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Chapter 0

Introduction and preliminaries

0.1 Introduction

Most objects we interact with everyday obey the laws of classical mechanics. The physics
of very small objects is quite different and is better described by quantum mechanics. In
quantum mechanics there are several effects, such as superposition and entanglement, that
have no classical counterpart. The idea behind quantum algorithms is that maybe these effects
can help to solve computational problems.
It turns out that they can. The most famous example being Shor’s algorithm [3], an algorithm
for finding the prime factors of an integer. Shor’s algorithm can find a prime factor of a
number N in O(log(N)?) operations [1], which is exponentially faster than the best known
classical algorithm. Shor’s algorithm is based on the quantum Fourier transform introduced by
Coppersmith [5]. There are a number of related algorithms, including algorithms for period-
finding and discrete logarithms. When implemented in a quantum computer, these algorithms
could break various forms of encryption, including RSA and Diffie-Hellman.
Another family of quantum algorithms were inspired by Grover’s algorithm [6], which is an
algorithm for brute-force search. Finding the correct element among N possibilities with clas-
sical brute-force search takes N tries in the worst case and N/2 tries in the average case. In
both cases it is O(N). Grover’s algorithm takes O(v/N) time, which is a polynomial speedup,
not an exponential one. Grover’s algorithm was generalised to a very useful quantum primitive
called amplitude amplification in [7].
Subsequent research has considerably expanded these two families of quantum algorithms [,
) ’ ]
Another source of inspiration for quantum algorithms comes from quantum mechanics itself.
Being able to accurately simulate quantum mechanics would have many applications to mate-
rials science, chemistry and pharmacology, among many others. It turns out that simulating a
quantum system on a classical computer is hard, which provided some of the earliest evidence
that quantum computers could potentially be more powerful than classical computers [12].
Preparing ground states of systems is also of great interest. Besides the obvious applications
to physics and chemistry, it turns out that many NP-hard problems, including various types
of partitioning, covering, and satisfiability problems, can be mapped to the problem of finding
the ground state of an Ising system [13].
In [14] a method for preparing ground states with a very physical intuition was proposed. A
(pure) state of a quantum system is modelled as a vector |¢) in a Hilbert space. The evolution



of the state in time is determined by the Schrédinger equation’

d ,
vy = i), (1)

where H; is a self-adjoint operator that may depend on time. If H is time-independent and
the system is prepared in the ground state, then nothing will change except the rotation of the
phase. Now suppose H is changed very slightly, then the state of the system will no longer
be an eigenstate. It will still have a large overlap with the ground state, but will have many
components, each with a phase rotating at different speeds. Whenever H changes, part of |¢)
migrates from the ground state to the excited subspace. If the changes in H are happening
slowly enough, then large phase differences (due to time evolution) build up between the ground
space and the excited space. This means that the part of the ground state that migrates to
the excited space is essentially uncorrelated with what is already there and the net migration
is suppressed. In other words: if |¢) is initially in the ground state (or in fact any other
eigenstate), and H; changes slowly, then |¢) is approximately in the ground state of H; for all
t. This fact is known as the adiabatic theorem.

The proposal of [14] is based on the observation that some ground states are easy to prepare,
while others are very difficult. For example, in a strong uniform magnetic field a lattice of spins
will all quickly align themselves in the direction of the field. On the other hand, one could
consider a very intricate magnetic field By that induces ferromagnetic coupling between some
spins and antiferromagnetic coupling between others. Depending on the spatial configuration
of these couplings, it might take a long time for the system to relax into its ground state, and
it may not reach it in a practical time frame.

Suppose we really want to prepare the ground state of the system under the influence of By
(maybe because the couplings represent constraints in some constraint satisfaction problem we
would like to solve), then we could prepare the system in the ground state induced by the
strong uniform field and then slowly replace the strong uniform field with the more intricate
field. The adiabatic theorem says that we will have (approximately) prepared the ground state
corresponding to B; if the field was changed slowly enough. The big question is: how slow is
slow enough? Several general answers to this question are given in chapter 1. Much of this
material follows the orthodox presentation of adiabatic theorems, with minor improvements in
presentation. There are also some new results, notably Theorem 1.28.

In practice it is usually quite difficult to get a system to evolve according to a prescribed
time-dependent Hamiltonian H;. When using a purpose-built quantum annealer, one is usually
restricted to specific time-dependent Hamiltonians. It is also possible to simulate the continuous
dynamics of (1) with a discrete procedure, but then one incurs an extra discretisation cost,
which may be significant. See [15] for an in-depth analysis, but the problem can also be
illustrated with the time-dependent Trotter product formula in Proposition C.13. Using the
modulus of continuity w4 proposed in Lemma C.11, we see that the discretisation error scales
as the time complexity squared (this can presumably be reduced to T+ with kth-order
methods). The number of discrete operations necessary to implement the time-dependent
dynamics with bounded error is therefore asymptotically larger than the time-complexity, which
is the complexity we would like to match.

On the other hand, analysing discrete dynamics tends to be hard. The solution proposed in
this thesis is to perform the discrete operations not according to a deterministic schedule, but
rather according to a stochastic one. The average behaviour of the system will then satisfy
a continuous differential equation, which is easier to analyse. This gives us the best of both

1In this thesis any factors of % will always be absorbed into the Hamiltonian H. In other words, the units
are chosen such that h = 1.



worlds: the operations are discrete, which makes it easy to implement, but the equations are
continuous, which makes it easy to analyse.

The dynamics described by (1) are the unitary dynamics of a closed quantum system, which
means that it is not possible to describe any (classical) randomness in this framework. In order
to allow for classical randomness, we switch from pure states |¢) to density matrices p (i.e.
positive, trace-one operators on a Hilbert space). Now the time evolution is given by

< o=ru0) @

where £; is the generator of the dynamics. If the generator is of the form L;(p) = —i[Hy, p],
then the dynamics are unitary and (2) is known as the Liouville-von Neumann equation.

In the second half of chapter 1 two other generators of physical processes derived from the time-
dependent Hamiltonian H; are proposed and corresponding adiabatic theorems are proved.
The use of the adiabatic theorem for computational means is called Adiabatic Quantum Com-
puting (AQC). It is a framework for designing algorithms rather than an algorithm itself. In
order to have an algorithm, one needs to supply a time-dependent Hamiltonian H; and ideally
have some knowledge of its spectrum. This is the focus of chapter 2. The analyses of Grover’s
algorithm and the Quantum Linear Systems of equations Problem (QLSP) are well-known. In
section 2.3 the analysis of the Grover Hamiltonian is generalised to a large class of Hamiltonians
that are diagonal in the computational basis. This is also the focus of [2].

The appendices contain supporting material. Some of this material just summarises well-known
facts, but there are also a fair number of new results. In particular Appendix D develops a
theory of integration in locally convex topological vector spaces which is substantially new. Its
novelty is the reason it is included; for the purposes of the rest of the thesis Riemann integration
in Banach spaces is enough.

0.2 A guide to this thesis

Adiabatic theorems are developed in chapter 1. In section 1.1 a well-trodden path to the devel-
opment of adiabatic theorems is followed. Nonetheless, several improvements and new results
are given. They are usually highlighted in the text. I would like to draw particular attention
to Theorem 1.28, which is a new quantitative adiabatic theorem for unbounded operators.
Many adiabatic theorems are stated in the text. Many more are left implicit: the general
approach will be (1) to write down an expression for a quantity that should be bounded (usually
the difference between the time evolution and some idealised evolution) and (2) to bound each
term and factor in this expression. Part (1) is performed in subsection 1.1.3; bounds for part
(2) are developed in subsection 1.1.4.

Since the aim of subsection 1.1.4 is to present a broad range of bounding techniques, it may
seem a little unfocused. The reader may want to skip parts that seem uninteresting. There is
also some technical complexity: in order to deal with unbounded operators, new norms have
to be introduced. The reader not intimately familiar with the graph norm may want to read
subsection A.2.1, or just skip these results.

Finally a counterexample to a commonly cited informal result is presented in subsection 1.1.6.
In section 1.2, new dynamics and associated adiabatic theorems are developed. In particular,
two new, Poisson-distributed, models are introduced that are based on existing deterministic
procedures. The adiabatic theorems for these models are proved using a general framework that
is slightly different from the setup for Hamiltonian evolution and will hopefully prove applicable
to other situations.



Finally chapter 2 develops algorithms based on the various adiabatic theorems developed pre-
viously.

Appendix A is mostly a summary of well-known functional analysis, for reference and to fix
notation. Much of it is just a sequence of results, with proofs if they are interesting. The
subsection A.1.2 on functional calculi is much more informal than the rest and should give a
relatively readable and motivated introduction to the topic.

Appendix B provides results that guarantee the existence of dynamics. On the one hand, it
gives a reasonably complete development of the theory for bounded generators (this is often not
given a lot of attention in textbooks, since they are more interested in the unbounded case).
On the other hand, a streamlined presentation of the unbounded case is given that is adapted
to the present situation. Textbook presentations tend to focus on a more general setting that
complicates the proof.

Appendix C gives some Trotter product results. The time-independent results are well-known.
The time-dependent results are much less well-known and in particular there may be some
novelty in the explicit bounds. The typical textbook result, see e.g. [16], does not give explicit
bounds and indeed only proves strong convergence, not uniform convergence.

Appendix D develops an integral in locally convex topological spaces. It can be used as the
integral in the rest of the thesis, but this is usually overkill: since the functions are usually
continuous, a Riemann style integral usually suffices, although there is some complexity in the
fact that the derivative of the schedule T' may be discontinuous. In these cases it some kind of
Bochner integral is necessary, but this will not be used in applications.

0.2.1 Levels of abstraction

Quantum algorithms usually live in finite-dimensional vector spaces. In finite dimensions there
are not that many topological considerations: each space has a unique Hausdorff topology.
Under this topology all linear operators are continuous (i.e. bounded) and all subspaces are
closed. Consequently there are many interesting questions in infinite dimensions that become
trivial in finite dimensions.

For most of the material in this thesis, this is not the case. The arguments are essentially
the same in both the finite- and infinite-dimensional case. Accordingly, most result are stated
without assuming anything about the dimension, except in chapter 2, where everything is
finite-dimensional.

The one notable exception is when it comes to the existence of dynamics: in finite dimensions
it is impossible to have an unbounded Hamiltonian. Thus the discussion on section B.3 is
trivialised and reduces to the case discussed in section B.2. Consequently, there are some
questions of continuity and domain in the first chapter. Any reader who is only interested in
the finite-dimensional case may ignore questions of domain (i.e. the domain D is the whole
Hilbert space H) and questions of continuity (strong continuity and norm continuity may be
considered as the same thing).

0.2.2 Notation

Straight brackets are used for the commutator: [a,b] = ab — ba. If a,b are real numbers such
that a < b, then this notation refers to the closed interval.

The identity map is denoted 1. The statements a = b means a is defined as b. Brackets in a
superscript mean taking a derivative: the expression a(*) means the k" derivative of a.

The notation || H|| will always mean the operator norm of H. Sometimes it will be necessary to
clarify which spaces H is supposed to map between. In these cases a subscript like | H||v—w



will be used, where V, W are normed spaces. Thus

H
|H|lv—w = sup m
veV ||vHV

3)

The set of linear functions H such that |[H||yvw < oo, i.e. the set of bounded operators, is
denoted B(V,W), or B(V) if V. =W.

I use the notation A* for the adjoint of the operator A.> The domain of A is denoted dom(A).
Sometimes, mostly in the appendices, an arrow superscript will be used to denote the image
function: if X,Y are sets, A C X a subset and f : X — Y a function, then the image of A
under f is

FHA) = {f(x)]z € A}.

The notation f: X 4 Y is used to denote a partial function from X to Y.

On occasion, constant functions will be denoted using an underline: a is the function that
returns a for all inputs. For any proposition P, the Iverson bracket [P] is 1 if the proposition
is true and 0 otherwise.

Bachmann-Landau notation (also known as “big O” notation) is ubiquitous in computer science.
In this thesis I make use of a non-standard variation of the notation.

Let P be an ordered set, X a normed space and f,g: P — X functions. Then
o f=00(g)if [f)] < llg(p)|| for all p € P;
o f = 01(g) if there exists C' > 0 such that || f(p)| < C|lg(p)| for all p € P;

o f = O(g) if there exists pg € P and C > 0 such that || f(p)|| < C|lg(p)|| for all
p € P such that pg < p.

This definition of O is essentially the usual one.

0.2.3 Resolvent and spectrum

The notions of spectrum and resolvent will be of central importance to this thesis. For this
reason, the relevant concepts are introduced here.

The notion of spectrum is supposed to be a generalisation of the notion of eigenvalue. Indeed
in finite dimensions the spectrum is just the set of eigenvalues. In infinite dimensions the
situation is a little more subtle. Readers who are only interested in the finite-dimensional case
should take note of the definition of the resolvent, Ry (\) :== (A1 —L)~!, and its most important
properties, Proposition 0.3. The rest may be skipped.

Let V' be a normed space and L a linear operator on V. An eigenvalue of L is a number A € C
such that there exists a non-zero vector v € V with L(v) = Av. Or, equivalently, (A1 —L)v = 0.
Such a v exists if and only if (A1 —L) is not injective. In finite dimensions this is equivalent to
(A1 —L) not being surjective. In fact the following three cases coincide:

1. (A1 —L) is injective;
2. (A1 —L) is surjective;
3. (A1—L) has a bounded inverse.

2This is more in line with the mathematical literature than with the quantum information literature.



In infinite dimensions this equivalence no longer holds. In addition there is the question of
domains. If L is unbounded, then it can often not be defined everywhere,® so (A1 —L) should
be considered as a linear function from the domain dom(L) to V. Now A is said to be an
element of the spectrum of L, denoted o (L), if any of the following fail:

1. (A1 —L) : dom(L) — V is injective;
2. (A1—L):dom(L) — V is surjective;
3. (A\1—L) :dom(L) — V has a bounded inverse.

Any A € C that is not in the spectrum of L is said to be in the resolvent set of L, denoted p(L).
For any A € p(L), the function (A1—L) : dom(L) — V has a bounded inverse, by definition.
This bounded inverse is called the resolvent of L at A. It is denoted Ry (\) or (A1 —L)~1.%

It turns out that spectral theory is only interesting for closed operators (in finite dimensions
all operators are closed).

Proposition 0.1. Let V be a normed space and L : dom(L) CV — V a linear operator. If L
is not closed, then o(L) = C.

Proof. Suppose, towards a contradiction, that there exists A € p(L). Then Ry (\) = (A1 —L)~!
is bounded and, a fortiori, closed. Inverting and adding a multiple of the identity preserves
closedness, so this would mean that L was closed. O

When dealing with closed operators on a Banach space, point (3) above is not independent
from the other two:

Proposition 0.2. Let V be a Banach space and L : dom(L) CV — V a closed linear operator.
Then X € p(L) if and only if (A1 —L) is bijective.

Proof. This is an application of the closed graph theorem, Theorem A.48. O
For closed operators, the spectrum is conventionally split into three parts:

e The point spectrum o,(L) contains the values of A where A1y —L fails to be injective,
so the resolvent fails to exist. These values are called the eigenvalues of L.

We call

— E) =ker(A1—L) the multiplicity space or geometric eigenspace of A; and
— dimker(A1—L) the (geometric) multiplicity of A.

e The continuous spectrum o (L) is the set of all A € C such that (A1 —L) is injective and
its range is dense in V, but is not all of V.

e The residual spectrum o, (L) is the set of all A € C such that (A1 —L) is injective, but its
range is not dense in V.

Next recall the (very important) resolvent identities:

3 Any symmetric operator on a Hilbert space that is defined everywhere is bounded. This observation is
known as the Hellinger-Toeplitz theorem, Theorem A.92. The same is true for any closed operator on a Banach
space, see Theorem A.48. All operators in this thesis will be closed, since operators that generate semigroups
are closed, see Theorem B.3.

4Sometimes the resolvent is defined as (L — A 1)~! rather than (A1 —L)~!, which can lead to sign differences.
In particular the convention in this thesis is opposite to the one in [17].
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Proposition 0.3 (First and second resolvent identities). Let V' be a Banach space and S, T :
V A V. Then

1. Re(\) = Be(u) = (u — NRr(\Re() for all i € p(T);
2. if dom(S) C dom(7T), then Rp(A)(T —S)Rs(A) = Rr(A) — Rs(X) for all X € p(S)Np(T).

The formal manipulations are straightforward. A little care is needed when dealing with the
domains.

Proof. (1) We have

Rr(X) = Re(p) = Re(A)(p = T)Rr ( ) = Br (M)A = T)Rr ()

= pRr(N)Rr (1) — Rr(AN)T Rr(p) — AR (M) Rr (1) + Rr (AT Rr(w)
= pRr (N Rr(p) — ReOVFPRT (1) — AR (N Rr(pn) + ReVFPRT (1)

= (1t = A)Rr(N) R (p).
(2) We have dom(T — S) = dom(S), so Rr(\)(T — S)Rs()) is well-defined and

(
(A1=S — (A1=T))Rs()\)
(

Rr(\) (T = ) Rs(\) = Rr(\)
= Rr(A)(A1=8)Rs(A) = Rr(M)(A1-T)Rs(})
= Rr(A) v — Lgom(r) Rs(N)
= Rr(\) — Rs(A).

Another fact that will be very useful is the following:

Proposition 0.4. Let L be a linear operator on a Banach space V. The spectrum o(L) is
closed.

Finally an elementary lemma that is sometimes useful.

Lemma 0.5. Let T be a linear operator on a Banach space V and \ € p(T). Then
TRr(A) = ARpr(\) —1.
Note in particular that TRz () is bounded and defined everywhere.
Proof. We have 1 = (A1 —T)Rr(X) = ARp(\) — TR (). O
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Chapter 1

Adiabatic theorems

1.1 Adiabatic theorems for unitary dynamics

The adiabatic theorem has a long and storied history with many people contributing and the
result has been taken in many directions. Here I will develop a version that is particularly
suited for adiabatic applications.

The idea of a quantum adiabatic theorem originates with Ehrenfest [15, 10].! He formulated
it in what will come to be known as the “old quantum mechanics”. In [26], Born and Fock
update it to the “new quantum mechanics” and make the result more rigorous, but their result
is restricted to matrices.

Kato gives an operator-theoretic treatment in [27] and introduces many features of the theory
in its modern form, in particular the idea of comparing the evolution to an ideal adiabatic
evolution (Proposition 1.8) and the solution to the operator equation in Lemma 1.3.

Avron, Seiler and Yaffe take these ideas further [28]. They introduce the solution to the operator
equation in Lemma 1.4 and prove many of the results reproduced here, but do not give explicit
bounds on the error.

Fahri, Goldstone, Gutmann and Sipser realised that the adiabatic theorem could be used to
design algorithms [14], but they quote an incorrect version of the adiabatic theorem. A counter-
example to their version is presented in subsection 1.1.6.

More rigorous bounds are proved in [17] by extracting quantitative results from the methods
of [28]. This brief history has left out many important and interesting results. We will meet
some of them as we develop the theory.

1.1.1 Assumptions on the Hamiltonian

The adiabatic theorem describes a feature of evolution under a time-dependent Hamiltonian
H;. We will need to make two kinds of assumptions on H;. On the one hand, H; needs to
be regular enough that it actually generates a unitary evolution, i.e. the Schrédinger equation
should have a solution.

On the other hand, the aim of the adiabatic theorem is to track some eigenspace. We need
some definitions and assumptions to make it clear what this means.

1Some papers on adiabatic quantum computing [20, 21, 22] attribute the adiabatic hypothesis to Einstein,
based on [23]. This is a historical inaccuracy; Einstein refers to “Ehrenfest’s adiabatic hypothesis” in this work.
(It does seem to be the first time the phrase “adiabatic hypothesis” is used in print, which may be the source
of the confusion). Ironically, Einstein’s application of the adiabatic hypothesis is incorrect. See [24, 25] for the
early history of the adiabatic theorem and its role in the formulation of quantum mechanics.
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1.1.1.1 Assumptions guaranteeing existence of dynamics

To make sure the dynamics exist, the results of Appendix B are used. If the Hamiltonian is
bounded, it is enough to assume H; is continuous in ¢ (although most of the adiabatic theorems
will require something stronger, usually at least that H; is twice continuously differentiable in

).

In more generality, H; may be unbounded. The following assumption is then made:

Assumption 1. Let H be a Hilbert space. Then H; is assumed to be a (densely defined)?
self-adjoint operator on H, for all t € R, such that

e the domain of Hy is the same for all t, let it be denoted D;
e for all x € D, the function t — Hyx is continuously differentiable.

This is sometimes summarised by saying that H; is “strongly C'7. If t — Hyx is k times
continuously differentiable, then we will also say that H; is “strongly k.

If H; is a bounded operator for all ¢, then it must necessarily be true that D = H, since self-
adjoint operators are closed. In addition, these hypotheses force t — H; to be norm-continuous,
see Corollary B.13.

These assumptions are enough to guarantee existence and uniqueness of the dynamics, Theo-
rem B.16.

1.1.1.2 Defining the spectral region of interest and the gap

An adiabatic theorem gives a guarantee that a time-evolved vector will stay (approximately) in
a “good” subspace, i.e. a subspace of particular interest. These subspaces will always correspond
to a certain region of the spectrum. More exactly, they will always correspond to the part of
the spectrum that lies in some interval. In addition, this interval should not vary too wildly in
time: its bounds are taken to be continuous functions. This gives us the following assumption:

Assumption 2. Assume there exist two continuous functions by, by : R — R such that
o by(t),b1(t) & o(Hy), for all t; and
e by < by pointwise.

Let P(t) be the spectral projector associated with o(Hy) N [bo(t), b1 (t)].

We also define Q(¢) :== 1 —P(t). Any bounded operator X € B(H) such that

X = P()XQ(t) + Q(t) X P(t) (1.1)

is called off-diagonal at .
Now the (spectral) gap g can be defined® as g(t) :== min{gs, (t), gp, (t)}, where

t) = i —bo(t —bo(t 1.2
an(®)=__omin e bo(t)] + 2 bo(®) (12)

min
z€a(Hy)N[bo(t),+00]

and

(1) = min x—bi(t)] + min x —bi(t)]. 1.3
9o ( ) on’(Ht)ﬂ[foo,bl(t)]| 1( )| :L’Eo’(Ht)ﬁ[bl(t),+oo]| 1( )‘ ( )

2If H; does not have a dense domain, then its adjoint is not an operator and, in particular, it cannot be
self-adjoint.
3This definition is well-defined, i.e. the minimum exists, because the spectrum is closed.
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The minimum of this function (minimised over ¢) will be denoted g,, = min; g(¢). If ¢ is
restricted to a finite interval, then it is a consequence of Assumption 2 that g, > 0. *

Since the spectrum is closed, there exist neighbourhoods of by(t), b1 (¢) that are disjoint from
it. Now the spectral projector can be written in its Riesz form as

1
Pty = - 515 Ry, (2)dz, (1.4)
21 T
where I" is some simple curve in the complex plane that crosses the real line twice, once within a
distance g(t) of by(t) and once within a distance g(t) of by (¢), and otherwise stays at a distance
of at least g(t) from o (H;).”

