and the Hamiltonian operator H is
given by Y
I3
H= —%% + V(x,t). (44)
Here m is the particle’s mass. In quantum mechanics the bra-ket notation is
standard notation for quantum states, the ket |a) stands for a column vector
or eigenfunction, the bra (al is its hermitian conjugate and their inner product
is denoted as (ala). We use this notation to write down the more dimensional
variant of the Schrodinger equation:

0
i (W(0)) = H ¥ (1)), (45)
with
I VZ+V(z,t 46
H=—-— .
) (46)
4.2.2 Interpretation of the Wave Function
In the preceding subsection, we introduced the concept of the wave function

and how it’s evolution over time can be calculated. But what does it actually
mean and how can we interpret such a wave function. First of all, if a particle’s
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wave function is known, it can (mostly) not lead to an unambiguous prediction
for the outcome of a measurement. For instance, the absolute value of the wave
function squared is the probability distribution for measuring the particle at a
certain point in space. Hence,

/OO |U (2, t)[2dx = 1. (47)

— 00

In quantum mechanics the value of a physical observable is (generally) not de-
terministic. Fundamentally, physical observables have a superposition of values.
The observables are represented by linear operators and we can calculate the
expectation value of such a measurement from it. For instance, the expectation
of x is given by

(@) = @lelv0) = [ alvieoPa

After measuring an observable, the wave function changes its shape since it
became an eigenfunction of that observable; the outcome of the measurement is
equal to the corresponding eigenvalue. For instance, after measuring a particle
at position z = C, |¥(x,t)|* becomes a delta function at = C and soon
spreads according to the Schrodinger equation.

We calculate the momentum operator p. Consider a wave function W, from the
classical definition of momentum we have

o) =T~ [al @

We insert the Schrodinger equation:

. 0 LOU  oU*
/x—\P\I/ ——zh/x—\I!\Il ——zh/ &C(\I/ax—axlll)dx.

This can be simplified using integration-by-parts and the fact that the wave
function vanishes for  — +oo. This results in the following expression for (p):

. LO0U o
(p) = —zh/ (\Il B 8\11) dz.

We perform another integration-by-parts to arrive at the final result:

(p) = —m/ (\y*g‘i’w) dz = <¢|§%|\1}>. (48)

Note that the momentum operator is hermitian. It turns out that all operators
of physical observables are hermitian. This is because every eigenvalue of an
operator can be an outcome of a measurement and measurements only give real
values.
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4.2.3 Heisenberg Uncertainty Principle

Some operators of observables do not commute. This results in a minimal
insecurity up to which both observables can be known simultaneously. This
principle is stated in the following theorem.

Theorem 2.1 Consider a system with wave function |¥) and two physical
observables A and B, then

o405 > 3 (A, B (49)
where

o4 =\/(47) - (4)° (50)

on = \/(B) — (B 6

This is called the uncertainty principle

Proof. If op # 0, define the following operator for A € R:
C:=A—(A)+i\B - (B)).
We have
0 < (CYU|CW) = (U|CTC|W) = 0% + N0 + i) ([A, B]).

This expression is real and has a minimum for the real-valued constant A equal
to

o _illA,B)
20123 '
This minimum is given by
, 2
o (A, B])
B\ R VAN
T A 40_23 = 0,

which gives us the final result after rearranging:
1
0A0B 2 3 I([A, B]) .

If op = 0, then we can simply interchange the roles of A and B in this derivation.
If both o4 and op are equal to zero, then we must have [A, B] = 0, which is
also in accordance with the uncertainty principle. O

For the position z and momentum p we have:
[z,p] W) = (zp — p2) |¥)
ho|v h
:xfa| ) _ ( a)x@)

i Ox i0x
hO|W) RO |D)
R e i v
= ih| D). (52)
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Hence, [z,p] = i, which is known as the canonical commutation relation.
Inserting this in the uncertainty principle yields the following;:

1 . h
ouy > 5 (i) | = 5. (53)
This is known as Heisenberg’s uncertainty principle. It states that the momen-
tum and position of a quantum particle cannot be known simultaneously, but
up to a certain insecurity.

