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ABSTRACT

In this thesis we discuss Mori Projected Time Dynamics in a quantum mechanical system. As a
precursor to calculating the time derivative of a mixed state of the system we examine the deriva-
tion of the Mori-Zwanzig formalism and different ways of calculating the time dynamics of various
quantum systems. We consider the exact calculation of the time derivative of a mixed state. We
then calculate the same time evolution using Mori Theory and compare the two results. From the
general calculation of the Mori Equation we were able to perform a series of simple tests to compare
Mori Theory to the known result. We discovered that in each of the three simple cases the Mori
Equation and the direct calculation of the derivative give the same result, but in the more compli-
cated situations the two calculations differed. This result leads us to believe that the Mori Equation

is an accurate way of calculating the derivative of a mechanical variable in a quantum system.



1.0 INTRODUCTION

In this thesis we discuss Mori Projected Time Dynamics in a quantum mechanical system. Mori
theory is a way of calculating the time dynamics of any variable of a system in statistical mechanics.
The Mori theory allows a person to: (1) know the full solution of the time evolution of a system;
(2) see the random force and the memory kernel calculations allowing the reader to more clearly
understand how the function evolves in time; (3) use the projection operator to understand how a
system evolves in time without a particular mechanical variable; (4) isolate one mechanical variable
of the system and analyze its time dynamics; and (5) reduce the likelihood that any category of
effect will be overlooked during the calculation and keep track of possible classes of effect!12].

As a precursor to calculating the time derivative of a mixed state of the system we will look at
the derivation of the Mori-Zwanzig formalism and different ways of calculating the time dynamics of
various quantum mechanical systems. After determining the best calculation of the time dynamics
of a mixed state we will calculate the time dynamics using Mori Theory and compare the two results.
In this case the ”best calculation” of the time dynamics of the system will be the one which presents
the least complicated form so it is easier to compare the two calculations.

We will look at two distinct types of quantum systems, the perturbed harmonic oscillator and
the two level perturbed spin system. We will calculate the time dependence of the eigenstates of
the perturbed harmonic oscillator in two ways: first, using classic perturbation theory, and, second,
applying the Hamiltonian to the wave equation to propagate the expression forward in time. We also
calculated the time dependence of a perturbed two particle spin system using classic perturbation
theory. After looking at the results of these two calculations we decided that it would be best to use
a mixed state of an unperturbed system and take the direct time derivative of the state.

We will then try a test calculation of a projection operator on a two state Hamiltonian by
projecting out a pure eigenstate of the system. After determining that the projection operator
performs in the way expected and projects out the state from the system with no other complications,
we do a second calculation on the system with a mixed state as the state to be projected out. Using
this information we will calculate the rest of the Mori expression and compare our results to the

actual time dependence of the system. One of the complications we have in this system is the
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exponentials. To determine how the operators act on the quantum system we will use a first order
Taylor Expansion for 6_%, which will cause our Mori theory result to differ at least slightly, in

some cases, from the exact answer.



2.0 LITERATURE REVIEW

During the literature review portion of this thesis we looked at various papers. The papers described
below are a representative sample of those looked at and what we were looking for. Our main goal
was to find someone who had done a calculation of the Mori Projection Operator and the Mori
Theory in a quantum mechanical system. We unfortunately were unable to find anyone who had

looked at this problem to our satisfaction.

2.1 Elementary Lectures in Statistical Mechanics

Phillies!!2! discusses many of the elementary and more advanced concepts in Statistical Mechanics.
Our objective was to learn Gibbsian statistical mechanics well enough to use Mori projected dynamics
to determine the behavior of a Mori Projection Operator on a quantum system. During this portion
of the research we covered many of the chapters and questions of this book to make sure I had a
firm grasp on all of the concepts we would need to solve this problem. This particular portion of
my research also helped me to read and understand many of the finer points of Mori’s paperm,

”Transport, Collective Motion, and Brownian Motion paper.

2.2 "Transport, Collective Motion, and Brownian Motion”

Moril”l discussed his formulation of the Mori Projection Operator and the Mori equations for cal-
culating a Brownian system using a classical mechanical system. This paper was the motivation for
our research. Mori discusses a classical system of particles but does not discuss a quantum system
of particles. Our goal was to apply Mori’s theory to a quantum system to determine what happens

when you project out a part of the system.

2.3 "Relaxation In Interacting Arrays of Oscillators”

Tsang and Ngai[13] discussed a system of interacting arrays of globally coupled nonlinear oscillators

and are primarily focused on the decay of the phase coherencel13l. Our objective was to find an
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explanation of Ngai’s Random Hamiltonian. The paper did prove to be useful to our study because
it gives an example of the treatment of a system of a perturbed system. Since we are using a system
of weakly coupled harmonic oscillators it is important to know all of the different possible behaviors
of the system. One of the most useful conclusions is that the coupling of the interacting arrays slows
down the relaxation of any one of the interacting oscillators!13]. This paper allows us to look at
the time dependent relaxation behavior of the system we have chosen and confirm how it relaxes.
While this paper is not quite along the lines of our paper its general treatment of the system was

extremely helpful in getting started.

2.4 ”Basic Physics of the Coupling Model: Direct Experimental Evidences”

Ngai and Rendell Bl treat a system of coupled harmonic oscillators and crystal systems. Our
objective was to find an example of the Ngai Random Hamiltonian but we did not find an example
in this paper. One of the large differences between crystal systems and the one we are looking at
is that this paper treats large classical systems while we would like to treat a quantum system.
This paper was mainly useful because it detailed the behavior of various different coupled systems,
giving us an overall view of the coupled model and how the relaxation time is affected by different
conditions (i.e. high temperature limit, low frequency, etc.). From this paper we were able to see
that even though many systems can be modeled by coupled harmonic oscillators their behavior can

be radically different depending upon their individual properties.

2.5 "Dynamics of Relaxing Systems Subjected to Nonlinear Interactions”

Ngai and Whitell1 treat a system of coupled particles. This paper addresses relaxation of the
Fermi-stadium map with different R’s(101, While this topic diverges significantly from the topic of
study in this paper, our objective was to find an example of a random Hamiltonian or something
else about this system of coupled harmonic oscillators would help with our model. Unfortunately

we were unable to find any aspect of the paper that would assist us in our analysis.



3.0 BACKGROUND RESEARCH

3.1 Proving the Mori-Zwanzig Identity From the Langevin Equation

To study the Mori Projected Time Dynamics proving the Mori-Zwanzig Identity is the first step.
The Mori-Zwanzig formalism systemizes non-equilibrium calculations in a way that reduces the
likelihood that any physical effect will be overlooked. The formalism keeps track of possible classes
of effect[121, Understanding this particular identity and the steps leading to it are crucial to applying
the projected time dynamics to a simple quantum mechanic harmonic oscillator or any oscillation

system. We first provide a calculation that motivates the Mori-Zwanzig Identity’s derivation:

ap(t) _  .p(t)
= F), (3.1.1)

simplified,

%f):_{écmfu—g%?}+F@, (3.1.2)

where p is the momentum, m is the mass, ¢ is the time, f(¢ — s) is the memory function, f is the
friction factor, and F(¢) is the random force. The reason that we use the Mori-Zwanzig equation
instead of the Langevin equation is two fold: First, the Langevin equation has a lot of ad-hoc
assumptions, while we want to do something that has more concrete assumptions. Second the
Langevin equation is not derived from the Louiville operator or the Hamiltonian. We would like to
look at something that begins with exact dynamics and resembles the Brownian equations of motion
more closely when we are finished with our calculation.

To further explain the variables f and F(¢) we must make two assumptions: Assumption

1: f(t — s) must be the memory function and have the form f §(¢t — s); and Assumption 2: The

__ 3kpT

—m

equilibrium result (v2(t)) is true regardless of the time at which (v?(¢)) is determined. Using

the assumption that the equilibrium result is true regardless of the time at which it is determined,

f and F(t) can be shown to be related by

fzgéwwwymet (3.1.3)

That is, f is the time-correlation function of F.
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We will now begin our derivation of the Mori-Zwanzig Theorem by defining the projection oper-

ator, normalized autocorrelation function, frequency matrix, part of A(t) not correlated with A(0),

and part of A(t) not correlated with A(0) to be:

Projection Operator
(A*(0), )A(0)

PA= 0. A0y

Normalized Autocorrelation Function

Frequency Matrix

Part of A(t) Not Correlated with A(0)
A() = (T - Pa) A(t).

Part of A(t) Not Correlated with A(0)

K(t) = (I — Pa) A(t).
Now it is possible to re-define A(t) and A’(t) using (3.1.5)-(3.1.8)
A(t) = (Pa+1— Pa) A(2),

which gives us

A(t) = ZA(0) + A'(1).
We now define the relationship between A(t) and L, the Louiville Operator:

dA
2 LA®).
dt ®)

Multiplying both sides of (3.1.11) by I — P4, where I is the identity matrix,

(1= Pa) S8 = (1~ Py LAG).

Using (3.1.10) in (3.1.12) we replace A(t) with ZA(0) + A’(t)

(1= Pa) S =21~ Pa)LAQ) + (1~ P4 LA,

(1]

Simplifying the first term of (3.1.13),

becomes

(I —Py) U _= (I — Pa) A(0) 4 (I — Pa) LA'(t).