Lemma 1.1. Suppose H; is a time-dependent Hamiltonian satisfying the stated assumptions.
Then

1. P(t) is norm-continuous;

2. the linear operator

Pt):H—H:|[Yp)— 7dPSft)|w> (1.5)

1s well-defined and bounded;
3. the function t — P'(t) is strongly continuous.
In general, if Hy is strongly C*, then P(t) is strongly C* and norm-CF1.

Proof. (1) Fix tp. Then there exists a neighbourhood of ¢y and a fixed curve I' such that T
can be used in the definition of the Riesz projector (1.4) for ¢ in the neighbourhood of ¢y. Now
continuity follows from Corollary B.13 and the fact that taking the inverse is a continuous
operation.

(2,3) The existence and strong continuity of P’ are due to the equation

d dH;
= R () = R, () S ) R (2. (1.6)
Its boundedness is due to Corollary A.44. O

Lemma 1.2. The operator P'(t) is off-diagonal, for all t.

Proof. Tt follows from P’ = (PP)’ = P'P + PP’ that PP'P = 0. Then it also follows that
P'=P'P+PP =(P+Q)PP+PP(P+Q)=QPP+PPQ. (1.7)

O

4There are also versions of the adiabatic theorem with weaker assumptions such that g,, = 0 is allowed, [29,

, 31], but these lack quantitative error bounds and need to make separate assumptions for the existence and
continuity of the spectral projections P.

5We want || Ry, (2)|| to be bounded along the curve.
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1.1.2 Solving an important operator equation

The proofs of the adiabatic theorem that will be developed here rely on finding a solution Y to
the operator equation
[H, Y] =[P(t), X], (1.8)

where X is some operator defined on D, the domain of H;. The range of the operator Y should
be a subset of D; the operator equation is only expected to hold on D. This equation will later
allow us to replace factors of P(¢) by H;, which combine with the evolution operator to give
derivatives. This allows integration by parts.

The first solution to (1.8) that will be discussed is applicable only when P is the spectral
projector associated to a single point wy. Due to Assumption 2, wp is an isolated point in the
spectrum. Now Corollary A.17 gives that wq is an eigenvalue.

Lemma 1.3. Let H be a Hilbert space, H a self-adjoint operator on H and P the spectral
projector on some eigenvalue wo. For any X defined on D, the operator equation (1.8) has a
solution

Y = (wol-H)"XP+ PX(wpl—H)", (1.9)
which is off-diagonal.
The plus in superscript denotes the pseudoinverse.’
This solution only works if P projects onto the eigenspace of a single eigenvalue. This eigenspace
may be degenerate.

Proof. With functional calculus, Theorem A.16, it is straightforward to see that both (w1 —H)™
and H(wp1l—H)T are bounded operators, which means that the range of Y is indeed a subset
of D. The proof is then a straightforward verification of the proposed solution:

[H,Y] = Hwol—H)*XP + HPX (wo1—H)" — (wo1—H)*XPH — PX(wo1—H)tH
(1.11)

= H(wol—H)'XP 4 woPX(wo1—H)" —wo(wo1—H)*XP - PX(wy1—H)"H
(1.12)

- PX ((wo 1-H)*wo — (wol fH)+H> - (wo(wo 1-H)" — H(w1 fH)+)XP

(1.13)

= PX(CUO 1 —H)+(OJ() 1 —H) — ((.UO 1 —H)+(w0 1 —H)XP (114)

= PXQ - QXP (1.15)

= PXQ+ PXP—-QXP—PXP=|[P,X], (1.16)

where Q = 1—P. O
6There are many equivalent ways of understanding the pseudoinverse. The theory is especially well-known

in the matrix case. Some elements in a C*-algebra have a pseudoinverse [32, 33]. For our purposes the most

convenient way of understanding the pseudoinverse X+ is as f(X), where

0 (z=0)

f:RHR:zH{m_l (1.10)

(otherwise).

This requires X to be normal. Note in particular that X+ X = XX is the projector on the space orthogonal
to the kernel of X.
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Lemma 1.4. Let ‘H be a Hilbert space, H a self-adjoint operator and I' a closed simple curve
in the complex plane that is disjoint from the spectrum o(H). Let P the spectral projector on
the part of the spectrum that lies inside T'. For any X € B(D,H), the operator equation (1.8)
has a solution

zmngH (2)X Ry (2)dz (1.17)

which is off-diagonal.

If P is the projector on a single eigenvalue, then this solution is actually the same as the one
in Lemma 1.3, except there is the additional boundedness assumption on X (which is enough
to guarantee the existence of the integral, see Proposition A.41).

The contents of this lemma is well-established, [28, 17], but I have not seen the construction in
Figure 1.1 anywhere else and I think this is quite a nice way to obtain the proof.

Proof. The proof starts with a straightforward verification of the proposed solution:

(H,Y] = ij [H, Riz(2)X Ry (2)] d= (1.18)
- ij F[RH( 2)XRp(2),21—-H]d» (1.19)
_ erz ) (Ru(2)X ~ XRy(2)) dz (1.20)
- (55 yﬁ Rir(z)dz) X - x §£RH dz) (1.21)
—PX - XP=I[P, X}. (1.22)

Next we show that this YV is off-diagonal. Since the spectrum o(H) is closed, the curve I' can
be enlarged slightly without intersectlng any of the spectrum. Call this new curve I';. For any
z € T, consider the integral 5 57 9§F1 Ruff (7“2” dw. In order to calculate this integral, we can deform
T'y such that it splits into two parts: one curve I'y that lies inside I', but contains the same part
of o(H) and another I's that is a small circle around z. See Figure 1.1. Now using Cauchy’s

theorem on the one hand, and holomorphic functional calculus, Theorem A.21, on the other,

L f Bulw) g, L Balw) g, 1 f Ba) (1.23)
2mi Jp, w—z 2mi Jp, w—z 271 w—z
ZRH(Z) —PRH(Z) ZQRH( ) (1.24)
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Figure 1.1: An illustration of the integration contours used in the proof of Lemma 1.4.

This result can also be obtained without deforming curves, using the resolvent identity.” Then

YO = 55 Rur(2)X Rur(2)Q d=

21
1

Ru(2)X dedz
r, w—=z

(%RH() )XR()w

o

3

Y
KS\'?S\

. w)Rp(z) dZ)XRH(w)dw
(2732')2<§’§RH(2) dz) ) Ry (w)X Ry (w) dw
= Py,

where the first resolvent identity has been used, as well as the fact that

RH(’LU)
rw—=z

dz =0,

since the function is analytic inside T'.

7Cauchy’s theorem and the Riesz form of the projector give

QZl_P:L’?gq( ! —RH(w))dw

2711 w— z

QRu(z) = —— ( C Ry (w)RH(z)) w

2mi Jr,

2;?§Fl<w () ) = Ru(w),

1 Ry (w)

27m r, w—=z

dw.
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Finally, we check that the range of Y is a subset of D. For all [¢)) € H, the integral

% Rur(2)X R (2)|) dz (1.37)
i Jr

Since z — Ry (2)X Ry (z)|v) is continuous along I" as a function to D equipped with the graph
norm, the integral exists in D, see Corollary D.19. O

We have now considered two solutions to the operator equation (1.8). The solution in Lemma 1.4
is more general, but it will prove easier to compute reasonable bounds for Lemma 1.3. When
both solutions are applicable, it turns out they coincide.

Lemma 1.5. Let H be a Hilbert space, H a self-adjoint operator on H, P the spectral projector
on some isolated eigenvalue wy, I' a simple curve that contains wg, but no other part of the
spectrum and X € B(H). Then

1
5 R (2)XRy(2)dz = (wol—H)"XP+ PX(wo1—H)*. (1.38)
Tt Jr

Proof. Set X = 5 ¢ Ry (2) X Ryr(z) dz. Now

PXQ = P[P, X]Q (1.39)
= P[H, X|Q (1.40)
=woPXQ — PXQH (1.41)
= PXQ(wy1l—H). (1.42)

Multiplying both sides by (wo1—H)t on the right give PX(wo1—H)* = PXQ. Similarly
QXQ = (wpl—H)*XP. Since we also know that X is off-diagonal, we are done. O

It is possible to push the equivalence slightly further.

Corollary 1.6. Let H be a Hilbert space, H a self-adjoint operator on H, P the spectral
projector on a set of m isolated eigenvalues {wo,...,wm—1}, ' a simple curve that contains
W0y« -, Wm—1, but no other part of the spectrum and X € B(H). Then

m—1

ﬁRH(Z)XRH(Z) dz = Z (wk 1 —H)+QXPk + PkXQ(wk 1 —H)+, (143)
k=0

1
211

where Py projects onto the eigenspace associated by wy.

Proof. Deform I' such that it breaks into m separate curves, each circling one wy. See Figure 1.2.
This deformation does not change the result, but does mean it can be written as the sum of m
simpler terms. Each one can be computed using Lemma 1.5. Finally, the factors of @) can be
added, since we know the operator is off-diagonal. O

The equality of the solutions in Lemma 1.3 and Lemma 1.4 is not a coincidence.

Proposition 1.7. Let H be a Hilbert space, H a self-adjoint operator and ' a closed simple
curve in the complex plane that is disjoint from the spectrum o(H). Let P the spectral projector
on the part of the spectrum that lies inside I' and X € B(D,H). Then
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Figure 1.2: An illustration of the proof of Corollary 1.6.

~

1. for any solution'Y of the operator equation (1.8), the off-diagonal operator PY Q4+ QY P
is also a solution;

2. the off-diagonal solution is unique.

Proof. (1) This is straightforward verification:

[H,PYQ + QY P] = P[H,Y|Q + Q[H,Y]P (1.44)
= P[P, X]Q + Q[P, X|P (1.45)
= P[P, X|Q + Q[P, X]P + P[P, X|P + Q[P, X|Q (1.46)
=[P, X]. (1.47)

(2) Taking the off-diagonal components of operator equation (1.8) gives two new equations:
PH(PYQ) - (PYQ)HQ = P[P, X]|Q = PXQ (1.48)

and
QH(QYP)— (QYP)HP = Q[P, X]P = —-QXP. (1.49)

Since o(PH) and o(QH) are disjoint, uniqueness follows from Proposition A.22 if H is bounded.
It is possible, but somewhat technical, to extend this result to the unbounded case. Instead,
we extend the method of Proposition A.25 to show that solutions of (1.48) and (1.49) must be
of a certain form. The claim is that

PYQ= gﬁ Rpu(2)(PXQ)Rou (2) dz, (1.50)
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which uniquely determines PY (). This follows by straightforward verification

% ) Ren(2)(PXQ)Ron(z) d= (1.51)
= oo b R (PH(PYQ) — (PYQ)HQ) Ro (2) 02 (1.5

- % ) (2R (HPYQIRGH(2) — (PYQ)Ronu(2) (1.53)
— 2Rpu(MPYQIRGu(2) + Rew(2)(PYQ) ) dz
1

= (577 b Ren() 42)(PYQ) = (PYQ) (5  Ram()z) (159
= (PYQ), (1.55)

where we have used Lemma 0.5, the Riesz form of the projector and the fact that the spectrum
of QH lies outside T.
The formula

QYP = 5 ¢ Rou(:)(QXP)Ren(2)dz (1.56)
i Jp

can be proved in a similar fashion. O

1.1.3 Adiabatic evolution

In this section adiabatic theorems will be derived by comparing the evolution of the system to
an idealised evolution, so our first task will be to define this idealised evolution. This is the
content of Proposition 1.8.

The adiabatic theorem says that the evolution keeps the system close to the instantaneous
ground state, if the Hamiltonian changes slowly enough. Proving this is easiest if we have some
way of “slowing down” the evolution. To that end, we reparametrise time: rather than letting
the dynamics be generated by H; for ¢ € [0,T], we now consider a “reduced time parameter”
s € [0,1] and let the dynamics U(s1, so) be generated by —iT H,, in the sense of Theorem B.16.
All derivatives are with respect to the parameter s. Assumption 1 and Assumption 2 are in
effect. The starting points of all evolution operators are fixed to 0: U(s) is used to mean U (s, 0).
Often s-dependence will be suppressed, especially inside integrals.

As a technical tool, we define new dynamics Ua(s) that are supposed to represent an ide-
alised adiabatic evolution. The existence and main property of these dynamics are proved in
Proposition 1.8.

Proposition 1.8. Let Hy be a time-dependent Hamiltonians. Let U(s) be generated by —iT H,
and Ua(s) by —iTHs + [P'(s), P(s)]. Then

1. Ua(s) exists and is unitary;
2. Ua(s)P(0) = P(s)Ua(s).

Point (2) is sometimes referred to as the “intertwining property”. It implies that vectors in the
range of P(0) are mapped to the range of P(s).

Proof. (1) Computing the adjoint gives

(—iTHy+[P',P))" =iTH, +[P,P) =iTH, — [P, P), (1.57)
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so the generator is skew-adjoint. It is a bounded perturbation of Hy, so the existence of Ux(s)

follows in the same way as the existence of U(s) from Theorem B.16.
(2) We have

Ua(s)*P(s)Ua(s) = P(0) + /O ;—r (Ua(r)*P(r)Ua(r)) dr (1.58)
= P(0) + / (Uj; (FH — [P, P))PUs + UrP'Us + U P(=¢PH + [P’,P])UA) dr
’ (1.59)
= P(0) + / (UA(PP'P — P'P)Uy + U4P'Us + Us(PP'P — PP)Uy) dr
0
(1.60)

= P(0) + / (U4P'Us — U3 P'U,) dr = P(0), (1.61)
0

where we have used PP'P = 0 and P'P + PP’ = P’. If the domain D is not the whole of H,
then the equality holds pointwise on D. Since D is dense, we conclude by continuity. O

It turns out that the easiest way to compare the unitaries U(s) and Ux(s) is by considering
Q(s) == U(s)*Ua(s), which is known as the wave operator. We have U =~ Uy, if and only if
Q~1

Proposition 1.9. Let H, be a time-dependent Hamiltonian. Let U(s) be generated by —iT H,
and Ua(s) by —iTHg+[P', P]. Suppose T(s)~* is absolutely continuous. Set Q(s) :== U(s)*Ua(s).
For all X, let X be a solution of the operator equation (1.8). Then

7 7S 1 ! 1 % (1 =,/ ! ZT/ * Dy
Q(1)=1+[TU P’UQ]O—/O 7U (P’[P’,P]—I—P’)Ust—&-/o Tz U PUQds. (1.62)

There are two peculiarities of this result, compared to similar treatments (e.g. [28, 17]). Firstly
T is allowed to be time-dependent, which gives an extra term containing 7”. This is particularly
convenient for algorithmic purposes because it makes it easier to consider schedules that are
adapted to the gap.

Secondly, €2 is defined as U*U4, not U,U. This makes the calculations slightly cleaner, in my
opinion.
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Proof. We calculate

1
Q) = 1+/ L (s) ds (1.63)
o ds
1
— 1+/ U*[P', P]U4 ds (1.64)
0
1
= 1+/ U*[P', PUQds (1.65)
0
1
= 1+/ U*[P', HUQ ds (1.66)
0
1 . . N
- 1+/ (U PU + U PU)Qds (1.67)
0
1 -
- 1+/ %((U*P’U)/ ~UP'U)Qds (1.68)
0

. 1 . 1 . 1 .
1 [ malt l*ﬁ/_/i’*”/ _/l*wf'
= 14| 7UPUQ| /0 U PUSY ds 0 (T)UPUst i ZU P UQds

(1.69)

Naall

' LU BIP, PlUQd HiT U*PUQd “iEuad
,/O ~U P[P, P s+/0 = Si/o = s
(1.70)

_Z‘ — _1
— 14|=U"PUQ
+ U PUQ|

1

. _ 1 . 1

— — — T

— 14| =0 PUQ —/ iU*(P/[P',P]+P/’)Ust+/ LUTPUQds. (1.71)
T o™ Jo T o T

0
Integration by parts has been used. To make this rigorous when 7' is not constant, Proposi-
tion D.34 can be used.

If the Hamiltonian is unbounded, we can use the same trick as before: first observe the equality
on the domain D and then extend to the whole of H using continuity. O

1.1.4 Some norm bounds

In order to get a useful quantitative bound, it is necessary to estimate the terms in Proposi-
tion 1.9. In this section an array of techniques will be developed that can be applied to this
problem. Not all the techniques in this section will be used in the proof of an adiabatic theo-
rem in this thesis, but they all could be. The aim is to develop a broad arsenal for attacking
adiabatic bounds. In particular, various assumptions on the spectrum and spectral region of
interest can lead to many (non-trivially) different adiabatic theorems, each derived using a
suitable combination of bounds from this section. A selection will be explored in the following
section.

This section can safely be skimmed (and returned to when later results refer to it).

Proposition 1.10. Let ‘H be a Hilbert space, P an orthogonal projector, @ = 1—P and
X € B(H) a bounded operator. If

X =PXooP +PXo1Q+QX10P +QX1,:1Q, (1.72)
" [Xo,0ll 1 Xo,1ll
Xo,0 Xo1 ) H
Xl = ’ AR 1.73
X1 < H <||X1,0|| [ X11]] (1.73)
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Proof. Take an arbitrary unit vector |¢)) € H. Using the Pythagorean theorem gives

||X|w>||2 = | PXo,0Pl¥) + PXo Q) |I* + |QX1,0P 1Y) + QX11Qv) | (1.74)
(IXo,0lIPI) | + | X0l QL)) + (| W+ IXlllQI)®  (1.75)

H (Locllowl s 1 1||||Q|w>||> (1.76)
[ X1 0l P19 + 1 X1 Q)]
H(HXO ol 11 Xo, 1||> (HP?/J ||) H<|Xo ol 1 Xo, 1||)H (1.77)
[X110) \IQI¥)] [ X1l
The final inequality is due to the fact that the column vector is a unit vector. Since this bound
holds for all unit vectors |¢), the norm bound holds. O
Corollary 1.11.
1. IfXO,l =0= XLO, then
| (1.78)
2. [f XO,O =0= X171, then
| (1.79)
3. If Xo)o =0= Xl’(), then
1X1 < y/IXoll2 + X002 (1.80)
4- If [ Xoall = I X0l then
1 2
11 < + 5y (ool = X0l + 41 Xou2. (18)
5. IfXO,O =0 and ||X071|| = ||X1,0||, then
2
X1 < 1T [| Xo,112. (1.82)

1.1.4.1 Properties of the pseudoinverse

Proposition 1.12. Let H(s) be a normal operator with a dependence on s such that it is
differentiable. Let P(s) be the spectral projector on {0} and Q(s) = 1—P(s). Assume P(s) is
also differentiable. Then

(HYY = -H*H'Ht - P'H" —H"P. (1.83)
I have deliberately been vague about the type of differentiability. By inspecting the proof one

sees that various choices are possible. In particular “differentiability” may be read as “norm
differentiability” or “pointwise differentiability on D”.
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This result seems to be new.®

Proof. We calculate

H*(s+h) — H*(s)

(H') = lim (1.86)
h—0 h
- Jim Q(s)H* (s +h) ; H*(s)Q(s + h) N P(s)H*(s+h) ; H*(s)P(s+h) (1s7)

We first develop the second part, using the fact that H*(s)P(s) = 0= P(s+ h)H" (s + h):

P(s)H"(s+h) — H"(s)P(s+ h)

lim
h—0 h
iy POHE (s +h) = Ps + h)H* (s + h) = H* (s)P(s + h) + H*(s)P(s)
h—0 h
=~ o wbﬁ(s h) - (o) ZEE 2P g g

Taking the limit gives —P'H+* — HTP’. For the first part, we calculate

lim Q(s)H'(s+h) — HT(s)Q(s + h) — lim HY(s)H(s)H"(s+h) — HVY(s)H(s+h)HT(s+ h)

K30 h B0 h
(1.89)
:}{%H*(S)H(s)7f(s+h)H+(s+h) (1.90)
= lim fH+(s)H(5+h]1*H(S)H+(s+h) (1.91)
—— (1.92)
O

Let H be a normal operator and wg an isolated point of the spectrum. The spectral theorem,
Theorem A.16, gives that (wol—H)T is bounded with ||(wol—H)"|| = %, where g is the
distance between wy and the rest of the spectrum. In fact there is even a stronger result that
is particularly useful if H is unbounded.

Proposition 1.13. Let H be a Hilbert space, H a normal operator on H, wy an isolated point of
the spectrum of H and g the distance between wg and the rest of the spectrum. Then (wol—H)™

81t was slightly surprising to me that I was unable to find this result in the literature. The pseudoinverse (at
least in the matrix setting) is well-studied. Indeed, there is a common formula for the derivative of the matrix
pseudoinverse. In the current setting it can be stated as

(HYY =—-HYH'HY + HYHY*H* P4+ PH"Ht*H* (1.84)
and seems to be originally due to [34]. (There is earlier work, e.g. [35], that gives more or less the same result,
but phrased as a perturbation result rather than a derivative). There are a couple of explanations why (1.83)
is less well-known than (1.84). Firstly it may be less useful in certain contexts, since it still depends on the
derivative P’; secondly, when restricted to the matrix case, (1.84) can be stated more generally: it holds even

if the matrices are not square and not normal.
Finally, note that (1.84) can be derived from (1.83) by substituting in the adjoint of

- PP'Q=PQ'Q=PHH'YQ=PH'HTQ (1.85)

(where we have used PH = 0) and the corresponding formula for —QP’P.
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is bounded as an operator from H to dom(H), when dom(H) is equipped with the graph norm
of H. Also

1+ |wol
||(w0 1 _H)+HH—>dom(H) =1+ — (1.93)
Proof. Let |¢) be a unit vector on H. Then
H(wol—H)"|¢) = wolwo 1 —H)"|¢) — (wo L —H)(wo 1 —H) " |4), (1.94)
so taking the norm gives
| H(wo 1 =H) ) || < |wol[|(wo L —H) || + |[(wo L —H)(wo 1 —H) || (1.95)
< M + 1. (1.96)
g
Now the graph norm can be computed
[(wo L=H)*[)||,; = [[H(wo L —H)*[9)|| + [[(wo 1 —H) T |4) (1.97)
1
<pq ool 1 (1.98)
g g
O

1.1.4.2 Bounding ||)~(||

From now on we will always assume X € B(D,H). This is enough to ensure X is bounded as an
operator on H. (Compare Lemma 1.4 and Lemma 1.3 with Proposition A.40, Proposition 1.13
and Lemma 1.14).

