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Abstract

Standard descriptions of both classical physics, as described by Hamiltonian dy-
namics, and quantum physics, as described by unitary dynamics, describe closed sys-
tems. Their formalism excludes the possibility of describing systems which exchange
energy with their surroundings. In classical physics, this issue is remedied by port-
Hamiltonian theory, which allows to describe open systems and their interaction with
each other. In quantum mechanics no such comprehensive theory of open systems ex-
ists. Quantum systems are much harder to compose and decompose due to the tensor
product constructions, by which the composition of quantum systems are defined. In
this thesis, we successfully address the kinematic part of this problem by exploita-
tion of the fact that any tensor product composition of finite-dimensional quantum
systems can be rewritten as a direct sum decomposition. A unique such direct sum
decomposition is obtained by considering, without loss of generality, only fundamental
quantum systems whose Hilbert spaces are reducible or irreducible representations of
SU(2). The description of the dynamics of a quantum system that is decomposed in
quantum port-Hamiltonian fashion can now be erected on this result and is briefly
touched upon.
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1 Introduction

Standard descriptions of classical physics, as described by Hamiltonian dynamics, and
quantum physics, as described by unitary dynamics, describe closed systems. Closed means
that not only is there no interaction with another system. The impossibility to exchange
energy is, in fact, encoded at the heart of the respective formalisms. Indeed, the double
role of the classical Hamiltonian function as both the generator of time evolution on the
one hand, and as the energy observable on the other hand means that!

H={H, H},

which then, by the antisymmetry of the canonical Poisson bracket {-,-}, inevitably implies

H=0

for any such system. Similarly, in the Heisenberg picture of quantum mechanics, where
operators representing as quantum observables carry the time evolution of the system, the
time evolution is given by .
i
h
in terms of the antisymmetric commutator bracket [-, -] and thus again reveals an inherently
closed system. This means that neither the Hamiltonian formalism for classical nor the
standard formulation of quantum systems is able to describe subsystems of a closed system,
unless each of these themselves are energetically closed and thus do not exchange energy
with each other. In other words, the Hamiltonian formulation requires to model a closed
system ‘as a whole’, rather than as a composition of mutually exchanging subsystems.

For the modelling of simple physical systems with few degrees of freedom, such a holistic
modelling ultimately amounts to reverse engineering: both the choice of state space and
the choice of Hamiltonian are made such as to yield the observed behaviour of the system.
For the case of a pointlike mass m in non-relativistic classical physics, for instance, one
models the Hamiltonian as

H="'[A1=0

p2

H(qap) = %7

where ¢ € R and p € R are the position and the momentum of the particle respectively?.
The Hamiltonian evolution of the position of the particle then yields the uniform straight
motion laid down in Newton’s first law, and, much more importantly, the observed be-
haviour of such a system under idealized laboratory conditions. Thus one obtains the
Hamiltonian theory of a single free mass as a closed system. Similarly, one may model
a Hooke spring of mass p, spring constant k, and very short rest length £. Usually one
does not model a spring by itself, describing its actual mechanics, but by prescription of
an effective potential whose gradient yields the force that the spring exerts on a mass. If
we were to model a spring on its own, however, for once modelling it as an object with
mass, we may consider its mass p to be much smaller than the mass m of any pointlike
particle, we intent to connect it to. This way, the spring-mass will not have a significant
effect, as is usually assumed. By pretending that the mass is distributed in equal parts to
the endpoints one may then model the Hamiltonian of such a spring as

2 2
pi  py  k
H(q1,q2.p1,p2) = = + 2+ (g2 — q1 — £)?
pooop 2

!Properly written, the temporal rate of change law for an observable F along a phase space trajectory
X reads - (F o X) = {F,H} o X. This is often notationally condensed to F' = {F, H} as used here.
2We choose the smallest possible classical mechanical phase space here in order to illustrate the con-

ceptual points we wish to make. All conclusions generalize to general Hamiltonian systems.



where q1, g2 € R are the left and right endpoints of the spring respectively and py, p2 € R are
its momenta. This Hamiltonian is the simplest description of the behaviour of an isolated
physical spring. Indeed, the naive modelling folklore, that an isolated spring somehow
corresponds to just a potential V' (q) = %k(q — ¢)?, produces an inconsistent Hamiltonian
system, since H(q,p) = V(q) implies ¢ = 0 and p = —k(q — ), which would describe a
spring whose elongation can not change while its momentum grows arbitrarily for g # £.

Hence also just folklore within Hamiltonian theory is the idea that two masses, that are
attached to both ends of a spring, would somehow transfer their ‘kinetic’ energies to each
other via the ‘potential’ energy of the spring. Not only is the formalism of Hamiltonian
theory no more able to distinguish between the kinetic energy T and the potential energy
Vin H =T 4V than the algebra of natural numbers is able to uniquely decompose 5 into
243 rather than 14+4. But the Hamiltonian formalism is also not able to magically convert
its inevitably closed system descriptions of a free mass and an isolated spring into open
subsystem descriptions, which would be required to underpin the folklore that maintains
that the masses and the spring exchange energy. Indeed, this idea is in direct conflict with
the basic structure of both the classical and quantum Hamiltonian formalisms.

The modelling of Hamiltonians for intuitively composed systems thus can not be a well-
defined formal procedure but ultimately proceeds by rules of thumb and by experience,
one developed some intuition for the observed and desired result. In other words, the
standard descriptions of classical physics and quantum physics do not provide a rigorous
theory for the composition of systems. This severe theoretical problem is not much of a
practical problem as long as one considers only small and simple physical systems. But
for large complex systems, this lack of a formal way to describe open subsystems and their
interconnection becomes a serious practical liability of the standard formulations.

For classical physics there exists port-Hamiltonian theory which can rigorously describe
open subsystems and their interconnection. This is a largely worked out theory and is
used in high-level engineering and numerical modelling of physical systems. Its full power
unfolds in the consideration of large complicated systems such as a nation or continent-wide
power grid or modern robotics. Since classical port-Hamiltonian theory — a description
of subsystems which allows energy exchange with other subsystems that ensures overall
energy conservation and a formal theory of interaction of such subsystems — requires
conceptually and technically an entirely different implementation in its classical setting
than will be required in the quantum setting we consider in this thesis, it is not useful to
provide a review of the classical port-Hamiltonian theory and we will not do so.

It is the aim of this thesis to implement the essential idea of port-Hamiltonian theory
in quantum mechanics. As classical physics and quantum mechanics vastly differ, we can
only consider the basic ideas that underlie port-Hamiltonian theory, rather than its existing
conceptual and technical implementation. In our review of quantum mechanics in chapter
2, following from the fourth axiom of quantum mechanics, we will encounter the difficulties
that arise from composing quantum systems with a tensor product. As the composition and
decomposition of systems is of central importance for a construction of a port-Hamiltonian
theory of quantum mechanics, the inability to decompose combined quantum systems is
the central problem of this thesis.

After chapter 2, we will provide a direct sum decomposition of the Hilbert spaces of
composed quantum systems, by considering only fundamental quantum systems. This
decomposition identifies the state spaces for the subsystems in which the composed system
can be decomposed in port-Hamiltonian fashion. Since it is valid (and indeed a prerequisite)
for all possible dynamical decompositions built on it, we will refer to it more precisely as a
kinematic decomposition. We however touch upon dynamic decompositions in chapter 4.



2 The foundation of quantum mechanics

In order to construct a formalism for quantum mechanics which is able to describe open
subsystems such that their composition, to one closed system, is compatible with the
standard axioms of quantum mechanics for closed systems, we now first review the latter.
As stated in the first axiom, the underlying mathematical structure of quantum mechanics
is a Hilbert space and the rest of quantum theory will be modelled upon such space. This
research will only focus on finite-dimensional Hilbert spaces, restricting our attention in
this thesis to finite-dimensional quantum systems. In this chapter, we will look at the
mathematical framework of quantum mechanics, especially: the state space of quantum
mechanics, the dynamics of a quantum system, measurement in quantum mechanics, and
the composition of quantum systems.

2.1 The state space of quantum mechanics

In this section, we start by defining the mathematical framework necessary to model a
quantum system. Additionally, we will define the general state space of quantum mechanics
and define quantum states in this section.

Axiom 1. Associated to any isolated quantum system is a separable Hilbert space3
(H, (:]-)) with a complex Hermitian inner product (-|-). The choice of Hilbert space is
a question of physical modelling.

Now that we have defined the underlying mathematical space of quantum mechanics,
we are interested in describing a quantum system, which is done by defining a quantum
state?.

Definition 1. The state of a quantum system, at any particular time, is given by a linear
map p : H — H which is:

(i) Hermitian: ¥ 1 € H : {p()]) = ($]o())

(ii) non-negative: ¥ ¢ € H : (¢|p(ep)) >0

(iii) normalized: tr(p) = 1.

In quantum mechanics there exist two different kinds of states: pure states and mixed
states. Mathematically, the two types of states can be classified by tr(p?) = 1 for pure
states and tr(p?) < 1 for mixed states. As we will see in axiom 3, one can not predict
the outcome of a measurement. Yet, measurement will spontaneously alter the quantum
state depending on the measurement outcome. It is possible, however, to perform a mea-
surement, thereby collapsing the state to a new state, and to not obtain the measurement
result. This is called ‘classical ignorance’ as the observer does not obtain the information
from the measurement apparatus and generates a mixed state. Pure states are states with
no classical ignorance and are convenient to work with as they can be uniquely expressed
by elements of the Hilbert space. These elements, which are called ‘the state vectors’ ¥ or
|1}, are often much easier to work with.