4.3 Quantum Harmonic Oscillator

We consider the one-dimensional quantum harmonic oscillator with potential

V(z) = %moﬂxz. The Schrodinger equation reads:

L 0U(z,t) 2 ?(z,t) 1, 4

We can see that the harmonic potential is time independent and therefore we
can use separation of variables to solve the Schrodinger equation. We look for
solutions of the form

U(z,t) = v(x)o(t). (55)
The time dependent part is solved by

¢<t) — e—iEt/h

with E a separation constant. Now for ¢(x) we have to solve the time indepen-
dent Schrodinger equation:

Therefore the solutions we are looking for are energy eigenstates of the harmonic
oscillator. Rewriting this equation in terms of the momentum operator yields

HY = 52 + (mws))b = By, (56)

Definition 2.1 The following operators are called ladder operators

a= \/ﬁ(w + mwz) (57)
al = ;(—ip + mwx) (58)

vV 2hmw

Here a is called the annihilation operator and a' is called the creation
operator.
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Calculating the commutation relation of these ladder operators yields

[a,a'] = mwz + ip, mwe — ip

2hmw [

= gy (it + i)
= g ([0 + )

—1. (59)

We want to express the Hamiltonian operator in terms of the ladder operators.
We use

aat = oo (5P + (mwn)?) — o p] = 7 H 4,
which gives
H = hw(aa’ — %). (60)
Hence,
[H,a] = hwala', a] = —hwa (61)
[H,a'] = hwa'[a,a'] = hwa. (62)

If we apply the lowering operator on a state |¥) that satisfies the time indepen-
dent Schrodinger equation, we find:

Halp) = (aH — hwa) [¢) = (E = hw)a |i) . (63)

Therefore, applying the lowering operator will lower the energy by Aw. As the
name suggests, applying the raising operator will increase the energy by hw:

Ha' ) = (aH + hwa') [¢) = (E + hw)a' |¢). (64)

We denote the state with lowest energy by |0). The ground state must satisfy
a|0) = 0, because otherwise a state exists with lower energy due to . From
this relation we can determine the ground state

mw\ /4 mw 2
e

vol@) = () e (65)

which has energy

1
EQ - 5}1&}
From the relations and it follows that the energy is quantised at

energies:
1
E, = (n + 2) hw.

The corresponding eigenstates are found after applying the raising operator and
normalizing:

n) = —=(a")" |0}, (66)

L
/n
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with

aln) =v/nln—1) (67)
allny =vn+1|n+1). (68)

It can be shown that these eigenfunctions form a complete orthonormal set of
functions. See Figure [ for an illustration of the first five energy eigenstates.
They are plotted (at one instance in time) together with the harmonic potential
at the height of their energies.

T,

Figure 4. Plot of the first five energy eigenstates with the harmonic potential. The
eigenstates are plotted at the height of their energies.
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5 Coherent States

Coherent states are the states in the quantum harmonic oscillator that minimise
Heisenberg’s uncertainty principle and best resemble the behaviour of classical
particles in the harmonic oscillator. In the field of quantum physics, coherent
states are widely used. In this chapter coherent states in one dimension are
considered.

5.1 Definitions and Properties

Definition 3.1 A coherent state |«) is defined as the eigenstate of the anni-
hilation operator a with eigenvalues oo € C

ala) =ala). (69)

For the ground state we have a|0) = 0. Therefore, |0) is a coherent state
with eigenvalue 0. The relation in shows that all energy eigenstates
can be generated by applying the creation operator a' on |0). The so-called
displacement operator generates coherent states from |0) in a similar manner.

Definition 3.2 The displacement operator D(«) is defined by
D(a) = eoa'—aa (70)

where o = |a|e?® € C is a complex number.

Lemma 3.1 The displacement operator satisfies the following:

1.
Di(a) = D™(a) = D(~a) (71)

D (a)aD(a) = a + « (72)
Proof. 1. This follows immediately from the definition of D(«) and the fact
that (a")' = a.

2. From item 1 it follows that

Df(a)aD(a) = e a—aal geaa’ —a"a (73)
We use the result from [10] to simplify this expression:

* T T_ %
et amaalgea’—aa — g 4 [o*a — aal, a).

This gives us the final result:
Df(a)aD(a) = eota—aal goaal—a’a _ ; [a*a — ad', d]

=a+ a*la,a] — afal,d = a+ o
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This knowledge allows us to generate coherent states from |0).

Theorem 3.1 The coherent state |«) is generated from the vacuum |0) by
applying the displacement operator D(«)

) = D(a) |0) . (74)
Proof. By applying both equalities of lemma 4.1, we find
aD(~a) |a) = D(~a)D'(~a)aD(a) |a) = D(-a)(a - a)|a)
From the definition of coherent states, we have
(a —a)|a) = 0.