It will also be convenient to assume that X is normal; it makes the unbounded case more
tractable. For our applications this will pose no restriction. The first lemmas deal with some
technical complexity on the unbounded case.

Lemma 1.14. Let H be a Hilbert space, H a normal operator on H, by < by and P the spectral
projector associated to o(H) N [by,b1]. Then

| P|| 34— dom(rry < max {|bol, [b1]} + 1. (1.99)

Proof. Take an arbitrary unit vector |1)) € H. The graph norm can then be calculated as
1P o = PR + [P | < mac {Jbol, [b:]} + 1. (1.100)
The bound on the norm ||H P|v)|| is due to the spectral theorem, Theorem A.16. O

Lemma 1.15. Let H be a Hilbert space and X a normal operator on H such that X € B(D,H).
Then

1. X* € B(D,H);
2. QXP is a bounded operator on H;
3. the closure of PXQ is a bounded operator on H and ||PXQ| = ||QX*P|.
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Proof. (1) This follows from Proposition A.83.

(2) The operator QX*P is bounded, since it is the composition of P € B(H, D) and X*Q €
B(D,H). See Lemma 1.14 and point (1).

Next note that PXQ C (QX*P)*, from Proposition A.71. The latter is bounded due to
Proposition A.78, which also gives the boundedness of PX (@ and the equality of norms. O

Proposition 1.16. Let H be a Hilbert space, H a Hamiltonian on H and P the spectral
projector on a set of m isolated eigenvalues {wo, . ..,wm—1}. Let X be a normal operator on H
such that X € B(D,H) and X the solution of the operator equation from Corollary 1.6. Then

max{||PXQ], [QXPl|}

IX| < vim .

(1.101)

Note that the norms remain bounded, even if X is unbounded. See Lemma 1.15. This bound
is independent of the degeneracy of any of the eigenvalues, but it does depend on the number
of distinct eigenvalues.

Proof. We have || X||2 = || X*X|| and

m—1
XX =) (e 1-H)"QX*"PXQwr 1-H)" + P X" Q(wp 1-H) QX P, (1.102)
k=0

Using Corollary 1.11, we see that it is enough to bound both terms separately. The spectral
theorem, Theorem A.16, gives that ||(wx 1 —H)*TQJ < %, 0

m—1
S IIPXQII2 LIPXe[
3 vl

m—
Z (W 1—H)TQX* P XQ(wr, 1 —H)" (1.103)
k=

Here ||QX™* Pg|| has been bounded by ||PX@Q||. This is justified by Proposition A.71 and Propo-
sition A.78.
Observing a similar bound for the other term and taking the square root gives the result. [

Corollary 1.17. Let H be a Hilbert space, Hs a time-dependent Hamiltonian on H and P the
spectral projector on a set of m isolated eigenvalues {wo,...,wm—1}. Then

. !
1P =11 < vl (1.104)

Proof. This follows from the Riesz form of the projector, (1.4) and the identity (1.6). Also
|IPH'Q| = ||QH'P|| from Lemma 1.15. O

Proposition 1.18. Let H be a Hilbert space, H a Hamiltonian on H and P the spectral pro-
jector on a set of m isolated eigenvalues {wo, ...,wm-1} C [bo,b1]. Let X be a normal operator
on H such that X € B(D,H) and X the solution of the operator equation from Corollary 1.6.
Then

X 1 + max{|bg|, |b
1. [|QXPll3—p §m<1+ g o, | 1|}>

QX P|;

1+ max{|b0|, |b1

2. |PXQlnsp <m } IPXQ|;
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bpxa.

QX Pl +m

1 + max{|b|, |b1|})

X 1 + max{|bg|, |b
9. | Kl < m(1+ (It

Proof. (1) The triangle inequality and Proposition 1.13 give

m—1
QX Pllnop < ) Mww1—H) Qllu—pl|QXP| (1.105)

k=0
m—1 1+ ‘w |

< (1 + 7’“)||QXP|| (1.106)
k=0 9

1
<m(1+ +maX§|bo|7|bl|})||QXP||. (1.107)

(2) The triangle inequality and Lemma 1.14 give

PRl < 3 IPlcn | PXQI 0 L~ H) Q) (1.108)
k=0
< L px) (1.109)
<m! *max{gw‘)" b1l pxq (1.110)
(3) This follows because X is off-diagonal. O

It is also possible to give a bound on H)Z' || taking into account the graph norm. In this case
no assumption of normality is necessary. The result is stated for the case where P projects
onto the eigenspace of a single eigenvalue, for simplicity. (Also because it is not clear it is
particularly useful).

Lemma 1.19. Let H be a Hilbert space, H a Hamiltonian on H and P the spectral projector
on the eigenvalue wy. Let X € B(D,H) be a relatively bounded operator and X the solution of
the operator equation from Lemma 1.3. Then

- 1
IX] < max{(l 4 L |l
g

1+ |w
JIPXQo-r 2 ox P} @

Here D has been equipped with the graph norm of H. Later, when s-dependence is reintroduced,
this will mean that the norms in the bound will be different for different s. For this reason, D
is sometimes assumed to be equipped with the graph norm of Hy (e.g. in section B.3). With a
bit of Iuck it will be clear which norm D is equipped with, whenever this is relevant.’

Proof. Since X is off-diagonal, it is enough to bound each off-diagonal part separately. First,
IPXQ| = | PXQ(wo L —H)"|| < [|PXQlp—all(wo L —H) " [l35p (1.112)

1+ |w
< (1+ 22 1 pxQ)p (1.113)

9The exact norm on D is not always relevant. It is relevant when stating quantitative bounds, but since all
norms under consideration are equivalent, it is irrelevant when dealing with questions of continuity.
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from Proposition 1.13. Next

IQX P = [l(wo L —H)* X P| < [[(wo L~ H)* MIQX Pl psel Pllaesp (1.114)
14 |w
< () 1P x Qo (1115)
from Lemma 1.14. The result follows from Corollary 1.11. O

A couple of results have been presented that bound HX’ || when P is the spectral projection on a
finite set of eigenvalues. There is a different general strategy that is applicable in more general
situations: if X is the solution from Lemma 1.4, then we can bound

1K1 < 5= PIRaENIXNIRA )] (1.116)

In the remainder of this section, we will first recover the results of Proposition 1.16 (in the
special case of one eigenvalue) and Lemma 1.19 using this technique. Then this technique will
be used to obtain a bound on ||X|| that is independent of the contents of the spectral region
between by and b; and will only depend on the distance b; — by, at the expense of a worse
dependence on the gap.

Since ||Rp(2)||7t is equal to the distance between z and the spectrum, the obvious path T is a
circle around wq with radius g/2.

—>
o 9/2

The circumference of the path I' is wg; the norm ||Rg(z)|| is uniformly bounded by 2/g. Filling
this in (and assuming for a moment that X is bounded) gives || X|| < 2@. Compared to
Proposition 1.16, we notice some inefficiencies: it depends on the full operator X, not just the
off-diagonal components and there is an extra factor of 2.

Since X is off-diagonal (as was proved in Lemma 1.4), we can bound the off-diagonal components
and use Corollary 1.11. First consider

- 1
IPXQI < - 56HPRH(Z)””PXQH”QRH('Z)” dz. (1.117)
T

Now |[|[PRy(2)|| = |wo — 2|7t and ||QRy(2)||~! is the distance between z and the spectrum
excluding wy. In order to remove the factor of 2, we can now shrink the radius of I'; let it be
called €. So the circumference of T is 27e, | PRy (2)|| = ¢! and |QRg(2)|| = (9 —¢)~!. Filling
everything in gives

ame 1 ||PXQ||—>”H;f2”. (1.118)

e
It was only possible to take this limit since we are dealing with the off-diagonal component.
Now we can use Corollary 1.11 to get the same result as in Proposition 1.16.

Finally, in order to recover the result of Lemma 1.19, replace |PXQ| by ||[PXQ| p—n and
the right-hand resolvent bound by ||QRg(2)|2x—p. The latter can be bounded using Proposi-
tion A.40. Then

2me 1
< -z

IPXQ|| IPXQlp»n  (1.119)

14 |wo| + € 14 |w
(1+ 2 X (14 )

T 2w e
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and

1+\w0\+e> 1
€

2me 1+ |w
QP < 2 (14 QX P — QX P, (1120

We conclude with Corollary 1.11.
Finally, considering a path I" of the following form:

[ F

‘ bo bl

immediately leads to the following result.

Lemma 1.20. Let H be a Hilbert space, H a Hamiltonian on H and P the spectral projector
on the part of the spectrum in [by,b1]. Let X be a normal operator on H such that X € B(D,H)

and X the solution of the operator equation from Lemma 1.4. Then

~ 4(b b
%1 < (3 + X220 max (pxl lox P, (1L.121)

This result can almost certainly be improved.

1.1.4.3 Bounding ||X”||

In this section X is assumed to be an s-dependent normal operator that is defined and bounded
on D. Tt is also assumed that s — X;|¢) is is continuously differentiable for all |¢)) € D. These
assumptions are summarised by saying X is a time-dependent normal operator.

Lemma 1.21. Let ‘H be a Hilbert space, H a self-adjoint operator and I' a closed simple curve
in the complex plane that is disjoint from the spectrum o(H). Let P the spectral projector on
the part of the spectrum that lies inside T' and X, Y € B(D,H). Then

o 75 Ri(2)X Rir(2)Y Rig(2) d= = (Q — P)(XY + XV — XY). (1.122)

As before, the ~ refers to the off-diagonal solution, Lemma 1.4.

The proof in [17] makes essential use of the assumption that P projects onto a finite set of
eigenvalues. This new proof removes this assumption. Note also that there is a sign difference
compared to [17], this is due to a sign difference in the definition of the resolvent.

Proof. For ease of notation, set G(X,Y) = 5= ¢ Ru(2) X R ()Y Ry (2) dz. Now note that

[H,G(X,Y)] = Qjm [H,Rp(2)XRu(2)Y Ru(2)] dz (1.123)
:_% F[ #1—-H,Rp(2)XRy(2)Y Ry (2)] dz (1.124)
- 271T2 D (Ru(2)X B (2)Y = XRu(2)Y Ra(2)) d2 (1.125)
= XY — XY. (1.126)
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Then
[H,PG(X,Y)Q] = P(XY - XY)Q = [P, P(XY - XY)Q], (1.127)

so Proposition 1.7 gives o
PG(X,Y)Q = P(XY — XY)Q. (1.128)
Similarly, [H, QG(X,Y)P] = —[P,Q(XY — XY)P], so

QG(X,Y)P = —Q(XY — XY)P. (1.129)

With this we have derived the off-diagonal components of G(X,Y’). Now consider the diagonal
components, starting with QG(X,Y)Q. The claim is that QG(X,Y)Q = QXY(Q. This is
verified by direct calculation. In the following, let I'; be a curve that is slightly larger than I’
but encircles the same spectral region, like in the proof of Lemma 1.4.

QXY Q = ﬁ( yg QRu(2)XRir (=) dz) é B (w)Y Q) w) (1.130)
= (27:1251% yf QRp(2)XRu(2)Ri(w)Y QRy (w) dz dw (1.131)

(2mi)? 55 %QRH (ZI)U _W)YQRH(w) dz dw (1.132)
m§’5 QRi(:)X Ry (: >m( ) L) 4u) (1133

= omi 95 QRu(2)XRu(2)Y QRpu(2) dz = QG(X,Y)Q. (1.134)

The cancellation in (1.132) still needs to be justified. This is due to the fact that

%QR ( )d =0, (1.135)

since the function in the integral is analytic (as a function of z) inside I': w lies on I'y, which is
outside I and QR (z) is only not analytic on the spectrum of QH, which also lies outside T'.
Also observe that QRy (w) is analytic inside I'y, so 5 gﬁr QRH (w dw = QRp(z) follows from
Cauchy’s integral formula.

Finally PG(X,Y)P is calculated in a similar fashion.

PXYP = ﬁ (§£ PRy(2)XRy(2) dz) (&él Ry (w)Y PRy (w) dw) (1.136)
~ @m)? §1§1§5PRH 2)X Ry (2)Re (w)Y PRy (w) dz dw (1.137)

zm §£§£PRH M RH( ))YPRH(w)dzdw (1.138)

B (zm)ygl (éij(z)d )XRH( )YQPRy(w)dw (1.139)

= —% ) PRy (w)X Ry (w)Y PRy(w)dz = —PG(X,Y)P. (1.140)
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The cancellation in (1.138) is due to
1 PRH(’LU)

2 Jp, w—2z

dw = PQRg(z) =0, (1.141)

from (1.24). Finally, we use the fact that all expressions under ~ are off-diagonal to collect
terms and obtain the final result. O

Corollary 1.22. Let H be a Hilbert space, Hy a time-dependent Hamiltonian on H and P the
spectral projector on o(Hs) N [bo(s),b1(s)]. Let X5 be a time-dependent normal operator on H
and X the solution of the operator equation from Lemma 1.4. Then

e~

(X) = X'+ (Q - P)(P'X + XP + [H', X] - [P, X]). (1.142)

Proof. Using (1.6), we have
(X) = X'+ GH', X)+G(X,H). (1.143)
The result follows with the observation that H' = P'. O

Lemma 1.23. Let X be a bounded operator that is twice continuously differentiable in s. Then

LY < 22X+ om L x| ;

~ H/ 2 H// Hl m
2. X7 < 64my/m L | X 4+ 6m UL x|+ 12m ML x| 4 2 X

Proof. (1) Straightforward from Corollary 1.22.
(2) We have

—~—
—~—

()" :)?/_p/(p/)~<+)~(pf+[H/,)Z’] - [P/,X]> (1.144)

+(Q - P) (P’)? L XP 4 [H,X] - [P X})/
=X - P(PR+XP+ (1, X - [P X] (1.145)

—_~/ o~/

+(Q - P) (P"f( L XP'+ P'X' + X'P + [H', X] — [P, X] )

Using (1), the norm of the first term of (1.145) can be bounded by

%) < L2+ om L. (1.146)
The norm of the second term can be bounded by
HP’(P’)?+5(P'+ 1, X) - [ﬁ])“ < 6m\/771u;;”2||X||. (1.147)
Now (1) can be used to bound
H[EVX]H < @H[H’,)?}/H +6m”Z|y|[H’,)2]H (1.148)
< 24mf” 1P 1 X +2m HH"H | X+ 2m ”];/ X)) (1.149)
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Using

HI 2
1P7) < Y+ am DL (1.150)
g g
we also have
Vim IIH’H
P x H<2 (PN + I IIXCN) + Bma P )X | (1.151)
/ 2 H// H/
< 1yl )+ 2 ”HX||+2 P s
Also
|H '||2 (L4l
2P| X]| < 8my/m~——||X|| + 2m 7 |X|| (1.153)
and e "
2P < 2yl T g+ 2Ly (L.154)

Finally, the third term of (1.145) can be bounded by combining the bounds (1.149), (1.152),
(1.153) and (1.154):

IIH’II2 HH’H

58my/m

1 X[ + 6m

1 X][ + 6m

IIH”H
7 1 X7]]. (1.155)

Putting all these bounds together gives the result. O

1.1.5 Adiabatic theorems

We are now in a position to state some adiabatic theorems. For us the purpose of an adiabatic
theorem will be to bound the difference between the time evolution and an ideal evolution. An
evolution is ideal if it stays in the eigenspace. The degree of ideality can be expressed with the
fidelity:

F=(0)[P1)[pQ1)) = @UQ)" PL)UD)[¢). (1.156)

The aim will be to bound the infidelity 1 — F.

Lemma 1.24. Let H; be a time-dependent Hamiltonian. Let U(s) be generated by —iT Hy and
Ua(s) by —iTHg + [P, P]. Suppose T(s)~! is absolutely continuous. Set Q(s) = U(s)*Ua(s).
For all X, let X be a solution of the operator equation (1.8). Let |1) be a unit vector such that

P(O)[) = [¢). Then V1 — F < [|[P(0)Q(1)Q0)]-
Note that 1 — F < /1 — F, so ||P(0)Q(1)Q(0)]| also bounds the infidelity.

Proof. First, calculate

= @l¥) — @IUQ)"PLUQ)[Y) (1.157)
= @UQ)*QMUQ)[) (1.158)
= (U ) [)|? (1.159)
— QU MW)PO))| < [|Q()U(1)PO)|. (1.160)
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Next the intertwining property of Proposition 1.8 can be used to calculate

1—F < [[QUMPO)]* = [Q()UA)2(1)* PO)] (1.161)

= |Ua()Q)(1)* P(0)|* (1.162)

= [[RO)Qm)*PO)||* = || P(0)2(1)Q(0)|>. (1.163)

Taking the square root yields the result. O

1.1.5.1 Adiabatic theorems at first order

Recall the result of Proposition 1.9:

1

(1) =1+[ 7

. 1 1 - . . 1 -Tl __
U*P’UQ} —/ iU*(P/[P’,P]+P/')Ust+/ Z_UrPUQds.  (1.164)
o Jo T 0 T?

Our next step is to bound IAD/’[P’, Pl + P

Lemma 1.25. Let H be a Hilbert space, Hy a time-dependent Hamiltonian on H and P the
spectral projector on o(Hg) N [bo(s),b1(s)]. Let X, be a time-dependent normal operator on H
and X the solution of the operator equation from Lemma 1.4. Then

—_~—

1. P[P, P|+ P’ = P"+(Q— P)[H',P'| + QP'P'Q — PP'P'P;

2. P" = H" 4 (Q — P)(2(P')? + [H', P'));

3. P' = H" +(Q - P)[H", P'].

Proof. (1) Corollary 1.22 gives the expansion

—_~—

P' =P+ (Q-P)(P'P + PP +[H, P (1.165)
= P"+(Q—P)[H,P|+Q(P'P + P'P)Q— P(P'P'+ P'P)P, (1.166)

which can be added to . N N
P'[P',P] = PP'P'P—-QP'PQ. (1.167)

to get the result.

(2) Since P"” = Ef’/, the result follows from Corollary 1.22.

(3) This holds because ™ kills the diagonal terms, is linear and commutes with multiplication
by P and Q. O

Theorem 1.26. Let H, be a twice continuously differentiable time-dependent Hamiltonian. Let
U(s) be generated by —iT H,, with T constant. Suppose H' is bounded and o(Hg)N[bo(s), b1(s)]
consists of at most m points. Then

JT=F < LmIPOH QO 1 mIPMWH(HQ)]

T 9(0)? T g9(1)?
1 [t PH" PH'Q|? PH'Q||||H’
+T/ <m||929| +3m\/%”9362|+2m\/7n”§23”) ds. (1.168)
0
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The boundedness assumption on H’ is only necessary to keep the factor ||H’|| bounded in the
last term. Later theorems will relax this assumption.

Proof. The bound is obtained by combining Lemma 1.24, Proposition 1.9 and Lemma 1.25. The
norm bounds follow from Proposition 1.16 and Corollary 1.17. Corollary 1.11 gives ||QP’P’Q
PPPP| < | PP,

—_~—
—_~—

The last term comes from the [H’, P’] in pr. Bounding with Proposition 1.16 requires bounding

a factor of the form ||PP’'H'Q)||, which can naturally be bounded by ||PH'Q||||H’||. O
Theorem 1.26 can be compared to theorem 3 of [17], which gives the bound
Lml[H'O)  ImlH'@®)] 1 / m||H”H HH'H2
1-F < — + + = ( + Tmy/mi 1L )5. 1.169
Tg0r T g Tk g (1169

There are two small improvements in Theorem 1.26: one the one hand the numerical con-
stant is slightly better and on the other hand the bound mostly only depends on off-diagonal
components, which, depending on the application, may be significantly smaller.

Restricting further to the case where P projects onto a single eigenvalue (i.e. m = 1) allows an
even smaller numerical constant to be obtained.

Theorem 1.27. Let H, be a twice continuously differentiable time-dependent Hamiltonian.
Let U(s) be generated by —iTHg, with T constant. Suppose H' is bounded and o(Hg) N

[bo(s),b1(s)] = {wo(s)}. Then

1[POE©0)QO)] 1P (1)QM)]
VIZEs3 o2 T 0p

+T/O (|p§HQ (2f+1)HH,”2)ds. (1.170)

The numerical constant has been reduced from 5 to less than 3.83, which is an improvement
over the existing results in the literature. For simplicity, this result has not been optimised in
the sense that some fraction of ||H’|| may be replaced with ||PH’'Q||. The reader will hopefully
not find it complicated to develop such a bound, if desired.

Proof. Set R = (wg1l—H)". We have woP = PH. Taking the derivative and multiplying by
Q gives woP'Q = PPHQ + PH'Q. Then P'Q(wy1—H) = PH'Q and multiplying on the right
by R gives P'Q = PH'R. Lemma 1.3 gives

—_~—

P(H', P +[H',P)Q=PH'P'R— P'RH'Q + PH'P'R— PP'H'R (
=2PH'P'R— P'RH'Q - PP'H'R (1.172
=2PH'PH'R? - PH'R*H'Q — PH'RH'R (
= PH'(2PH'R* — R*’H'Q — RH'R), (

where P'Q = PH'R has been used to transform all P’s into H's. Now Corollary 1.11 gives

|2PH'R* - R*H'Q — RH'R|| < \/4||PH’R2||2 + (|R?H'Q]| + ||RH’R||)2 (1.175)
H/
< 2[2@. (1.176)
g
The rest of the bound can be completed as before. O
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The adiabatic theorems in this section so far have only really been applicable to the bounded
case, due to the appearance of ||H'|| in the bound. We now state a truly unbounded theorem.

Theorem 1.28. Let Hy be a twice continuously differentiable time-dependent Hamiltonian.
Let U(s) be generated by —iTH,, with T constant. Suppose o(Hg) N [bo(s),b1(s)] consists of at
most m points. Then

L m||PO)H'(0)QO)] , 1 m|P)H' (1)QQ)|
\/1—7< 20)° + )2
+}1/ (””Pf?QW+&n¢%ﬂPzgﬂ2+4nﬁHPH%N£fWDaH

(1+g+max{|b0|, bl})> ds
(1.177)

Under Assumption 1 and Assumption 2, this bound is guaranteed to be finite, even for un-
bounded H.