Lemma 1. A pure state can be uniquely determined by a state vector ¢ € H such that

_ [ o)

Prre = (il
3As mentioned previously we will restrict our attention to finite-dimensional Hilbert spaces. It is also
important to note that the standard convention in quantum mechanics is to take the inner product to be
antilinear in the first slot.
4The following definition of a state is often also called a ‘density operator’.




Proof. Since p is a Hermitian map there exists an orthonormal basis such that we can
express p by its spectral decomposition p = >, _; A;|i)(i|, where \; are its eigenvalues and
i) the respective eigenvectors. Since p is a pure state, tr(p) = tr(p?) = 1,

tr(p) = Z nlpln) = ZZ)\ (nli){ ZZ)\iém = Z)\i =1,
ZZ)\Q nli)( Z)\Q

Therefore, the difference of the traces is given by > . Aj(1 — A;). Since p is a positive
operator its eigenvalues must be positive and therefore it is only possible to have one
Ar = 1 while all others must be zero. Lastly, since arbitrary Hilbert space elements are
not normalized, we introduce a normalization factor in the denominator. O

From this proof, it is clear that even though we prefer to talk about states p, in the
pure case, we may equivalently work with the state vectors 1 as they uniquely generate
the state p,. Note that the converse is not true, there does not exist a state vector 1 for
every state p. It is the mixed states, which arise from classical ignorance, that can only
be described by some p, but not in terms of a state vector 1. Although the state of a
quantum system is commonly defined in many undergraduate textbooks as the elements
of the Hilbert space, this only captures pure states as they can be generated from the state
vectors as given Eq.2.1. To fully capture all possible states in quantum mechanics we must
adhere to the definition of a state as given in definition 1.

2.2 The dynamics of quantum systems

Now that we have defined the general state space of quantum mechanics, defining states
at any particular time as linear maps on the underlying Hilbert space, we are interested in
their time evolution. In this section, we will define what quantum observables are and give
the axiom that describes the time evolution of quantum states in closed quantum systems.

Definition 2. A quantum observable is a physically measurable quantity A and is de-
scribed by a Hermitian operator A acting on the Hilbert space H of the system.

Since the operators that describe quantum observables are Hermitian they have real
eigenvalues, and as we will see in the next section, these eigenvalues are the measurement
outcomes when measuring a physical quantity. Similar to the energy observable in classical
physics, quantum mechanics has an energy observable called ‘the Hamiltonian’, a Hermitian
operator H:H — H Again similar to classical physics, this Hamiltonian plays an
important role in the time evolution of quantum mechanics.

Axiom 2. The time evolution of a quantum state in a closed quantum system is described
by the Schrédinger equation

(6= S 1H (1), (2.2
where £ is a physical constant called Planck’s constant, H the Hamiltonian, and [, -] the

commutator bracket which is defined by the composition of linear maps on the Hilbert
space [A,B]= Ao B — Bo A.



Alternatively, one can give a discrete time evolution of the state from time ¢; to time
to by describing a unitary map U/(t,t2) such that the system’s state p(t2) at time to is
obtained from the state p(¢1) at time t; by virtue of

p(ta) = U(t1,t2)p(t1)U (t1, ta)", (2.3)

where { is used to denote the conjugate transpose. The relation between the unitary map
U(t1,t2) and the Hamiltonian operator is then given by
—iH(tg—t71)
Ut to) =e n . (2.4)
As previously mentioned, often only pure quantum states are considered. Since, in
that case, we can uniquely determine the state from the state vectors, a specific case of
the Schrédinger equation can be used

dy) _ 5
ih = H|y). 2.5
o %) (2.5)
Again, as this does not capture all states in quantum mechanics, namely it ignores the

presence of mixed states, it is merely a special case of axiom 2.

2.3 Measurement in quantum mechanics

The previously given description of time evolution of a state only concerns the time evolu-
tion of a state in a closed quantum system. In this section, we will see how measurement
in quantum mechanics will give an alternative time evolution that instantaneously changes
the state. Additionally, we will look at quantum measurement and the importance of
probability in quantum measurement.

Axiom 3. All measurements in quantum mechanics, often called projective measurements,
are observables described by a Hermitian operator M : H — H which has a spectral
decomposition

M= > mPuy (2.6)

méeSpec(M)

where P, (1) is an orthogonal Hermitian projector to the eigenspace of M for the re-
spective eigenvalue m. Only the elements m € Spec(M) C R are possible measurement
outcomes. One can not predict which m € Spec(M) will measured, only the probability
for a measurement to yield the definitive value m

p(mlp™) = tr(Ppnp”), (2.7)

where p~ is the state right before the measurement takes place. Only by actually measuring
the state, p~ will collapse into the new state

+ — Pmobsp_Pmobs
tr(Ppm,,.p7)

where myps is the observed measurement result|1].

p ) (2.8)

Of course, by definition, the total probability of measuring all possible measurement
outcomes must be equal to one and indeed this simply follows from the definition given in
the axiom:

Y _p(mlpT) = tr(Pup”) =tr (Z Pmp> =tr(p”) =1,



where we used that the sum of all eigenprojectors is equal to the identity, that the trace is
linear, and that states are normalized.

A subtle consequence of Axiom 3, is the generation of mixed states by not reading off a
measurement. Indeed, if one performs a measurement on a quantum system such that its
state collapses, but the observer does not look at the measurement apparatus, the observer
creates classical ignorance and the state collapses into a mixed state. Since the observer
did not look at the measurement outcome, one can only conclude the collapsed state will
be a mixture of all possible measurement state outcomes with their respective probability.
The mixed state can thus be described by

Zp - trm]g f ZPmp P,. (2.9)

The previously introduced Hamiltonian also functions as the energy observable in quan-
tum mechanics. It is an observable just like the M observable given in axiom 3 and its
eigenvalues are the possible energy values of the system. Although one could recognize
some similarities between the classical and quantum Hamiltonian, it being the generator
of time evolution in the Schrodinger equation and the energy observable, this comparison
must be taken with a grain of salt as they are very different mathematical objects with
very different properties.

This section has provided us with a second time evolution. If a state in a closed quan-
tum system evolves with time it does so according to Eq.2.2. If the system is measured,
however, the state collapses instantaneously, as opposed to the unitary time evolution for
a closed quantum system, resulting in a new state as given axiom 3.

2.4 The composition of quantum systems

For a proper theory of interaction in quantum mechanics, analogous to the classical im-
plementation of port-Hamiltonian theory, it is of central importance to understand how
systems are composed. In quantum mechanics, the composition of quantum systems is
realized by taking the tensor product of constituent subsystems, resulting in the composed
system having a dimension which is the product of the dimensions of its constituents. This
composition of systems results in a state space that contains states that cannot be under-
stood anymore in terms of states of the constituent subsystems. This loss of information,
following from the axioms of quantum mechanics, is a central problem when trying to
construct a theory that requires the combining and decoupling of quantum systems.

Axiom 4. Given two quantum systems with underlying Hilbert spaces H4 and Hp, the
composite quantum system has H4 ® Hp as its underlying Hilbert space.

As the dimension of two Hilbert spaces composed by a tensor product is the dimension
of the individual Hilbert spaces multiplied by each other, composing a Hilbert space of
dimension m with a Hilbert space of dimension n will result in a Hilbert space of dimension
nm. Since the dimension of the combined Hilbert space (in almost all cases) is higher than
the sum of the dimensions of the constituent Hilbert spaces, the combined Hilbert space
can contain states that can not be expressed in the separate constituent systems. Such
states are called ‘entangled states’ and their existence makes a simple decomposition of
H1 ® Ho into Hi and Hsy nonsensical.

By the structure provided in axiom 4, composing two states ps and pp from two
different systems is defined by taking their tensor product such that pap = pa ® pp. This
then leads to the following definition of entangled states.



Definition 3. A composed state is entangled if it can not be described as a single tensor
product of quantum states.

Since the tensor product of two Hilbert spaces (almost always) has a higher dimension
than the sum of the dimensions of its constituent Hilbert spaces, these entangled states
can exist in the composed Hilbert space but do not exist in the individual constituent
Hilbert spaces. In the case of pure states, for example, given state vectors 1,192 € H; and
@1, P2 € Ha, we can, at this point, make no sensical remark how the entangled state vector
V1 Qo+ Rp1 € H1®@Ho would correspond to state vectors in the original Hilbert spaces
and therefore decomposing the statespace of Hi ® Hs into H; and Ho is impossible. It is
important to note that classically, the composition of two systems is merely the thought of
thinking of two systems as one, nothing changes within the systems except our conceptual
notion of what we define as a system. According to this axiom, whether we consider two
separate quantum systems or consider them as a single (larger) system matters, as these
considerations differ. This is problematic for our conceptual notion of what we define as
a quantum system and for a port-Hamiltonian theory of quantum mechanics which would
require the repeated composition, but also decomposition of (open) systems. This lack of a
simple decomposition of quantum systems, therefore, is the central problem of this thesis,
which directly stems from the fourth axiom of quantum mechanics.