Hence, we must have

5.2 Decomposition of Coherent States

We want to decompose the coherent state |a) in terms of the energy eigenstates

|m)
) =Y ealn). (75)
n=0

Inserting yields
ala) = ch\/ﬁm—l}.
n=0

By substituting these results in we find

oo oo

ch\/m”* 1> = cha|n>v (76)

n=0 n=0

which brings us the following relations
chr1vn+1=cha

Hence,

o a? a™

—Cp—1 — —F——Cp_2 = —F—
N n(n —1) Tl

We can find ¢y by using the normalization condition

D

n=0

Cp = Co.

a’ﬂ

Val

Co

2 o] Ot2n
— 2 —
=1 = |Co| E . o 1.
n—
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By noting that
‘Zn

2
o =3
n!
n=0

we find )
—lo
Cop =€ 2

and the decomposition of the coherent state |«) becomes

o) = e85 > % Iny. (77)

n=0

5.3 Explicit Calculation of the Wave Function of a Coher-
ent State

We want to derive the explicit form of the wave function of these coherent states.
In order to do so, we start with the result we found for the time evolution of
the energy eigenstates in section (4.3

U, (z,t) = by ()2t
We insert this in to obtain the time evolutions of the coherent states.

—iwt\n

Vol ) = e H b S @) = ba@e 3 (78)

w wt

where a(t) = ae™™! = |ae®e~!. Then, applying theorem 3.1 yields the
following expression for the time evolution

Uo(z,t) = e 2 D(a(t))bo(z). (79)

To simplify calculations, we write the annihilation and creation operator in

terms of a new dimensionless variable § = z,/"* = ;—O:

a=—7=(E+-7) (80)

af = —=(- ). (81)

We insert these expressions in the exponent of the displacement operator and
find

H.od. o), d
% o (it —\}ijg(a(t)—i-a*(t))

= V2iIm(a(t))€ — \/iRe(a(t))d%.

*

aa’ —ata = (&——
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Filling in this result in yields:

2
T

1 1/4 1, . 4 -2
\Ila(gj,t) = () e—izwteﬂzIm(a(t))éfﬁRc(a(t))d—seT.

This expression is not explicit just yet, but it can be rewritten to the explicit
solution. First we state the final result:

2

1/4
qja(x’t) — <1> e—%iwte\/ioc(t)f—%—Re(a(t))a(t)7 (83)
agm

which is derived below.

Proof. For this proof we follow the approach of [11]. We start by writing

D = V3ilm(a())E — V2 Re(a(t))d%.
In order to calculate
p £ 1, 5 -
e"e 2:(1+D—|—5D +..)e 2, (84)

we start by considering the linear and quadratic term in the operator expansion.
For the linear term, we have

De~% = <\/§z Tm(a(t))é — v2 Re(a(t))jg) e
— (V2itm(a(t))¢ + VZRe(a (1)) e
— V3a(t)ge ¥,
and for the quadratic term

'D2€7§ = ﬁa(t)Dfefg
=V2a(t) <\f2@ Im(a)€ — V2 Re(a(t))d> cem

= (2a(t)iIm(a(t))€? — 2a(t) Re(a(t)) + 2a(t) Re(a(t))§2)e_§
= (2a(t)2€% — 2a(t) Re(a(t)))e™ =
Inserting both results into yields
Pe=T = (1 +vV2a(t)¢ — Re(a(t))alt) + %?252 )T, (85)

which shows the linear term and the first part of the quadratic term in the end
result of the expansion. Hence, the result of is obtained by rewriting this
expansion to an exponential. O
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From the result of we can see that coherent states have almost Gaussian
wave functions. For the probability density of coherent states over time, we
find:

U (2, t)|> = Uy (z, ) U7 (2, 1)

- Leﬁ(a(tﬁra*(t))£*£2*Re(a(t))(a(t)Jra*(t))

.’EQ\/’TT
1 2vERe(a(t)¢—¢*~2Re(a(0))?
.’EO\/’TT

_ L (eVERe(a))?
$0ﬁ

_ 1 ¢ Blalcoswi-9))?
= ——e
$Oﬁ
1 _ (z—V3lalzg cos(wt—¢))?
2

xoﬁe i . (86)

This is a Gaussian distribution with constant variance 23 and oscillating mean
V2|a|zg cos(wt — ¢). Wave functions of this form are called Gaussian wave
packets. The oscillating behaviour closely resembles the behaviour of classical
particles in the harmonic oscillator as in .