Proof. The proof is very similar to that of Theorem 1.26, except the various permutation of
|PP'H’'Q| will no longer be bounded by ||PP’'Q||||H’]|, since ||H'| is potentially unbounded.
Using Proposition 1.18, the problematic term can be bounded by

—_~—

< 75 (IQH'P'P| + |QP'H'P]) (1.179)
H/
QmHH#IIP’HHw (1.180)
PH' H’
< 42! Q”g'}[,) =2 (1+g+max{|bo|,|b1|}). (1.181)
[

To my knowledge Theorem 1.28 is the first quantitative adiabatic theorem for unbounded
operators. I say quantitative because the fact that /1 — F = O1(T~!) has been known for
some time, at least since [28]. The closest result I am aware of is [22], but they do not claim
to have established an adiabatic theorem for unbounded operators. Rather, they start with
an unbounded Hamiltonian, project onto a finite-dimensional space with an energy cutoff and
then argue that their bound is independent of the cutoff, in some cases.

So far all adiabatic theorems have assumed constant 7. Using the same techniques, it is
straightforward to derive theorems without this assumption. It may seem like the resulting
bounds are worse, since they contain an extra term, but with the freedom to choose a variable
T the other terms can be made significantly smaller. This variable T' is known as a schedule

and the fact that an adapted schedule can significantly improve performance was first reported
in [36] and [37].

Theorem 1.29. Let H, be a twice continuously differentiable time-dependent Hamiltonian.
Let U(s) be generated by —iT(s)Hs, with T(s)™1 absolutely continuous. Suppose H' is bounded
and o(Hg) N [bo(s),b1(s)] consists of at most m points. Then

1 mPOHEOQO) 1 mlPOEMRW| | [* T [PHEQ
PSR T g0 T g2 *A 2" g 4

PH" PH'Q|? PH'Q||||H’
+/ T(m”gQ|+3 JmlPH QI QH +2mm”§3”)ds. (1.182)
0
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Theorem 1.30. Let H, be a twice continuously differentiable time-dependent Hamiltonian.
Let U(s) be generated by —iTH,, with T(s)~% absolutely continuous. Suppose H' is bounded

and o(Hg) N [bo(s),b1(s)] = {wo(s)}. Then
JI—F < L 1POHOQO)I 1 IPAH1QO)]

~ 7(0) 9(0)? (1) g(1)?
+/O g”m;@”dﬁ/o T(|P§NQ (2f+1)HH/”2)ds. (1.183)

Theorem 1.31. Let H, be a twice continuously differentiable time-dependent Hamiltonian. Let
U(s) be generated by —iTHy, with T(s)~! absolutely continuous. Suppose o(Hs) N [bo(s), b1(s)]
consists of at most m points. Then

1 a|POPOQO) . 1 m|PO)EMQ)
ES T T g0 YO PR
T, 1Pl m|PH"Q| IIPH’QH2
+/O—m e d+/OT(g +3my/m——

T2
PH'Q|||H' || p—
Am?2 | ”gB lD—n

(1 + g+ max{|bo], |b1|})> ds. (1.184)

1.1.5.2 A quantum harmonic oscillator with varying frequency

As an application of the adiabatic theorem for unbounded Hamiltonians, Theorem 1.28, consider
the following Hamiltonian:

Hy = %(ﬁ + w(s)?E?), (1.185)

where p is the momentum operator on L?(R), & is the position operator on L?(R) and w(s) is
some strictly positive function that is twice continuously differentiable. This is the Hamiltonian
of the quantum harmonic oscillator with s-dependent frequency w(s) and unit mass. Let the
interval [bg, by] contain only the ground energy.

It is not hard to verify the assumptions in Assumption 1 and Assumption 2. In particular the
domain of H, is independent of s and the gap g(s) = w(s).

In order to apply the theorem, the quantities in its bound need to be calculated. Clearly
H' = wwi? and H” = (w"w + w'?)2?, so we need to bound [|P#*Q|| and [|£%||p—p. Let |n)
be the n'® eigenstate, with energy F,, = w(s) (n + %) The annihilation and creation operators

are defined as . -
a = \/g(:% + %) and a* = \/§<:% - %), (1.186)

which have the property that a*|n) = v/n + 1|n + 1) and a|n) = /n|n — 1). Then

2wi? = (a* +a)® = a** +a* + 2N + 1, (1.187)
where N is the number operator a*a. Now ||#2P|| = ||£2|0)|| and
1
#(0) = 5= (V32 + [0)), (1.188)
so ||#2P| = f Next, when calculating ||#2|| p_,#, it is enough to consider the states |n), since

they span a dense subspace of D. In other words, span{|n)} is a core of H. We have

2wit|n) = vVn +2vn + 1n +2) + vVnvn — 1|jn — 2) + (2n + 1)|n), (1.189)
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s0 2w||#2|n)||?> = 6n2 + 6n + 3. The graph norm of |n) is given by
1
limdllo = W)+ il = o+ 5) +1 (1.190)

and so the operator norm can be bounded by

~ 2|n
I p— 0] (1.191)
nen [[[n)llp
1 V6n2+6 3
= sup nAon T (1.192)
neN V2w w(n+3) +1
2
< sup 1 61 +6n—2k?> (1.193)
neN wv 2w (n+ %)
su ! 6+ (1.194)
neﬁ wv/ 2w 2(n + %)2 '
6
Vo (1.195)

Now that all the pieces of Theorem 1.28 have been assembled, the full bound is as follows:

—— 1 (V3,40 w(1)
L-Fs T(Q(w(O) i w(l))

1 \/§|w//| 9 \/g w/2 w/2
_|_/O <2 — + (1 + T)F + 3\/§m (1+ 2w)) ds). (1.196)

Various observations can be deduced from this. For example, consider the regime where w > 1.
The process can be made roughly adiabatic by taking

//‘ 12

w
+ ﬁ) (1.197)

|w

T=0(

w2
1.1.5.3 An adiabatic theorem with an adapted schedule

In this section an additional assumption will be introduced that will lead to better bounds in
the first order adiabatic theorem, Theorem 1.29. The idea is to exploit the fact that the bound
contains integrals. In general it is hard to bound the integrals by anything better than the
maximum of the integrand, but in many cases the integral is actually a lot smaller. To that
end the following assumption is made:

Assumption 3. There exists an absolutely continuous function go : [0,1] — R such that
e 0< go(s) <g(s) forall s € 0,1];
e there exists p € [1,2] and By, Bs_,, > 0 such that

1 1
]. _ 1 B
/0 W ds < Bpgémp and A W ds < B3fpggm2, (1198)

where gom = mingejo,1) go(s)-
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This assumption holds for many time-dependent Hamiltonians of interest. All Hamiltonians
in chapter 2 satisfy this assumption. The following theorem shows how a good fidelity can be
achieved while only evolving for a time proportional to the inverse minimal gap. This is much
better than a naive application of Theorem 1.29.

Theorem 1.32. Let Hg be a bounded twice continuously differentiable time-dependent Hamil-
tonian such that o(Hs) N [bo(s),b1(s)] contains at most m eigenvalues. Assume Assumption 3.
Take C > 0 such that

€ = m s ((2+pBaylab)) IPH'Q| + | PH"Q|| + 5vmBy, | PH'Q||H] ). (1199)

Fixz e > 0 and set

1 C
= . (1.200)
\/ggo(s)ngmp
Then the evolved state has fidelity 1 — F < €. The total evolution time satisfies
1
1 CB
/ Tds < 1c L. (1.201)
0 Ve gom

Proof. Two claims need to be proved: firstly that 1 — F' < e and secondly that the total
evolution time satisfies the bound (1.201).

For the first claim, Theorem 1.29 gives a bound on 1 — F'. This theorem can be applies since P
is Lipschitz on [gom,, max; || Hs|], so T~ is absolutely continuous. We just need to show that
it evaluates to something smaller than € in this case. First observe that

'] _ vVegom"
™ C

gy 1go)- (1.202)
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Then the claim follows from the following calculation:

L mlPOTQO) , 1 mIPOEMQM) / I IPHQ
0

= 7(0) 9(0)? (1) g(1)? 2"
1 " / 2 / /
1 /m||PH PH PH'Q|||H
+/ —(M +3m\/mM +2mdm%) ds  (1.203)
o T 9 g g

<VeC™ (mgo( )" 2 g0m" | P(O)/H' (0)Q(0)| + mgo(1)"~2g5,.," | PV H'(1)Q)|

PH/Q 1 PH//Q
+ mpg / ‘ 0‘ H ” ds +m gOm / go(s)p “ g2 ” ds
0

1p2

- PH'Q|]? ! PH'Q|||H'
+ 3m\/mgp, " / go(s)? IPH QI 93Q|| ds + 2mv/mgg, ¥ / go(s)pin Q3H 1] ds>
0 0

g
(1.204)
< Jeo! (mIIP(O)H’(O)Q(O)II - mlPOH ()Q)]
PH/ B 1 PH//
- P 4y iy [ “QH N
0 Yom
1 ! 2 1 / /
+ 3my/mgi,” ”PHQH ds + 2my/mgg,; IPEQIAT] SQHPHH Ly ) (1.205)
90 0 90

< Ve (2 PHQI + mpBay sl PG

)

+m|[PH"Q| + 5m\/%33—p|PH/QIIIIH'II> (1.206)

< Ve (1.207)
Finally, the total evolution time is given by
1 1
C 1
/ Tds = - / ds (1.208)
0 Veger P Jo go(s)P

1 CB
< LB (1.209)

\/E gom
O

If the eigenspace of interest consists of a single eigenvalue (that may be highly degenerate),
then the constants can be slightly improved.

Theorem 1.33. Let Hy be a bounded twice continuously differentiable time-dependent Hamil-
tonian such that o(Hg) N [bo(s),b1(s)] = {wo}. Assume Assumption 3. Take C > 0 such
that

C> max ((2 +plgb | Bs_p) IPH'Q| + | PH"Q| + (2v2 + 1) Bs_, | H'||* ds). (1.210)

s€[0,1

Fixz e > 0 and set
1 C

T=—+———.
\ﬁgo(s)pgg;zp

(1.211)
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Then the evolved state has fidelity 1 — F < €. The total evolution time satisfies

! 1 CB,
Tds < — 1.212
/ a \/> gOm ( )

The constant 5 in Theorem 1.32 has been replaced with 2v/2 + 1 ~ 3.83.

Proof. Two claims need to be proved: firstly that 1 — F' < e and secondly that the total
evolution time satisfies the bound (1.212).

For the first claim, Theorem 1.30 gives a bound on 1 — F. This theorem can be applies since xP
is Lipschitz on [gom, max; || Hs||], so 71 is absolutely continuous. We just need to show that
it evaluates to something smaller than € in this case. First observe that

|T/| _ \/Eg?)r_n p D— 1|
T2 C

Then the claim follows from the following calculation:

abl. (1.213)

|[PH'Q| [PH'Q|| / 7] |[PH'Q]|
V1I-F< ds
- Tg2 s=0 Tg2 s=1 + 0 T2 g2
IIPH“QII HH’II2
2 1 d 1.214
+/0 T( 7 +(2vV2 +1)— ) s (1.214)
< \f( IIPH’QII IIPH’QH / | 0|IIPH’QII
— O’H'L
C \gbm’907921s=0 " g, 95" 9" 0 g2
1 ! 1 1112
|[PH"Q| [H]|
+/0 Wd3+(2ﬁ+ 1)/ 7ds (1.215)
om 90 ) 0 90m 9"
PH'Q
<V(iewall_ rierall e [ | sl
_ Hl 2
+/ |\PH”QHds+(2\/§+1)g§m”/ ”g3 Uj ds) (1.216)
0 0 0
€
S% ma: ]<(2+p|go|Bd p) IPH' Q||+ |[PH" Q|| + (2V2 + 1) Bs_ p||H’|2ds>
(1.217)
< Ve (1.218)
Finally, the total evolution time is given by
1 1
1
/ Tds= C;_ / ds (1.219)
0 Vegom! Jo go(s)P
1 CB,
< — 1.220
f gOm ( )
O

1.1.6 A counterexample to naive scaling

For a while the accepted wisdom was that the error in adiabatic quantum computing scaled as
O(|H'||/g%). This is what was stated in the original paper [14], based on a somewhat naive
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reading of the adiabatic theorem. In this section, a counterexample to the naive scaling is
presented. This presentation contains significant novelty, but the core idea has been known for
a long time. The earliest version I know is from 1949, [38].

The counterexample has a nice physical interpretation: it is Rabi oscillation.

1.1.6.1 The Schrédinger equation in a rotating frame and averaging effects

We need two preliminary results before developing the counterexample. The first is an elemen-
tary result about the Schrodinger equation in a rotating frame. The second is an interesting
bound due to [39].

Lemma 1.34. Let H(t) be a Hamiltonian of the form Q(t)Ho(t)Q(t)*, where Hy(t) is a contin-
uwous path of bounded Hamiltonians and Q(t) is a continuously differentiable path of unitaries.
Let U(t) be the unitary generated by H and Ur(t) the unitary generated by Hy —iQ*Q’. Then
U = QUkg.

The unitary Ug is the evolution in the rotating frame.

Proof. We calculate, using the fundamental theorem of calculus Corollary D.32,

U*()Q)Ur(t) = 1 +/0 C% U*QUg ds (1.221)

i
=1+ / (iU*QHoQ*QUR + U*Q'Ug + U*Q(~iH, — Q*Q')Ug) ds = 1.
0
(1.222)

Multiplying on the left by U gives the result. O

Proposition 1.35. Let Hy(t), Hi(t) be two continuous, time-dependent Hamiltonians with
associated evolution operators Uy(t) and Uy(t). Then

1UL(8) = Do)l < IS ()] +/O IS Ho ()]l + [ Hi(s)]]) ds, (1.223)

where S(t) = fot (Ho(s) — Hi(s)) ds.
This is a simplified version of a key result in [39].

Proof. Consider the wave operator Q(t) = Ug(t)*U;(t). Then

t
Qt)=1 +/ 4 Q(s)ds (1.224)
0 ds
t
:1+i/ UO*(H()—Hl)Ul ds (1.225)
0
t
=1 +z’/ U; S'Uy ds (1.226)
0
t
=1 +i/ (UgSth)' — Uy'SU, — U SUY) ds (1.227)
0
t
=1+4U§(t)S(t)U(t) + / Ui (HoS — SHy)Uy ds. (1.228)
0
Multiplying by Up(t) and taking the norm gives the result. O
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1.1.6.2 Rabi oscillation

Consider a spin-1/2 particle in a magnetic field. This can be modelled semi-classically by a
qubit with a Hamiltonian given by
H=-uB-o, (1.229)

where p is the magnetic moment, B the magnetic field and o = (0,0y,0.). In order to
distinguish the states |0) and 1), a static field is applied in the z-direction, which gives Zeeman
splitting.

Next we would like a way to control the qubit. Applying a high-frequency magnetic field, with
a frequency matched to the Zeeman energy induces a rotation, even if the amplitude of the
control pulse is small.

1)

“ 3
TS | e
~ |0)
In this case the Hamiltonian is
1
Hgani(s) = Jw00: +wi cos(ws)o. (1.230)
Using cos(ws) = %, we have
_ 1 wo wleiws +wle—iws
Hiuasl®) = 5 (o Sppeioe 1 1 (1.231)
B 1 wo wle—iws 1 0 wleiws
=5 <wlei“’s o ) + 3 (wle_i“’s 0 (1.232)

Now it turns out that everything is much simpler if we only keep the first term and discard the
second, i.e. we approximate Hgrapi(s) by

1 w w e—iws
H(s) =5 (wle?“s 1_wO ) (1.233)

This is known as the “rotating wave approximation” (or RWA) and is a good approximation if
w =~ wp and wy < wy, i.e. if the frequency of the control pulse is close to the Zeeman energy
and the amplitude is small compared to the static magnetic field.

Proposition 1.36. Let U be the unitary generated by H and Upggp,; the unitary generated by
HRabi' Then
IU(t) = Urabi(t)]| < o2 + tomy/(wo — w)2 + 4w} (1.234)
WA= 2w T 2w L

For more details, see [39].

for allt e RT.

Proof. The key idea is to move to the rotating frame determined by

Q= (602 95) . (1.235)
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Then

1 1 2ws
H=3Q (wo w1 ) O and Hpay = ~OQ ( wo ., witwe ) Q. (1.236)

w1 —Wo 2 w1 +wie —Wo
Since )
w1 w0
—iQ*Q —2<0 w>’ (1.237)

the evolutions in the rotating frame, cfr. Lemma 1.34, are given by

1 _ 1 _ i2ws
Hy:= = (wo w w1 > and Hp:= = ( wo —w Wit wie ) . (1.238)

2 w1 —(wp — w) 2 \wy +wie™ 2 —(wg —w)

Let Uy(t), resp. Uy (t), be the unitary evolution generated by Hy, resp. H;. The aim is now to
use Proposition 1.35. Since

S(t) = /0 (Ho(s) — Hy(s)) ds (1.239)

1 1 0 _wlei2ws
=3 /0 (—wlems 0 ds (1.240)

B w1 0 —Z(l _ eith)
_a (i(1 _ oy ) . (1.241)

w
Taking the norm gives ||S(t)|| < —. Since Hy, H; are traceless 2 x 2 matrices, the norm is just

the square root of the absolute value of the determinant, so

1
IHo(@)] = 51/ (wo —w)? + i (1.242)
and
1 2 2 205 |2 2 2
I (0] = 51/ (0 — )2 + w31+ e20]2 < (o — w)? + 4w} (1.243)
Plugging everything into the bound from Proposition 1.35 gives
w w
103(8) = Uo(®) < o2 + 22 ((f(wo — )2 2 + 4/ (wig — )2 + 4w} (1.244)
w w
< i + ti (wo — w)? + 4w?. (1.245)

Finally, we can revert back to the original frame

[U(t) = Urapi (D) || = |Q(¢)Uo(t) — QE)UL ()| = [[U1(t) — Uo (1), (1.246)
using Lemma 1.34. O

For our purposes, the fact that H(s) is an approximation is essentially irrelevant: we are looking
for a mathematical counter-example to the naive adiabatic theorem, not necessarily a physical
system. It is nice, however, that the counter-example is physically motivated. The violation of
the naive adiabatic theorem even happens in a regime where the rotating wave approximation
is valid.
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1.1.6.3 The contradiction

B 1 wo wle—iws
=5 { o eies o ) Let |Eg(s)) be
the instantaneous ground state of H(s), set |Fo) = |Eo(0)) and let [(s)) = U(s)|Ep) be the

evolved state. Then the fidelity F(s) = [(Eo(s)|%(s))|? is given by

2
F(s) = cos® (%s) + %ﬂ sin? (%s), (1.247)

where Q = /(wp — w)? + w? is the Rabi frequency.

Proof. As before, it is easier if we work in the rotating frame. Recall @, Hy, Uy from the proof
of Proposition 1.36.
Now |Ey(s)) = Q(s)|Ep), so Lemma 1.34 gives

Proposition 1.37. Consider the Hamiltonian H(s) :

F(s) = [(Eo(s)[v(s))]? (1.248)
= [(Eo|Q* (s)U(s)| Eo)|? (1.249)
= |(Eo|Us(s)|Eo)|? (1.250)
= [(Eqle™""0| Eo) . (1.251)
Calculating the matrix exponential of a 2 X 2 matrix is not too hard. In this case we have
; H Q Q
e~ sHo — —22’60 sin (55) + cos (55)1 (1.252)
Bracketing between (Ey| - |Ep) and taking the modulus squared gives the result. O

First note that [|Ho| = £, so

4(Ey|Ho|Eo)*
o <1. (1.253)

Next observe that bracketing with (1] -|0) gives the transition probability to go from |0) to |1).
In this case we recover the usual Rabi formula
2 Q
Py = % sin® (55). (1.254)

The quantity (Eo|Ho|Ep) can be expressed in terms of the ws, but this is somewhat involved.
For reference, it is

(ol |E>_—ww%—kwwo\/cm—i—wg’—wg\/umﬁ-wow%—w%\/m (1.255)
oI 2w — 2wo/wi + w? + 2w? S

At resonance (i.e. w = wy) this simplifies to

wowi — wiy/wi + w?
(Eo|Ho|Eo) = —; — > (1.256)
2wg — 2wo/wi +wi + 2w

At resonance the prefactor only depends on ‘;’—‘1) and simplifies nicely. If wy = awy, then

A{Eo|HolEy)® _ 1
02 a2 +1

(1.257)
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Finally we are ready to consider the counterexample. Suppose there was a theorem of the
following form: there exists Cy > 0 such that if the evolution time is

H/
T > Cou, (1.258)

then 1 — F(1) <0.1.
We now show that we can take wg, w1, w such that this supposed theorem is rendered untrue.
First observe

o o= VoTFT
o |H|| = wiw;
o 1] = wre?.

We set w = wgp, wy = 7 and

wo = max{Cp, 1}ws. (1.259)
Now e
o, I _ Co—at < G2t <1, (1.260)
Im wp +wi wo

So evolving for time 7" = 1 should give a high fidelity, at least higher than 0.9, but if we compare
with Proposition 1.37, we see that

4<E0|H0|E0>2 . s 1 1
F(1) = cos® (=) + —2 20200 2 (Z) -~ <~
(1) = cos (2) + 02 St ( ) max{Cp,1}2+1 ~ 2 <

. 1.261
. 0.9, (1.261)

where we have used that €) = w; at resonance. This is a contradiction.

1.2 Adiabatic theorems for dissipative dynamics

In this section some adiabatic theorems will be discussed that can be applied to dynamics that
are not unitary. This means that states are no longer represented by unit vectors |1}, but by
positive trace-one matrices, i.e. density matrices p.

The evolutions are no longer unitary operators, but rather positive trace-preserving operators.'®

1.2.1 Some motivating examples

The primitive operation in adiabatic quantum computing is time-dependent Hamiltonian evo-
lution. Ideally the cost of the operation is given by the total time spent evolving the system.
Of course, we cannot hope to be able to evolve under all time-dependent Hamiltonians with
this cost: one could then scale down the cost arbitrarily much by scaling up the Hamiltonian.
Instead, let us assume we can evolve under all time-dependent Hamiltonians H; that satisfy
([ Hel| < 1.

Is this a reasonable assumption? It would seem not: as discussed in the introduction, building a
device that can implement any possible time-dependent Hamiltonian is an infeasible engineering

100ften complete positivity, rather than just positivity, is imposed. It is not imposed here because it is not
necessary and so relaxing this requirement makes the proofs more general. In particular, the adiabatic theorems
can then also be applied to certain approximations of physical evolutions, which have no reason to be completely
positive. In addition, there is some debate about the necessity of complete positivity in physical systems, see

e.g. [10].
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challenge and simulating such a device on a conventional gate-based quantum computer leads
to overhead due to discretisation.