3 Kinematic decomposition of quantum systems

As seen in chapter 2, the composition of two quantum systems occurs by composing their
associated Hilbert spaces with a tensor product. The tensor product structure allows for
the existence of entangled states in quantum mechanics, which largely complicates a simple
decomposition of the composed Hilbert spaces. As a port-Hamiltonian theory of quantum
mechanics would require the coupling and decoupling of multiple (open) subsystems, this
issue is the central problem of this thesis. There do exist certain methods for subdividing
quantum systems, e.g. the partial trace and purification, yet non of these methods, by
construction, preserve all the states that describe the system. In this chapter, we will
clearly present the problem that arises from the tensor product composition as stated in
the axioms of quantum mechanics. A solution to this problem is to express the composed
Hilbert spaces, by their isomorphisms, as a direct sum of Hilbert spaces. Yet, by using the
Hilbert space isomorphisms there exist many possible configurations of this decomposition.
In order to resolve this ambiguity and to rightfully decompose the Hilbert spaces, we will
consider fundamental quantum systems, which model quantum systems by using all infor-
mation possibly available. This will lead us to the fundamental symmetry of non-relativistic
quantum mechanics and will help us find a unique such direct sum decomposition. As we
still only consider finite-dimensional Hilbert spaces, we will focus our attention to spin
systems which describe the spin of a particle. The main result of this chapter is a complete
decomposition of composed finite-dimensional fundamental quantum systems into a direct
sum of finite-dimensional fundamental quantum systems. This decomposition rightfully
constitutes a ‘kinematic decomposition’ and describes how to decompose the state spaces
as well as the state vectors of finite-dimensional fundamental quantum systems.

3.1 The inability to decompose quantum systems

In chapter two, we discussed the composition of quantum systems and introduced the def-
inition of ‘entangled states’. In this section, we will restate the central problem of this
thesis on how to compose and decompose quantum systems and we will provide our main
idea on how to solve this problem. The following sections will build on this idea and by
the end of this chapter, this idea will lead to the construction of a complete kinematic
decomposition of finite-dimensional fundamental quantum systems. As stated previously,
we will focus on finite-dimensional quantum systems, which as we will see in this section,
are equivalent to quantum spin systems.

As stated in the fourth axiom of quantum mechanics, the composition of two quantum
systems occurs by composing their associated Hilbert spaces with a tensor product. Since
the tensor product effectively multiplies the dimension of the composed Hilbert spaces, the
sum of the dimensions of the constituent Hilbert spaces is (almost always) smaller than
the dimension of their composed Hilbert space. As introduced in chapter 2, this allows for
the existence of entangled states, states that can exist in the composed Hilbert space, due
to its larger dimension, but can not be expressed in the individual Hilbert spaces. This
problem does not arise when composing two Hilbert spaces with a direct sum as a direct
sum composed Hilbert space has the same dimension as the sum of the dimensions of its
constituent Hilbert spaces. Additionally, the composition by a direct sum, by definition,
maintains separate independent Hilbert spaces.

As stated before, we will only consider finite-dimensional quantum systems, i.e. quan-
tum systems whose associated Hilbert spaces are finite-dimensional. The Hilbert space of
any non-relativistic quantum system can be modelled by H = L?(R3) ® C*, where L?(R?)

10



is associated to the movement of the particle and C" describes the spin of a particle. In or-
der to only consider finite-dimension Hilbert spaces, therefore, we must consider quantum
systems with no translational degrees of freedom, i.e. we ignore, without loss of generality,
the first part of the Hilbert space. From this consideration, it follows that when we are
considering finite-dimensional quantum systems we will always be modelling spin, with
Hilbert space H = C™, and often refer to such finite-dimensional quantum systems as ‘spin
systems’.

Spin is a property carried by all fundamental particles and the spin of a particle is given
by a positive number (including zero) which is either an integer or half-integer. When
measuring the spin of a particle with spin s € %, there are 2s 4+ 1 possible measurement
outcomes m ranging from s to —s in steps of one. Therefore, in order to model the spin of
such a particle requires a Hilbert space H = C?**1, which contains 25+ 1 orthonormal basis
vectors, one for each possible measurement outcome, and allows for complex linear combi-
nations. We then choose a specific basis such that the basis vectors are eigenvectors of the
S, operator, which in this basis will be a diagonal matrix with eigenvalues m ranging from
s to —s in steps of one. Since these eigenvalues m, often called ‘the spin level” or ‘magnetic
quantum number’, of the S, operator are also the possible measurement outcomes, this
choice of basis makes S, the spin level measurement observable. So these eigenvalues m
can be obtained by applying the S, operator to a Hilbert space basis element commonly
denoted as |s m) € H,

S.|s m) = mls m). (3.1)

In this notation |s m) = |3 — 1) would describe a spin-3/2 system, which can be modelled
with H = C* with a basis of four eigenvectors of S, and the basis vector corresponding to
the spin level —1/2.

As a consequence of modelling finite-dimensional Hilbert spaces by H = C", we could
decompose the Hilbert spaces of composed spin systems by using their isomorphisms

C"eC"2CpCo---aCopC.

~
nxXm times

By expressing the Hilbert spaces up to isomorphisms, we seem to implicate that we can
express the Hilbert spaces composed by a tensor product in many different configurations
of direct sums of Hilbert spaces

CCeC?x2Cl2CPpCl2C}pCaoC

This decomposition is purely based on mathematical arguments and to investigate which
configurations of direct sum decompositions are possible we will consider fundamental
quantum systems. When fundamentally modelling a quantum system we incorporate all
known information of that system without simplifying or neglecting any information. This
will allow us to consider all possible knowledge of quantum systems and to give physical
arguments for why certain configurations of direct sum decompositions are not possible.

3.2 Fundamental quantum systems

When modelling any physical system one has the option to model a system fundamentally
or to give a merely effective model of the system. A fundamental model incorporates all de-
tails of the system at the level of current knowledge. A merely effective model, in contrast,
takes the freedom to summarize the effect, of an often much more complex physical situa-
tion, in order to provide a simplified description that is assumed to suffice for a particular
question of interest. As effective models typically break the symmetry that a fundamental

11



description possesses and we are interested in describing fundamental quantum systems,
this section will focus on the underlying symmetries of quantum mechanics and how they
can be incorporated into quantum theory to model fundamental quantum systems.

In physics, the conservation of a physical quantity is the result of an underlying sym-
metry of the physical system. In quantum mechanics, when we do not consider the trans-
lational degrees of freedom of a particle as described in the previous section, spin is a
conserved quantity. The fundamental symmetry of non-relativistic quantum mechanics,
therefore, is SU(2) as its representations are able to describe particle spin [2]. In order to
use elements of the symmetry group SU(2) as quantum operators acting on some Hilbert
space requires the use of representation theory. In this thesis, we will mainly focus on
the application of representation theory of SU(2). SU(2) is known as a Lie group, but as
we want to use it for practical purposes, it will not be important to have any additional
knowledge of Lie groups. Alternatively, we will define the group SU(2) and work with the
given definition

SU(2) = {( g _075 > (a,ﬁ eC,la? + |82 = 1}. (3.2)

With this definition, SU(2) is the special unitary group of unitary 2 x 2 matrices with
determinant 1 where the group operation is matrix multiplication. Associated to the group
SU(2) is a Lie algebra, a vector space with an additional bilinear map, but we will, again,
only work with the given definition. This associated Lie algebra, called su(2), is useful as
it is often much easier to work with than its group SU(2)

su(2)={< ia bf“)m,b,ceﬂ%}. (3.3)

—b+ic —ia

Hence, su(2) describes the vector space of 2 x 2 anti-Hermitian matrices with trace zero
where the Lie bracket is defined as the commutator bracket of these matrices. A possible
basis for su(2) is

1(i 0 1/ 01 1/0 i
E1_2<0 —i> E2_2<—1 0) E3_2<z' o)'

The Lie group elements of SU(2) and the associated Lie algebra elements are related such
that the group elements can be obtained from the algebra elements by

~

Rj = eEje.

where }Afj € SU(2) and Ej € su(2). Conversely, one obtains the algebra elements of su(2)
from SU(2) by

IR,
Ej=-—2 =1,2,3.
17790 lo—o T T 0F

As shown in [2], SU(2) is the fundamental symmetry group for non-relativistic finite-
dimensional quantum systems, but in order to use these group and algebra elements on
the Hilbert spaces of quantum theory we must turn to representation theory.

Definition 4. A finite-dimensional linear representation of the Lie algebra su(2) is a linear
map

p:su(2) — End(V)

12



with the property

([l l2])) = [p(la), p(12)]-

Here [, -] defines the commutator bracket of su(2) matrices, V' is some finite-dimensional
vector space, called the representation space and |-, -] is the commutator bracket, which is
defined by the composition of maps ¢, ¢ € End(V') such that [¢, ] := pop —po¢. It is
often easier to work with the associated Lie algebra su(2) and its representations, yet we
do also need the definition of a linear representation of the group SU(2).

Definition 5. A finite-dimensional linear representation of the Lie group SU(2) is a linear
map:

I':SU((2) — GL(V)
such that

I'(g1) o T'(g2) = I'(9192),

where
GL(V) :={p € End(V)| det(p) # 0}.
An important subspace of representations are the ‘irreducible representations’.

Definition 6. If I' : SU(2) — GL(V) is a representation of SU(2), then if 3 W C V such
that Vg € SU(2), I'(g)w € W ¥V w € W, T is an irreducible representation of SU(2) if and
onlyif W=0or W=1V.