(3.1.4)

(3.1.5)

(3.1.6)

(3.1.7)

(3.1.8)

(3.1.9)

(3.1.10)

(3.1.11)

(3.1.12)

(3.1.13)

(I — Pa) LA(0), by using the definition 42 = LA(t), (3.1.13)

(3.1.14)
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We then use (3.1.8) to replace (I — P4)A(t) with K(¢) in (3.1.14), such that

(I — Py) 2= = EK(0) + (I — Py) LA'(L). (3.1.15)

Rearranging the left hand side of (3.1.15) by applying the derivative in 44 t5 the entire term

dt
4 (] — Py) A, yields
%(I—PA)A:EK(O)+(I—PA)LA’(t). (3.1.16)

We now see from (3.1.7) that & (I — Pa) A = %. Using this result on the left hand side of (3.1.16)
and rearranging gives

EK(0) = dcﬁ/ — (I — Pa) LA (t). (3.1.17)

Now that we have a simplified differential equation for % (I — P4) A, we can solve (3.1.17) by

applying simple differential calculus
t
A'(t) =exp[t (I — Pa) L] A’(0) + / ds Z(s)exp[(t — s) (I — P4) L] K(0). (3.1.18)
0

The first term on the right hand side of (3.1.18) is 0, because A’(0) = 0. To confirm this we start
with the expression (I — P4) A(0)

A'(0) = (I — Pa) A(0). (3.1.19)
We expand I — P4 in (3.1.19), obtaining
A7(0), A(0))
A'(0) = A(0) — <7’A(O). (3.1.20)
(A%(0), A(0))
Now it becomes clear that A’(0) = 0, because m% = 1 and therefore (3.1.20) becomes
A’(0) = A(0) — A(0). Eliminating the first term of the left side of (3.1.18) gives
¢
A(t) = / ds Z(s)exp[(t — s) (I — Pa) L] K(0). (3.1.21)
0
Now it will be helpful to define a variable f such that

f(0) = K(0), (3.1.22)

and

f(t—s) =exp[(t — s) (I — P) L] K(0). (3.1.23)

Using the newly defined f(t — s) it is possible to simplify (3.1.21) to

A(t) = E(£)A(0) + /0 ds Z(s)f(t — s). (3.1.24)
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Now we must make another assumption: Assumption 3: The system is time reversal invariant,
because the Louiville operator e’ has time reversal invariance. By assuming that A(t) is time
reversal invariant we can rearrange convolutions of A(t) without changing the core of the expression.
In the next steps we will use this assumption repeatedly.

Time reversal invariance guarantees that

A(—t) = E(—1) A(0) + O_ ds Z(s)f(—t — 5). (3.1.25)

is also true. The convolution of the integral makes it possible to rearrange (3.1.24) to

t
A(t) = S(1)A(0) + /0 ds Z(t — 5)f(s). (3.1.26)
Taking the derivative of (3.1.26) with respect to ¢ yields
dA d= bodE(t—
20 O 50y + [ /0 as B2 s)f(S)] + 1), (3.1.27)

There are two distinct portions of (3.1.27): the portion dependent upon the random force f(s);

and the portion not dependent upon the random force. The two portions of this expression are,

respectively,
[/0 ds d:(zt_s)f(s)} + f(t), (3.1.28)
d=(t)
i A). (3.1.29)

The ability to separate (3.1.27) into two different portions allows us to confirm that (3.1.3) is a

proper definition of the Langevin random force.
dE(t)

To proceed in further interpreting (3.1.27) it is necessary to explicitly determine ===. Using
(3.1.5) we find
_ vy dA(D)
d=(t) _ (A40) 452 (3.1.30)
dt (4*(0), A(0)) ° o
In (3.1.30) we replace dflit) with A(t)
= (AT0),AW) .
ar  (A0),A0) (3131
The projection operator P, with respect to A(t) is
(A*(t), )A([)
Pagy = ol ) (3.1.32)
WA (D), A®)
We apply the projection operator in the form I = Py + I — P to (3.1.31), gaining
Eo_, (AO4A0) o (40.40) -
Br7al A(t)WJF(— A1) (3.1.33)

(A%(0), 4(0)) ”
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Expanding Py, as seen in (3.1.32), the expression in (3.1.33) becomes

d2(t)  (A(1), A(t)) (A*(0), A1) (4%(0), (I = Paw) A1)

dt -~ (A*(1), A(t)) (A*(0), A(0)) TA(0). A(0) (3.1.34)

Using the property (I — Pa) % = (I — P4) LA(t) from (3.1.8) we replace (I — PA)A(t) with K (t)
such that (3.1.34) is

(1), A1) (A7(0), A(t)) | (A*(0), K(1) (3.1.35)
4 : _ 1.

(A*(0), K(1))

” t),A(t)>E(t)+ (A%(0), A(0))" (3.1.36)

At this point we must make one more assumption: Assumption 4: Q is time invariant. Since {2 is

time invariant (3.1.6) can be expressed as

o AOA0) (A @Aw) .17

®,A®)
d=(t) - (A*(0), K (¢))
- _“24ﬂ+mﬂmA@> (3.1.38)
Because A(t) is time translation invariant, we write
(A% (O)K (1)) = (A" (~D) K (0)), (3.1.39)
and thus .
A*(—t) = E*(—t)A*(0) +/0 ds E*(s)f* (=t —s) (3.1.40)
Using (3.1.39) and (3.1.40), in (3.1.38) we replace (A*(0)K (t)) with
([Ernaz© + J; " ds () f7(~t = )], K(0))
= “(—)A(0) + [, "ds E () (~t = 5)| K (0)
Zt<[ &() A0) } >+K%E@. (3.1.41)
Again using the assumption that A(t) is time reversal invariant
= (A0, AC0) 4+ 0), A(0)) = A D AOD ey a0y = 2 0). (3.1.42)

) = " 0), 40))

Looking at the interaction of (K (0)=*(0)A*(0)) we see that

(K (0)=*(—t)A*(0)) = =(¢) <A*( ), (I — Pa) ‘Z‘> 0. (3.1.43)



Background Research 14

Inserting (3.1.43) into (3.1.41) we get the simplified expression

d= - ds (E(=s)f"(=t —s), K(0)) +iQ - E(t). (3.1.44)

dt — Jo (A*(0), A(0))

Using (3.1.22) to replace f(0) in (3.1.44)

=[N B TO)] g o
dt [/0 ! (A*(0), A(0)) }JF Q-E(1). (3.1.45)

Since E(—t) is constant it can be pulled out of the brackets and so (3.1.45) becomes

E [ o =)
dtUO ds 29 0y, A0)) % .

We now change variables from —s to s, use time reversal invariance, and replace (f*(—t—s), f(0)) —

(£*(0), f(t — s)) so (3.1.46) becomes

= e O8]
2. [_/O ds H(S)W(OM(O»] +iQ-E(0). (3.1.47)

(1]

(t). (3.1.46)

Since the integral is a convolution it is possible to exchange t — s and s, so (3.1.47) becomes

d= {(f(0)f(s))

— = |- t sE(t—s ) )=
7 —[ ; ds 2(t )<A*( 0), A(0)>]+ Q-E(). (3.1.48)

At this point we must define a function ¢(s), the Mori-Zwanzig memory kernel, to be

_ (f70), f(s))
o(s) = CA(0), A(0)) (3.1.49)

Using the memory kernel in (3.1.48) 9= becomes

d= ¢
E _inz() —/O ds St — 5)6(s). (3.1.50)

Exchanging ‘fl—f in (3.1.27) with the expression in (3.1.50) to obtain

dillz(f :{ZQ” /dsut—s )]A(O) {/0 ds |:ZQ~ /dsut—s )] f(S)}+f(t)'

(3.1.51)
Rearrange (3.1.51) and apply (3.1.40) such that iQZ(t)A(0) + fg dsiQZ(t) f(s) is replaced with
iQA(t), and — fg dsE(t—s)QS(s)A(O)—fOt ds fg dsZ(t—s)¢(s) f(s) is replaced with f(f ds¢(s) A(t—s),

yielding
dA(t)

g el U ds ¢(s)A(t ~ s)] + 1), (3.1.52)

which is the Mori-Zwanzig identity[u}.
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3.2 One Harmonic Oscillator With Perturbation

The perturbed harmonic oscillator and its time propagation will be the foundation on which our
Mori-Zwanzig formalism is based. Later in this paper we will take a perturbed quantum system,
attempt to project out a random mixed state, and then calculate the time derivative from the Mori-
Zwanzig formalism. To do this, however, we will first outline how the perturbed wave function
propagates in time using a more well known method. A system of weakly coupled, perturbed
harmonic oscillators is examined to demonstrate how the second order perturbed wave function
can be found on a system that is directly coupled to its neighbor states. After determining the
time evolution of the perturbed wave function using perturbation theory we will calculate the time
evolution of the perturbed wave function by applying the Hamiltonian to the wave function two
times, to propagate the wave function forward two time steps. We calculate the time dependent
wave function in the two methods described above in order to determine which method will be best
for looking at the time dependent behavior of our final system, and comparing to the Mori-Zwanzig
Equation.

The particular Hamiltonian chosen for this system is:

W

N[—=
N
rojot

(IR

b
hw
b

0 (3.2.1)
0

2 0
b b
0 hw
0 b
0 0

St o O ©O O

0
0
b
hw
b

N©

b
o 0 0 - b T

where Hop is the Hamiltonian, 7 is Planck’s Constant, w is the oscillation frequency of the system,
and b is a small perturbation. This particular Hamiltonian only extends to n = 9 because we wanted
a Hamiltonian that was large enough to represent the system, but small enough that our calculations
could be analyzed without ”blowing up” to unmanageable proportions.

Some of the properties of this Hamiltonian are:

1
(n|Hopln) = (n—l— 2) hw, (3.2.2)
(n|Hop|n + 1) = b, (n|Hop|n — 1) = b, (3.2.3)
(n+1|Hop|n) =, (n—1|Hop|n) =, (3.2.4)

(n|Hoplm) =0 m#{n, n+1, n—1}, (3.2.5)
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(m|Hopln) =0 m#{n, n+1, n—1}. (3.2.6)

where |n) is the eigenstate of the system. |m) and |n) are energy levels. In this case the couplings
between n and n—1 or n+1 represent stepping down or up an energy level. When the highest energy
level |npqz) is evaluated, (npmae + 1Hop|Mmaz) and (Mpmaz|Hop|Nmae + 1) are 0, not b, because an
energy level n,q.+1 does not exist. Also when evaluating the lowest energy level of this system,
(—1|Hop|0) and (0|Hop| — 1) vanish because the energy level —1 does not exist.