On the other hand, there exist problems with natural time-dependent Hamiltonians such that
the evolution time required by the adiabatic theorem matches the expected complexity of the
problem. For example, see section 2.1 and section 2.2.

This suggests there may exist a procedure based on the time-independent Hamiltonian Hj
that can be performed in the same time as it would take to do the time-dependent Hamilto-
nian evolution and is dephasing!'! enough for there to be an associated adiabatic theorem that
guarantees the same fidelity as the usual adiabatic theorem does for time-dependent Hamil-
tonian evolution. In this thesis two such procedures are proposed. Both can be implemented
straightforwardly on a conventional gate-based quantum computer with classical control.

1.2.1.1 Poisson-distributed phase randomisation

The first procedure is based on performing time-independent Hamiltonian evolution for random
amounts of time.

The idea to use randomised time-independent Hamiltonian evolution for dephasing has been
around for some time [41]. The innovation here is to perform the dephasing operation according
to a Poisson process. This will simplify the analysis, allowing an asymptotically better result
to be obtained.

The dephasing property of randomised evolution is proved in the following result.

Proposition 1.38 (Phase randomisation). Let H be a Hamiltonian, wy an isolated point in
the spectrum, P the projector on the associated eigenspace and go a lower bound on the spectral
gap. Assume we can simulate e~ for any positive or negative time t at a cost of |t|. Then
we can construct a stochastic variable T such that for all states p,

<67iTHp6i-rH> _ PpP+ Q<€7iTHp€iTH>Q, (1262)
with {|T|) = to/go, where ty = 2.32132.

The angled brackets mean taking the average over 7. The result is originally from [11]. For
simplicity, the Hilbert space is assumed finite-dimensional in this proof. The value for ¢, was
obtained in [42].

Proof. We set U(1) = e~""H_ In order to construct the stochastic variable 7, we start with

a smooth!? even function hgy of compact support in |-, —21[. Consider the convolution h =

2' 72

%, which is compactly supported in |—1,1[. Next define the function hg, by hg, (w) =
h(w/go). Let f be the inverse Fourier transform of h and f,, the inverse Fourier transform of
hg,. We have fg,(t) = gof(got). Since the inverse Fourier transform of hg is real, the function
fqo is positive. By construction it is also normalised. Let 7 be the stochastic variable with
density fg,-

Now we show that (U(7)PpQU* (1)) = 0 = (U(1)QpPU*(7)). We can write Q = >, ; Qs,
where each @; is the projector on the eigenspace of energy w;. The projector P is associated
to the eigenspace of energy wq. Since (U(7)PpQU*(7)) = >_,_(U(1)PpQ;U*(7)), it is enough

11T use dephasing here to mean the decoupling of the eigenspace of interest from the rest of the Hilbert space.

12Smoothness is only used to guarantee the inverse Fourier transform of h exists and is Fourier integrable.
If this is satisfied, then we can drop the smoothness condition. For example, we can set hg to be a non-zero
constant on |—1/2,1/2[ and zero outside, then f is proportional to the sinc function squared.
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to show that (U(7)PpQ;U*(7)) = 0 for all 4. Indeed,

OEOPRQU ) = [ e Py 1)t (1.263)
= / - e~ Mo pe s (1) dt (1.264)
= / T e p () de (1.265)
= phg, (w; — wo) (1.266)
=0, (1.267)

since w; —wo > go and hy, is supported in | — go, gol.
We also have (U(T)PpPU*(7)) = p [*_et(omwo)f (t)dt = p. Putting everything together
gives

({U(m)pU™ (7)) = {U(T)PpPU* (7)) + (U(1)QpQU™ (7)) + (U(7) PpQU" (7)) + (U(T)QpPU" (7))

(1.268)
= PP+ QU(N)QpU(7))Q. (1.269)
Finally, we need to show that the cost scales as (1) = O(1/go). We calculate
el = [ 1) (1.270)
= [ it ftont) e (1.271)
1 oo
= —/ |u| f(w) du. (1.272)
90 J -0
Now to == [ |u|f(u)du is just a constant that depends on the chosen hg. It was shown in
[12] that tp can be taken to be 2.32132. O
Now suppose we have a time-dependent Hamiltonian H,. Choose some finite {sg,...,s,} C

[0,1]. Take every s in order and apply e =7 to the state, where 7 is chosen randomly as in
Proposition 1.38. This procedure prepares a state with good fidelity with the eigenprojector
P(1), if the subset {sq,...,sn} is chosen dense enough. The trick, as always, is to choose the
subset dense enough, but not too dense (since this needlessly wastes time).

A first idea might be to let the s; have uniform spacing. This yields a time-complexity of

T=0, (Hf%) [11].13 Typically better choices of s; (better “schedules”) are available, as was
already noted in the original paper.

For example, for the quantum linear systems problem (see section 2.2 for more details), a
better schedule was introduced in [43]. This schedule gives a complexity of O(/ilog(/i)), which
is slightly worse than the optimal O(k). It seems complicated to give a deterministic schedule
that achieves optimal asymptotic scaling. Indeed the more recent [44] does not manage, despite

significant effort to give tight bounds.'*

’
13Note that this is significantly worse than the adiabatic Theorem 1.26, since fol “5—3” ds is in general much

’
smaller than w
9

14The reference [44] is to an old version of the paper. The current version, [12], incorporates our suggestion
for a randomised schedule, [1], and therefore achieves the same asymptotic scaling we do, which is optimal.
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In [1] we propose randomising the schedule. This allows us to treat this setup as a dynamical
system that is continuously evolving according to some differential equation. What is more, we
can derive an adiabatic theorem that shares many features with the time-dephasing adiabatic
theorems (like Theorem 1.29), so that it is not too hard to transfer result from usual adiabatic
computing to this setting. In particular, we are able to show optimal asymptotic scaling for
that quantum linear systems problem.

To be more concrete, we propose randomising the schedule according to a (variable-rate) Poisson
process. Operationally, this amounts to algorithm 1.

Algorithm 1: Poisson-distributed phase randomisation.

1 Pick a Poisson process N : [0,1] x (2,4, P) — N with rate A(s);

2 At each jump point s of the Poisson process, pick an instance ¢ of the random variable
7 as defined in Proposition 1.38 and evolve the system under the Hamiltonian
evolution e~ *#s:

The density matrix describing the system is a random variable that satisfies the stochastic
differential equation dp = (e’”(S)Hs pel T Hs p) dN.

Marginalising over the Poisson process (i.e. forgetting which exact realisation of the Poisson
process was picked) and over the stochastic variable 7, we get a new density matrix that is
determined by the following differential equation:

% = )\(PpP + /QeiiTHspe”Hb‘de(T) — p), (1.273)
with probability distribution p. This differential equation can be derived using the well-known
heuristic that dN averages to Ads. The rigorous version of this statement is known as Camp-
bell’s theorem, at least in the case that the Poisson process is the only part that is stochastic.
To derive (1.273), we actually need something slightly stronger since the operation performed
at every jump point is itself stochastic. This stronger version of Campbell’s theorem is proved
in the appendix as Proposition D.37.
The total time taken by one run of the algorithm is a random variable T satisfying d7" = 7 dN.
In order to find the time complexity, we again marginalise over the Poisson realisations. This
gives

dT = g '\ ds, (1.274)

soT = fol %ds.
The dynamics described by (1.273) constitute the first example for which we would like to find
an adiabatic theorem.

1.2.1.2 Discrete adiabatic theorem

In the previous section, a differential equation was deduced by taking a discrete process (phase
randomisation) and applying it randomly according to a Poisson process. In this section the
same trick is applied, but now to the discrete adiabatic theorem.

The discrete adiabatic theorem is originally due to [45] and was extended and refined in [46].
The latter work also applies it in an algorithmic context, specifically to the quantum linear
systems problem (see section 2.2). Let U(s) be some unitary, parametrised by s € [0,1].
The discrete adiabatic theorem states that the very application of U(s) is dephasing: suppose
{50,---,8m} € [0,1] and we apply the unitary U(sy) to the system, for each sy in order, then a
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state will be produced that has high fidelity with the eigenspace of interest (i.e. corresponding
to the one the state started in), so long as {sg,...,8m} C [0, 1] is chosen dense enough.

As in the previous example, we propose to use a Poisson process. Operationally, the procedure
becomes algorithm 2.

Algorithm 2: Poisson-distributed discrete adiabatic theorem.

1 Pick a Poisson process N : [0,1] x (22, A, P) — N with rate A(s);
2 At each jump point s of the Poisson process, apply U(s);

Now the stochastic differential equation is dp = (U pU* — p) dN. Marginalising over the reali-
sations and applying Campbell’s theorem gives the (non-stochastic) differential equation

do _ MUpU* = p). (1.275)
ds

The dynamics described by (1.275) seem like a prime candidate for an adiabatic theorem.

Indeed, one will be derived for them. The link with the original adiabatic problem (determined

by the time-dependent Hamiltonian) is slightly lost, however. In order the reintroduce Hg, a

standard technique is used: qubitisation.

Qubitisation For any self-adjoint operator H such that ||H|| < 1, the following operator on
C? ® H can be constructed:

H —/1 - H?
1.276
< 1-H? H > ( )
This operator goes by many names, including “elementary rotation”, “Julia operator” [47] and
“Halmos dilation” [18].15 Tt is straightforward to see that (1.276) is unitary.'® In addition, the

spectrum of (1.276) can be derived from the spectrum of H.

Lemma 1.39. Let H be a self-adjoint element of a unital C*-algebra with |H|| < 1. Then

a( 1H _le_H2>:{wii\/l—w2|w€U(H)}. (1.277)

_H2

In particular, this result applies to all bounded self-adjoint operators on (potentially infinite-
dimensional) Hilbert spaces. In finite dimensions, the number of eigenvalues doubles. This is
what we expect, since the dimension also doubles.

Proof. Consider the functional calculus @y : C(o(H),C) — A from Theorem A.14. It is an
isometry, which means that it is injective and (with the fact that C(o(H),C) is complete) its

— 2
15 Actually, these names typically refer to the operator ( \/JEW % l_HH )

16 At least, it is straightforward in this case, since H is self-adjoint. In more generality one can define
T —/1-TT*
(\/1 —T*T T*
proving this requires showing Tv/1 —T*T = /1 —TT*T*, which is not entirely trivial. The original proof by
Halmos uses the fact that T/1 T = \/l—TT*QnT*, for all n € N. By approximating the square root
uniformly with polynomials, this can be used to recover Tv/1 —T*T = /1 -TT*T*. There is also a more
elementary proof [19].

) for all bounded T such that ||T'|| < 1. This operator is also always unitary, but
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image is closed. This allows us to conclude that @y : C(o(H),C) — C*(1, H) is an isomorphism
(of C*-algebras), where C*(1, H) is the C*-algebra generated by {1, H}.!”

Let My(B) denote the 2 x 2-matrix algebra of a C*-algebra B. Then ®p readily extends
to an isomorphism M, (C*(1,H)) = M,(C(c(H),C)). There is also an obvious isomorphism
M (C(o(H),C)) =C (c(H), M2(C)).

Composing these isomorphisms, we see that (1.276) gets mapped to the function

w —m»

S 3 (1.278)

o(H) — M3(C) : w (

The spectrum of this function is clearly!'®

U o<ﬂ°i7w2 _vl_Oﬂ){wj:i\/lw2|t€o(H)}. (1.279)

w
teo(H)

As a final note, one may be worried about the fact that we have calculated that spectrum of
(1.276) as an element of C*(1, H), not as an element of A. It is an important result about
C*-algebras that this gives the same result.” O

H —V1I-—H?

Corollary 1.40. The gaps in o < 1_ 42 H

> are wider than in o(H).

Note, however, that new gaps are formed at +1, which may be quite small! This is illustrated
in Figure 1.3.

Proof. Consider wy,w; € o(H). Then

‘(woii\/l —w?) — (wy £ iy/1 —wf)‘ - \/(wo —w) (\/1 — W2t \/1 _w§)2 (1.280)

> |wo — wil. (1.281)

O

Now, returning to the case where Hy : H — H is a self-adjoint operator with ||H,|| <1 for all.
Each eigenvector |¢) of Hy corresponds to two eigenvectors of (1.276):

% (J%) ’ % ('1/(3@) ' B

Now the pieces have been assembled to apply algorithm 2 to the problem of tracking the
eigenstate of a Hamiltonian (rather than a unitary). The result is algorithm 3.

The development so far has assumed that we can apply the unitary (1.276). Methods for
implementing this operator will be considered in subsubsection 1.2.4.1.

170f course this little argument is redundant, since this isomorphism is used to prove the continuous functional
calculus in the first place! As only the statement of the continuous functional calculus is included in the
appendices, it seemed reasonable to give this argument here.

18To calculate the spectrum of a function, note that a function is invertible if and only if it is invertible when
evaluated at each point in its domain.

9This does not hold in general for Banach algebras.
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Figure 1.3: An illustration of Lemma 1.39.

Algorithm 3: Poisson-distributed qubitised unitaries.

input: Time-dependent Hamiltonian Hy; an eigenvector |¢) of Hy
Pick a Poisson process N : [0,1] x (22,4, P) — N with rate A(s);

-

2 Couple in an ancilla qubit in the |0) state and apply both a Hadamard and phase gate
to obtain |1/)> );
(Z%D)
3 At each jump point s of the Poisson process, appl H, —vi-HE
jump p p , apply \/@ H, ;
4 Trace out the ancilla qubit;
_Repeat at s = so,...,5n()
) ; G
: Hs -V 1- HE :
V| \V/1 - H? H, :
o —{HsH ;
' I trace out

Figure 1.4: The quantum circuit implementing algorithm 3.

1.2.2 A general adiabatic theorem for dissipative dynamics

The current goal is to develop an adiabatic theorem that can be applied to the dynamics
determined by (1.273) and (1.275).
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In both cases the differential equation is of the form

dﬁ—(s) =M, (p(s)). (1.283)
S

For each s, L, is a generator of a semigroup &4(t) on the space of trace class operators, B1(H),
that is positive and trace-preserving. Then the adjoint semigroup £¥(¢) is unital and positive,
see Proposition A.111. This implies that ||EX(¢)|| < 1 and so ||Es(t)]] < 1. In other words,
L generates a contraction semigroup, for all s. Now the results about the existence of the
dynamics as developed in Appendix B apply. We use £(s1,$g) to the denote the evolution
operator that evolves the system from time sg to time s;. Frequently £(s) will be used as a
shorthand for £(s,0).

1.2.2.1 A first attempt: adapting the previous results to the dissipative setting

The most obvious idea is to try to adapt the methods of section 1.1 to this more general setting.
In principle this works. The ideal adiabatic evolution £4(s) can be defined in complete analogy
with Ua(t). The self-adjointness of the generator is not really used, except (1) to bound the
norm of evolution operator U(s) and (2) to define the wave operator Q(s) = U(s)*Ua(s).
For the first point, since the generators L, generate contraction semigroups, the norm of the
evolution operator is still bounded by one. The second point is slightly more tricky: in order to
define the wave operator Q(s) = £(s)"1€4(s), the evolution operator £(s) needs to be invertible.
When restricted to the case where L is bounded, this is automatically true: replacing L; by
— L generates the inverse. The details in this case have been worked out in [21].

In the unbounded case progress can be made by replacing the wave operator development with
the following method for bounding the difference between evolution operators:

E(s) — Ea(s) = / ;7 (€(s,7)Ea(r,0)) dr = / LE(s, V)P PlEa(r,0)ds. (1.289)
0 0
This idea has been developed, see e.g. [50] and [51].

These approaches work in the sense that they yield sensible adiabatic theorems, usually of the
form “/1 — F < O1(T~1)”. For our purposes it is important to be able to bound the constants
involved, which will depend on the spectrum and in particular the gap. Here we encounter
a problem: the spectrum of L is not the spectrum of H,. For example, in the case of the
Liouville-von Neumann equation, with Ls(p) = —i[Hs, p], the only obvious statement we can
make is

o(Ls) C —i(o(Hs) — o(Hy)), (1.285)

which is given by Corollary A.9. This is not great, because two highly exciting states whose
energies are similar may yield a small gap, but this should not impact the fidelity of the actual
evolution very much.

Equation 1.275 has a similar problem: with £, defined by Ls(p) = UspU; — p, we have

a(Ls) Co(Uy)-o(Us) =1 (1.286)

Determining the spectrum of the generator in (1.273) is even less clear. This problem is related
to the fact that the adiabatic evolution, £4(s), is defined by a spectral projector of L. It is not
entirely clear this is always the best definition; another is proposed in [52]. In our motivating
examples there is a more precise subspace we want to track: the eigenspace of the underlying
Hamiltonian H.

For these reasons a different strategy is pursued, inspired by the results in [53]. Instead of a
bound on the gap of L, the aim is now to bound the norm of the inverse of the generator.
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1.2.2.2 The adiabatic theorem

In order to guarantee the existence of the dynamics, we adopt assumptions that are analogous
to the ones in Assumption 1.

Assumption 4. Let H be a Hilbert space. Suppose
e L, generates a trace-preserving contraction semigroup on B1(H), for all s € [0,1];
e L, has the same domain D for all s € [0,1];
o the function [0,1] — B1(H) : s — Ls(p) is continuously differentiable for all p € D.

In addition, Assumption 2 on the time-dependent Hamiltonian Hg is still in force. When
applying these results we will usually restrict ourselves to the case where L, is bounded and
norm-continuous in s, for simplicity.

The following theorem is heavily inspired by [53].

Theorem 1.41. Let p(s) be the solution of the differential equation

dp

1o = Mlo). (1.287)

Suppose
o T (PO)(0)) = 1;
e Tr(P(s)Y) =0 for all Y € im(Ly) and all s € [0,1];
o there exists X (s) € B(H) such that P'(s) = L3(X(s)) for all s € [0,1];
e [0,1] = B(H) : s+ X(s) is differentiable and A= is absolutely continuous.

Then
X1 1] /1 X ‘ 1 "
1-Tr(P(1)p(1)) < — — - X||) ds. 1.2
r(Pwev) < 55 5w PO H|(G) ) as sy
Proof. The proof starts with a simple calculation:
Tr(Pp)’ = Tr(P'p) + Tr(Pp') (1.289)
=Tr(P'p) + ATr(PLs(p)) (1.290)
= Tr(P'p) (1.291)
— Tv (L£5(X)p) (1.292)
=Tr (XLs(p)) = Tr(A\"'X)'). (1.293)
Next we integrate and integration by parts (see Proposition D.34) is used to calculate
1
1—Tr (P(1)p(1)) = Tr(Pp)|g = / Tr(Pp)’ ds (1.294)
0
1
= / Tr(A 1 Xp') ds (1.295)
0

— A Te(X )|} — /1 (Tr(/\_lX’p) + (%)/Tr(Xp)) ds.
’ (1.296)
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Finally we use Tr(p) = 1 and Proposition A.106 to obtain

/
i [

=T (P)p(D) < 15

) . (1.297)

s=

O
In the next sections this theorem is applied to the various examples.
1.2.3 Poisson-distributed phase randomisation
In this section the dynamics generated by
d , .
If = \Ly(p) = )\(PpP + / Qe H: peiTH:Q dpu(r) — p), (1.298)

are analysed.

Lemma 1.42. Let H; be a norm-continuous bounded time-dependent Hamiltonian that is twice
continuously differentiable. The differential equation (1.298) satisfies the assumptions of The-
orem 1.41 with

X(s) = —P'(s) (1.299)

Proof. First observe that any operator in the image of Ly is off-diagonal, so multiplying by P
and taking the trace gives zero.

Let 0 € B1(H) be an arbitrary trace class operator. We need to prove that Tr(XL,(0)) =
Tr(P’o). Since P’ is off-diagonal, it is clear that

Tr(P'o) = —Tr (P’ (PpP + / Qe s peim™ :Q dp(T) — 0)) (1.300)
=Tr ((—P')Ls(0)). (1.301)
O

Corollary 1.43. Let H; be a norm-continuous bounded time-dependent Hamiltonian that is
twice continuously differentiable. Suppose o(Hg)N[bo(s),b1(s)] consists of at most m eigenvalues
and A~ is absolutely continuous. The dynamics of (1.298) produces a state with infidelity

bounded by
+|Gz)

1-r <o PO+ o Pl [ (|5

<\ﬁ(IIP(0) (O)Q(O)H+IIP(1)H’(1)Q(1)II)

|> ds (1.302)

X(0)g(0) A1)g(1)
/< VAP | IPEAUAY , o Ly 'PH'Q”) (1.303)

Proof. This is an immediate application of Theorem 1.41. The bounds on ||P’|| and ||P"|| are
from Corollary 1.17, Lemma 1.25 and Proposition 1.16. O

With this result, specific performance guarantees of algorithm 1 can be given. Two cases will
be analysed: one where \ is taken to be constant and one where )\ is adapted to the gap in a
manner similar to Theorem 1.32.
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Theorem 1.44. Let H; be a norm-continuous bounded time-dependent Hamiltonian that is
twice continuously differentiable. Suppose o(Hs) N [bo(s),b1(s)] consists of at most m eigenval-
ues. Suppose A does not depend on s and fix € > 0. Then algorithm 1 produces a state with
infidelity 1 — F less than € if

\/ﬁ<||PH’Q||

€ g

PH'
L Il
s=0 g

+/ (”PH”Q” +4\ﬁ%) ) <\ (1.304)

s=1 0

Suppose gom, is constant that is a lower bound on the gap for all s € [0,1] and € > 0 is a target
upper bound on the infidelity, then algorithm 1 can be executed with a time complexity less than

W/ (LI IPHQY | PRI (1305

gOm gOm Yom

The constant ¢ty can be taken to be 2.33.

Proof. Equation 1.335 is an immediate consequence of Corollary 1.43. The second equation
follows from the fact that the time complexity is given by A fol gio ds. O

The next theorem implements an adapted schedule, again using Assumption 3.

Theorem 1.45. Let H, be a norm-continuous bounded time-dependent Hamiltonian that is
twice continuously differentiable. Suppose o(Hg)N[bo(s),b1(s)] consists of at most m eigenvalues
and Assumption 8 holds. Take C > 0 such that

€ > vim max ((2+(p=DlghlBasy) IPHQ|+|PH"Q| +4VmBay |PHQYIE']). (1306)

SE,

Fixz e > 0 and set
1 C

€96 Gom

Then algorithm 1 produces a state with fidelity F' > 1 — € in a time bounded by
to OB,

€ gom

(1.308)

The constant ty can be taken to be 2.33.

Proof. Two claims need to be proved: firstly that 1 — F' < e and secondly that the algorithm
finishes in a time bounded by (1.308).