In other words, the representation can not be made into smaller representations and is
therefore an irreducible representation — often abbreviated to ‘irrep’.

Now that we have defined linear representations of both SU(2) and su(2) we can find
the spin matrices which are used to describe spin

hio 1 h{o0 —i h(1 0
S”“’_2<1 0> 59_2(2' 0) Sz_2<0 —1)’ (34)

where these 2 x 2 Hermitian spin matrices follow from the su(2) representation p(E;) such
that

with the commutation relations
[Saz, Sy] =1hS,, [S:, 5] = ihSy, [Sy,SZ] = 1hS,. (3.6)

The third spin matrix, S, is the spin operator used in the last section, where its eigenvalues
give the different spin levels. It might be of interest to raise the spin level in a spin system,
effectively changing from one basis element to another. This can be done with the ladder
operators

Sy =S, +1iS,

3.7
S_ =S, —iS,, (3.7)
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such that

Silsm) =+/s(s+ 1) —m(m=*1) |s m=1). (3.8)

These operators also ensure that when the highest spin level is raised or the lowest spin level
is lowered the statevector |s m) will be annihilated. As S, and S, are defined by represen-
tations of su(2) as given in Eq.3.5, similarly S} and S_ can be defined by representations
of su(2).

Definition 7. Suppose (I'1, V1) and (T'2, V2) are two representations of SU(2). The direct
sum of these two representations: I'y @ I'y : SU(2) — GL(V; & V) is given by
(T'1 @ T2)(A) =T1(A) ® 2 (A).

The tensor product of I'; and T’y is the representation I'y ® T'y : SU(2) — GL(V1 ® V)
given by

(T ®T)(A) =T1(A) @2 (A)

Similarly the direct sum and tensor product of Lie algebra representations can be defined
as

(11 @ 72)(X) = 1(X) & y2(X)
(M @72)(X) =nX)® I + 1 ® y2(X),

where I; and Iy are the identities in the respective representation spaces [2].

This now allows us to define the ladder operators and S, for composed finite-dimensional
quantum systems

St = 8" @ I, + 1, @ ST
st = s & 1, + I, @ ™ (3.9)
Sgtot) — ng) ® In + Im ® S;gn),

where S denotes operators on the composed Hilbert space C"™ @ C™ and S™) denotes
operators which act on the Hilbert space C™.

As the spin matrices are Hermitian, trace free, 2 x 2 matrices, physicists often choose to
multiply the previously defined su(2) by i. In that case, the previously given spin matrices
form a basis for i - su(2)

i su(2) = {( csz' C:abi > ya,b,ceR}. (3.10)

This change to the Lie algebra su(2) also slightly changes its relation to the Lie group
SU(2). To obtain the new Lie algebra elements from the Lie group SU(2) requires an
additional i:

ok

51 =550 oo

J=12,3,

where S is a basis element of i - su(2) and Rj is an element of SU(2). Furthermore,
to obtain the Lie group elements of SU(2) from i - su(2), one has to exponentiate the
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Lie algebra elements with an additional ¢ resulting in a unitary group element. Often in
quantum mechanics, the chosen convention is to also include a minus in the exponent

N

Rj = e_iSje.

This then results in the SU(2) elements (where oo = §)

Rm _ < 90530[ —isin a> Ry _ (CF’SQ —sin a> Rz _ <e—ia ?a> | (3.11)
—isina  cosa sina  cosa 0 e

Now that we have seen that SU(2) is the fundamental symmetry of non-relativistic finite-

dimensional quantum systems and we have used representations of su(2) to define many

useful operators for modelling the spin in quantum mechanics, we can define finite-dimensional
fundamental quantum systems.

Definition 8. A finite-dimensional fundamental quantum system is a quantum system
whose associated Hilbert space H is a finite-dimensional representation space of SU(2).

In the following sections, we will consider how to decompose the state spaces of such
finite-dimensional fundamental quantum systems. As this whole thesis is limited to finite-
dimensional Hilbert spaces, we will always assume a quantum system is finite-dimensional
in this thesis, even if this is not explicitly mentioned. An interesting result following from
the fact that SU(2) is the fundamental symmetry of non-relativistic quantum mechanics,
is that finite-dimensional fundamental quantum systems are always invariant under a 4w
‘rotation’. Indeed, most matter that surrounds us, e.g. protons, neutrons, and electrons,
is fundamentally rotation invariant under 47 and not under 27 as we so often experience.
This is not just a theoretical idea but was measured in 1975 by using magnets to rotate
beams of neutrons [3].

3.3 Decomposing the state spaces of fundamental quantum systems

In the first section of this chapter, we showed the inability to decompose Hilbert spaces
which were composed with a tensor product and our desire to express composed Hilbert
spaces as a direct sum of Hilbert spaces. Such a direct sum of Hilbert spaces could be
achieved by considering the isomorphisms of composed finite-dimensional Hilbert spaces.
In order to make physical sense of this decomposition and to eliminate some of the iso-
morphic possibilities we studied finite-dimensional fundamental quantum systems. These
systems incorporate all knowledge currently available and we defined them as quantum sys-
tems whose underlying Hilbert space is a representation space of SU(2). By considering
the composition of fundamental quantum systems and requiring the isomorphism to again
produce fundamental quantum systems, such that this direct sum decomposition must be
SU(2) invariant, provides a unique direct sum isomorphism.

In the first section of this chapter, we proposed to use the isomorphisms of composed
Hilbert spaces as to provide a direct sum decomposition of Hilbert spaces. As this was
a mathematical argument with no physical limitations we could effectively express many
direct sum isomorphisms

CC?eCeCTeC2C*aCoC o2

Now that we have defined finite-dimensional fundamental quantum systems, we require
that both the composed Hilbert spaces are associated to fundamental quantum systems
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as well as the Hilbert spaces in the direct sum must correspond to fundamental quantum
systems. This can be achieved by finding an isomorphism of the tensor product of SU(2)
representation spaces that provides a direct sum of irreducible representation spaces while
also being SU(2) invariant. SU(2) invariance implies that when we apply an element
of SU(2) as given in Eq.3.11 to the basis vectors of the direct sum spaces, these basis
vectors must express as a linear combination of only basis vectors of that particular direct
sum space. Such a decomposition of the Hilbert spaces of finite-dimensional fundamental
quantum systems is given in the following theorem which stems from [4].

Theorem 1. For any half-integer or integer p = 0, %, 1, %, ... let V,, denote a unique
representation space of su(2) with dimension 2p 4+ 1. Then for p > ¢

Vp @ Ve = Vg @ Vorg1 @ O Vg1 © Vpyg
where 2 denotes an isomorphism of su(2) representations.

Proof. For a full proof see appendix A.1. O

The given vector spaces V), in theorem 1 describe finite-dimensional representation
spaces of su(2). As these spaces must be the underlying Hilbert spaces for finite-dimensional
fundamental quantum systems with Hilbert space H = C", we can use Theorem 1 and write
it in a convenient form such that it is easily applicable.

Corollary 1. Let m and n be non-negative integers with m > n > 0. The composition
of two fundamental quantum systems which have underlying Hilbert spaces C™ and C"
respectively, can be decomposed into fundamental quantum systems with the following
Hilbert spaces.

C™ g C" =~ (Cm—i-n—l D Cm+n—3 DD (Cm—n—&—l‘

Proof. The dimension of V), as given in Theorem 1 is 2p + 1, while the Hilbert spaces
H = C™ have dimension m. Since the Hilbert space of fundamental quantum systems
must be a representation space of su(2), we obtain the relation C™ = V1 (m—1)" Then

2

Cm X (Cn — V%(m—l) X V%(n—l)’
which will have as its first subspace

V%(m—l)—‘r%(n—l) = V%(m—ﬁ—n)—l’
which has dimension m + n — 1 and is therefore equal to C™*"~!. Following Theorem 1,
we can write all representation spaces in the form CP with the appropriate dimensions. [

With these results we have found a unique direct sum isomorphism that describes how to
decompose the Hilbert spaces of tensor product composed finite-dimensional fundamental
quantum systems. This result can be extended to the composition of multiple quantum
systems as the tensor product of Hilbert spaces is associative.
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3.4 Complete kinematic decomposition of quantum systems

In the previous section, we have provided a decomposition of tensor product composed
SU (2) representation spaces into a direct sum of irreducible representation spaces of SU(2).
With this knowledge, we could decompose the Hilbert spaces of finite-dimensional funda-
mental quantum systems into a direct sum of Hilbert spaces of finite-dimensional funda-
mental quantum systems. Now that we know how to decompose the Hilbert spaces, and
therefore the state spaces, of composed finite-dimensional fundamental quantum systems,
we want to know how to appropriately redistribute the elements of these Hilbert spaces
across the direct sum Hilbert spaces. This redistribution must assign the right amount of
basis vectors to each direct sum system while conserving the S, eigenvalue of each basis
eigenvector and must preserve the fundamental SU(2) symmetry.