Here we calculate the second-order perturbed wave function and then we will take the original
wave function and apply it to the Hamiltonian two times to see what advancing the wave function
forward two time steps yields. In the case of a perturbed system one of the first fundamental
calculations is that of the perturbed wave function. The second calculation moves the unperturbed
wave function forward two time steps and is less conventional in quantum mechanics.

To calculate the second-order perturbed energy one must first calculate the perturbed energy, and
the first-order perturbed wave function. Calculating the perturbed energy starts with the general

formulation[Q] :

(nfolm)[*

;o - |
E! = E, + (n|v|n) + mz::o 5B, (3.2.7)

where E! is the energy of the perturbed system, E, is the energy associated with level n, E,, is
associated with level m, and v is the perturbation, b, in our system. From the Hamiltonian, Hpp,

we know that only the directly off diagonal terms have energy values so in general we can say that

= - (3.2.8)

00 2 2 2
3 [(nlvlm)|” _ [(nfoln = D" [(nfvln +1)|
m=0 En - Em En - En—l En - En+1

The unperturbed energies are calculated as

E, = <n + ;) hw, (3.2.9)
1

E, 1= <n — 2> hw, (3.2.10)
3

We also know from our Hamiltonian matrix
(nlv|n) =0, (3.2.12)

because the perturbation does not affect the diagonal terms of Hop. Using (3.2.9), (3.2.10), and
(3.2.11), when n # {0, nymas } we find

o |(nlolm)* _ b* 2
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When n =0, E’ does not vanish because |n — 1) does not exist. For n =0, (3.2.8) is evaluated as

= (0 0[w|1)]?
> HOlolm)l” |”|m =0 753 |”_‘]>3| : (3.2.14)
m—0 n 0 1

which becomes

(O]v|m)| b?
Z |E|_|E =7 (3.2.15)

If n is the maximum state Y, % = g—w. Looking back to (3.2.7) and using the calculated

properties from (3.2.12), (3.2.13), and (3.2.16) the total perturbed energy is

hw b> _
5 e n=0
Epn=¢ (n+3)hw n # {0, Nnas

2
(nmam + %) hw + F%u N = Nmax
Now that we have calculated the first-order perturbed energy we calculate the first-order per-

turbed wave function. The first-order perturbed wave function?! is
|\Illst order) = |\IJ(O)> + |\II(1)>7 (3216)

where |U(t)) represents the wave function and |¥(™) represents the change in the wave function at

the n* time cycle (i.e. |¥M): first-order, |¥(?)): second-order, etc.) more specifically!?)

m vin
|\1115t Orde'r = E | E |—‘E‘ (3217)
m#n

Using (3.2.17) and the energy values found in (3.2.9)-(3.2.11), we find for the perturbed wave function

0) = 7511 n=0
|\Illst 0rde7"> = |n>+%(|n—1> - |TL+1>) TL?AO
IMmaz) + %hlmax -1) N = Nmax

The second-order perturbed wave function (]
|Wana opder) = [0 + [¥W) 4 |¥2) (3.2.18)

To simplify the calculation, |¥(?)) is calculated first and then incorporated into |¥). The expression

used for calculating [¥(?)) is

2)\ — (Uv|k){klv|n) _ (n|v|n){lv|n) _1 Mn
[w2)) ; ’;(EFEZ)(EWE,C) (En— ) 1) 2%(&—&)' ). (3.2.19)
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where k labels the energy levels!!l. Using (3.2.12) we eliminated the second term of (3.2.19), leading

to

(l|v|k) (k|v|n 1 Eloln)|2
=22 & _|jl;l E'_>Ek)ll>—ZM|n> (3.2.20)

l#n k;ﬁn k#n
In the first term on the right hand side of (3.2.20), k can only be k = {n — 1,n + 1} for (k|v|n) # 0.

Using the limitations for k, [ also is restricted to I = {n — 2,n + 2}. Evaluating the energies for each

value of n, k, and m the associated energies are

1

E, = (n + 2) hw, (3.2.21)
1

E,_ 1= (n - 2> hw, (3.2.22)
3

Eniq= (n + 2) hw, (3.2.23)
3

E, o= <n - 2> hw, (3.2.24)
5

Bpyo = <n + 2) huw. (3.2.25)

To calculate |¥(?)) we use the properties of our Hamiltonian, shown above, to eliminate terms in
which k and m are not n, n — 1, n+ 1, n — 2, and n + 2. Applying equation (3.2.20) and the above

rules for k and m

@) <n—2lvln—1>2§n— 1\vln>|n_2>+ <n+2lvln+1>2<n+1\v\n>|n+2> _
(hw) (hw)
_ L=t [t o) |
5 (hao)? + (o) In). (3.2.26)

Using the energies calculated in (3.2.21)-(3.2.25), we replace the off-diagonal expectation values with

b such that \
W@y = (;)2 (n—2) + n+2) — n)]. (3.2.27)
As before there are four special cases. Since there is no value for |n — 2) or [n — 1), when n =0
b? b?
| =0 2n4 order) = (1 - W) 0) + @7)2\2) (3.2.28)

When n = 1, there is no value for |n — 2) and

b b? b b?
|\Ijn:l 2nd order’> = ﬁ|0> + (1 - (w)2> |].> - ﬂ‘2> + W|3> (3229)
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On the other end of the energy spectrum, when n = n,,,, — 1 there is no eigenstate for n =n + 2

b2 2

()

2 |n7naw - 3>

b
Nmaz — 1 + — Nmaz — 2) — Nmax +—=
) | )+ 750 ) = [Mmaz)) (7o)

| nmrpan—1 274 order) = (1 -
(3.2.30)
Our last special case is when n. = n,,,4,. In this case there is no eigenstate forn =n+2and n =n+1
SO |‘I’n:nmm 9nd order) 15
b2 b b2
(hw)2> [nmaz) + %‘nmax -1)+ Wmmwc —-2). (3.2.31)

Inserting (3.2.27) and (3.2.28)-(3.2.31) back into (3.2.26) the second-order perturbed wave function

|\Iln:nm[m 2nd order> = (1 -

becomes

2
(1= 5252 ) 10) = 11 + G5z 12) n=0
2
%|0>+(1 (m)2)|1> i12) + 555213) n=1

(1—%) n) + £ (jn—1) — [n+ 1)) +
(hu)2 (|n_ >+ |n+2>) n # {Ovlanmam_l»nmam’}

| \:[127“1 m"der> =

2
(1 - (hbT)z) |nma1 - 1> + % (|nmaw - 2> - |nma1:>) +

(hw)z |nmam - 3> N = Nmazr — 1

2 2
(1 - (hbT)’z) |nmax> + %‘nmar - 1> + (hbT)Q|nmaa: - 2> N = Nmazx
(3.2.32)

The most interesting part of this calculation is that using the same small perturbation for each off
diagonal matrix element causes the perturbed energy to be the same as the unperturbed energy with
the exception of the first and last state of the system.

Now that the time independent perturbed wave function has been calculated, we evaluate the

time dependent perturbed wave function using the form from!]

ch\xp exp< “?;) (3.2.33)

Here |U(¢)) must be evaluated for five distinct cases: n = 0, n = 1, n # {0, 1, %maz — 1, Mmaz

Nmaz — 1, and Nyy,q.. We will start with the case where n = 0.

2 2
Wt oraer) = (1 - m%) 0) — 5 11) + (h”w)zm (3.234)
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The perturbed energies for the coupled harmonic oscillator are

b

1 2

Using the energy from (3.2.35)we calculated the time dependent wave function

W02t orter o) = l<1 - <fi)>> 0) = 21} + (;)M] oy (1 (2 )

(3.2.36)

To calculate the n = 1 case we will use the same procedure as for the n = 0 case.

b b2 b b?
WUond o —1)=—/0 1——||11)— —2)+ —=|3 3.2.37
‘ 2nd order n—1> hw‘ >+ ( (ﬁw)2> | > hw| >+ (hw)g‘ > ( )
The perturbed energies for this wave function are
3

FEy = Ehw (3.2.38)

Using the energy from (3.2.38)we calculated the time dependent wave function

|\Ij(t)2nd order n:1> = [;;“» + <1 - (7;;)2> |1> _ % 2> + (;;) |3>] exp (_ 322tw>

(3.2.39)
In general the time dependent wave function is
(Ot ) 1= ) m n = 1) = o+ 1)+
nd order) = ———— | n)—(n-1)—|n
2 d (hw)2 how
mdl (=5 o) o (=5)
+ n—2)+exp|——— n+2))|exp| ——%
G (=2 eo n+2)) [ exp (-
(3.2.40)

Remembering that |n+2) does not exist when n = 1,4, — 1, to calculate the value of the second-order

wave function one must amend (3.2.40) such that all terms with n + 2 are eliminated.
b2
(W ()2nd order npas—1) = 1 - (ha)?

b2 ( iE _1t)
4+ ——|Mmar — 3) | ex _ __Mmax "1
(ﬁw)Q‘ >] P 7

> |nmax - 1>+ % (|nmam - 2> - |nmax>) +

(3.2.41)