5.4 Minimum Uncertainty Relation
It was already stated that coherent states minimise Heisenberg’s uncertainty

relation. We consider a coherent state |a) and verify this explicitly. First, we
calculate

() =/ g {ala+ a'l0) = /5 (0 +0%)
(0} =~y " oo — atla) = iy [ "2 (0 o)

(@) = = (al(a+al)(a + al)]a) = 2 ((a +a*)? + 1)

2mw 2mw
) =~ (al(a — a")(a — aD)a) = ~"2 (0 a*)? ~ 1)

We use this to calculate the uncertainties of z and p:

I

o = (a®) = (2)° = Py (87)
o= (%)~ () = "2 (59)

Hence, N
T20p = 5. (89)
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6 From the Ornstein-Uhlenbeck Process to the
Quantum Harmonic Oscillator and Back

We will now focus on the relation between the Ornstein-Uhlenbeck process and
the quantum harmonic oscillator. The main idea here is that the Hamiltonian
can be transformed, by a ground-state transformation, to the Markov generator
of a diffusion process. There are other examples of this kind for discrete quantum
spin systems and associated discrete state space Markov chains, but we will
limit ourselves to the correspondence between the quantum harmonic oscillator
and the Ornstein-Uhlenbeck process. We will use our knowledge about the time
evolution of normal distributions in the Ornstein-Uhlenbeck process as a tool
to calculate the evolution of the corresponding quantum states in the harmonic
oscillator.

6.1 Ground-State Transformation

The relation between the quantum harmonic oscillator and the Ornstein-
Uhlenbeck process is best seen when we look at the Schrodinger equation
from a different point of view. The problem of finding solutions can also be
viewed as applying an operator to the initial wave function to obtain its time
evolution. First, we consider the one-dimensional Schrodinger equation with
initial condition ¥(x,0) = ¥(x):

L0V (z,t) h? 9*°W(z,t) 1

ovir,t)  h” o"¥(x,t) 1 o o
ih Y 5 Bl + 5w T U(xz,t). (90)

We rewrite this to a new form and take % =1 for simplicity:

OV (z,t) T 10 1,, )

T = —1 —5@"'5&} x \I}(‘T,t) = _ZHS\I/((I},t), (91)
where we define the term in brackets as the Schrodinger operator H,. In this
form it is evident that the solution is given by:

U(z,t) = (e "H0) (). (92)

Now an easy way to switch from quantum mechanics to the field of diffusion
and Markov theory is by simply replacing it by ¢, i.e. going from real time to
imaginary time:

U(z,t) = (e ) (). (93)

We see that the resulting equation is of the same form as (11)). Therefore, if H,
would be a Markov generator, the unique solution to ould be given by
the corresponding semigroup and the initial ¥. Unfortunately in our case, Hg
is not a Markov generator yet. For a Markov generator L we must have L1 = 0.
In order to satisfy this property we transform H, in the following way:

(Hs — Ao)(thol) = 0.
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For proper normalization we also have to divide by ty. The claim is that this
so-called ground-state transformation is equal to minus the generator of the
Ornstein-Uhlenbeck process. We transform H, into:

1 1 1 0% 1 1
— (Hs — A = — (=== + -w?? - =
S (= o) (o) = o (= + e = ) ()

1 PWf) Lo, ,, 1
T TR SR A

10%2f 1 0 df 1 8%y

1 1
[+ 5wia’f = Swf

20x2 1y Or Ox 21y Ox? 2
o 10%f of 1 5 4, 1 1y, 1
= Togpz TWig, T Tt gwltguien S guf
— _ _wm2+1i2 f
B Ox 20x22)7

which is the generator L of the Ornstein-Uhlenbeck process with parameters
0 = w and o2 = 1. Hence,

1

Yo (Hs — Xo) (Yof) = —Lf. (94)
0

By using this relation we can rewrite the operator solution in (93] to:

e~ tHs ) = et(L—%w)i ).
(e 0) (z) (wo ; \If)( ) (95)

0

From theorem 1.1 it follows that
Stf = etha

where S; is the semigroup of the Ornstein-Uhlenbeck process. Therefore we can
calculate the time evolution of certain quantum states by knowing the time
evolution of the corresponding distributions in the Ornstein-Uhlenbeck process.
Consider for example the time evolution of ¥(z) = t(z). We can calculate
this relatively easy since we know the time evolution of the constant function 1.
We have