Theorem 1, by construction, provides a direct sum of representation spaces that is
SU(2) invariant. In other words, when an element of SU(2) is applied to any basis vector
of an individual direct sum Hilbert space, it will express as a linear combination of only
basis vectors in that Hilbert space. Therefore, we can justify the use of direct sums as the
vectors of the Hilbert spaces do not ‘mix’ and thus the Hilbert spaces are independent of
each other. If v and w are each basis vectors of two different fundamental quantum sys-
tems, then v ® w is a basis vector of their composed systems. Applying an SU(2) element,
R; with i = 1,2,3 as given in Eq.3.11, to this composed basis vector

Ri(v@w) = (R ® R))(v®w) = Ri(v) ® Ri(w),

will ultimately apply R; to the individual basis vectors, which are basis vectors of fun-
damental quantum systems and are therefore SU(2) invariant by construction. If the
decomposition provided in Theorem 1 is indeed SU(2) invariant, then applying an SU(2)
element to basis vectors of the direct sum spaces should express as a linear combination of
only basis vectors in that system. We will give a practical example to illustrate this point,
from which we will find a specific change of basis that appropriately redistributes the basis
vectors of the composed Hilbert spaces across the direct sum of Hilbert spaces.

Example 1. Let’s consider the decomposition of spin Hilbert spaces C? ® C? = C3 @ C

which follows from Corollary 1. The first system is composed of two Hilbert space of

dimension two, which therefore both contain an orthonormal basis of two vectors |4 =+ %)

To keep track of these vectors in this example, we will denote them by |[+) = |33) and
|-) = |% — %> The decomposed spin systems, a spin-1 and a spin-0 system, have basis

elements |1 j) where j = —1,0,1 and |0 0) respectively. Starting from the 2 level system,
in the given basis we can express

C? = Spanc{|+),|-)} |+) = (é) =)= <(1)> '

If we then apply this matrix to the given basis elements, using o = g to simplify the
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notation

Rl = (A ) = cos @) = s @)]-)

—isin («

Rl = (I ) = isin (@) + cos ()]

cos ()

We can similarly extend this to the composed system, where without confusion we can
define |[+) ® |—-) = |+ —):

(fo @ Re) | ++) = cos*(@)] + +) — isin(a) cos(a) (| + =) + | = +)) = sin(a)| - -)

(fo @ ) |+ =) = =isin(a) cos(a) (| ++) +| = =)) + cos?()| + =) = sin(a)| — +)
(Fo @ f) | = +) = —isin(a) cos(a) (| ++) +| = =)) = sin®(a)| + =) + cos>(a)| — +)
(Ro Fe) | = =) = —sin®(@)| ++) — isin(a) cos(a) (| + =) +| = +)) + cos*(a)] — =),

As can be seen, applying the SU(2) elements will express all basis vectors of C? @ C?
as linear combinations of all the basis vectors of that space. If we want to redistribute
these basis vectors such that in the direct sum decomposition every Hilbert space gets the
appropriate amount of basis vectors equal to its dimension, while ensuring that the direct
sum decomposition is SU(2) invariant, we introduce the following unique change of basis

11) = |+ +)
1
10) = 2= (14 =) +] =)
1) =|--)
00) = —— (|4 =) — | - +)).

V2

This change of basis will express the previously given linear combinations such that the ba-
sis vectors that describe a spin-1 or spin-0 system are now expressed as a linear combination
of basis vectors of their own Hilbert space.

Re|11) = cos?(a)|11) — iv2sin(a) cos(a)[10) — sin®(a)|1 — 1)

- _ —isin (2a) B cos(2a

R, [10) = — (I11) + 1 = 1)) + cos(2a)[10)

Ryl — 1) = —sin?(a)|11) — iv/2sin(a) cos(a)|10) + cos?(a)[1 — 1)
R.|00) = |00).

Indeed, the spin-1 system with Hilbert space H = C3, contains the vectors [1 — 1),|1,0)
and |1 1), and when applying R, to any of these basis vectors will express each of them
as a linear combination of only these three basis vectors. The same happens for the spin-0
system. This example only uses one of the three elements of SU(2), namely fix, but instead
applying fx’y or R, will yield similar results

Example 1 shows, that a decomposition as given in Corollary 1, C?> ® C?> = C* @ C,
is indeed SU(2) invariant, but, more importantly, we have found a unique change of basis
that describes how to redistribute the vectors across the appropriate direct sum spaces
while preserving their S, eigenvalues. The change of basis chosen in example 1 is the
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well known Clebsch-Gordan change of basis. It is often used in physics for combining
the angular momentum and spin of multiple particles and has been studied intensively
such that it is known for all possible decompositions of spin systems. In port-Hamiltonian
fashion, we tried to understand the composition and decomposition of finite-dimensional
fundamental quantum systems and as it turns out we require the Clebsch-Gordan change of
basis to properly redistribute the Hilbert space elements of composed fundamental quantum
systems. We now fully know how to express composed finite-dimensional fundamental
quantum systems as a direct sum of finite-dimensional fundamental quantum system and
this rightfully constitutes a kinematic decomposition. As the tensor product follows from
the axioms of quantum mechanics its use is inevitable and it prevents us to look at quantum
systems with a ‘classical mindset’, such that making a distinction between, for example,
two separate electrons or one single system of electrons is not possible. With this kinematic
decomposition, we can now again think of two separate systems as one (larger) system and
vice versa. In the case of electrons, which are spin-1/2 particles similar to example one,
we can not think of two electrons separate or not, but instead, we can think of a spin-1
and spin-0 particle separately.
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4 Towards a dynamical decomposition of quantum systems

Now that we have provided a kinematic decomposition of finite-dimensional fundamental
quantum systems, describing how to decompose Hilbert spaces and their elements, we
want to describe the dynamics of fundamental quantum systems. As we considered finite-
dimensional quantum systems, and therefore ignore the translational degrees of freedom,
this chapter will focus on modelling the dynamics of spin systems. In this chapter, we
will give a general Hamiltonian description of composed spin systems, define interaction
between composed spin systems, and we will study the importance of energy degeneracy
following from the conservation of energy.

4.1 Constructing the Hamiltonian of composed spin systems

In this section, we will construct the general Hamiltonian of individual as well as composed
finite-dimensional quantum systems. As we only consider finite-dimensional quantum sys-
tems, we will, from now on, call them spin systems. From the composition of two spin
systems, we will define interaction and model the interaction between the two systems with
an interaction Hamiltonian.

The spin of a particle is proportional to a magnetic dipole moment, g

p= 5,

where 7y is the gyromagnetic ratio. If a particle, with a magnetic moment, is then placed
in a magnetic field it experiences a torque that aligns the magnetic moment parallel to the
magnetic field. The energy associated to this torque is

H=—ji-B,

where B is the magnetic field and H the Hamiltonian. In 3d space, the Hamiltonian can
be described as

H=—yB-S=—v(B,S, + B,S, + B.S.).

If we only align a magnetic field along the z direction, the Hamiltonian will be directly
proportional to S, and similarly, the energy levels of the Hamiltonian will be directly
proportional to the eigenvalues of S, which we called the spin levels. By assuming i = 1
we can define E' = —vB, as —yB, multiplied with & has units of energy. This then provides
a more simplified Hamiltonian

H=ES,. (4.1)

If we consider a 2 level spin system, with Hilbert space # = C?, and describe its spin

vectors as in example 1
H=(g) =
~\0 S\’

then according to Eq.4.1, the top state, in this case |+), will correspond to an energy of %E
and the bottom — or often also called the ground state — will correspond to an energy of
—%E. This interpretation is reflected in the fact that since the Hamiltonian is Hermitan,
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we can reconstruct it from its from its spectral decomposition®

H= 5 er=Tre+(F) rp-gmui+ ()1

2

Eespec(H1)
_EL 0N _E pga/)
_2<0 _1>—203—ESZ 5

which is indeed the same as the given definition for the Hamiltonian in Eq.4.1. As the
Hamiltonian for spin systems is proportional to the S, operator which is defined by a
representation of su(2), the Hamiltonian of a composed spin system can be described by
the tensor product of su(2) representations as given in definition 7. The Hamiltonian for
a spin-n system coupled to a spin-m system can thus be described by

Hy=H ®L+1® Hy=ES™ @I, + I, ® ES™, (4.2)

where Hy denotes that this is a non-interacting Hamiltonian of a composed spin system
and Sén) describes the spin operator for a spin-n particle, where in the right basis it is a
diagonal matrix with eigenvalues —n,—n+1,...,n—1,n.

Now that we have coupled two spin systems and since both spin systems have evenly
spaced energy gaps (between their spin levels) of the same size, we can define interaction.
For interaction to take place, one of the systems must lower in energy, therefore emitting
a photon, which raises the other system by exactly that amount of energy. As we have
seen previously, lowering and raising the spin states, and thus effectively the energy, is
done by the ladder operators as defined in Eq.3.8. As we assume that energy is conserved,
the interaction term of the Hamiltonian must contain the lowering and raising operators
simultaneously. We can, therefore, model this interaction with an interaction Hamiltonian
of the following form

Hyn = (1 @ 8™ + 5™ @ 5™, (4.3)

where 7 from now on is the interaction strength (any real number) and not the gyromag-
netic ratio. Since the Hamiltonian must be Hermitian, the interaction Hamiltonian must
contain both possible interaction terms. The total Hamiltonian is then given as the sum
of the interacting and non-interacting Hamiltonian

H,=Hy+ Hpy = ES™ @ I + I, ® ES!™ + (si"’ ® 5™ + 5™ g S(ﬁ) . (4.4)

505

R 5 Cos.