For the first claim, Corollary 1.43 gives a bound on 1 — F'. This theorem can be applies since
2P is Lipschitz on [go,,, maxs | Hs|], so A™1 is absolutely continuous. We just need to show that
it evaluates to something smaller than € in this case. First observe that

)

N egerP _
= B = oy (1.309)
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Then the claim follows from the following calculation:

| _F< m(IIP(O)H’(O)Q(O) L IPQE QM)

A0)(0) Ao ()
) / (LEEQ o AP | (Ly|IPEQL ) (1310)

_ (1POI QO] |POT1Q)]
s fc( D2 090) g lar Pl

PH"Q)|| [PH'QIIH - 2, IPH'Q)]
+/O (H =3 T, +4f|7+g§mp(p—l)gé’ 2|96|g|) ds

Tom 90 90 L9
(1.311)
€
< ving (PO 0O + | P0H 1R
Y PH'Q|||H PH'Q
+||PH”Q||+4\F/ stﬁ-/ algol— ” —5 5 L'st) (1.312)
Jom Y0 gom 90
€
< Ving mas (24 (0= Dlgy|Bs- ) IPH'Q| + | PH" Q|| +4v/mBs || PH'Q | H'
(1.313)
<e (1.314)
Finally the time complexity of the algorithm is bounded by
= ds = —/ (1.315)
0 QOQOm
1CB
< 1OBy (1.316)
€ Jom
O

Note that the time complexity is essentially the same as in the time-dephasing adiabatic case,
Theorem 1.32. Since this is, operationally at least, a discrete procedure, the actual complexity?°
is much lower.

1.2.3.1 Eigenstate filtering

The use of eigenstate filtering was introduced in [54] to improve scaling in the error tolerance
for algorithms based on adiabatic principles and the quantum Zeno effect, in particular with
application to QLSP.

A similar technique was used in [46] to achieve optimal scaling, but using Linear Combinations
of Unitaries (LCU) instead of Quantum Signal Processing (QSP). The aim of this section is
to adapt the technique of [16], using time-independent Hamiltonian evolution as the primitive
operation, rather than quantum gates.

Theorem 1.46. Let H be a Hamiltonian with |H|| < 1 and 0 in the spectrum of H, o(H).
Suppose

e A >0 is such that [-A, AlNo(H) = {0};

20In every sense of the word!
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e P is the orthogonal projector on the eigenspace associated to the eigenvalue 0, we set
Q=1-P;

e p is a density matriz of the form PpoP + Qp1Q with Tr(Ppg) > 1/2, that we can prepare
at cost Ty;

o ¢>0.
Further, suppose

e we can adjoin two ancilla qubits to p;
e we can can measure and reprepare the ancilla qubits;

e we can evolve the system under H ® R and 1 ® R for time t for all Hermitian operators
R on C**% with ||R|| <1 at a cost of t.

Then we can prepare a state pa such that Tr(Ppg) > 1 — € at a cost of O(Ty + A~ log(1/e)).

The idea of the procedure is relatively simple. With these assumptions, we can apply controlled
versions of the unitary e ™ ie. e®H® for some projector IT on C2*2. This means that we
can apply linear combinations of e’ ®! using the technique of linear combinations of unitaries,
see Lemma 1.47 and Lemma 1.48. In particular we can apply a polynomial that has a large
peak at 0 and is very small everywhere else. We use this to filter out the part of the state that
we do not want.

Lemma 1.47 (LCU with arbitrarily large ancilla register). Let f(z) = >, _ . ayz® be a ratio-
nal polynomial with complex coefficients such that >, __, |ag|* = 1. Let H be a Hamiltonian
and p the state of the system. Assume we have access to an ancilla register with orthonormal
basis {|k) | k € Z}. Then, at a cost of O(nt), we can do an operation which either

e succeeds and applies Y ,__ |ax|?e " to the system,

e or fails, with a probability of 1 — Tr ((Zz_n |ak|2e_itkH)p(ZZ:7n akZe“kH)). We
can see when this has happened thanks to the measured contents of the ancilla register.

Proof. The procedure is as follows: we first prepare the ancilla in the state |f) ==Y axlk),
then apply >, __, kH ® |k)(k| for time ¢ and finally measure the state |f). If we measure any
other state than |f), the procedure fails.

The result then follows from the following identity:

n

Z (1 ® ak<k‘)eﬂ't S mH®|m)(m| (1 ®a7|[>> _ Z |am|26—ith. (1.317)
kl=—n m

Defining

m 0
M), =1-> [k)(k| and T, =1- Y [k)(k|, (1.318)
fe—=

k=—m

0
ity 1 o 1 .
Y im=n mHBM) (| _ T4 o —itH I, pitHRIL, which we can clearly apply at

we can write e
a cost of 2nt.

The cost of ancilla preparation depends on the admissible operations on the ancilla register,
but in a worst-case scenario, each aj needs to be set separately?' which means that the cost is

O(n). The total cost is then still O(nt). O

21This is the case for the procedure used in Lemma, 1.48.
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Lemma 1.48 (LCU with two ancilla qubits). We can achieve the results of Lemma 1.47 only
using two ancilla qubits at a time.

The construction is identical to the one in [40].

Proof of Theorem 1.46. Let () :== 1 — P and write ) = Zj Q;, where each @; is an eigenpro-
jector of H associated to the eigenvalue w;. Now we observe

(3 taele )@, = (3 lace 1), = Alw)Q;. (1.319)

k=—n k=—n

where A(w) is the Fourier transform of the sequence |ay|?. Thus

( zn: |ak|2efikH)QpQ( Zn: |ak|2€ikH) :Z( zn: |ak‘2€7ikH)ijQl( zn: |ak‘2€ikH)
k

k=—n =—n 7\l k=—n k=—n

(1.320)
= ZA w; ) A(—w)Q;pQ. (1.321)

Taking the trace gives

Tr(ZA (wj)A(—w QJle) < max AW Tr(QpQ) < max A(w)?. (1.322)

wé[-A,A] wg[-A,A]

The goal then becomes to find a sequence and its Fourier transform such that A(wg) = 1,
max,¢[—A,A] A(w)? < € and whose window n is as small as possible. The answer to this
optimisation problem is well-known and is given by the Dolph-Chebyshev window [55]. In this
case we need a window of??

cosh™(1/+/¢) 1

4
"= o T (sec(a)) < 28 8 (). (1.323)

By Lemma 1.47, we can implement this at a cost of O(n). Note that this procedure terminates
successfully with a probability of at least Tr(Ppg) (which is bounded below) and we can check
to see whether the procedure failed. If it failed, we repeat. This requires we prepare a new
copy of p. On average we need to repeat fewer than Tr(Ppg)~! times, which is O;(1). O

1.2.4 Discrete adiabatic theorem

In this section the dynamics generated by

d *
= =o(p) = AUPU* = p), (1.324)

are analysed, in complete analogy with the previous section.

Lemma 1.49. Let Uy be a norm-continuous bounded time-dependent unitary that is twice
continuously differentiable. Let p be an eigenvalue of U and P the associated eigenprojector.
The differential equation (1.298) satisfies the assumptions of Theorem 1.41 with

X=P@Q-pU*)*+1-pU)"P. (1.325)

22We note that we improve the scaling by a factor of two compared to [46]. This is because we are able to
start from a state where PpQ = 0 = QpP.
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Proof. First observe that
Tr (P(s)Ls(p)) = ATr (P(s)(p— UpU*)) = 0. (1.326)

for all p € B1(H).
Now let o € B1(H) be an arbitrary trace class operator. We need to prove that Tr(X L,(0)) =
Tr(P’o). This follows from the following calculation:

Tr (X£L(0)) = Tr (((1 —pU*) P+ P'(1—fU) ) (o — UUU*)) (1.327)
=Tr ((L—pU*)"P'o) +Tr (P'(1-aU)" o)

—Tr (L—pU")*P'UcU*) — Tr (P'(1—pU) UsU*)  (1.328)
Tr (1—-pU*)"P'o) + Tr (P'(1-pU) " o)

—Tr (WU*(1 —pU*)*P'o) — Tr (P'(1—pU)taUo) (1.329)

= T (1 —pU") (1 —pU*)* P'o) + Tr (P'(1—aU)* (1 —aU)o) (1.330)
— TH(QP'o) + Tr(P'Qo) = Te(P'or). (1.331)
O

Corollary 1.50. Let Us be a norm-continuous bounded time-dependent unitary that is twice
continuously differentiable. Let p be an eigenvalue of U and P the associated eigenprojector.
Suppose A\~ is absolutely continuous. The dynamics of (1.324) produces a state with infidelity

bounded by
_F< [Eidl} I P]] +2/1 [P + 2[| P P L0 5l +‘(})’ 1Y qs
Ag ls=0 Ag ls=1 0 Ag Ag? A g
(1.332)
||U’|| 1241 /1 U7 ||U’||2 I
Lo T Ty o BN G e (AN PP
- )\g =0 Ag? s=1+ 0 Ag? + + g2 § ( )

Proof. The first inequality follows from Theorem 1.41, together with a series of norm bounds.
The bound ||(1 —pU*)™|| < % can be seen as a consequence of Theorem A.14. Proposition 1.12
gives

(A —pU") ¥ = (L —pU*)* (WU* + pU") (L —pU*)* = P(1—pU*)" — (1 —pU") P, (1.334)

which can be bounded with the triangle inequality and the fact that |u/| < ||U’||, due to the
Hellmann-Feynman theorem.

The second inequality follows by plugging in the bounds on || P’|| and || P”|| from Corollary 1.17,
Lemma 1.25 and Proposition 1.16. O

Like in the last section, performance guarantees of algorithm 2 for two different choices of A
are now derived.

Theorem 1.51. Let Uy be a norm-continuous bounded time-dependent unitary that is twice
continuously differentiable. Let u be an eigenvalue of U and P the associated eigenprojector.
Suppose A does not depend on s and fixz € > 0. Then algorithm 2 produces a state with infidelity
1 — F less than € if
1 <||U’| 1]l
e\ ¢° 92

1" 7112
ca [ (L U0 < (1.335)
s=1 0 g g

s=0
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Suppose gom s constant that is a lower bound on the gap for all s € [0,1] and € > 0 is a target
upper bound on the infidelity, then algorithm 1 can be executed with a complexity less than

2 (I|PH’ U U'|)?
(l 2401 L N L > (1.336)
€ gom gOm gOm

assuming U can be implemented at unit cost.

Proof. This is an immediate consequence of Corollary 1.50 and the fact that the complexity is
simply given by A. O

The next theorem implements an adapted schedule. In this case we can use the same hypothesis
as for the time-dephasing adiabatic theorem, Assumption 3.

Theorem 1.52. Let Uy be a norm-continuous bounded time-dependent unitary that is twice
continuously differentiable. Let p be an eigenvalue of U and P the associated eigenprojector.
Suppose Assumption 3 holds. Take C > 0 such that

€ =2 max ((1+plap Bo-p IVl + V"] +8Bs-,|U2). (1.337)
Fiz € > 0 and set 1 ©
€ 9090m
Then algorithm 2 produces a state with fidelity F' > 1 — € in a time bounded by
1CB
-2, (1.339)
€ Jom

Proof. Two claims need to be proved: firstly that 1 — F' < e and secondly that the algorithm
finishes in a time bounded by (1.339).

For the first claim, Corollary 1.50 gives a bound on 1 — F'. This theorem can be applies since
P is Lipschitz on [go,,, maxs | Hs|], so A™1 is absolutely continuous. We just need to show that
it evaluates to something smaller than € in this case. First observe that

)

Then the claim follows from the following calculation:

N ege?
= B o g (1.310)

10l 1|l /1 1ol TP IS
1-F< 2 ( 8 ’(f) 7) d 1.341
~— Ag? ls=0  Ag? s:1+ o \ Ag? + Ag3 + A g2 s ( )
< 6( el 1’|
T O\ghlar g2 =0 gh P95 g? ls=1
1 " 7112 /
10"l 1] i1 2—p p—1 IU]]
+ 2/ ( ——— +8————— + plgslgom’ gb 7> ds (1.342)
0 \ghlgeta?  gbnle g g9?
1 1112 /
€ 17| A 1
< S0 + 107y 2 [ (10714 85 s + |y ) ds ) (1.343)
C( |S—0 ’571 o gngQS p ggm2gg p
2e
< & max ((1 + plgo| Bs—p) IU'[| + [|U"| +8337pHU’||2) (1.344)
s€[0,1]
<e (1.345)
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Finally the cost of the algorithm is bounded by

1 1
1
0 € Jo 9090m

1CB,
< - .
€ Jom

O

To compare the performance of this algorithm with Theorem 1.45 and Theorem 1.33, the
gap g and the derivatives ||U’||, ||[U”|| need to be compared with the Hamiltonian equivalents.
The gaps were compared in Corollary 1.40. The derivatives should typically not impact the
asymptotic complexity (so long as ||Hs|| can be bounded away from 1). Nonetheless giving
reasonable bounds on ||U’||, |[U”|| is an interesting endeavour that shall not be pursued further
here. The following result could be useful:

Lemma 1.53. Let T be a positive, bounded, differentiable time-dependent operator. Then /T
is differentiable and

VT, _ % o AL ym g,
ds 0 ds

There is a simple argument to show that da/sTi must have this form, if it exists: the Leibniz rule

gives T = (\/Tsz)’ = \/Ts/\/Ts + \/Ts\/TS/ and so the result follows from Proposition A.24.

1.2.4.1 Practical implementation of the qubitised Hamiltonian

In this section the construction of the unitary (1.276) is considered. In general we might have
access to H via some arbitrary block encoding. A unitary U : H® H, — H ® H,, where H, is
some other Hilbert space, is called a block encoding of H if it is of the form

v= (7 *). 1.346
(1) (1.316)

* *

Now the idea, following [56], is to construct a new block encoding that operates on some
subspace as (1.276). Indeed, it will turn out that any self-adjoint block encoding has this
property. Such a block encoding is necessarily also self-inverse (i.e. U? = 1). If ||[H|| < 1, then
U¥Y(H) NH = {0}, so H @ U*(H) is an invariant subspace for U, which means that U can be
restricted to a unitary operating on a space isomorphic to C?> ® H. This restricted unitary is
essentially of the form we need.

Lemma 1.54. Let H be a self-adjoint element of a unital C*-algebra A such that ||H|| < 1.
Suppose X € A?*2 s a self-adjoint block encoding of H. Then there exists a unitary V € A

such that .
1 0 H v1-— H? 1 0
X= (0 v> (W - )(0 v) : (1.347)

It is important that ||H|| be strictly less than 1. Assuming only ||H| < 1, the result is clearly
false.?® The result is essentially due to [56], but was only proved in the matrix case.

23For a simple counterexample, consider ((1) (1)) as a block encoding of 1.
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H  Xo.

Proof. Define Xg1,X1,9,X11 by X =
f 0,1,<%1,0,<%1,1 DY (XI,O X141

(10
II := <O 0>.Then

). Since X is self-adjoint, X7, = X109 Set

X{oX10 0N\ _[( 0 O0\'/0 o0
( 0 0) \Xio O X10 O (1.348)
=X (1 - )X (1.349)
= TIX?TI — (ITXTT)? (1.350)
_ g2
=11 — (IXTD)? = (1 OH 8) (1.351)
Because ||H| < 1, v1 — H? is invertible, so we can set V := X7 ov1 — H? . Then
10 H 1-H2\ (1 o\"_(H Xi, (1.352)
0 V) \V1-H? —-H 0 V) \Xio -VHV*)® '
Because X is unitary, we have X, H + X7 1X1,0 = 0. Multiplying on the right by v'1 — !
gives VH + X1V =0, 0r, X1, = -VHV™. O

Corollary 1.55. Let H be a self-adjoint element of a unital C*-algebra A such that |H|| < 1.
Suppose X € A?*2 s q self-adjoint block encoding of H. Then there erists a unitary V € A

such that
1 0 1 0 H —V1-—H2\ (1 0\~
X (0 —1)‘(0 v) (m " )(0 v) - (1.353)

Now we just need to know that we can actually construct a self-adjoint block encoding, but
this is not too complicated. Here is the one from [56]:

1 * *_
(U+U Ur—U > (1.354)

2 \U-U* —-U-U*"

A circuit implementation is given in Figure 1.5.

U U~ U U~

(a) Self-inverse block encoding (b) Elementary rotation

Figure 1.5: Given a block encoding U of H, (a) implements the self-inverse block encoding of
H given by (1.354) and (b) implements an elementary rotation, in the sense of (1.276), up to
a change of basis. The W represents the Hadamard gate.

There are two final points to consider:
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e The subspace that we need to restrict the unitary to is, in general, s-dependent. So part
of the state can leak out of the restricted subspace. The solution is to apply the adiabatic
theorem to a slightly different, subunitary, operator: the unitary U is modified to send
all vectors outside the intended domain to zero. It is not too hard to verify that the
theorems in this setting as well. The performance of the actual procedure necessarily
yields a higher fidelity than this modified (impractical) operation.

e The construction of the initial state is more complicated. Here knowledge of the original
block encoding helps, but if necessary, the initial state can always be constructed using
Linear Combinations of Unitaries (LCU).

1.2.5 Adiabatic eigenpath traversal

As a last application of Theorem 1.41, the usual time-dephasing adiabatic dynamics are dis-
cussed in this setting. The dynamics are generated by the Liouville-von Neumann equation

dp
ds
Lemma 1.56. Let H; a bounded time-dependent Hamiltonian that is twice continuously dif-

ferentiable.
The differential equation (1.355) satisfies the assumptions of Theorem 1.41 with

= TL,(p) = —iT[H,, p] (1.355)

X = —i[P, P']. (1.356)
The tilde refers to any solution of the operator equation (1.8).

Proof. Take arbitrary o € B (H). Then Tr (P[H,,0]) = Tr ([H,, Po]) = 0.
Now we verify that the proposed X works. Let o € B1(H) be an arbitrary trace class operator.
We need to prove that Tr (X £4(0)) = Tr(P'o). Indeed,

Tr (XLs(0)) = —iTr (X[Hs, 0]) (1.357)
- _Tr ([ﬁ?ﬂ[[{s,a]) (1.358)

=T ([ 1., [75}7]}0) (1.359)

_ ([P, P, P’]]a) = Ty(P'o). (1.360)

O

Corollary 1.57. Let H; be a norm-continuous bounded time-dependent Hamiltonian that is
twice contmuously differentiable. Suppose o(Hg)N[bo(s),b1(s)] consists of at most m eigenvalues
and X\~ is absolutely continuous. The state that has been evolved under (1.355) has an infidelity

bounded by
s=1 / ‘

1
+ [ (Frpmral+ 37 ||PHQ||||H’||+sz IPHQI ) as. (1301

AIPH' Q|
s:O Tg

AIPH QY

IPH'Q|
m g2

1-F<
= Tq?

This is essentially the same result as Theorem 1.29, except it bounds the infidelity, rather than
the square root of the infidelity.
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Proof. This is an application of Theorem 1.41. Proposition 1.16 gives

1P, P < m”PTHg/fl. (1.362)
Next, Lemma 1.25 gives
[P,P) = PP + PP"' — P'P - P#" (1.363)
— PH" — 2P(PY? — P[H', P'| — H'P + 2(PY*P — [H', P'|P (1.364)
— PH"Q — QH"P — [H', P/). (1.365)

Also [P',[P, P']] is diagonal, so [P',[P, P']] = 0. Now we are ready to use Corollary 1.22:

— \/1’71, \/1’7L
I[P, P | < = PP +27HP’HH[P, P + 2—||H’||H [P, P']| (1.366)
m maA/1T maA/ M
< B |Pr Q)+ 3 Pa QA + 22 PHQP (1.367)
Inserting these bounds into Theorem 1.41 gives the result. O

As before, bounds on the evolution time are developed, for two choices of T.

Theorem 1.58. Let H, be a norm-continuous bounded time-dependent Hamiltonian that is
twice continuously differentiable. Suppose o(Hs) N [bo(s),b1(s)] consists of at most m eigenval-
ues. Suppose A does not depend on s and fir € > 0. Then the infidelity 1 — F of the evolved
state is bounded by € if

!/ !
oom (1P |PHQ|
B Tg? ls=0 Tg? ls=1
PH" PH'Q|||H' PH'Q|?
[ (LR g UPHQI o IPHOIRY ) (1
0 g°
Proof. This is an immediate consequence of Corollary 1.57. O

The next theorem implements an adapted schedule. It is comparable to Theorem 1.32.

Theorem 1.59. Let H; be a norm-continuous bounded time-dependent Hamiltonian that is
twice continuously differentiable. Suppose o(Hg)N[bo(s),b1(s)] consists of at most m eigenvalues
and Assumption 3 holds. Take C > 0 such that

€ > m s ((2-+ plabl Ba—y) IPHQ| + | PH"Q|| + 5vmBy, [ PH'Q||H] ). (1.369)

Fixz e > 0 and set L C
T=-—F— (1.370)

€ 9 9om’"
Then the evolved statehas fidelity F' > 1 — €. The total evolution time satisfies
1CB,

€ Jom

(1.371)
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Proof. Two claims need to be proved: firstly that 1 — F' < e and secondly that the algorithm
finishes in a time bounded by (1.371).

For the first claim, Corollary 1.57 gives a bound on 1— F. This theorem can be applies since x?
is Lipschitz on [gom, max; | Hs||], so 771 is absolutely continuous. We just need to show that
it evaluates to something smaller than € in this case. First observe that

(7)1-

Then the claim follows from the following calculation:

T  egt?
% = =4-rg gl

(1.372)

PH' PH' PH'
17F§m|\ Q AIPH Q| / ’ AIPH Q|
Tg¢? s:O Tg?2 ls=1 2
1
+/ ( ||PH"Q|\+3mf Q||H'||+2mf )ds (1373)
0
e (IPH'Q) HPH’QII ' 1||PH’QH
<smzl s 5 — plgo|
9om 90 9% ls=0  Gom 90" 9% ls= 1 92
1 " / /
|IPH"Q| | PH'QIH||
+/ <]32—]92+5\/>2_p3 ds (1.374)
0 \9om 90" 9 Jom 909
€ IPHE'Q]|
<m=(|PH ‘ PH'Q|| /
smg (P, +1ear] [ ol a
1 / /
PH'Q||||H
+ [ (1earay+svmlPE A o) (1L575)
0 om 90
€
<m max ((2+plgh|Bay)IPH'Q) + |PH'Q| + 5v/mBy—, |PHQH)
(1.376)
<e (1.377)
Finally the time complexity of the algorithm is bounded by
1 1
C 1
/Tds- — — ds
0 €90m J0 90
< EC’BP.
€ Jom
O

The only difference between this theorem and Theorem 1.32 is the fact that it bounds the
infidelity, rather than the square root of the infidelity. This is not too much of a drawback,
since in most cases the optimal strategy is probably to use adiabatic methods to obtain a state
with constant overlap with the desired state and then to use something like eigenstate filtering
[51] to improve the fidelity. This should yield a complexity that scales as log(e~1), rather than
1/e or 1/4/€. See also Theorem 1.46.
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Chapter 2

Paths of Hamiltonians

In this chapter several time-dependent Hamiltonians are introduced to solve various algorithmic
problems.