1
(e 0) (z) = (¢06t(L_5w)¢0> (z)
Yo
= o(z)e 24181
= do(x)e ",
after which we change back to real time to obtain its time evolution
W (x,t) = ho(x)e 3, (96)

This example is a bit cumbersome, but it shows that by knowing the time
evolution of distributions in the Ornstein-Uhlenbeck process, time evolutions
of the corresponding quantum states can be calculated. Information about
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the quantum harmonic oscillator can also be used to derive properties of the
semigroup of the Ornstein-Uhlenbeck process. For instance, consider the higher
energy eigenfunctions v,,. We know their time evolution from and insert
these in equation to obtain:

(e 4 52, ) ) = e,
Yo

from which it follows that:
%) (%) et
S| — | == )e ™" 97
! (%/Jo %o 07)

6.2 Invariant Distribution

The ground-state transformation described in can be used to derive that
the stationary distribution is equal to ©3. We have for f € D(L)

[ prau= [ virsds

1
—— [t~ o) o)
Yo
= - /1/)(1(Hs — o) (f¢o)dz.
Because the Schrodinger operator Hj is self adjoint, we find
/%(Hs — o) (ftho)dz = /ﬂ/}o(Hs — Xo)vodz.
Finally, we use the fact that Hgig = Ag¥o:
/Lfdu = —/fi/Jo(Hs — Ao)vodzr = 0.

From theorem 1.2 we can now conclude that 93 is the invariant distribution.
Recall that

wo(x)z = %e*” .

6.3 Quantum State Time Evolution

Consider a distribution p and a function g, then

du
/ gduS; = / Sygdp = / Sy L.
m

where fi is the reversible distribution. Therefore we can interchange the roles of

d and g in order to obtain:

di
du d -
/ gduS; = / Sug - dji = / g5 | 2| .
dii dii
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Hence,

dpS; du
i =] 0

Recall that the behaviour of normal distributions under the Ornstein-Uhlenbeck
process is known from section For dpi = fr(,02)(2)dz we have:

duSt = f/\/' (pe—wt Uze—2wt+gz(1,e—2wt))(,T)d.%'. (99)
Combining and gives us the following relation:

(100)

|:f./\fy,o-o :| fN(Ue wt 0’8672“”4»0'2(1 e—2wt))
fN 0,0%) fN(O o2)

This equation gives us enough information to be able to calculate the time

evolution for wave functions of the form ¥(z,0) = C%’Ué), where C is a
constant such that ¥(x,0) satisfies the normalization condition stated in .
We use this condition to calculate C"

o %) f2 o2
| 0P = [ jop F
— 00 —o00 0

2 O« o *712(30*#)2+42;2 «?
= |C] 5 e 70 * dzx
V2nog

_ |C|2 Oy 27 P

2 2 1
V2mo, 22 o2

=1.

For a converging integral we must have o3 < 202. For C we find:

2
o= 2028 - Ué = (101)
o2 ol
Thus for a wave function
MQ
\Iz(x,O)—CfNE/I;%) i 21 e T S 10g)
0 nod o2

we calculate its time evolution in imaginary time:

(00 () = (e oo L e ) )

fN(u,ffg)]
IN(0,02)
IN (et ge—ettor1memer)) _aoy

Yo

= Cippe 35, [

=C
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Changing back to real time gives us the final result:

U(x,t) = oy (ue*iwaaae*z“wf<1—6*2””> e Bt (103)
0
We rewrite this as
/9752 _(m—peTiWN2 42 4.
W t) = 0L T ey Pt (104)
\/2mo?
with
Ut2 _ O_ge—int _|_03(1 _ G_Qth). (105)

6.4 Multidimensional Case
6.4.1 Harmonic Potentials along Orthogonal Axes

In this section, we will look at the quantum harmonic oscillator in higher
dimensions. Firstly, the case where all potentials along orthogonal axes are of
the harmonic form is considered. Then, the Schrodinger operator Hy is

1 1
Hy =5V + 2 waz?. (106)

The ground state of the time-independent Schrodinger equation is then simply
given by the product of the individual ground state functions v, o of each
coordinate x;. The corresponding energy is equal to the sum of the individual
energies.