FIGURE 1: Interaction between a 5 level and 2 level spin system

The eigenprojectors can be given by |+) (4| and |—){—|, where |+)(+| corresponds to the multiplication

. 1
of a column vector with a row vector 0) (1 0) =\o o)
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4.2 The dynamics of spin systems

Now that we have constructed the general Hamiltonian for composed spin systems, we
can find the time evolution of the quantum state that describes the system by solving
the Schrédinger equation as provided in axiom 2. In this section, we will work out the
quantum dynamics of the composed spin state such that we can fully describe its behaviour.

When we describe a quantum system, we can assume that we can pick any (feasi-
ble) initial conditions. Practically, this would mean we let the system evolve and measure
it repeatedly, once we obtain the desired initial conditions we start our experiment. Since
at no point do we not obtain the measured data, therefore not creating any classical igno-
rance and generating any mixed states, we can describe the system with pure states. As
pure states are unique dependent on the state vectors v, we can work with the state vectors
to describe the dynamics. To clearly illustrate the dynamics of a composed spin system
we start with a spin-1/2 and a spin-m system. We again pick the orthonormal basis of
the Hilbert space to be the eigenvectors of S, such that these (spin) state vectors are also
eigenvectors of the Hamiltonian. We then choose the state vectors 5, with b = —1/2,1/2
for the spin-1/2 system and o, with n = —m, —m+1,...,m—1, m for the spin-m system®.
As we also want to express an orthonormal basis in the composed quantum system, we
naturally extend the definition of an inner product such that it can be used for tensor
product composed vector spaces ((-|-))gga = (-|")3(:|")a- The new basis in the composed
quantum system, consisting of the tensor product of the basis vectors of the individual
systems, contains eigenvectors of the total non-interacting Hamiltonian

HO(/Bb & an) = (EUZ @L+6LH® ESZ) (ﬁb @ an) =bEB, @ ay, + nESy @ ap
=E(b+n)(B ® an),

where o, is the S, operator for the two level system and S, is the spin level operator for
the spin-m system. Generally, for energy eigenvectors ¢ where ¢ = ¥y, ,,) = Bp ® o, the
non-interacting Hamiltonian can be written as

Hoyp = Extpr. (4.5)

We can describe the solutions of the non-interacting Schréodinger equation as a superposi-
tion of energy eigenvectors

Y(t) =D a(t)pe B, (4.6)

l

where the time-dependence of the state vectors is carried by the coefficients a;(t) which
describe the contribution of the respective eigenvectors to the superposition over time.
These solutions can then be applied to the interacting Schrodinger equation H.,

Hyp =" ar(t) (Ho + Hin) (e 1/7)
l

= Z ar(t)e R (B 4+ Hipgaly)
l

L 0P —igt/h,, (00
—Zhal—zl:e ”@/J; zhE—l—alEl .

SIn the notation of previous chapters Bi=1/2) = |
more compact notation.

% %> but in this chapter I have opted for a slightly
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Applying (1x| to both sides of the Schrodinger equation

> a(t)e N (Bl + (| Hinelihr) = > e ity (ihdy + a )
1 .

then results in '
ihdy =Y ay(t)e BB (4.7)
l
where

Hyy = (n) Hin ). (4.8)

From these differential equations it becomes evident that if there is no interaction, i.e.
v = 0, the coefficients do not depend on time, resulting in a superposition of energy
eigenvectors that is stagnant. Additionally, the time-dependent coefficients, with their
initial values, describe the whole dynamics of the system. To understand the full dynamics
of the system the H,;l = HEb,n),(b’,n’) term must be calculated.

Hip ) ) = ((Bo @ an| Hint|By @ o))
=Y{(Bp ® anlo— ®@ S + 04 ® S_|By ® an))
=7 ((Bolo-1By ) (an|S+|an) + (Bolo+[By ) {an|S-|oun))
=1 (\/m(m +1) = /(0 + 1)Sp 10y —1 + Vm(m + 1) —n'(n/ — 1)6n,n’—1éb7b’+1> ,

where o+ denotes the ladder operators in the two level system and S+ denotes the ladder
operator in the m-level system from which the square root stem as given in Eq.3.8. The
ladder operators for the spin-1/2 system carry no coefficient and the other raising coefficient
can be simplified by C,,, = m(m + 1). The dynamics of the system are then described by
Eq.4.7 and since the spin-1/2 system consists of only two levels b = —1/2,1/2 it can be
written out explicitly”

Za(1/27n) = Z Z a(b/7n/) (t)e—i(E(b’7n/)_E<1/2,n) )t
ye{—1/2,1/2} n'=m
gl <\/Cm — /(' + 1)dp 11012001 + /C — 0/ (0 — 1)5n,n’7151/2,b’+1)

=3V Cm —n(n+1) a(_1/2,n41)

i1pm = D D7 ap () et Eeizm)t
ve{-1/2,1/2} n'=—m

gl (\/Cm — /(0 + )6 101201 + /Cm — (0 — 1)5n,n’715—1/2,b’+1)

=7V Cm —n(n —1) a@/2n-1),

where we used the degeneracy in the energy E(—1/2,n+1) = E(1/2,n) = (n +1/2)E.
This energy degeneracy is expected as energy conservation only allows these two energy
levels to interact with each other. It is also important to note that these are coupled
first order differential equations, the time derivative of a coefficient is dependent on the

"For most practical purposes we will assume f = 1.

23



coefficient of its degenerate partner state

a/2,m) = =17V Cm —n(n+1) a_1/2n41)
a(—1/2,n41) = =17V Cm —n(n +1) aq o) (4.9)
a(1/2,m) =0

a(-1/2,—m) = 0.

The last line shows that the states |—) ® | —m) and |+) ® |m) are time-independent, which
makes sense as these are the ground state and top state of the composed system. From
this example, it becomes clear that energy degeneracy is indeed necessary for interaction
if we want to respect energy conservation. Both the top and ground states have energy
degeneracy one, and thus will not interact. The first order coupled differential equations
can be linked to get two second order (uncoupled) differential equations

2
a(~1/2,a41) = — (7 Cm —n(n + 1)) a(-1/2,n+1)
(4.10)

. 2
a(1/2,n) = — ( Crm —n(n+ 1)) a(1/2,n)>

which are the famous harmonic oscillator differential equations. Solving the ODE’s results
in

a(—1/2,n+1) () :% (a(,l/znﬂ)(o) — a(1/2m) (0)) i1/ Crm—n(nt1)t
- % (a(=1/2,n4+1)(0) + a1 /2,,)(0)) o~ 11V Cm—n(n+1)t
ag/zn(t) == % (a(=1/2,n4+1)(0) = a1 /2,,)(0)) o/ Cm—n(n+1)t
T % (a(-1/2,n+1)(0) + a1/2,0)(0)) o~/ Crm—n(nt1)t.

Now that we have completely solved the differential equations that described the dynamics
of the statevector, we can completely describe it as described in Eq.4.7

%+m)Et i(%+m)Et

V() =a1/2,-m)B-1/2 @ Oé—mei( + a@/2,m)Pi/2 ® ame”

m—1
+ Z a(—1/2,n+1)(0) (COS(WAt)5—1/2 ® Qny1 — isin(yAL) B2 @ o) e iB(nt)t

n=—m

m—1
+ D agyom (0) (—isin(yAt)B 12 @ any1 + cos(YAL)Br 2 © an) e~ B(nt3)t

n=—m

where A = /Cy, —n(n+ 1) to make everything a bit more compact. This is a complete
solution to the interacting Schrodinger equation. Given initial conditions, we can fully
describe v (t) and how it behaves with time. Since we are still working with a pure state,
we can describe the state p = % from the given initial conditions. This example is
not completely general as [ wanted to give a clear and in depth description of dynamics of
coupled spin systems. By using a 2-level spin system, as the energy degeneracy is limited to
the smallest composed spin system, we could write out the dynamical equations explicitly
which gave a lot of insight into this interaction. Of course, a general description of spin
systems is almost similar to the description provided in this section except there will be
multiple coupled first-order differential equations and the complete solution can not be
written out explicitly.
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4.3 The role of energy degeneracy

In the previous chapter, it became evident why the degeneracy of eigenvalues of the .S, op-
erator was so important for the structure of decomposing fundamental quantum systems.
In the previous section, interaction was only possible due to degenerate energy eigenvectors
as a result of the conservation of energy. In this section, we investigate this underlying
energy structure and incorporate this knowledge into a theorem, which hints at a ‘puzzle
piece’ for a port-Hamiltonian description of quantum mechanics.

In the last chapter, we realized that we can decompose su(2) representation spaces,
that were originally composed with a tensor product, based on degenerate eigenvectors of
the composed spin operator S,. Since the energy of a spin state is directly proportional
to its eigenvalue of S,, Eq.4.1, the degenerate energy structure of the eigenvalues of the
Hamiltonian is to be expected. In the previous section, we observed that by assuming en-
ergy conservation while modelling the composed spin systems, interaction can only occur
if there exist degenerate energy eigenvectors. In other words, there need to be multiple
eigenvectors of equal energy for the system to be capable of energy transfer from one state
to another. This is illustrated by last section’s example where the top and ground states
did not interact and were ‘static’. Since this degenerate behaviour is so important for
interaction, it might be interesting to only consider the degenerate energy eigenspaces of
the Hamiltonian.