Similarly to (3.2.41) above n 4+ 2 and n + 1 do not exist when n = N4, S0 (3.2.40) then becomes
b2 b b2 1E' t
W (t)gna order N=Nmaz = 1- — | [Pmaz) + = Pmaz — 1) + ——=|"maz — 2) | €xp <—nmaz )
(B (0)21 orer nn ) K (hw)2>| )+ | '+ G >] :
(3.2.42)
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Using (3.2.33), (3.2.39), (3.2.40), (3.2.41), and (3.2.42) we constructed the time dependent wave

function
(1= )00 = s+ () 2] e (= (%~ 5)) m=0
2100+ (1 - g ) 10— 512) + ()18 exp (-242)  n=1

2
(1= 525) Imba (ln = 1) = ln+ 1)) +
b’ Byt iElt
+ (hw)2 |n - 2> + exp | — h ‘n + 2> eXp |\ — h n 7& {Oa 17nmax - 17nmax}

| lI/(t)Q”d orde'r’> =

2
|:(1 - (hbT)z) |nmaz - 1>+ % (|nmam - 2> - ‘nmaw» +

2 B gt
+ (hl;)z |nmaw — 3>:| exp (—71 nmﬁ” L ) N = Nmazx — 1

2
|:(1 - (hbT)Q) |nma:r> + %|nmaw - 1> +

2 iE7/177La;nt —
+ (hl;)2 |nmaz - 2>:| exXp (_ h ) = Nmax
(3.2.43)

Now that the perturbed wave function has been found, it is useful to expand the original time

independent wave function to be able to more quickly see the trends that depend upon n or the

energy level of the system. Initially we had expanded this wave function, replacing exp(— “E;L"t) with
its Taylor series, to see if this calculated form of the wave function will be comparable to the above
calculation and then iteratively applying the Hamiltonian to the wave function. This particular
calculation turned out to be different from our iterative calculation. The reason will be explained

later in the paper. Using Mathematica to expand (3.2.40) we see that |¥(t)ezpanded) Decomes
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3 t2w? (3 °
1+itw(2—n>— ;) (2—n>]|n—2>+

| ¥ (t)copanded) = (hl;)?

b (1 2w? (1 2
+ﬂ 1+ dtw s lgn |n—1) 4+
+ (1 - by 1 itw 4 +% 1y 2|>+

hw Tt T et "

b (3 e 2
+ﬂ 1+ dtw gtn)———{5tn In+1)+

b\’ ., (5 £2w? (5 2
+ " itw §+n - §+n —1| |n+2)

(3.2.44)

It is useful to keep in mind that, there are truly 5 cases for the wave function, n = 0, n = 1,
n # {0,1, %maz — 1, Mmaz}, " = Nmae — 1, and n = ny,q, and each has to be evaluated slightly
differently.

We may evaluate the perturbed system in the numerical way described above, by taking the
calculated perturbed wave function |¥(¢)) and advancing it forward two time steps, by iteratively

applying the Hamiltonian to |¥(¢)). In this case we see that the first iterated wave function is
i H
(W1 steration) = {|\If<°)> + (Zh) |\I/0>} At (3.2.45)

where \\Il/) is the wave function that will be iterated against the Hamiltonian and At is one time

step for the wave function. The second perturbation is
i H H?
|¥2 iterations) = [\If(% - (1]5) |w @) — h2|\I/(O)>At] At (3.2.46)
The successive perturbed wave functions were calculated use Mathematica. The first perturbation
was calculated in parts, first calculating only H|¥(?) and then adding it to the initial wave function.

Applying the Hamiltonian to the iterated wave function

hw b0 0 0 0
b (hw b 0 0 0
0 b 3hw b 0
|\Ill iteration> = 7 (3247)
0 0 b Ihw b 1
0 0 0 b Shw
0
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The result in general is

i Ath 1 1 i Ath
|\Ill iteration> = ZTW» - 1> + |:h + iAtw <TL + 2):| |n> + ! 7 |n + 1> (3248)

Again there are two special cases, n = 0 and n = npqq

(52 + 1) [0+ 524) =y
‘\Ifl iteration> = %h’L — 1> + [% + 1Atw (n + %)] |n> + %VL + 1> n 7& 0 (3249)
iAhtb|”max -1+ [% +1Atw (”mam + %)] [Nmaa) N = Nmazx

For the second perturbation
H o2
|3 iterations) = [\I'(O)> + (ln) o)y — ?|\11(0)>At At (3.2.50)

Using matrix multiplication as above it is possible to calculate the last portion of the perturbation

H?|w )

B’ g2 o p? 0
hwb 262+ 2 ypup b2
. | b2 Ahwh  2b? 4 250 6hwb
2 iterations) =
0 b2 6hiwb 2p? 4 2he)”
i b onfiwd  26%+ [(n+ 1) Aw]”® (20 + 2) hwd

(3.2.51)

Wy iterations) = — (At)? <b2|n —2) + (n — 1) bhw|n — 1) + <2b2 + <(n + ;) hw>2> In)+

+  (n+1)bhwln + 1) + b |n + 2))

(3.2.52)
Using (3.2.52) to replace (%H)2 |w(0)) (3.2.50) becomes
Ath\? iAth — (A1) bw (n — 1
|\I/2 z’terations> = - (fl) (‘n - 2> + |TL + 2>) + ( )fL ( ) |Tl - 1> +

_|_

(1= = (e 3 (5 e (o ) -

iAth — (A bw (n+ 1)
h

|n+ 1)

(3.2.53)
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In this case we have to analyze this function for n = 0, n = 1, n # {0,1}, n = Nymas — 1, and

N = Nypaz 50 (3.2.53) is

- (37 + (1 2= ) (37 + 2 0+

. 2
+’LAtb—(ﬁAt) bw |1> n=0

— (57 3) + 150000+ (1= (20— 22)° (3)° + 25 ) )+

+’L‘Atb72;§At) bw |2> n=1
iAtb—(At)“bw(n—1

— (82)" (In - >+\n+2>)+ : (t% Mo — 1)+

© > + ( <2b2 2) % + iAtw (n + 5)) |n)+

2 iterations) — )
+1Atb7(At% bw ( n+1) |TL + 1> n 7§ {0’ 1}
. 2

_ (%)2 ‘n _ 2> + zAtb—(At% bw(n—1) |n . 1>+
+ (1= (202 = ((n+ ) 1)) (8)" + intw (n+ 1) ) In)+
_’_iAtb—(At}):bw(n—&-l) |n +1) R

2 % — 2bw(n , —
= (52) Inmas —2) + BE=Egtmee Dy, — 1)+

+ (1 - <2b2 — ((Mmaz + 3) hw)2> (A2 4 iAW (Ras + %)) [Mmaz) 1= Nmaz
(3.2.54)

Comparing |U(t)) and |Us jtterations) it becomes clear that our hypothesis that they should be
the same or similar is completely incorrect. The reason that these two wave functions are completely
different is |¥(¢)) is calculated based on the perturbation both of the system and the total energy
of each level while the iterated version of the wave function is calculated based on the initial state
|n) propagated forward in time two steps using the Hamilonian. Each of these calculations turned
out to be very useful, though.

The first wave function calculated showed that with a weakly coupled system that only has
a measurable perturbation on the immediate off diagonal elements of the Hamiltonian, will only
perturb the lowest energy level. All of the other energy levels have been left untouched. Also in
calculating the second-order perturbed wave function we see that the wave will spread out over the
other energy levels of the system if given enough time and perturbation to do so. In this case we
have only calculated the second-order perturbation and the wave function has spread out to the two
nearest energy levels on each side of |n); |[n —2), [n — 1), [n + 1), and |n + 2). This "leaking” of

the wave function shows that when |U(t)) is perturbed even an extremely small amount the wave

1
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function is still noticeably affected. For our particular calculation we decided to use the original
wave function as opposed to the calculated perturbed wave function.

The second calculation shows a wave propagated forward two time steps. This calculation re-
vealed what would happen to our original wave function if we were to push it forward in time. We
see that in this case as well as in the first case a wave function slowly spreads out over an energy
level. After two time steps we are, as in the first calculation, spread out to the two nearest energy
levels on each side of |n). For our particular calculation we decided that this calculation would be a
more appropriate representation of the wave function since it preserves the wave function but also

shows us what happens at later times.

3.3 Two Coupled Spins

We now look at the case where the wave function is initially only a single basis vector. We use |¢1) =
| 17) and |¢2) = | T]), which gives us a representative sample of possible perturbed wave function
behaviors. This calculation shows how a wave function disperses across its neighbor eigenstates
when the first and second order perturbed wave functions are calculated.

We will use the same Hamiltonian as in section 2.3.1. The perturbed Hamiltonian is

w1 + w2 b 0 0
Hperturbed = h ’ e ’ ’ (3.3.1)
2 0 b w1 4wy b
0 0 b — (w1 +w2)

We now apply two different wave functions to our Hamiltonian. The first calculation will be made

using |¢1)

—_

¢1) = (3.3.2)

o O O

To calculate the first and second order perturbed wave functions we first determine the first order

perturbed energy. The general form of the perturbed energy is(2] El = En+<n|u|n>+2$n°¢n %
For |¢1) the only available value of m is m = n+1, since the n—1 state does not exist. The perturbed

energy is found to be
E/ == = (W] LUQ) a— (3 3 3)
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Now we calculate the first and second order perturbed wave function, using the information from

(3.3.3). The general form for the first order perturbed wave function is 21
m|u\n
|¢15t order |7’l + mz};n| E — E (334)
For |¢1) = | T1) the first order perturbed wave function is
1
b
|¢)1 1st o7'der> - fren (335)
0
0

The perturbed wave function the perturbation has already dispersed wave function out over two

eigenstates instead of the single eigenstate it initially occupied.