Yo(x) = szi’o — H (%)1/4 o= 3t (107)
i=1 i=1
with

n

1
Ey = §h2wi- (108)

As in the one dimensional case the ground state 1o (x) is the square root of a
(multivariate) normal distribution

1 _1 TZ_lm
¢0($):\/(27r)n/2|§3*|1/26 2P, (109)
with covariance matrix
03,1
03,2
Y = ) . (110)
. -

The determinant of a matrix A is denoted by |A|.
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We perform the same transformation as in the one-dimensional case, but with
the new Schrédinger operator Hy, lowest eigenfunction 1y and corresponding
eigenvalue \g. In this case we find:

1 1 1 1<
Jo (Hs = Xo) (o f) = 7o <—2V2 + izwfﬁ ZM) (of)

:—?VQ Yof) + fzw —§fzwz'

I e e 5 3¢03f_7
——Vf Zaxl&fcl 21/1f “o

+§f§jw3x?—5f§jwi
1 - 1 —
:77V2f+z Wi Tq xi*g g +§f;wl

This is equal to the generator L of the multivariate Ornstein-Uhlenbeck process.

Hence,

(=)o) =~ (<TDV V) = Lf, (1)
o 2

where D is the diagonal matrix

w1
w2

D= . . (112)

Wn

Since ¥, = D™, it follows from that 1o(x)? is (again) the stationary and
reversible distribution. In a similar manner, we find the multivariate equivalent

to :

g {f/\/(p,zﬂ)] IN(e=Ptp,e-Disge-Di4s, (1—e— 201))
t

(113)
fN(o,E*) fN(OE
Therefore, we can evaluate the time evolution for a wave function of the form

fN (&, Z0)

U(x,0) = ™
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We use the normalization condition to calculate C:
2 . 2 f./%/(llqzo)
|U(z,0)[ de = | |C|" —3—
n n wO
2
_ |C| V |E*‘ e—(az—u)TE[jl(:c—p,)—i—%:cTZ:l:cdw
(2m)n/2 |So| Jrn

2 7/
_ |C| |Z*‘ e—%uTE:lu

(2m)n2 (|

T -1 —1 Tsy—1 Ty—1
/ eféw 28, =X Ne—p" X pt2u” X T e
n

2
_ IC] 2] RYTED DLYTRE, JYRD ikl 0 Shi Vit Rakd Sty ™)
— ‘Eo| |2261_Z;1’e

) cp
V2Zosit - 53507
—1

eprzglquzuT(zzo—lzi72*)—1;;

In order to have a converging integral, we must have that ¥, - %E;l is positive
definite. For C' we find

C = {/|2808 ! — S3m? e N uon @S0 T (g
Then, in imaginary time we have

(e—tHS\I,) (z) = (woet(L—élDl)JochiZ(;Eo)) (z)

_ Cwoe—%must |:fN(H720) ]
Ino,x2)

_ C@iélDlt f/\/(e_Dtu,e_D"Eoe_Dt-&-Z*(l—e—QD‘))

Yo

Changing back to real time gives us the final result:

(e t) = G bIPI P i Ve D e 00 (115)

_ el VB ew@) s emwriat e (1)

(2m)"/2 ||
where _ _ _
Et — ef’Lthoelet 4 Z*(l _ 6721Dt) (117)
and ‘
p(t) =e"Pp. (118)
Note that if Xy is a diagonal matrix, then the obtained result is the product
of n one dimensional solutions. This result is quite straightforward, since

the Hamiltonian and the initial condition are simply the product of n one-
dimensional cases.
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6.4.2 Harmonic Potentials in Arbitrary Directions

If we have harmonic potentials in arbitrary directions, then we consider the
Schrodinger operator in its general form:

H, = —%W + %@,A@, (119)

where A is a real, positive definite matrix. Note that in the preceding section
we looked at the case where A was a diagonal matrix with eigenvalues w?. As
was explained in section we can consider A to be symmetric without loss

of generality. Since A is symmetric and positive definite, it has strictly positive

eigenvalues, say {w?,w?...,w?}. Furthermore, it can be diagonalised by some

orthogonal matrix Q:

A=Q7'D’Q=Q"D%q, (120)
with

w1
w2
D= ) . (121)
wWn

The rows in @ correspond to the eigenvectors of these eigenvalues. We define

B =Q"DQ. (122)

Note that B is again real and symmetric with eigenvalues {wi,ws...,w,} and
B? = A. By substituting (120 in (z, Az), we find

(x, Az) = (x, Q" D*Qx) = (Qx)" D*Qz = (Qz, D*Qu). (123)

Let g : R™ — R™ be the function given by g(x) = Qx, then g~ (x) = QTx. We
use

fl@)=(fog  og)(@) = (foy ")(Qu), (124)
together with (123) to rewrite the Schrodinger operator in (119)) to:

H.f(@) = —5V(fog™)(Qa)+ 5 (Qw, D*Qx) (fog ) (Q) = H.j(Z), (125)

where
T =Qx
f=(fog™
H ——1V2+1<~ D)
s =5 23:, z).