If [A, B] = 0 and A has eigenvalue A such that Av = Av and B has eigenvalue p such
that Bw = pw then

0= [A, BlJv = ABv — BAv = A(Bv) — \(Bv)

and therefore Buv is also an eigenvector of A with eigenvalue A. Consequently, if [Hy, Hint] =
0 then for v € E)\(Hp) the A-energy eigenspace of H

H;wv € E)\(H()), Hint(E)\(HO)) - E)\(Ho). (4.11)

So applying the interaction Hamiltonian does not get you out of the energy eigenspace of
Hy, once they commute. Note that this is a beautiful reformulation of energy conservation.
As long as the interaction Hamiltonian and the non-interaction Hamiltonian commute,
interaction will not change the energy eigenspace and thus the energy before, during and
after interaction will remain the same. Given a Hamiltonian we can pick an orthonormal
eigenbasis vy € Ey(Hy) such that

H= @ Ex(Hp) and v = Z vy, VoveH.

XeSpec(Hop) AESpec(Hop)

This then leads to the previous idea of describing the Hamiltonian of a system by its energy
eigenspaces, especially since

(Ho + Hint)(EX(Ho)) = Ho(E\(Ho) + Hint(Ex(Ho)
C Ex(Ho) + Ex(Ho) = Ex(Ho),

where we used that Ho(E\(Hp)) = Ex(Hy) and [Hy, Hip] which then implies Eq 4.11.

Lemma 2. Given a non-interacting Hamiltonian Hg and an interacting Hamiltonian H;y;.
If they commute, [Hy, Hiny| = 0, the following result holds

Ho+ Hint = EB H?,
AeSpec(Hop)
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where

HAU _ (Ho + Hmt)v, (RS E)\(Ho)
0 else

Proof. Using v =), vy for vy € E\(Hy)
@H)\(U) = @H)\ (Zvu) = ZZH/\(UM)
A A 1 A B
= ZZ(SH:)‘H)\UN = ZH/\U)\
Ap A
HO + Hznt (Z U>\> HO + H'mt)

where §,, ) is the Kronecker-delta. O

Lemma 2 shows that instead of using the Hamiltonian on the entire Hilbert space
we can use the Hamiltonian for each energy eigenspace separately. This only holds for
[Ho, Hint] = 0, but conveniently, it turns out this is the case for all composed spin systems.

Lemma 3. For a system composed of two spin systems, a spin-n and a spin-m system,
where the Hamiltonian’s are given by

Ho=E (ng) @I+ Iy ® S§")>
Hym = (1" @ 8™ 4 50 @ 87,
the Hamiltonian’s always commute [Hy, H;p¢] = 0.

Proof. Using the relations for the ladder operators S+ = S, £ 4S5, and that the tensor
product is bilinear, H;,; can be written as

Hy = 2y (1™ @ 557 + 5§ @ 5().
The commutation of Hy and H;,; then results in
[Ho, Hint) = 2E(S0™ &[S0, S(7] + [50™), 80 & 5
+ 80 @[5, 5] 4 [S0™), 50m) @ s§n>).

Using the commutation relations [S;, S;] = i€, Sk the result is [Hy, Hine] = 0. O

This is a convenient result, when working with composed spin systems we know that
the interaction will always conserve energy and we can work with the energy eigenspaces on
at a time instead of working with the whole Hilbert space. Many of these useful properties
can be combined and are encapsulated in a single theorem?®.

Theorem 2. If H, = Hy + H;y; with [Ho, Hine) = 0 and ip = [H,, p| where p is a pure
state. Then

tr(,bPEA (Ho)) =0 Ve Spec(Ho)

8The form and relevance of this theorem has been conceived together with my fellow student Kia
Romero Hojjati.
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Proof. For a full proof see appendix A.2. O

This seems like a very simple result, but it includes many of the properties we discovered
in this section. The proof uses the energy conservation property Hin.(Ex(Hp)) C Ex\(Hp) as
it labels vectors by their energy eigenspace. In chapter 2, we saw that the probability of the
system being in a certain state for a given energy is given by P(E|p) = tr(pPg), which if all
degenerate energy eigenvectors are taken into account by multiple eigenprojectors, should
be equal to 1. Therefore, taking the time derivative of this probability gives tr(pPg). In
addition to that, the trace as given in Theorem 2, contains the full dynamics of the system
as given by the Schrodinger equation. Ultimately, these three properties make theorem 2
an extremely useful component as it describes the full dynamics as well as the degenerate
energy structure. This might be a useful tool for constructing a port-Hamiltonian theory
of quantum mechanics.
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5 Conclusions

Starting with an axiomatic review of quantum mechanics, we identified the main problem
for constructing a port-Hamiltonian theory of quantum mechanics. As described in the
fourth axiom, the composition of quantum systems occurs by composing their Hilbert
spaces with a tensor product. The existence of entangled states, which results from the
increase of the dimension of the composed system, eliminates the possibility to split two
Hilbert spaces composed with a tensor product H; ® Ho back into the original H; and Hos.

In chapter 3, we realized that this problem could be circumvented if we could express
the composed Hilbert spaces as a direct sum of Hilbert spaces, which by definition, would
be independent of each other. In that case, an entangled state would express as a linear
combination of vectors in different direct sum spaces, which could easily be separated.
By considering only finite-dimensional quantum systems with Hilbert space H = C™ we
could express the isomorphisms of composed Hilbert spaces as such a desired direct sum
of Hilbert spaces. Such a direct sum decomposition, however, was not unique as it was
purely based on mathematical reasoning and did not take any of the physical arguments
into account.

To make sure we had all the physical information to justify specific configurations
of the Hilbert space isomorphisms we required only considering fundamental quantum
systems. Fundamentally modelling a quantum system requires using all knowledge of
quantum systems currently available without simplifying any information. We realized that
SU(2) is the fundamental symmetry of non-relativistic quantum mechanics and that finite-
dimensional fundamental quantum systems, those with no translational degrees of freedom,
must have Hilbert spaces that are representation spaces of SU(2). A consequence of the
fundamental SU(2) symmetry is that most quantum matter around us is fundamentally
rotation invariant under 4.

By now only considering the composition of finite-dimensional fundamental quantum
systems and only isomorphisms that include a direct sum of finite-dimensional fundamental
quantum systems we obtained a unique isomorphism

C™ @ C" = (chrnfl D Cm+n73 DD CmfnJrl

that respects the fundamental SU(2) symmetry of non-relativistic quantum mechanics.
Although the axioms of quantum mechanics require us to compose quantum systems with
a tensor product, now there do exist certain quantum systems that can be composed with
a direct sum as long as they correspond to a possible tensor product composition. This
classical way of thinking now allows us to consider, for example, two electrons, which are
spin-1/2 particles, as one spin-1 particle and one spin-0 particle.

Although we had found a way to decompose the Hilbert spaces of finite-dimensional fun-
damental quantum systems, we still had to find a change of basis such that the elements
of these systems were redistributed appropriately. We found that the unique Clebsch-
Gordan change of basis preserves the SU(2) invariance in the direct sum decomposition,
provides a basis for each direct sum system and conserves the eigenvalues of S, for each
basis vector. Therefore, we have provided a complete description of the decomposition
of finite-dimensional fundamental quantum systems, describing how to decompose both
the Hilbert spaces as well as their elements, and this rightfully constitutes a ‘kinematic
decomposition of finite-dimensional fundamental quantum systems’.

Although this kinematic decomposition is the main result of this thesis, a first attempt
at a dynamic decomposition of quantum systems was made. The Hamiltonian and the
full dynamics of composed spin systems were derived. Due to energy conservation, only
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interaction between degenerate energy eigenstates was possible. We then realized that if
the interacting and non-interacting Hamiltonian’s commute we could analyze the system
by looking at the specific energy eigenspaces instead of looking at the whole Hilbert space
at once. As much of the dynamical structure is a consequence of this energy degeneracy,
this approach makes the dynamics much more transparent and will help a lot in future
attempts of finding a complete dynamical decomposition.

Much work has been done on trying to understand the dynamics in the direct sum
decomposition. Unfortunately, due to time limitations, not enough concrete results have
been obtained to mention in this thesis. It does, however, seem that most physical compo-
nents can be carried to the direct sum decomposed systems by the simple transformation
Ag = TAgT~!, where the transformation T is the described Clebsch-Gordan change of
basis. Even Theorem 2 conveniently seems to apply in the direct sum system. This makes
future research into the dynamical decomposition much more pleasant as then the dynam-
ics can be described by only regarding the individual energy eigenspaces.

This research has been done with the greater purpose of constructing a port-Hamiltonian
theory of quantum mechanics. Although not explained here, it aims at describing open
quantum systems and how they are connected such that the overall energy is preserved
and the full dynamics of the system are described. Such a theory would give a rigorous
description of a theory of interaction within quantum mechanics. A major goal of this re-
search was to find the power ports, which exist in classical port-Hamiltonian theory. This
has not been accomplished yet but with the kinematic decomposition that was described
in this thesis, a dynamic decomposition seems insight.

This research was limited to finite-dimensional quantum systems, as one only needed
to have knowledge of linear algebra. Additionally, we modelled all quantum systems as
fundamental quantum systems, describing all details and no effective models. The ulti-
mate goal is to make a port-Hamiltonian description of most physical theories that can be
formulated in a Hamiltonian fashion. For non-relativistic quantum mechanics, the funda-
mental symmetry group is SU(2). If a complete port-Hamiltonian theory of non-relativistic
quantum mechanics was formulated this could possibly be extended to relativistic quantum
theory by changing the symmetry group to sl(2,C), as its representations describe rela-
tivistic spin. It could be that by formulating a rigorous theory of interactions of quantum
mechanics it would be relatively simple to extend this idea to more areas of physics.
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A Appendix

A.1 Proof of Theorem 1

The original proof of this theorem comes from [4]. I modified it slightly but it is still the
same proof.