We now calculate the second order perturbation. The general form is 2]
mll/ln (U] |k) (k[v|n) (nlvn)(llv|n)
|¢2”d order - Z | Z Z - 2 ‘m> -
m#n E o E l#n | k#n (En o Em) (En o Ek) (E” - Em)
1 (v |n)|?
9 Z E _E)2 n)
k#n (En — Ej)
(3.3.6)

We have already calculated the first two terms on the right hand side of |pona opger). We now

calculate one extra set of terms to complete the second order perturbed wave function. These terms

of ‘¢2"d o7“de7“> are

@, _ A I U 2 YA I I (7 3]
- ; ;;(En—Em)(En—Ek) 5, B, | ™ 25;&%—@)2” o

In our case the perturbation vanishes for (n|v|n), so the second term on the right hand side of (3.3.6)

is 0.

m|1/|n 1 |<k\1/|n m|1/|k k|l/|n>
|¢2"d order = + Z | -y Z Z Z |m>
(3.3.8)

Rearranging (3.3.7)

1 [P mlv\n m\”|’€ (elv|n)
|¢2"dorder>_ 1_§Z(E/‘7 Z' ZZ E - F,, E *Ek)|m>

k#n n m#n m#n k;«én
(3.3.9)
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For |¢1 ond orger) the second order perturbed wave function in vector form

b2
1 - 2hw,
b

|¢1 2nd order> = hbu; (3310)
thle

0

Again the wave function has spread out over the neighboring eigenstates. Since this wave function
started out in the first energy level it can not expand as much as function |n) that had eigenstates
|m) for m < n, where m would be any other eigenstate.

Our of |¢2) will be much the same as the first, our initial wave function will be

|p2) = (3.3.11)

o

0

The Hamiltonian used in this calculation will be the same one shown above . To calculate the first

and second order perturbed wave functions we first determine the first order perturbed energy. In

0o [{mlv|n)|?

metn B Eo The non-zero values of

general this energy is represented as E/, = E,, + (n|v|n) + >
(m|v|n) for |¢2) are m = {n — 1,n + 1} so the perturbed energy is
h b2 b2
Ey=— — -t 3.3.12
1 =5 @1 —ws) hw2+h(w1—w2) ( )

Now that we have calculated the first order perturbed energy we will calculate the first and second
order perturbed wave function. To calculate the first order perturbed wave function, we use the
(m|v|n)

general expression |15t order) = 1) + >, 4n |m>m The first order perturbed wave function

for |¢o) is

‘¢2 1st 07‘der> = (3313)

Here we see that the wave function spreads out over its two nearest neighbor eigenstates, in contrast

t0 |#1 15t order) Which only had one nearest neighbor eigen state to disperse over.
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The second order perturbed wave function has as its general form

|¢2nd order> _ I'fl> + Z |m> -E<’:l|_y|n> + Z Z <l|l/|k'><]€|V|7’l> _ <n‘l/’rl><l|l/|n> ‘m> _

_ _ 2
m#n Em I#n | k#n (En Em) (En Ek) (En - Em)

1 |(k|v|n)|?

Ly Ol
k#n (En - Ek)

(3.3.14)
For |¢2 2nd order (t)>
b

h(wlfwz)

2
1 _ bYlwim2wiws) R b2 b2
) _ o pr—— L L S AL 3.3.15
|¢2 2nd 07'de'r'> exXp ( A (2 (wl WQ) T + h(wl — w2))> ( e )

which has spread over all of the available basis states.

3.4 The Thermal Average in Classical and Quantum Mechanics

In this section we would like consider an example of the projection operator acts on the mechanical
variable F'. The model system is a Brownian particle in a sea of other particles. The Brownian
particle feels a force from all other particles of the system. We will project with respect to the

operator pg
N
Pr = Z exp (ZE : F1i> , (3.4.1)
i=1

where k is a constant 71; is the vector from the Brownian particle to each of the other particles. The

projection operator with respect to py is (12)

(Pks )

Py, = W P (3.4.2)
The force on a Brownian particle is

F= ZJ: —;WUM, (3.4.3)
where F' is the total force and Uy is the energy of the pair of particles (1, 7). The function we would
like to examine is P, F' [12]

P, F = <pE’F>>pk. (3.4.4)
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Working from this expression, we convert this thermal average into a set of integrals to determine

the value of P,, F'. The thermal average in integral form is [12)

b F J dr p}F exp (fﬂ Zj Ul-j)

T J dr piprexp (—pU) Pk (3.4.5)

where dI is the integral over phase space, and exp (—6 > y Uy j) is the last component of the thermal
average in a statistical mechanical system where § is a constant and ; Uiy is the total energy of
the system, when looking at the interaction of one particle with the rest of the system. Inserting

(3.4.1) and (3.4.3) into (3.4.5)

g S () (£ )en (50 |
P, F= [ deN Zivzl exp (—’LE . 7711‘) Z;V:1 exp ( k- 7 ) ( ﬁZ] U1j) ; exp (lk . 7“1i) .
(3.4.6)
Simplifying,
P, F = S L exp ( ik - Fli) (Zj _B%UU) oxp (_5 2 Uij) g:exp (ZE : Fu') )

JdeN 37, exp (ik (r1; — r1i)) exp (—6 >, Uij) |
(3.4.7)

We know that each exp (

ik - 7 ) is the same so the sum in (3.4.7) will be replaced by the term
N. We also see that (Z; aiU ) exp (—ﬁzj Uij) = %8— exp (—ﬁzj Uij)

N2 [ drY exp (fiﬁfu) o exp( B, Uw)
B JdeN Zi,jzl exp (ik (r1; — 71:)) exp (—ﬂ Ej Usj

P,

Pk

F= ) exp (zE : Fu) . (3.4.8)

To simplify (3.4.14) we use the method of integration by parts. In general

b b
/ w(z)' (z) de = [u(z)v(z)]” —/ o (z)v(z) dx) (3.4.9)

For (3.4.14)
u(r) = exp (—zE . Fu) ' (r) = —ik exp ( ik - Fli)) (3.4.10)

, 0
v(r) = exp E Uy, v'(r) = oy &P - E Ui, (3.4.11)
] .

J

So our integration by parts on r; for (3.4.14) is

{ [exp (—z/_% . TL-) exp (—ﬂ > Uij)]zo + zEf rV exp (—ﬁ > Uij) exp (—’LE . rfj)}

P,
f drN Zi,j:l exp (Zk’ (’I”lj - le’)) exp (—ﬁ Zj Uzy)

ka:

exp (Zlg . 7_"11) .

(3.4.12)
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The term [exp (7112 . ri’i) exp <76 Zj Ul-j)r)o =0, so
EN2 [ dr exp (—ﬁ > Uij) exp (—ZE . TTj)
Pt T [ deN >ij=1exp (ik (r1j — 1)) exp (—ﬂ >, Uij

)exp(ilg-f'li). (3.4.13)

We can go no further until we know what Uy; is.

Now that we have determined how the projection operator would work on a classical system,
we consider how that calculation would change if we treated a quantum system. We start with the
expression (3.4.4) for the projection operator. In the case of a quantum system we must treat the
projection operator slightly differently than the classical system. The projection operator takes the

form Py = é’:"%A where A is a classical operator and { | ) is the thermal average. The reason

we can use this form is because we are taking the thermal average of two classical quantities so the
specific order does not matter. The true form of the projection operator is P4 = i:—’::A (7] which is
the form we have used in (3.4.14). In a quantum system, the order of the operators matters, because
we will be dealing with matrices, in matrix multiplication order holds great importance. In quantum

mechanics an expectation value is taken with respect to the eigenstates involved. (3.4.4) becomes

Zzll states <n|F, pz |n>
EZ“ states <n|pz D ‘n>

This is also the thermal average, so we add our extra function exp (—8U) and must sum over all

P, F= (3.4.14)

states leading to

ZZ” states <n|F, p],.; exp (*ﬁ Zj Ulj) "Il)
P, F = k- (3.4.15)

St o, prexp (6%, U5 In)
Inserting (3.4.1) and (3.4.3) into (3.4.10)

L EZ” states<n| Zivzl exp (—’LE . Fli) (E; —%Uﬁ) exp (_ﬂH) |n> N

Pk 1
ZZ states <n|p2pk exp (—(BH) |n) i=1



4.0 THE EFFECT OF MORI THEORY ON A QUANTUM SYSTEM

4.1 The Projection Operator On a Perturbed Quantum Harmonic Oscillator

To determine the effect of the projection operator on a perturbed quantum system we will first need
to choose a perturbed Hamiltonian. To do this calculation in its most easily understood form we will
choose the perturbed basis, this will make our calculation easier because we may use a diagonalize
Hamiltonian instead of a tri-diagonal hamiltonian, as used in earlier sections. The Hamiltonian

chosen is
a 0
H= . (4.1.1)
0 b
We will to see how projecting out one of the basis states from H will affect the system. If we project

out the basis state |a) the general projection operator is represented as

(Gla)
(ala)

where G is the quantity the projection operator is being applied to. In the case of a quantum system

PG =

|a>7 (4.1.2)

we must treat the projection operator slightly differently than the classical system. In section 3.1

the projection operator takes the form Py = éﬁ‘li;A where A is a classical operator and { | ) is the

thermal average. We express the quantities H and |a) as the thermal average in quantum mechanics

>y (n|H|a)e” P |n)
2 n(nlala)e=FH|n)

In this case we can insert > |m)(m| into (4.1.3) and isolate the term e~

Pyt = 1) S [m) e ) ) (4.1.4)

>n(nllala) 32, [m)(mle=PHn)

since only the on diagonal matrix elements have value other than 0 for this system

Py H = ® |a) (4.1.3)

_ Sl ol )
Aol = S alay ) (ale= 7Ty © 1 (4.1.5)

(n] Hla)[n)e B
(n|(ala) nye 7B

_ 2
PayH = D

n

® |a), (4.1.6)
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since |a) and |n) are properly normalized (ala) =1 and ), (n|n) =1

Py = SolrlHlme
S, e Pbn

Now that we have the full expression we will make our calculation easier by expressing each term

@ |a), (4.1.7)

in its matrix form

. a 0 1|1 Lo,
Pyl = = [ 10 } : ® e Pay
0 b 0 0 0
— 3 — 3 — 3 — 5 (4.1.8)
a 0 1 0 1
+ 7@*5'141-@*55 [ 0 1 } : ® e b,
0 b 0 1 0
This expression can be evaluated as
ae P 0
PyH=| <"t ” : (4.1.9)
0 0
To project out the basis state |a) we use the expression (1 — P,y)H so
ae P O
(1-Pg)H=| 7" . (4.1.10)
0 b

We see that if we project a basis state out of the Hamiltonian it does not project an eigenvalue out
of the system but its thermal average.