The Laplacian is invariant under orthogonal transformations [12]. Hence,

- ley 1
H,=—-V*+ 5@, D?%), (126)



where .
723 o
P 072’

The resulting operator H, is identical to the H, in (106)), where we took the
harmonic potentials to be along orthogonal axes. The ground state v is defined
analogously:

~ 1 1
Yo(x) = Po(Z) = \/WW6_2

_ 1 e~ H(PR)T (D)1 (Pa)
(27T)n/2|lD—1|1/2

_EmT(%B—l)—lm
(27 n/2| B- 1|1/2

Iar0,1 -1y (). (127)

We perform the same transformation to obtain:

1

NES) (Hs — Xo) (o f) (x) = 1/)01 5 ( )\0) (l/;of) ()

TQTDQV 4 v2>
=— (—mTBV + 2v2> f(z).

We found that the transformed operator is again equal to minus the generator
L of the multivariate Ornstein-Uhlenbeck process, but in this case L contains
the non-diagonal, symmetric matrix B:

1

0@ (Hs = Xo) (Yo f) (x) = — (—a:TBV + ;V2> flx) = —Lf(z). (128)

From (|127)) and it follows that 1o(x) is again the reversible distribution.
Hence, we find the following equation in a similar manner as for the orthogonal

case stated in (113):

s, l IN(,z0) ] _ fN(e*Bfu,e*Btzoe*Bw%B*l(1—e*23f)). (129)

fN(o,%Bfl) fJ\/(O,%B*l)
Therefore, we can evaluate the time evolution for a wave function of the form

f/\/ (1, 20)

U(x,0)=C ™
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In order to have a converging integral in the normalization condition, we must

have that X3! — B is positive definite. For C' we find

C= {‘/|4ZOB — 452 B2|e3k T w2l (5B BT
Then, in imaginary time we have

(eftHS\I/) (w) _ <w06t(L;>\0)wlochEZO,Zo)> (:c)

:C’ll)(]e_%lB‘tSt [ fN(HvEO) ‘|
Inwo
‘BltfN(ethpqethEOeth_;'_%Bfl(1_672Bt))

Yo

Changing back to real time gives us the final result:

= Ce_%

—%i|B\t fN(e—iBtM7€—iBtEOe—iBt+%B—1(1_6—2iBt))

U(x,t) = Ce
(1 Yo
/1381
—Ce 3BV 2T s S @m0

(27T)n/2‘2t|

where ,

By = e PEge P 4 L1 - oY
and

p(t) =e Py
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7 Conclusion

By performing a ground-state transformation on the Hamiltonian of the quantum
harmonic oscillator and by going from real to imaginary time, we were able to
calculate quantum state time evolutions from the evolutions of the corresponding
distributions in the Ornstein-Uhlenbeck process (and vice versa), which in our
case were Gaussian distributions.

7.1 One-Dimensional Case

In section B.1.3] we have calculated that Gaussian distributions in the Ornstein-
Uhlenbeck process remain normally distributed over time, but with changing
mean and changing variance.

N (i, 00) = N (e, 03e20t 1+ 52(1 — e=20%)) (134)

Hence, the mean will approach zero over time and the variance will converge
to the invariant variance o2. In section we found the time evolution of
the one-dimensional quantum states that corresponded with these Gaussian

distributions. The final result we obtained was

4 2 _(e—peTiwH2 42 g
(e, t) = OV 2T T e P (135)

\/2mo?

with ‘ ‘
o} = oge 2 4 o2(1 — e 2wty (136)

The value corresponding to the mean value of the Gaussian distribution is equal
to pe~ ™! This value is now circling around zero in the complex plane instead
of converging to it. This follows from the switch made from real to imaginary
time causing the exponential to be complex. Therefore, |¥(z,t)|? will show an
oscillating, periodic behaviour from side to side with period T' = 27” This is
equal to the behaviour of the classical harmonic oscillator as in section
Likewise, the value of o7 is also now circling around the value of o2 in the
complex plane. From ({136]) we have

0? — 02 = (0} — o%)e 2, (137)
Therefore, limy_, oo 7 fOT(at2 — 02)dt = 0. This type of convergence is called
Cesaro convergence.