2.1 Adiabatic Grover

Problem

Suppose we have a set A/ of N items, some of which are marked. The marked items form a
subset M of size M. Suppose we have an oracle that tells us whether an object is marked
or not:

0 (zeM)

f:./\/—>{0,1}:xl—>{1 (¢ M)

The problem is to find any marked item.

Classically we need to check ©(NN/M) items on average. Grover’s algorithm allows this problem
to be solved in a time that is O(y/N/M). There are several variants of Grover’s algorithm.
The original [6] is circuit-based. There is also an analogue version [57]. Our focus here will be
on the adiabatic version, first introduced in [14]. The initial proposal of the adiabatic version
had a time complexity O(N). It was realised in [36] and [37] that using an adapted schedule
could improve the complexity to O(v/N).

2.1.1 The time-dependent Hamiltonian

We assume the elements in A correspond to the elements of an orthonormal basis of some
Hilbert space H. Then the elements in M define a subspace. Let |u) = Tlﬁ > wenln) be the
uniform superposition of all basis elements. Set

Hy = 1-[u){uf (2.1)

and

m=1- % = (3 ,0) (22)

meM

The time-dependent Hamiltonian that will be considered is the linear interpolation Hy = (1 —
s)Ho+sH;. The ground state of Hy is relatively easy to prepare: it is the uniform superposition.
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The ground space of H; consists of superpositions of marked elements, which are what we want
to find.

The next step is to investigate the spectrum, and in particular the spectral gap g. This quest
is simplified by the matrix determinant lemma.

Lemma 2.1 (Matrix determinant lemma). Let A be an invertible matriz and ), |¢) vectors.
Then

det (A+ [¥)(p]) = (1 + (p|A7 1)) det(A). (2.3)

The Hamiltonian H can be rewritten as
H, = (1 — s)Ho+ sH, = <(1 _(f)lM 1N0_M> + (s = D)Ju)(ul. (2.4)
Then, setting A = <(1 —F O_ Alu (1 )\)OlN_M> for some A € C, and using Lemma 2.1

gives

det(H(s) — \) = det(A) (1 4 (s— 1)<u\A—1|u>) (2.5)
—(l—s— MM )\)NfM(l n (1]%(35_;))]\[ n (N(lfifi\(;v 1)) (2.6)
=(1-s-NM11 - A)N*Mfl(AQ —A+s(1— s)N _ M). (2.7)

It is now clear that there are four distinct eigenvalues (assuming 1 # M # N —1; in these cases
there are only three):

1 M
Noi =5 (1 + \/1 - 4(1 - W>s(1 - s)> with multiplicity 1
A=1-—5 with multiplicity M — 1
A3 =1 with multiplicity N — M — 1.

These eigenvalues are plotted in Figure 2.1. The relevant spectral gap is

9(5) = A1 (5) = Mo(s) = \/1—4(1— %)3(1_3) (2.8)

DG o0

In principle one should be worried about the fact that the gap with A5 is very small, but
actually the associated eigenspace is completely decoupled: the Hilbert space H can be written
as a direct sum of the eigenspace of {Ag, A1} and {Aa, As}. Crucially this decomposition is s-
independent! Therefore, if the initial state has no overlap with the eigenspace associated with
{A2, A3}, then it will never evolve into this subspace. We may effectively ignore Ao and As.

To see that the spaces decouple, let [¢)) be an eigenvector with eigenvalue 1 — s. Note that
|u) (ul|yp) is some multiple of |u), so all its components are the same. Considering the first
component of H|y) (see (2.4)), we see that this multiple must be zero. This means that the
eigenspace associated with 1 — s is the corresponding eigenspace of

((1 _5)11” 0 > , (2.10)

Inv_um
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Figure 2.1: A plot of the spectrum of the time-dependent Hamiltonian H; of (2.4).

with the additional requirement that |u)(u||)) = 0. This space is independent of s.
It is straightforward to see that g,, = g(1/2) = \/M/N. We also show that this gap satisfies
Assumption 3.

Lemma 2.2. For all p > 1 and g given by (2.9), we have

| 6p — 2 1-p -
/0 g(s)P . 3(p — 1)\/W =0(gm "), (2.11)
and, forp=1, 1
/0 ﬁdsf?—&-?ln(N/M):O(ln(g;ll)). (2.12)
Proof. 1f \/M/N > 1/2, then
L 11 e
/0 g(s)P ds = g /M/N" <2/M/N" " = 29,7 (2.13)

The result follows because 6 ) P
g Sp=l) _ Op=2 (2.14)

3p—1) ~ 3(p-1)
From now on suppose /M/N < 1/2. Note that g(s) is symmetric about s = 1/2. It is

also strictly decreasing on [0,1/2], going from 1 to a minimum of \/M/N. This gives the
decomposition

1 /2 4
/0 g(s)P ds = 2/0 9(s)P ds (2.15)
1/2—y/M/N 4 1/2 1
- 2(/0 g T /1/2_\/M7/N 9(s)” ds)‘ (2.16)
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Since g has a minimum of g,, = /M /N, we can bound the second integral by

1/2 N
fon i 7o = <V W = e =V
1/2—y/M/N g(s gm
For the first integral, we write
1/2—/M/N 1 g 1/2— /N 1 ds
/ = .
0 1 gr dg

1
1/2— ;p(—j—;)dg

1

Iy
[

IN

We can invert (2.9) to obtain s = % — %,/ = N/M Then

ds
Tdg 21— M/N)(g —M/N)’

and
1/2=y/M/N 4 1 1( ds)
v Lae [ Lot
/0 gP VI gP dg g
[z g
VE 97 2/(1 - M/N)(g*> — M/N)
1
s/ i g d
VE 97 2/(1 - M/N)(¢? — ¢ /4)
1 /1 1
V3(1—M/N) J /i g?
2 o
39
If p > 1, then
/11d__ 11 VMY ( 1 >< 1 1
VI ¢ 1 p—1\ /M/N""" p—1 /M/N""

and the result follows.
If p =1, then

/\/ﬁ s dg = In(N/M)

and the result follows.

Corollary 2.3. The Hamiltonian (2.4) satisfies Assumption 3 for any p € |1, 2[ with

6p — 2
3(p—-1)

B(p) =
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(2.20)
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(2.22)

(2.23)

(2.24)
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(2.26)

(2.27)

(2.28)



In order to apply the procedures, a couple more quantities need to be bounded: ||H.| =
|y — Hyll < 2, | H] = 0 and

_ Myl _g
— Myl _ g2
VA= G - 230)
g
M — Myl _ )2
<2\/N+4(1 )G~ 9) =29 _ 9. (2.31)

2.1.2 Algorithms derived from H

By direct application of the theorems, the following algorithms produce a state in the marked
subspace with fidelity e:

e Adiabatic evolution with a constant rate

1 64 —-N
T=— (3 Vag; +4). 2.32
NG fM + (2:32)
This is given by Theorem 1.27. Note that this requires an annealer that can implement

H,.

e Adiabatic evolution with an adapted rate

2—p
1 2 90 4+ 104v/2)p — 128 — 1042\ \/N/M
T=— <4p — S +16V2+ ( v2)p f) / (2.33)
Ve 3 3p—-1)(2-p) 9°
which has time complexity
1 2
1 176(1 — V2 828 + 256/2)p — (500 4 432+/2
/ Tds < — (4+8p+32f2 (1= v2) + (828 + 256v2)p — (500 + 432v2)p ) N/M.
0 Ve 9p —1)%(q - 2)
(2.34)
For example, setting p = 3/2 gives a rate of
1 152+ 112v/2 (N/M)V/*
o L 152+ 12v2 (N/M) (2.35)
\ﬁ 3 93/2
and a time complexity of
! 1 2128 + 1568v/2
/ Tdsgjf\/N/M. (2.36)
0 €

This is given by Theorem 1.33 and also requires and annealer that can implement H.
e Poisson-distributed phase randomisation with a constant rate

A= %(4 + 120 \/W) (2.37)

has a time complexity of

to /01 éds < 23 (4 + %JW) (2 +2 ln(N/M)). (2.38)

€

This is given by Theorem 1.44.
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e Poisson-distributed phase randomisation with an adapted rate

2—p
/N/M
\ = %(4}3_’_ 58 B 208 ) / (2.39)

3 3(p-2) gr~1!

has a time complexity of

1
A 2.33 144 + 968p
t / Cds< 2 (8p+dd+— T ) \/N/M. 2.40
“Jo g € ( 9(79*1)(2*27)) / (2.40)

For example, setting p = 3/2 gives a rate of

A= SEW (2.41)

and a time complexity of
1
A 2.33 1232
to/ —ds< ———/N/M. (2.42)
o 9 € 3

This is given by Theorem 1.45.

In order to give a precise cost for the Poisson-distributed discrete adiabatic theorem, the cost
of implementing the qubitised Hamiltonian should be bounded. In addition bounds on ||U’||
and ||[U”|| should be developed. On the other hand, these can be taken to be constants, so
asymptotic complexities can still be stated. With a constant rate, the asymptotic complexity
is O(N/M) and with an adapted rate the asymptotic complexity is O(y/N/M). This follows
from Theorem 1.51 and Theorem 1.52.

Notice that all the time complexities with adapted schedules are very similar. Of the variants
with constant schedule, phase randomisation is asymptotically best. This is because the phase
randomisation procedure is itself adapted to the size of the gap. If there is no knowledge of the
gap at all, then it would have the same asymptotic complexity as the rest.

2.2 The linear systems of equations problem

The Quantum Linear Systems Problem (QLSP) was introduced in [58] and serves as a subrou-
tine for many quantum algorithms.

Problem

Suppose A is an invertible N x N matrix b € CV a vector. The goal is to prepare the

A" b)
quantum state TA—TIO)

The complexity of the algorithms will essentially depend on the condition number x = || A || A7},
which is always greater than one. The dependence on the dimension will be hidden by the as-
sumption that we have access to a block encoding of A.

We may restrict ourselves to Hermitian matrices because we can use the following trick from

[58]: If A is not Hermitian, we consider the matrix (X* é), which has the same condition

. 0 A (b
number, and solve the equation (A* O) ly) = ( 0 )
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First the matrix A is rescaled to ﬁ, which is necessary for there to be a block encoding of A.

This has the effect of shifting the lowest singular value from I\Al‘ll\ to HAHHlA‘lH = x~!. Now
we consider a path of Hamiltonians that was introduced in [13]. Define A(s) = (1—5)0, @1+
50, @ A, Qpy =1 — (|4+)|)) ((+[(b]) and o1 = 3 (0, £ ioy). Set

H(s) =04 ® (A(s)Qp+) +0- @ (Qp,+A(s)). (2.43)

This can be written as a linear interpolation H(s) = (1 — s)Hp + sHy, where

Hy=0;® ((0.:91)Qb4) +0- @ (Qp4(0.®1)) (2.44)
Hy=0:® (0,0 A)Qps) +0- @ (Qpi (0, ® A)). (2.45)
Following the analysis of [13], we see that H(s) has 0 as an eigenvalue for all s € [0,1]. The

corresponding eigenspace is spanned by {|0) ® |z(s)),|1) ® |4+)|b)}, where |z(s)) = %.

Since H(s) does not allow transition between these states, we are sure to not prepare |1)®|+)|b),
so long as we start with |0) @ |2(0)).

In [43] it was also shown that the eigenvalue zero is separated from the rest of the spectrum by
a gap that is at least

gol(s) = /(1 —5)2 + (%)2 (2.46)

It is not hard to work out that this go has a minimum gg,, = ,/K%_H at s = 1_’&% Like in the

Grover case, taking integrals reduces the order of the inverse gap.

01 02 03 04 05 06 07 08 09 1

Figure 2.2: A plot of the bound on the gap in (2.46), with k = 5.
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Lemma 2.4. For all p > 1 and g given by (2.46), we have

1 p—3
/0 - (18)1) ds < (V2r)P72 + ‘f_lnpl (2.47)
=O0(s"") = O(g0,.") (2.48)
and, forp=1,
/1 1 ds < L + 121In(x) (2.49)
0 9o(s) V2K
= O(In(r)) = O(ln(go_,i)). (2.50)

Proof. We note that go(s) is strictly decreasing on {0, 1- K%H}’ going from 1 to a minimum

of Hglﬂ. So
1 1-—— 1
1 w2 1 1
/ ds :/ o ds +/ ds. (2.51)
o go(s)P 0 go(s)P -ty go(s)P
Since gp has a minimum of K%er the second integral is bounded by
! 1 1 2 p/2 2 p/2—1 p—2
L Go(s)P ds < 21 (*+1)"" = (s +1) < (V2r)P72. (2.52)
~

For the first integral, write

e 0(1-25) 1 ds
—ds:/ — —dg 2.53
I AN 7 dgo 19 (2.53)
1
1 ds
g0 (1-245) 90 90

1
1 ( ds )
- (= 25 ag. 2.55
//_21 9% dgo ’ ( )
k21
We can invert (2.46) on [07 1-— K%H} to obtain s = Hf—il(l — go)- Then we have

ds K2
_ @ == T (2.56)

so, if p > 1,
17’{% 1 1 1 2
0 90 /= go K-+
go=\/ ==
TV (2.58)

2

— (o)
K2+ 1\ (p—1)gh~"

go=1
LR SRR SRRy
il
< Pl 2.60
= 5-1 K ( )
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If p=1, then

- 1 2
/ Lo / 12“7 dgo (2.61)
0 90 \/% go K+ 1
S, (k2 +1) (2.62)
2(k2+1) ’
<1+ 2In(k) (2.63)
Adding both contributions gives the result. O

If p is restricted to the interval |1,2] (which it is in Assumption 3), then the bound can be
simplified.

Corollary 2.5. The Hamiltonian (2.43) satisfies Assumption 3 for any p € |1, 2[ with

p

B(p) = -1 (2.64)

In order to apply the procedures, a couple more quantities need to be bounded: |H.| =
|Hy — Hol| <2, |[H/|| = 0 and

s—1+ /K2
gh1 = |== (2.65)
_ V(s 14 s/k2)? (2.66)
90
_ V(1 +1/k2)2s2 go(l +1/k2)25 + 1 (2.67)
VTR - (1;1/,12)25 ¥+ 1/r2) (2.68)
- 1+1/n2%:mgﬂ. (2.69)

2.2.1 Algorithms derived from H,

By direct application of the theorems, the following algorithms produce a state that solves the
quantum linear systems problem with fidelity e:

e Adiabatic evolution with a constant rate

1
T = 7(4+4(2\/§+ 1)v/2k + (10 + 16\/5)/@2). (2.70)
€
This is given by Theorem 1.27. Note that this requires an annealer that can implement

H,.

e Adiabatic evolution with an adapted rate

1 4+ 122\ (1 + x2)1-»/2
T:(8+6\/§+2\/§p+ * ‘[)( ) (2.71)
\ﬁ 2—p 90
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which has time complexity

! V14 K2 16(1+v2) +4(1 + V2)p
/0 Tds < ﬁ(8(1+\f2)+2\/§p+ »-DC2 ) ) (2.72)

For example, setting p = 3/2 gives a rate of

1 (1 +KZ2)1/4
T=—(164+33V2)——F— 2.73
\ﬁ( +352) i 279
and a time complexity of
1

1
/ Tds < 7(48 +99v2)V/1 + k2. (2.74)

0 €

This is given by Theorem 1.33 and also requires and annealer that can implement Hj.

Poisson-distributed phase randomisation with a constant rate

A= %(18 + 18\/5/-@) (2.75)

has a time complexity of

1
1 2.33 1
tod [ =ds < 222 (18 + 18V2k ) (—— + 121 . 2.
0 /O Sds <= <8+ 8\fn)(\/§m+ n(n)) (2.76)

This is given by Theorem 1.44.

Poisson-distributed phase randomisation with an adapted rate

2—p
1 1 2v2\ V1 2
)\:—(20—4\/§+2\/§p+ 6+ \f) Rl (2.77)
€

2-p g

has a time complexity of

LD 2.33 4(10 — vV2) +4(vV2 - 1)p 5
to/o %dsg?(QO—Z\/ﬁ—i—%@p—ﬁ- b-DE_p) )\/1+~- (2.78)

For example, setting p = 3/2 gives a rate of

1 1 2\1/4
A==(52+ 3@)% (2.79)
€ V90
and a time complexity of
1
A 2.33 2.33
to/ 4 ds < — (156 + 96v/2) /1 + K2 < — (192 + 156v/2) k. (2.80)
0

This is given by Theorem 1.45.
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The Poisson-distributed discrete adiabatic theorems Theorem 1.51 and Theorem 1.52 can also
be used. They constitute a randomised version of the discrete adiabatic technique of [16],
which was the first paper to obtain optimal asymptotic scaling for the QLSP of O(x In(e~1)).!
The techniques are very similar; operationally the only difference is the use of a deterministic
schedule, rather than a stochastic one. For this reason it seems reasonable to expect that
the additional bounds necessary to give precise complexity bounds for the Poisson-distributed
discrete adiabatic theorem can be readily derived, but this is left for subsequent work.

The result of this work should yield constant bounds on ||U’|| and ||U”||. Then Theorem 1.51
gives an asymptotic complexity of O(k?/¢) and Theorem 1.52 an asymptotic complexity of
O(r/€). Then eigenstate filtering can be used the improve the e-dependence to O (k*+x1In(e™'))
and O(kIn(e™')), respectively.

2.3 Diagonal Hamiltonian starting from a uniform super-
position

The aim of this section is to generalise the analysis of the Grover Hamiltonian (2.4). Its focus
overlaps with the paper [2], but presents slightly improved methods that yield slightly stronger
results.

The improved techniques are developed in subsection 2.3.1. They allow the use of a weaker
assumption, Assumption 5, and give a tighter bound on the gap Proposition 2.9.

The initial Hamiltonian H is like the projector on the uniform superposition 1 —|u){u|, except
the identity is omitted: Hy = —|u){u|. The final Hamiltonian H; can now be any Hamiltonian
that is diagonal in the basis of which |u) is the uniform superposition. Together this is

H, = (s — 1)|u){u| + sH;. (2.81)

The main technical content of this section is the derivation of a bound on the gap of Hy.
The prototypical example of such a Hamiltonian, and one that has many algorithmic applica-
tions, is the Ising Hamiltonian

Hy =Y J; ;0009 +>  hiol), (2.82)

1<J

where the indices ¢, j range over lattice sites and Jgi) is the Pauli-Z-matrix at the lattice site .
One additional technical assumption about H; is made.

Assumption 5. Let {Ey} be the eigenvalues of Hy, { Py} the eigenprojectors and dy the di-
mension of the k™ eigenspace. Let N be the total dimension of the space. Set

de 1 dy 1
Ay = Z —— and Ay:= ~TT 3 (2.83)
£ N Ei — Eo £ N (Ex — Eo)

Then the following inequality is assumed to hold:

f <(2+ ﬁ)‘l\/Z. (2.84)

I'We note here that there is also a more elementary algorithm that achieves the same scaling, [59].
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This assumption is used in the proof of Lemma 2.8. This typically holds for Ising type Hamil-

tonians: VA? S

This is weaker than the assumption in [2],? which requires that

’/Ai < 0.01(E; — Ey). (2.85)

In fact, it is fairly close to not being an assumption at all: The inequality

VA <VN (2.86)

holds unconditionally.

Lemma 2.6. Let Hy be any Hamiltonian. Then

,/% < A < /A4, (2.87)

Proof. For this proof it will be convenient to consider the sequence of energies including degen-
eracy: let E; be the eigenvalues of Hj, where each Fj is listed dj times, so j ranges from 0 to
N —1 and

ZNE, B and A = ZN B (2.88)
Jj=do j=do

For the first inequality, we have

Az—NZl(]lVE/lE/)Q( ;]E/,iE(’))Q:A% (2.89)

j=do

<
Il
U

S
<

For the second, let v be the vector of length N with components E; Let w be the vector of
length N with all components equal to one. Then the Cauchy-Schwarz inequality gives

NA; = (w,v) <|w]|||v] = VNV/NA,, (2.90)
from which the result follows. O

Lemma 2.7. Let A € C. Then X is an eigenvalue of Hy from (2.81) if and only if one of the
following holds:

e \=sE; and dy > 2; or

e ) is a solution to the following equation

O:F(A)—l—l—sZNsEk_ (2.91)

This result has been around for a while [34]. The spectrum of an instance of H; is plotted in
Figure 2.3.

2To see this, just note that A2/A; < 1/(E1 — Eop).
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Proof. The argument is very similar to the Grover case. First suppose A is not an eigenvalue
of sHy, so A1 —sH; is invertible. Now A is an eigenvalue of Hj if and only if

0=det(A1—H,) =det (A1 —sH; + (1 — s)|u)(ul) (2.92)
=det (A1 —sH,) (1 +(1—3s) <u ’()\ 1 —sHl)il‘ u>> (2.93)

d 1
=det (A1 —sH,) <1 +(1-y9) zk: ]5/\—8E;€> (2.94)

Here we have used that |u) has an overlap \/N_1 with all eigenvectors of Hy. Since A1 —sH;
was assumed invertible, det ()\ 1 —sHl) # 0 and dividing by this recovers the equation (2.91).
This just leaves the question of whether the values sE}, are eigenvalues. Note that Py|u) # 0,
for all k. On the other hand, any eigenvector with eigenvalue sFE} must have zero overlap with
|u) (the reasoning is identical to the Grover case). We conclude that such an eigenvector exists
if and only if the dimension of the eigenspace is strictly greater than 1, i.e. dx > 2. O

—0.5 1

0O 01 02 03 04 05 06 07 08 09 1
S

Figure 2.3: A plot of the spectrum of H; from (2.81). The dashed lines represent the sEj
eigenvalues.

Equation 2.91 is usually not easy to solve in general, but we can learn some things about the
solutions by studying the equation. Keeping a representative plot in mind, such as Figure 2.4a,
will be helpful.
First note that F' is a sum of decreasing functions, and so is decreasing. It has limits

lim F(A)=1= lim F(}) (2.95)

A——00 A—+oo
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and poles at sEj, for all k. Consequently it must have the same number of solutions as H;
has eigenvalues. The first solution lies to the left of sFy and the other solutions each lie in a
different interval [sE}, sEx4+1]. This can also be seen in Figure 2.3: each solid line lies inbetween
two dashed lines.