Now that we have seen that the projection operator is able to project out one state of the system
in a quantum mechanical system properly we see what projecting out a random state of the system

does. In this case we will choose a vector pg for our random vector.

[0

Pr = (4.1.11)
]

We perform the same calculation as above starting from scratch. We know that the general expression
is

> (nlH - pre”|n)
2 n(nlpipre= M n)
Again we insert ) |m)(m| into (4.1.12) such that

X, (0l H - pi 3, [m) (mle” P |n)

P H = ® Pk (4.1.12)

P, H= » — ® pk- (4.1.13)
T X nlpg - pe 32, [m) (mlemPH n)
since only the diagonal matrix elements have value other than 0 for this system
n|H - pi|n
P, H = 2P H - Prln) e PP @ pr. (4.1.14)

> n(nlpy - prln)e= B
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In this case py and |n) are properly normalized

H -

S, e PEn

We can now insert our matrix representation for each of the variables in this system

1 a 0 a 1 O
PpkH:W {1 0} ® e—Ba
0 b 0 )
— 3 — 3 — 3 — 3 3 (4,1,16)
a 0 « 0 «
+ m [ 0 1 } ® e Pt
0 b 1 )
simplifying this calculation
Py 1 aZae P qdaePe (4.1.17)
R I e -

This calculation will be used in later sections.

4.2 The Mori Projection Operator on A Quantum Mechanical System

Now that we have calculated the effect of a projection operator and thermal average on the Hamil-
tonian of a system we would like to use the Mori Projection Operator to look at the time evolution
of a quantum system. We compare the projected and non-projected dynamics of a two level system.
First we look at (A|exp [it (1 — P,,) Z] |A) and then we look at (A|exp (42)|A(t)) and see how
the two calculations compare. We defined the quantities P, , H, and |A) in the above section. In

this case

Ay = | TP (&) | (4.2.1)

gexp (%)

and ¢ will represent time.
To do the first calculation (A|exp [it (1 — Pp,) %] |A) we make a couple space saving replace-

ments, A = (A|exp [it (1 — P,,) £]|A) and v = exp [it (1 — P,,) 2£]. We also need to use some

A+B unless A and B do not commute, we

2]

properties of the e®. We know that for an expression e

A+B A_B

use the replacement e = eAeBel4 Bl to simplify the exponential®). In our calculation P, and

H are not guaranteed to commute so

it it t2
v = exp {hH] exp {—thkH} exp {—2}‘12 (H — PpkH)} , (4.2.2)

where the commutator can be written as

it it t2
v = exp {hH} exp {—thkH} exp [27‘12 (HP, H — PpkHH)} . (4.2.3)
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We now calculate HP,, H and P, HH. From section 4.1 we know

Py 1 aZae Pe  qfae P (4.2.4)
P e e adbe Pt §2pe0b -
Using the value for P, H, HF, H is
HP H 1 a O a2ae P afae P (4.2.5)
e 0 b adbe B §2pe—Pb . -
Doing the matrix multiplication,
HP I 1 a?a?e P qae—Pe (4.26)
Pr o e—Ba + e—pb Oé(Ser_ﬂb 52b26—ﬁb -
Using the same process we calculate P, H,H,
P HEH 1 a2ae P afaePe a 0 (4.2.7)
T et e (she B 52 0 b -
Doing the multiplication,
P oHH 1 a2a?ePe afabePa (4.2.8)
a e e adabe Pt §2p2e PP -
Now that we know HP,, H and P, HH we can calculate HP, H — P, HH
—bad 0 aePa
HP, H— P, HH = % (4.2.9)
e +e —be—BPb 0
(4.2.3) is found to be
4 a 0 it a’ae P afaePe
Y = exXp|F CXP | ~ fH(e—Pare—Bb
0 b e adbe P 62pe
L . (4.2.10)
exp (a—b)adt? 0 ae~ "
TR s g

It would be quite difficult to apply any of these operators to an arbitrary vector A so we will use

the Taylor Series Expansion e* ~ 1 + z, finding

Lt a O ) " aZae P afae P
7= + % “h e*ﬁ‘} e—Bb
0 b ( * ) adbe Bt §2pe=0b
= , (4.2.11)
1+ (a—b)adt? 0 ae~ "
ShZ(e—Pate—Bb
2h2 ( + ) _pe—Pb 0
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simplifying
iat iata’e P iatade P° (a—b)aadt? —Ba
Y= L+ 5% 0 L= pe=haye=mt) " R(e-PotePD) 1 W
0 14+ bt o ibtade Pt 1— ibts2e Pt _ (a—b)ba5t2€7ﬁb 1
h h(e—Bate—Pb) fi(e—Pafe—Bb) 2h2(e—Bate—PAb)
(4.2.12)
after completing the multiplication
1 (h + iat — iata?) e P* + (R + iat) e P° —iatade P
ey ra— T
he=Pe + =) —ibtade (h + ibt) e=2% + (h + ibt — ibt6?) e
(4.2.13)

We now continue with our calculation of (A|exp [it (1 — P,,) 2] |A) using the matrix represen-

tations for |A) and v to write

- (h+iat—iata®)e™ P +(h+iat)e iatase”*®

; _ - — h(e—Pate—Ab) BN CREETRED)

(Al exp [@t(l Pp) h] |A) = [ f g } ibteso— B (Retibt)e™ P 4 (h-tibt—ibts? )e ="
" h(e=PBate—Pb) fi(e—Pafe—Bb)
(4.2.14)

which, after the multiplication, is

) H 1 2 . .o\ _Ba . —Bb
(A] exp zt(l—Ppk)% |A) = m{f [(h 4+ iat — iata®) e "% + (h +iat) e "] +

+ G [(h+ibt)e P + (R +ibt —ibts?) e P] — itadfg [ae™ " + be~F?]}
(4.2.15)

Here we see that the the original amplitude is included in the formula and after applying the
projection operator and projecting out some arbitrary vector p; the amplitude is affected by the
perturbation. In this case the calculation is based on the Taylor Series Approximation, so it is

possible to carry this calculation out to higher orders of magnitude.

4.3 Calculating the Mori Quantities

Now that we have seen how a Mori Projection operator acts on a quantum system we calculate
each of the Mori quantities looks in our system. The quantities are the normalized autocorrelation
function (3.1.5), the frequency matrix (3.1.6), part of pi(t) not correlated with pg(0) (3.1.7), part
of pr(t) not correlated with pg(0) (3.1.8), and random force (3.1.23). The reason we would like to
calculate these quantities is that they will be necessary when calculating the Mori Equation later
on in this paper.

For this section we will be using the quantities

a 0 «
H = pr(0) = (4.3.1)
0 b 0
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iat iax iat ioa
aexp | —5 . ——==exp|(—5 . _aa

pr(t) = ( -:; ) Pr(t) = :'5 ( ,bht) Pr(0) = }Zb (4.3.2)
Sexp (~4) 8 oxp () i

The first quantity, the normalized autocorrelation function, is generally represented as

E(t) — <p7;(0) 'pk(t)> (433)
(P (0) - pr(0))’
remembering, in statistical mechanics ( | ) is the thermal average of the system, not the typical

quantum average. As discussed above the system is normalized so (p; - (0), px(0)) = e =5 4 e=F?

(t) = —<Z ’ﬂi(ﬁoa) 'f jftﬁ)f' (4.3.4)

(1]

In quantum mechanics the expression is modified slightly to represent all of the basis states and the

thermal average requires the addition of an exp (—(H)

2o (nlpi(0) - pr(t) exp (—BH) |n)

=(t) = o Ba 4 o . (4.3.5)
As in the above sections we add ), |m)(m| into the expression to isolate exp (—(GH)
(0) = Zo ZanlnbL) O nlexp (35 ) s
e—Pa 4 e—Pb

since only the diagonal terms of the matrix have a value other than 0 we eliminate ) from (4.3.6)

_ 2 (pi(0) - pr(B)|n) (n| exp (= GH) [n)

2(t) = T . (4.3.7)
Now that the value of each of the quantities in (4.3.7) are known
1at
— aexp (—+ 1
E(t) = =pare=p [1 0} [a 5}~ (,h) exp (—fa) o +
dexp (—%) 0
t . (4.3.8)
aexp (—4
bl o 1] (e 5] 2P0 exp (~b)
b exp (77) i
which simplifies to
Lat ibt\
E(t) = |a*exp L exp - (4.3.9)
h k)]
The second quantity, the frequency matrix €2 is generally represented as
i = 7@’:(0) 2e(0) (4.3.10)
(P (0) - P (0))

again we use the property that our system is normalized and (p}(0) - px(0)) = e #% + =P and

(4.3.2)
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Since this is a quantum mechanics system the thermal average will be modified to represent all of

the basis states, and since this is a thermal average an exp (—SH) will be added as well

2 ([P (0) - P (0) exp (- BH) n)

i) = e rrp—cT

(4.3.12)