Because of the complex value of 02, evaluating the function |¥(x,t)|? analytically
soon becomes really messy. In order to get a view of the function |¥(z,t)|?
nonetheless, Matlab was used to plot it over time. In figure [5| the function
|W(z,t)|? is depicted for times t = 0,¢ =L and t = Z.
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Figure 5. Plot of |W¥(z,t)|* for times t = 0,¢t = 7~ and ¢ = Z. The parameters were
set to: p=12m, w=3rad s, oo = % m and o« = 1 m. The harmonic potential is

plotted as well, but scaled by a factor of Vx = V/(10h).

7.2 Multidimensional Case

In section [3:2:3] we have calculated the multivariate analogue of [I34] The matrix
B in the definition of the multivariate Ornstein-Uhlenbeck was considered
symmetric and invertible. We found

1
N(p, o) 5 N (e_Btu, e Btyge Bt 4 §B_1(1 — e_QBt)) (138)

Again, the mean converges to zero and the covariance matrix converges to the
invariant covariance matrix %B —1. For the case with harmonic potentials along
orthogonal axes, the matrix B was equal to the (real) positive definite diagonal
matrix D and for the case with harmonic potentials in arbitrary directions, B
was more general, i.e. real, positive definite, invertible and symmetric. The
final result we obtained was

4 lB_l
U(x,t) = Ce*%i“f”‘fi|2 | er (@) 8 @ tiatS e (130)
(2m)n/2 ||
where 1
Yy = e BiNge Bt ¢ 5B*1(1 — e 2iBh) (140)
and 4
u(t) =e By, (141)

Note that for the diagonal case we introduced X, = %D’l. We see that 3; and
w(t) show the same behaviour as their one-dimensional analogues.
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7.3 Coherent States

In chapter [5| we derived that coherent states are Gaussian wave packets with
oscillating mean and constant variance. If we set 07 = o2, then the variance of
the Gaussian in the Ornstein-Uhlenbeck process remains constant over time.
Therefore, starting from this distribution we should expect to arrive at the time

evolution of coherent states. We have

_e—iwty2 2 . 2

1 _(z—pe ) £27%,Lwt7/-b2
o

F 4

\I/(l‘,t) — e 202 4 20

V/2mo2

(142)

. . . . . 2 1 _ z22 1.9
We rewrite this expression by substituting oy = 55 = 267 = 370
1 1/4 L _1272u16—iwf:+“26—271mt+ 22 2
\I/(QS,O) — > e Wi, 202 402 202
THT

1/4 2 —iwt 2 )
. _ =z pxe K —2iwt
_( 1 > e S s (Lt )

2
TGT

)

1/4 v v )
1 X £2 —iwt —iwt —iwt
= (2 e*%w}te—T—&-\/ﬁ“e”* {—Re(“eﬁ* )“60*
ToT
0

iwt

where a(t) = “— . The resulting expression is indeed equal to the time
evolution of the coherent state with eigenvalue o = £ (83). For |¥(z,t)|* we
find the following expression:
9 1 _(m72ucos(wt))2
| U (z,t)|* = 203 : (143)

e
\/2mo2
2

This is a Gaussian with oscillating mean 24 cos(wt) and constant variance o2.

Substituting X9 = X, and X = %B ~1in the orthogonal case and non-orthogonal
case respectively gives us the multidimensional analogue of the coherent states
defined in chapter [}} The probability densities are multivariate Gaussian
distributions with oscillating means p(t) and Q7 u(t) (and constant covariance
matrices). Here

2p1 cos(wit)

uity = | 12| (144)

2y, cos(wpt)
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7.4 Overview

An overview of the conclusions for the one-dimensional case is given in table
The same overview for the multidimensional case does not bring us new
insights.

Table 1. Overview of some corresponding concepts and corresponding properties of
the Ornstein-Uhlenbeck process and the quantum harmonic oscillator.

Ornstein-Uhlenbeck process e Quantum harmonic oscillator
Generator Hamiltonian
otL o—itH
Evolution of distributions Quantum state time evolutions
N (i, 00) = N (e, o0y) General result of ([135)
N, 02) 5 N(pe=,0,) Coherent state time evolution
[ pue? Oscillating behaviour of |¥(z,t)|?
o? converges to o2 o? Cesaro converges to o2
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