Proof. Take a basis for each of the two spaces V,,, and V;, and label them by their eigenvalues
of S, the spin levels. So we get the bases uy,, Um—1, ..., U_m for V,, and v,, vp—1,...,0_p
for V,. As these are eigenvectors of S, for their respective space S,u,, = mu,, and
S.vn = nv,. Then the composed vectors u; ® v; form a basis for V,,, ® V;, such that if S,
is applied to the composed system?”

(ng) QI+I® S§">> w @ v; = (i + j)ui @ v;.

Thus each basis element is an eigenvector of S, on V,,, ® V,,, with eigenvalues ranging from
m+n to —(m 4+ n) in increments of 1. The eigenspace with eigenvalue m + n, the largest
eigenvalue, is one dimensional and is spanned by ., ® v,. If n > 0, i.e. the second space
has dimension higher than 1, then the eigenspace with eigenvalue m +n — 1 has dimension
2 and is spanned by uy,—1 ® v, and u,, ® v,—1. Fach time we decrease the eigenvalue of .S,
by one, we increase the degeneracy of the corresponding eigenspace by 1. This continues
until we reach the eigenvalue m—n, an eigenvalue with max degeneracy, with an eigenspace
spanned by

Um @ V—p, Um—1 @ V—pt1; -+ - Um—2n+1 & Un—1, Um—2n & Un.

This space has dimension 2n + 1. If we continue decreasing the eigenvalue of S, by one
in each step, the dimension remains the same until we reach the eigenvalue n — m. After
this eigenvalue, the dimension of the eigenspace starts to decrease by one, similar to the
structure of the top eigenvalues. This continues until we reach the lowest eigenvalue —(m+
n) which has an eigenspace of dimension 1 and is spanned by u_,, ® u_,. This pattern
is illustrated in the following table for V5, with dimension 5, and V; with dimension 3.
The total dimension of the composed system is 15 and thus we get the following 15 basis
vectors.

Eigenvalues for S, Basis

3 Uz ® v1

2 U1 @ v U2 @ Vg

1 Uy ® V1 U1 & Vo U @ v_1
0 U_1 @ v up & Vo up ®v_1
-1 U_o R V1 U_—1 & Vg Uy @ v_1
-2 U_2 & Vg uU_1 Qv_q

-3 U_2 Q@ V_q

In the general case, consider the first eigenvector u,, ® v, with the largest eigenvalue for .S,
of m+n. It is annihilated by S as it is the top spin level. We can lower the spin level by S_
and applying the operator repeatedly gives a chain of eigenvectors for S, with eigenvalues
lowered by one until they reach —(m + n). We define the span of these vectors, as W,
which is invariant under su(2) as if we apply any of the basis elements of su(2), Sy, S, S,
we still get an element in W. Therefore by linear extension, any element of su(2) applied
to W will give us an element of W. According to [4], the span of W is also irreducible
and isomorphic to V4, as W contains 2(m +n) + 1 vectors. Additionally, the orthogonal

9From now on we will define S., S, S_ as in Eq.3.9 for composed systems.
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complement of W is also invariant under actions of su(2). Since W contains eigenvectors
for all eigenvalues of S, with multiplicity one, each eigenvector for S, in W+ will have
its multiplicity lowered by one. As the top and bottom spin level only had multiplicity
1 and are part of W, the highest eigenvalue of W+ will be one lower than that of W. So
m+n is not an eigenvalue of S, in W but the largest eigenvalue in W+ is m+n — 1 with
multiplicity one.

Now if we start at the top eigenvector for S, in W, so with eigenvalue m + n — 1,
it will be annihilated by S, in W+. We can apply the lowering operator to again gain a
string of eigenvectors, this time of length 2(m +n) +1—2 = 2(m +n — 1) 4+ 1. Therefore
this process generates an irreducible invariant subspace isomorphic to Vi, 4n_1.

We then repeat this process, at each step looking at the orthogonal complement of
the sum of all invariant subspaces that we have obtained in previous stages. Each step
reduces the multiplicity of the S,-eigenvalue by 1 and thereby reduces the largest remaining
eigenvalue of S, by one. This process can continue until all degenerate eigenvectors are in
a different irreducible subspace. As the maximum degeneracy of V,,, ® V,, is 2n + 1 and
every new subspace has a dimension of 2 lower than the previous subspace, starting with
dimension 2(m + n) + 1 we end with dimension 2(m +n) +1 —4n = 2(m —n) + 1. Thus
the last subspace will be V,,,_,,. O

A.2 Proof of Theorem 2

In this section, I will first state Theorem 2, then give the idea behind the proof and then
give the actual proof.

Theorem. If H, = Hy+ H;py with [Hy, Hine) = 0 and ip = [H, p] where p is a pure state.
Then

tr(pPg, (Hp)) =0 Y X € Spec(Hyp).

The idea of the proof is very similar to the derivation in the section "The dynamics
of spin systems’. This is a very common way to describe the quantum dynamics of a
system. Using the required commutation relation given by the Theorem, we can address
each energy eigenspace separately. With these properties we can proof the result. As in
the proof we need to keep track of the energy eigenspaces and the orthonormal basis of
that particular energy eigenspace we will label everything with two indices.

Proof. Let p be a pure state p = %7%' where 9 (t) is a general solution to the Schrodinger

equation for Hy. Such a solution is of the form
Y(t) = an(t)hpe M,
n

where we use hats to denote vectors containing an orthonormal basis within a specific
energy eigenspace of value k.

= () o)
ag == (a,(:), a,(f), . ,a]gdeg(Ak))),

where deg(\g) is the degeneracy of the energy eigenvalue. Then

: A d T @)
P = Qi = ; o)y and —ay = ; . (£),
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Using the Schrédinger equation (h = 1), i0p) = H 1)
i) = 1) an(t) e 40> Gy () (—iE,) e
n n
= Z (iénqz)ne_iEnt + &n@;nEne_iEnt>
n
= > ety (idn + anEn)
n
Since Hy = Hy + Hjpy
HVw = Z HO (dniﬁneiiEnt> + Z Hint (&nijneiiEnt)
n n
_ ~ —tEnt 7 n
= Z apé (H(]wn + Hzntwn)
n
= Z &ne_iEnt (Enqz)n + Hznt&n) .
n
As we are working with an orthonormal basis

b e ()),,(7)
(Weldn) = (WD)

_5 L Z'dE/\n, n:k
T T 0e L(By, EY), n#k

By then equating both sides and applying <1ﬂk\ to both sides
S e P (B + ) = S € Py, (il + Endn )
n n
Where we defined H ,/m in terms of the basis elements, of the two energy eigenspaces
Hypy = (sl Hina ) 1= (01 | Hial00))

After rewriting we end up with

PN ~ —1 — !
iay = Zane BBty
n

Since Hmtzﬁn € E,, and we have an orthonormal basis
!

Hence,

As 1) was previously given by a superposition, we can now write it out explicitly.

deg(An)
W) =3 > el |l
n s=1

deg(Mg

) . .
<1[)(t)| — Z Z eiEktaZ(J) <¢](€J)’ )
k j=1
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For example, in the composition of a two level spin system with another spin system it
would look like

t)) = Z et (@(1/2,n) (/31/2 b2y an) + a(-1/2n+1) (571/2 & an+1)) .

Combining the two expressions for the state vector
—i(En—E *(j j
BN WO = 3 D e EnPlaPar D)) ().
kn s,J
we then define the projector to the energy-eigenspace of A; by its eigenvector basis elements

deg(A\;)

Z ™) (™).

Applying the projector

W) (1) Pe, = > e Fn =B apaf, ) (| g

k.n

=Y e E T E ) (ag

Since unitary time evolution preserves the inner product (1(0)|1(0)) = (U (¢)y(0)|U(t)¥(0)) =
(1¥(t)]1(t)) the probability of measuring energy £ = [E is given by:

p(€ = 1E|p) = tr(pPs,) = > e I B (| ().

1
(¥(0)[¥(0)) 4

Since
tr(|antn) (@) Z D ayDtr (D) (0,7))
_Zénléua Z| (Z
Thus
1 deg(Ar) ),
p(& = 1E|p) = tr(pPs,) = Z jaj” (t)

(W (0)[$(0))

Now that we know the above given relation holds we can look at the summand
tT(pPgl) =0 <~ |’€ll||2 =0
. d. .
tT(pPgl) =0 < —HalHZ = 0.
dt
Continuing with the norm squared approach
d deg(A;)

4 Z a0 ) = 34l ar® 1 o a;®.

i

d
Zllal* =
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Substituting the previously found equation, zal(j ) = > H; k aé), for the time derivatives of
the coefficients

||alH dt Zal' «(7) | _ Zdl(j)a?ﬂ(j) —i—al(j)df(j)
J
_ Z { (—iZHl- a(?)) () 4 o0 ( ZH*Z *(‘1))}
il !
J D
:Z{ZH*Z J)* Z p)* }
J
ZHéjagj)aZﬁ(Q) — ZH]l-pal(p)azﬁ(j) = 0.
34 Jp

Where we used that the Hamiltonian is Hermitian and thus taking the complex conjugate
with the star results in H}, = Hy,. O
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