Again it is best to input ), |n)(n| into the expression such that > (n|exp (—GH) |n) =, exp (—FEy)

iaQ ] [ 1 i
. - 1 h
Q) = e [10} [a (5}' _@ 0 exp (—fa) ¢ +
A
LT YO B (4.3.13)
+ = [0 1} [ 5}' a " exp (—fb)
e—Pate—Bb @ _ibs 1 p ’
- h -
which simplifies to
i =~ [a%a+ %] (4.3.14)

The third quantity, the part of pg(t) not correlated with pg(0) is generally represented as

Pr(t) = (I — Pp,) pi(t). (4.3.15)
In this case all of the values necessary to calculate pj(t) are already available

1 0 aexp(fi

) 3 ol p?;((o) p(=BH)In) o (0),  (4.3.16)

%
0 1 Jexp (—2t) " (P (0) - pi(0))

the system is normalized so (py (0)p;(0)) = e #2+e7P¥ and if we insert Y- |n)(n| into the expression

, aexp (—1) >n(nlpe(t) - Py (0)[n)
Pi(t) = exp Z:t) _ e*};ka+e]ik5b exp (—BEy) ® pi(0). (4.3.17)

Inserting the values of each matrix into the equation

aexp ( w,t)

Pp(t) = "
k 66Xp( zbt)
o exp —it Sexp (—t o 1 «
a [ 10 } [ ( o ﬁ)a—i-e EQ ) } : exp (—fa) -
1) 0 )
0 aexp (—4)  Fexp (-t a 0 a
- ) { ( —/@)a“re—ﬁb ( )} 5 ) exp(—ﬂb)

simplifying the expression

pr(t) = aexp(_%t) —[a%xp (—igt>+52exp <—th>] ‘. (4.3.18)
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The fourth quantity we are calculating is the part of pi(t) not correlated with p(0), which is

generally represented as

substituting the expression for P,

| Eeep (<5 | o (nlpi(t) - pu(0) exp (—BH) [n)
KO | oy | "2 610 )

(4.3.19)

pr(0) (4.3.20)

from above, (p}(0)pr(0)) = e 7P + e7P° and we can insert Y |n)(n| into the equation such that

K(t) =

~Seexp (<5) | S, (nlpel) - p(O)p(0) exp (—5E,) (43.21)

ib

ey () e

Inserting our values for each of the quantities

u%ae*% |: _Me_igt _ibd —%t :| o 1 o
K(t) - ib bt N |: 10 } e—Bate—0b e~ e -
—Rer § 0 5
Lo 1] e e N RS N POV
- —Ba1c—Bb : exp (—
e +e s 1 5
(4.3.22)
simplifying
'Laoz ex iat . . ibt o
K(t) = . P () +% {aaQ exp (Zh ) + b2 exp < 5 )} (4.3.23)
e ($) ;

The last quantity we are calculating is the random force f which is generally represented as

H

f(t—s) =exp [z (t—s)(I—P) h] K(0). (4.3.24)
In this case we will first calculate K(0) from the above expression for K (t)
i T(ga? 4+ b62) —a
KOy =| " 1 )~ d (4.3.25)
2 [(aa® +b6?) — b]
and from section 4.2 we know that exp[i (t — s) (I — P) H] is
1 (h +iat — iata?) e P* + (R + iat) e~ 7" —iatade P
v = - -
fi(e=00 + =) —ibtade= (h+ibt) =P + (I + ibt — ibt6?) =5

(4.3.26)
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Now we calculate f(t — s)

(thiatfiataQ)e*B“+(h+iat)e*5b iatade P® i 2 2
Ft—s) = i(e—Pate—PY) ~Tile Pate BH) | % [(aa + b6 ) — a]
N ibtase PP (htibt)e~Po+ (htibt—ibts?)e o ;
% h(e—z(ia+e—6b) ) 2 [(ac® +b5%) —b
(4.3.27)
simplifying

ey [((a0® +08%) —a) ((h +iat) (e77* + e P*) —iata®e™7*) —
— iatd?e P ((aa? + bd?) — b)]

ft) = . (4.3.28)

ey (4 ibt) (77 + e7P) —ibtd®e~"") ((aa® +b6%) —b) —
— ibta?ePb ((aca? + b6?) — a)]

and
%‘ ((aa2 + b52) — a)

(4.3.29)
er ((aa + b62) — b)

o-|

Now that we have calculated the random force we calculate the Mori-Zwanzig memory kernel(12]

(f7(0) - £(s))

P(s) = i(0)  pr(0))’ (4.3.30)
in the quantum representation
_ 2 nlfH(0) - f(s)e” M |n)
)= Tl ©) - pe0)e ) (4331
We know that Y, (n|p;(0)pk(0)e P |n) = e=F + 75 50 (4.3.31) becomes
n|f* - f(s)|n)e BEn
ste) = Sl ) F(s)ime=E )

e=Ba 4 e=hb
Since the expressions for f(0) and f(t — s) are both fairly large we will just give the result of the

multiplication

fO)f) =

13 (e=Ba 4 e—B) {a2 { ao® +b8%) — a)” ((h+iat) (e”9% + ™) — iata®e77) -
((aa® +b62) — a) ((aa® + bs2) — b) iaté®e =] +

8 [((a0® +58%) — )" (4 ibt) (77 4 e=) — ibtoe )
(

— ((aa + b52) a) ( aa? + b52) b) ibtox e*ﬁb)]} (4.3.33)

Using (4.3.33) in (4.3.32)

P(s) = _h?)( —Ba | —b) {a2 [ ac® + b52) )2 ((h +ias) (e—ﬁa LB ) iasole 5@) B
_ ((aa + b52) ) ((aa + b62) ) iasége_ﬁa] n
+ 52 |:((a()l + b52) b 2 ( h + st ( —Ba + e_gb) _ ib3(526_ﬁb) B

)
— ((aa + b52) ) ((aa + 652) ) zbsa2e*’6b)] } . (4.3.34)
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Which are all of the quantities necessary to calculate the Mori Equation.

4.4 Calculating the Mori Equation

With all of the Mori Quantities calculated and the knowledge of how a projection operator works
on a quantum mechanical system we will calculate d’%(t) using the Mori Equation. We have chosen
one harmonic oscillator as our system because we already know what the time derivative is, since
Mori Theory calculates the time derivative of a particular quantity we can check the result of Mori

theory against the known result. The general Mori Equation is written as

dp(t)
dt

= iQpr(t) / d(s)pr(t — s) ds + f(t) (4.4.1)
In section 4.3 we calculated, €2, ¢(s), and f(¢)

iQ = —% [@*a + 6°b] ; (4.4.2)

¢(s) = T (e ﬁa+e 5b) {QQ[ ao® +b5%) = a)” ((h +ias) (7 + e~ ™) —iasa’e ) -

((aa + b52) a) ((aa + 652) )iaséQefﬁ“] +

_|_

52 [((aa + b(52) b 2 ( (h + ibs) ( —Ba 4 e_ﬂb) - ibséQe_Bb) -

)
((ac® + b52) —a) ((ac® + b52) — b) ibsa’e ﬂb)]} , (4.4.3)

[((aa? +b6%) — a) ((h +iat) (e7P* + e P?) — iataePe) —
— iatd?e P ((ac® + b6?) — b)]

f(t) = . (4.4.4)

Wﬁe_ﬁb) [((n+ibt) (e7P* 4 e7FP) —ibtd%e=P) ((aa? 4 b6?) — b) —

— ibta?ePb ((aa2 + b52) — a)]

1"
h2(e—Pate—Bb)

Using the random vector used in the previous sections

iat ia(t—s)
ae( 2 ) ae( h )
pr(t) = e pe(t —s) = ib(t—s) . (4.4.5)
56(7) (56( E )
dpk(t)

To make the calculation of easier we do two independent calculations and then add them
together to give the result. The two calculations are idpx(t) and fo s)pr(t — s) ds. The first

calculation is i€2py (¢) multiplying (4.4.2) and (4.4.5)

iQpy(t) = —% [0?a + 6%b] (4.4.6)
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simplifying the multiplication

iQp(t) = (4.4.7)
Since i2p(t) has been found the second quantity to calculate is v = fo $)pr(t — s) ds multiplying
(4.4.3) with (4.4.5) and integrating

WX {M {02 [((a0® + b2) — a)® ((h -+ ias) (¢~ + =) — iasa?e~5) —
— ((aoz2 + b52) a) ((aa + b62) - b) iasé?e” ] +
+52 [((aa? + b52) = b)” (( + ibs) (e + &) — ibsse ) -
— ((a0? +b5?) — a) ((aa? + b6?) — b) ibsa2e=P?)]}} ds

t—s)
fo {W { 2 [((aa2 + b6?) — ) ((h+ias) (e7P* + e P) —iasa®e=P?) —
— ((ae® + b6%) — a) ((aa® + b6?) — b) iasé?e~ ] +
+62 [((aaQ + b6?) — b)2 ((h + ibs) (e + e=P) — ibss?ePP) —

— ((aa2 + b52) — a) ((aa + b52) — b) ibsaze*ﬁb)] }} ds

(4.4.8)
Performing the integral

m {a2 (aa? 4 b6? — a)2 [at (e7Pr + e Pb) —iq?e=Pa (h (1 — e‘i%) — iat)} +

— oo 5 (aa +b6% — a) (aa2 + b2 — b) (ae‘ﬁa + be‘ﬁb) (FL (1 — e_%t) — iat)}

e {52 (aa? + b5 — 1)’ {bt (e7Fe 4 e7PP) —ig2e= PP (h (1 - e*%) - z’bt)} +

- w‘b‘s (ac?® +b6% — a) (aa? + bd? — b) (ae=P* + be=P?) (h (1 *%) — zbt)}
(4.4.9)
Now that we have found iQpy(t) and fo $)pr(t — s) ds we may add them together with the
random force, f(t), using (4.4.7), (4.4.9), and (4.4.4). Since the expression for fo $)pr(t — s) ds
is so complicated and long we will leave the answer in its raw form, three matrices added together,

because any further simplification would complicate the viewing of the expression.

+62 (aa2 +b6% — b)2 [(e_ﬂ“ + e_ﬁb) {ih (g — 1) (1 - e_%> + bt} ibo7 o—fb (h (1 — 6_%) — iat)} —

o? (aa? + bd? — a)2 [(e’ﬁa + e A?) {zh (¢ —1) (1 - e’iT) + at} fao 2 e—Ba (h 1-— th) - iat)} —
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m {a2 (aa2 + bo2 — a)2 [at (67’6)& + e"@b) —ja2ePa (h (1 — e’%) — iat)] +
+0% (a0® + 082 = b)” (e =) [in (& = 1) (1= 7% ) 4 ot] = 22 (0 (1 - e F ) —iat
— daor 5 (aa® 4+ 6% — a) (ac® + bd? — b) (ae=P* + be=F?) ( (1 - e*%) - mt)}

ibt

e 0% (a0 + 002 = B)” [bt (e - =7) — ig2e~? (h(l—e‘?)_ibtﬂ +

~—" —
|
~.
S
=S
SN—
—

— 152 (a0 0 — a) (a0 + 07 1) (e~ +be~ ) (n (1o

[((aa® 4+ b6%) — a) ((h +iat) (e7P* + e7PY) — iata?e=P?) —
— iat§?e=Pe ((ac? + b3?) — b)]

o
h2(e—Pate—bb)

i [((h+ ibt) (7P + e F) —ibtd%e %) ((aa® + b6?) — b) —

RZ(e=Pate—P0)
i — ibtaZePb ((aa2 + b62) - a)] |
(4.4.10)

iat

If we do another Taylor series expansion on e~ n and e~ in the second matrix of (4.4.10),
there are multiple cancelations, leading to
-5 [aQa + 52b] e~ () — 2% {oz2 (aa2 +b6? — a)2 + 62 (aa2 +b6? — b)2}
dpr(t) _ +

dt
—% [oz2a + 52b} e(_%) - 7’;—‘; {a2 (aa2 + b62 — a)2 + 52 (aa2 + b62 — b)2}
[ W [((aa® 4+ b6%) — a) ((h +iat) (e + e P*) —iata?e ) — |
— jatd2ePa ((aa2 + b52) - b)]
Jr

[((h+ibt) (=P 4+ e7FY) —ibtd?e ") ((aa® + b6?) —b) —

| — ibta2e0b ((aa2 + b(52) — a)]
(4.4.11)

[
h2(e—Pate—hb)

)

}_

o? (aa® + b6? — a)2 {(e_ﬁ“ +e=P?) [ (¢-1) (1 —e iT) —i—at} e~ha (h —e ?t) ~ iatﬂ
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iat ibt
h

Using the same Taylor Series expansion for e™» and e™"# on the first term we can isolate the time

dependent and the time independent terms.

_mTa — O;L—‘? [aQa + 62b] — %% {a2 (aa2 + b62 — a)2 + 52 (aa2 + b62 — b)2}
dpk(t) — +
dt

—i%b — % [aQa + 52b] — ;—2 {a2 (aa2 +bo% — a)2 + 62 (aa2 +b6% — b)2}
ety [((a0? +06%) —a) ((e77* + e7) — a?e™7) — 6%~ ((aa? + b3%) — )]

ety (7 4 ) — %) (a0 + b6%) — B) — a2~ ((ac? + b6%) — a)]

(4.4.12)

From this form of the time derivative it is unclear whether the answer from the Mori Equation

is the same as taking the time derivative of the known exact solution. Looking at the expression we
see that the first term iQpy(t) gives the average frequency a?a + §%b. The second and third term
f; ds ¢(s)p(t—s) and the random force have terms that involve the difference between the average
frequency and the actual frequency a2a+ 62b—a or a?a+§2b—b. In this case we have an expression

dpi(t)

that is not the same as the exact calculation of =7~ because we took the Taylor Series expansion

iat

for exp [it (I — P) H], e~ "»

ibt
,and e” h .
In quantum mechanics we would express the time derivative of the function as

; iat
_laa ,—4

= 1| (4.4.13)
_Te_T

To determine if (4.4.10) and (4.4.13) are the same we will perform some simple tests. The first
one will be to set &« = 1 and § = 0. In this case the second matrix element (21) of each of the
matrices in (4.4.10) is 0. For the last two matrices of (4.4.10) the matrix element (11) is also 0

2

because of the term aa® — a if & = 1 then this term is also 0 eliminating those terms as well. The

last portion of (4.4.10) to evaluate is the first matrix

- 3 iat
dpy.(t —teT
pc’;t( ) _ R . , (4.4.14)
When a =1 (4.4.14) becomes
dp(t —laem
p(’;; ) _ R . 7 (4.4.15)

This is the same as when o« = 1 and § = 0 for the equation (4.4.13) the typical calculation of the
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time derivative of the wave function

ia _ iat
—a R
3 &

pe(t) = . (4.4.16)
0

Now that we have done this first calculation we can easily see that if we were to set a = 0 and
6 = 1 that the both results would, again, be the same. The simple test has worked, but this does
not definitively prove that the results are always the same.

Another simple test we can perform is to ask what happens when a and b are equal to one
another. In this case we look at the memory kernel and the random force terms first. We find
that any term with an aa? + bd%2 — a or aa? + bd%2 — b becomes 0 when a and b are set equal. This

will eliminate both the memory kernel and the random force, leaving only the iQ2pg(t) term in our

expression.
dpi(t) _ |~ oo 40077 E ] (4.4.17)
dt —% [aa2 + b52] e
We know that a? 4+ §2 =1 so
delt) _ | T ] (4.4.18)
dt _%67%

Which again is the same result as the classic calculation of the time derivative of our state.
The last simple test we performed was to set ¢t = 0 for both (4.3.19) and (4.3.15). For (4.3.19)

the result is

dpi(t) _ | 5
el O (4.4.19)
h
For (4.3.15) our result is a bit harder to calculate.
dpy(t) _ —% [aa2 + béz} + % (aa2 + b62 — a) (4.4.20)
dt —% [aa2 + b52} + % (ac? + b6% — b)
which simplifies to
dp(t) _ |~
= 4.4.21
7 s | ( )
7

which is the same result as the direct calculation.

After performing these three simple tests on the system and confirming that it agreed there we
decided to perform a more complicated test. In this case we set o = % and § = %, we found
that while the Mori Theory calculation and the classic calculation started out the same at t =0 as
proven in the last test they started to differ at later times. This difference can mostly be attributed

to the Taylor Series Approximation we took of e* in the earlier calculations, since we only looked
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at the first order terms we did not get the benefit of the later order corrections to our equations.
It is unclear at this stage whether or not adding higher order terms would completely resolve the

divergence we have in the terms.



5.0 CONCLUSION

Mori theory is a way of calculating the time dynamics of any variable of a system in statistical
mechanics. The Mori theory allows a person to: (1) know the full solution of the time evolution of
a system; (2) see the random force and the memory kernel calculations allowing the reader to more
clearly understand how the function evolves in time; (3) use the projection operator to understand
how a system evolves in time without a particular mechanical variable or state; (4) isolate one
mechanical variable of the system and analyze its time dynamics; and (5) reduce the likelihood that
any category of effect will be overlooked during the calculation and keep track of possible classes of

£121,

effec This theory is based on four main assumptions: (1) the system is time reversal invariant,

because the Louiville operator ' has time reversal invariance and (2) (2 is time invariant.
The Mori Theory also depends upon the calculation of the projection operator. The projection

operator shows up both is statistical and a quantum mechanics. The Mori projection operator,
P, — > (nl -Aln)

AT (nlATAln)
P = |n)(n|. In section 4.1 we prove that the Mori projection operator not only works on a statistical

® A, takes on a very different form from the quantum projection operator,

mechanical system but also works on a quantum mechanical system. The ability to apply the Mori
projection operator to a quantum system has many possible applications. For example, we may
calculate the full Mori Theory, look at the system dynamics without one variable of the system, or
isolate one mechanical variable of the system to analyze its qualities.

Having confirmed the Mori projection operator works on a quantum mechanical system we cal-
culated the time dependence of the wave equation using a direct calculation. The system had
a completely diagonalized Hamiltonian and a straightforward calculation of the basis states. We
decided to use a diagonalized Hamiltonian because the complications to the expressions would be
minimal, therefore comparing Mori Theory to the direct calculation would be much easier. We chose
a mixed basis state p(t), (4.4.5), and calculated its time derivative using both the direct calculation
and the Mori Theory calculation. Having computed the Mori Equation for this system we were able
to perform a series of tests by changing the amplitudes of px(t), @ and 4, to represent different states
of the system.

From the general calculation of the Mori Equation, we were able to perform a series of simple tests
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to compare Mori Theory and the known result. We discovered that in each of the three simple cases:
a=land d=0,a=0and éd =1, b = a, and t = 0 the Mori Equation and the direct calculation
of the time dynamics were the same. This result leads us to believe that the Mori Equation is an
accurate way of calculating the time dynamics of a mechanical variable in a quantum system.
Some possible extensions of this analysis would be to try extending the Taylor Series expansion
from first order in ¢ to second or higher or trying a Fourier Series expansion of e* instead of the
Taylor Series expansion. I predict that if a higher order of Taylor series is used that the more
complex solution will not differ as much from the exact calculation, but from the Mori result that

we obtained it is unclear what the true answer is.
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