Just like in the Grover case, we are not interested in the gap with the sFEj eigenvalues. Rather,
we want to bound the distance between the smallest two solutions of (2.91); denote these roots
Ao and A;. These lie either side of the line sEy. In order to study these, it is convenient to
make the substitution A = sEy + . Then the eigenvalue equation (2.91) becomes

do di 1

F(é):1+(1—5)m—(1_3)k#oﬁm

(2.96)

_ TS . 1 5
=1+ (1-s)55 -0 )kZ?EON(S(EkEo)+S(Ek—Eo)(s(Ek—Eo)—5))' (2.97)

Now the idea is to replace F' with some other function that is easier to solve. If this new
function (1) has a root left of sEy and (2) lies above F, then the root of the new function is an
upper bound of )\g. Similarly, if the new function (1) has a root between sEy and sF1, and (2)
lies below F', then the root of the new function is a lower bound of A;.

The details are developed in the next section.

2.3.1 Shifting F

First F' is replaced by a new function Fy such that Fy < F and F has a root between sEj and
sFE. This corresponds to taking § positive.

Next F' is replaced by a function Fj such that F' < F; and F; has a root between —oo and sEj.
This corresponds to taking ¢ negative.

The functions Fy and Fj are illustrated in Figure 2.4.

2.3.1.1 Positive ¢
Consider the function

do
Fo(d) =1+ (1—s)~2 — (1 (— 2—). 2.
(0) = 14 (1= s} (1) (2L (2.98)
If 0 < § < s(By — Ep)/2, then 6 < s(Fr — Ep)/2 for all k. This implies s(Ey — Ep) —§ >
s(Ex — Ep)/2 and, comparing with (2.97), we see that Fy(0) < F(d) for these values of 6.
Since Fy(d) = 0 is a quadratic equation, it has an explicit solution:

(s—(1—s)A) \/(s —(1- S)A1)2 +8(1 — s)2A3dy/N
4(1 — S)AQ '

0=s

(2.99)

Only one of these solutions is positive; let it be denoted dy. Now two cases can be distinguished:
o if 5o < s(Ey1 — Ey)/2, then 0 = Fy(dp) < F(dp) and so sEy + g is a lower bound of Ay;

o if 5o > s(Ey — Ep)/2, then Fy(d) is strictly positive on the interval [0, s(Ey — Ep)/2].
Since F(0) > Fy(d) on this interval, it must also be strictly positive. This implies that
)\1 Z S(El — Eo)/2
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(a) A representative plot of F, (2.91), with the poles sEj marked.

il —F

— (N

21 — Fo(N)
: : : : ‘ : : A

02 —01 0.1

0.8 09
—9 ]
_4 | \ \
(b) A representative plot of F', with the approximations Fy and F}.
2 T
1 41
0.08 0.1 0.12
114
_9

(c¢) A close-up of figure (b).

Figure 2.4: Plots of F, Fy and F}

We conclude that Ay > min{sFEy + do, s(Eo + E1)/2}. This is illustrated in Figure 2.5.
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0.5 1 !
e bk i~
E _3E0+(50
0 : —sEy+ 6
! --- s(Eo + E1)/2
| e
| —— Eigenvalues
-1 "

0O 01 02 03 04 05 06 07 08 09 1
S

Figure 2.5: A plot of the bounds obtained by solving Fjy and F;. The grey lines are the actual
eigenvalues of H,. The orange dashed line indicates s = s* = 7 f}% , which is the approximate
location of the avoided crossing.

Note that dp has a particularly simple form at s = f}% :
Ay Ay do
oo ( )= N . 2.100
o\1 + Ay 14+ A4,V 242N ( )
This location will be important in the analysis, so it is given a name: s* := 7 _‘éih .
Next the derivative % is computed using implicit differentiation:
ddg 0sFo
=0 _ 2.101
ds 5 Fy (2.101)
A1N3§ps? + 243N 825+ N(1 — 5)6p(A 4A560) — dos®
_ g, 2008 + 245N d5s + N (1 — )0 (Ars + 4A280) — dos . (2.102)

8(1 — S)(2A2N63 + d082)

It will be useful to have a more convenient lower bound to the right of s*. To derive this, note
that do(s) > s4/ QX;’N on this interval. This implies dos® < 243 N§2s and these two terms can
be cancelled in the numerator. They can be combined in the denominator.
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ddg < A1N&os® + N(1 — 5)80(Ays + 4A425)

ds = s(1 = s)(2A2N 62 + dos?)

A1N6&ps® + N(1 — 5)80(Ays + 4A425)
4s(1 — s)AaN&2

_ A1s® + (1 —s)(Ars + 4A456)

> dg

4s(1 — s)As
Ais Aq do
TA0—94, 14y s
S Aqs* . ﬁ
T A1 —s7)Ay | 4A,
A(1+ Ay)
44y

From this we see that dp is strictly increasing on the interval [s*, 1] and also that

Al do A1(1 + Al) *
> — .
do(s) 2 17 AV oaN T a4, (5=57)

This will be used to bound the gap.

2.3.1.2 Negative §
Consider the function

F1(6) ::1+(1—s)%—(1—s)(%+%).

When 6 <0, we have s(Ey, — Ep) — 3§ > s(Ejy, — Ep). This implies

) -5
S(Ek — Eo)(S(Ek — Eo) — 5) S SQ(Ek — E0)2

and so F(0) < Fy(9). Since F1(6) = 0 is quadratic, it can be solved explicitly:

(s—(1—s)Ap) \/(s —(1- S)A1)2 +4(1 — 5)2Asdy /N
2(1 - S)AQ '

0=3s

(2.103)
(2.104)
(2.105)
(2.106)
(2.107)

(2.108)

(2.109)

(2.110)

(2.111)

(2.112)

Clearly exactly one of these solutions is negative, so let §; be the negative solution. Then

sEg + §1 is an upper bound of Ag, which is illustrated in Figure 2.5.

Lemma 2.8. Let Hs be a Hamiltonian of the form (2.81), that satisfies Assumption 5. Then

A, o
>
9(s) = 1 T A, Va2a,N

Asd,
for all s* — gz /B < s <87
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Proof. The function —d;(s) lower bounds the gap in this interval. At s = s*,

Ay do Ay do

—61(s%) = > ) 2.114
o(s7) 1+ A1V AN = 1+ A; V 243N ( )

Now the proof is complete if we can show that —d; is decreasing on this interval or, equivalently,

that §; is increasing on this interval. To that end the derivative d‘sl is computed using implicit
differentiation:

déy 05 Fy

—_— = 2.115

ds 85F1 ( )

5 AlN(SlS + AQN(S S+ N(]. — 8)51(1418 + 2A251) — d083 (2 ]_]_6)

(1 — S)(A2N52 + dgs? ) '
A;N|§ — AyN|61]25 + N(1 — 5)|61|(Ars — 2A45|0 d
BNPNEC [01]s* — AoN|01[*s + N (1 — 5)|01|(Ars 201) + dos® (2.117)

(1 — S)(A2N|(50|2 + doS )

We want to show that this quantity is positive, which will be accomplished by showing that
A1N|6y]s% > AsN|61|%s and Ays > 245|61| (note that these inequalities are equivalent):

6:(s)]  ((1—5)A1—s)+ \/((1 —5)A; —5)” +4(1 — 5)2Asdo /N

s 1—s
< 2% +2y/Asdo/N

2 (1—|—A1) A2d0
< 24/ A N
Si—sa+apeVoany * 2do/

(2+\f)1/A2d° < A

The Assumption 5 was used to obtain the last inequality. O

2.3.2 A bound using the variational principle

From Figure 2.5 we see that a reasonable bound on the gap can be constructed using a combi-
nation of sEg + do, sEo + 91 and s(Fo + E1)/2 (i.e. the blue, red and green dashed lines) for
all values of s in a neighbourhood of s* (the orange dashed line) and above.

This just leaves an interval starting at s = 0. In this region a bound will be developed using
the variational principle: (¢|Hs|¢) > Ao for all unit vectors |¢).

Consider the vector
Pk |u

rZEk—Eo

k0

(2.118)
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Using (u|Pylu) = %, it is straightforward to see that it is a unit vector.

Mo(s) < (@lHs|g) = —(1 = s)[(uld)|* + s(¢| H1|9)

= (- ) () 4 5By + slol(H - E)lo)
A, 0 1 0
A? 1 (Ex — Eo)
=—(1-—8)=2L4+5sEy+s— E - (u|Pg|u
( )A2 T k#0 (Eka0)2< Pelu)
A2 Aq
——(1—S)A72+SEO+SA72
Ay
:SE()—f(Al—S(l—f—Al)).
Ay
Since A\ > sEj,
Ay

g(s) > sky — /\0(5) > E(Al — 8(1 + Al)).
Ay
Tt 4;"

This expression gives a positive bound on the gap, so long as s <

(2.119)

(2.120)

(2.121)

(2.122)

(2.123)

(2.124)

See Figure 2.6.

1 1
0.5 |
0 ]
—0.5
— (¢|Hs|o)
—— Eigenvalues
-1

S

Figure 2.6: A bound on )y using the variational principle.
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For all s € {0,3* - m /*422](1,0], we have

A Aod
o16) 2 5By = (GUFLI0) = G (41— (4 A0+ s NEZTES)

A [ do
1+ A V245N

2.3.3 Bounding the gap

v

We are now ready to state and prove the bound gy on the gap. It is defined piecewise on four
intervals:

e For s € [O, s* — m, /A;ﬁ‘)], we use the bound (2.124):

A
go(s) = A—;(Al —s(1+ Ay)). (2.125)
e For s € |:S* — W\/%,s*], set
A do
go(s) = 4,V aA,N (2.126)

e Let s** be the point where sEydg crosses s(Eg + E1)/2, i.e. the crossing of the blue and
green dashed lines in Figure 2.5. On the interval [s*, s**], g(s) is lower bounded by dy(s),
which in turn is lower bounded by

Ay do A1(1+ Aq) .
= —57). 2.12
0O =1V aaN T a0 (2:127)
e On the interval [s**, 1], set
E, - E
go(s) = s%. (2.128)

In summary:

Proposition 2.9. Let H; be a Hamiltonian of the form (2.81), that satisfies Assumption 5.
Then the function gog defined by

%(Al —$(1+A1)) (S € |0,s8" — 4(1+1141)2 A;ﬁ'o:|)
A d, * 1 Aod *
go(s) = T4\ 24N (3 €S~ mayr\ v s ]) (2.129)
A (1+A, * * k%
13:1,141 2;11;)N + (4; )(3 —s¥) (3 €[s%,s ])
R (s €[s*,1])

lower bounds the gap.

Proof. This follows from (2.124), Lemma 2.8 and (2.109). O
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Figure 2.7: Left of s*, the bound on the gap g is the ﬂfl times the distance between the red
line and sEj. Right of s*, gy is the distance between the red line and sEy.

This bound is illustrated in Figure 2.7. Left of s*, go is ﬂ71 times sEy minus the red line.
Right of s*, gg is sEy minus the blue line.

Proposition 2.10. Let gy be as defined in (2.129) and p > 1. Then

|
ds <
/0 go(s)P
-1
> A2 2 p1 do A1+1 2A2N p—1
(65 aaten atm) o )V e

p p—1
In typical applications the term <ﬁ) p%l 2;{2 ~ is exponentially small, since the total

dimension is exponentially large, but E; — Ej is only polynomially small.

Proof. The integral is split into the sum of four contributions:

1
/ 1 ds =
o 9o(s)P

s 1 2\/@9 1 5 1 R 1 1 1
/ ey ds—i—/ ds+/ ds+/ ds.
S S S

0 go(s)P S Azdo go(s)P < Go(s)P «= go(s)

(1+41)2 2

hS]

(2.131)
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The first integral can be calculated as

(A1 —s(1+41)) "ds  (2.132)

*_ 1 [Azdg *_ 1 [Azdg
/s +apn2 V 2N 1 (Az)P/s tapnz V2N
0

Al 0

(2.133)

_ (Az)p{(fh —s(1 +A1))1‘T*—m@

(p—1D(1+A41) |

- (&) oo

(((1+A1)\//i];)pl - (i>p1> (2.134)
T - 1)1:2(%11 +1) (AlAT : V WzN)p_l

AoN\P A
- (&) T oo (2135)

The next integral gives

s 1 1 Agdo Al +1 \/W p
< 2.1
/«« L mm ey P T AV 2N ( " d ) (2.136)

_ 1
i (1+47)2 2

(2.137)

. Aq (A1 +1 2A2N)p_1
(1 +ANAN A do
(2.138)

For the third integral, compare with (2.135). The dependence on s** only shows up in the
negative term, so we get an upper bound by ignoring it:

*

s 1 4A4 A1 +1 [2A5N\P-1
ds < ( ) . 2.139
/s* go(s)P (P—D(1+A)A\ A do ( )
Finally, the last integral can be bounded by
1 1
1 2 p
ds < / (7 ds 2.140
/s** go(S)p g* S(El — Eo)) ( )
< _2 ¥ 1 “Pd 2.141
- (E1 — Eo) /5* s y ( ' )
2 p 1 1\r-1
_ - 1 2.142
(EleO) p—l((s*) ) ( )
-1
2 \» 1 [ do " /A +1 [2A,N\p-1
< . 2.143
- (E1 7E0) p—1 2A5N ( Ay do ) ( )
Collecting all the positive terms, and ignoring the negative ones, gives the result. O

Corollary 2.11. The Hamiltonian (2.129) satisfies Assumption 3 for any p € |1, 2[ with

5 As

—1
2 1 [ dy ”
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p p—1
Next an assumption is introduced to capture the idea that ( Elf Eo) ﬁq / 2;11;’ ~ is much

smaller than (1 + pf—l) ﬁ. Again this is typically true for Ising Hamiltonians.
Assumption 6. The following inequality is assumed to hold:
do < (E1 — Ey)°
AN — 32 '

Then the previous corollary can be simplified:

(2.145)

Corollary 2.12. Suppose Assumption 6 holds. Then the Hamiltonian (2.129) satisfies As-
sumption 8 with p = 3/2 and
9 A
B3/2) = ————. 2.146
(3/2) 2A:(41+1) ( )

2.3.4 Algorithms derived from H,

The ground state of H; can be found by brute force search in time O(N/dp). This roughly
corresponds to O(1/g¢3,,). So, without an adapted schedule, none of the algorithmic frameworks
give a speedup over classical brute force search.

Instead, we would like to use an adapted schedule based on the lower bound derived in Propo-
sition 2.9. This can be done, assuming we know A;, A and dy. Unfortunately calculating these
quantities is typically quite hard. Various hardness results are presented in the paper [2].

If we are dealing with a problem where A;, A5 are not too hard to compute, then Theorem 1.33
and Theorem 1.45 can be applied. For simplicity, ||H1]| < 1 and Assumption 6 are assumed to
hold and only p = 3/2 is considered.

Since it is clear that A;/Ay < Ey — Ey, the following bound holds almost everywhere:

A(1+ A
jgp) < Lt A) (2.147)
As
The following procedures prepare the ground state with fidelity greater than 1 — e:
e Adiabatic evolution with an adapted rate

1 /35 As 14+ Ay /24A5N\1/4 1
— (22 i 18(2va a1 ( ) 2.148
\/E(Q + ( V2 + )Al(A1+1)) A, do 93/2 ( )

and a time complexity of
1 2
1 (315 A, As 245N

Tds < — | —— +81(2v2+1 . 2.149
[ res 2(FR Vi V4 (2149

This is given by Theorem 1.33 and also requires and annealer that can implement H.

e Poisson-distributed phase randomisation with an adapted rate

1,13 A, Tt A, /24,N\* 1
A== 4172 i 2.150
e( 2 + A1(1+A1)> Aq ( do ) 9o ( )

has a time complexity of

1 2

A 2.33 (117 Ay A3 [2A9N
t —ds < — [ —— 24— . 2.151
0 o 90 = € (4 A%—’—S A‘f(l'i‘Al)) do (2.151)

This is given by Theorem 1.45.
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The time complexities, for fixed infidelity, given here are

A2 AN
@) 2,/ , 2.152
(A?(l + A1)V do ) ( )

which is asymptotically better than the time complexity reported in [2]:

O((El — Eg)zlAl(l A \/141;7]\[) (2.153)

This follows from the inequality f\—f < Eli T

2.3.5 NP-hardness

The aim of this section is to show that finding A;, even up to relatively low precision, is NP-
hard. This makes implementing the algorithms of the previous section potentially challenging
to implement. The main idea is to exploit the sensitivity of A; to changes in the ground energy.
As an initial idea, consider some NP-hard Boolean satisfiability problem, such as 3-SAT. Pick
an instance and let the variable  range over all possible assignments and set f(x) = 0 if z is
a satisfying assignment and f(z) = 1 otherwise. Consider the Hamiltonian

Hy =Y f(@)[2) ], (2.154)

If the instance is unsatisfiable, then A; = 0. Otherwise A; # 0. So, calculating A; allows us
to solve the satisfiability problem!

There are a couple of problems with this approach; the main one is that this H; is highly
non-local, so this is not the type of Hamiltonian one would want to use in adiabatic quantum
computing anyway. Fortunately this idea can be modified to show that calculating A; of just
3-local Hamiltonians is NP-hard.

This is closely related to the local Hamiltonian problem, where the task is to determine if Fy = 0
or Ey > p. First it will be shown that knowledge of A; can be used to solve a version of this
problem. Then the determination of A; will be shown to be NP-hard by a reduction of 3-SATto
it.

Let A; of a Hamiltonian H be denoted A;(H).

Lemma 2.13. Lete, puy,ps € (0,1). Suppose there exists a classical procedure that accepts the
description of a Hamiltonian H and outputs gl (H) such that

A (H)— A (H)| <. (2.155)

Now consider a positive n-qubit Hamiltonian H that is diagonal in the computational basis and
has norm less than 1. Suppose that the ground energy Eoy of H satisfies the following: FEither
(i) Eo =0 or (i) 0 < py < Eg <1—po <1. Then, it is possible to decide whether (i) or (ii)
holds, by making two calls to the classical procedure, provided

H1 do 1

€< ~ : .
6(1—p1) 62" pipo

(2.156)

Proof. The two calls to the classical procedure are to calculate Ay (H) and A;(H'), where

H =H® (H"z).

5 (2.157)
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The aim is to disambiguate between Fy = 0 and p; < Eg < 1—pus. The two cases are considered
separately.
When Eg = 0: In this case we have,

= o Z (2.158)

k;éO

Now, the ground energy of H' is zero, with degeneracy df, = dy + 2", while for every other
distinct eigenlevel has energy Ej; = Ej, with degeneracy dy. So,

Ay(H 2n+1 Z : (2.159)
k7é0

This means that Ay (H) — 2A4;(H’) = 0 and thus
Ay (H) —24,(H') < 3¢. (2.160)

When Eg # 0: In this case the ground energy of H' is zero with degeneracy 2" while every
other distinct eigenlevel has energy E; = Ej_1 with degeneracy dj = di_1. Therefore,

A (H 2n+1 Z B (2.161)
Also,
M-1
1 dp
A(H) = — e 2.162
1(H) = 5 1; Br_ Eo ( )
1 M= dk 1 Mz‘:l dpEy (2.163)
2” 2” Pt Ek E — EO) '
M-1
dk do 1 dkEO
_ 1N 9k S 2.164
o £ B, 2By T kZ:l Ex(Ex — Eo) (2.164)
M-1
dy 1 dy Ey
=24,(H') — + — —_— 2.165
1(H) onE, ' 2n ; Ey(Ex — Eo) ( )
M-1
do 1 dipEq
>2A.(H") — — 2.1
1( ) Q"Eo + an = 1 _EO ( 66)
do do Ey
= N — 1- 22 2.1
2A,(H") 57 g + ( 2n> &, (2.167)
Ey do (1—FEy+ Eg
_ / _ %o (1 Pot g 2.1
2.41(H)+1_E0 2n< Fo— 2 (2.168)
do 1
> 24, (H') + 11— — 20 2.169
1(H) T 2 (2.169)
Thus in this case,
d 1
Ay(H) — 24, (H)) > %0 (2.170)
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So

1 T M1 do
Ay(H) —2A,(H') > - — 3e. 2.171
(H) - 2A () 2 (2171)
In order to disambiguate between the two cases, we need
d 1
e < —HL_ 20 , (2.172)
T—pr 2" pape
which completes the proof. O
Now Lemma 2.13 is used to prove a formal hardness result.
Theorem 2.14. The problem of computing A1 up to a precision
1 1
— . — 2.173
€< 72 n-1 ( )

for a 3-local Hamiltonian on n qubits is NP-hard.

Proof. We consider the 2-local version of 3-SAT, inspired by the reduction of 3-SAT to MAX-
2-SAT (a variant of the 2-SATproblem which asks the maximum number satisfying clauses of
a given Boolean formula) in [60]. Suppose z; € {0,1} is a binary Boolean variable, and Z; be
its negation. Consider that we are given some m clauses of the form ay V by V ¢, where each
ag, by, ci is either x; or T; with 0 <1 <n — 1. A satisfying assignment makes

m—1

/\ ai Vb Vg
k=0

true. If n +m < 15, use brute-force search. Now assume n + m > 15. Set

I — gl) I gl)
P, = TO—, and Py, = +2U .

For each 0 < k < m, define the following Hamiltonian:
Hk = Pak +ng +Pfk + Pjn+k
+ Pakak + P, Pck + Pka

k Ck
+ Pa, Py + Py Py + Po Py

n+k n+k*

If the k' clause is satisfied, then the lowest eigenvalue of Hj, is 3. Otherwise, it is 4. The
largest possible eigenvalue of Hy is 6. Now consider the Hamiltonian, which acts on 2m + 2n
qubits,

1 m—1 1 2n+2m—1 1
H=—SN"H +—— P, ——I. 2.174
6m k; ot om k:;m T g ( )

Note that the eigenvalues of H lie between 0 and 1. We aim to disambiguate between Ey = 0
and Ey > Gim using Lemma 2.13. Since dg < 2" and we can take g1 = 1/6m and pug = 1/2.
This requires,

11 do 11 2 dy m
Z. _ .12m = = — 2.175
6 6m—1 6.22n02m T Gem 1 22ntem (2.175)
1 1 om
= - 2.176
= 3%mtn—1 ontm (2.176)
1 1
> - s 2.1
S Tmin_1_° (2.177)
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Here we have used n +m > 15 to bound

2m 1
<

1
= . 2.1
ntm 72 m+n-—1 (2.178)

O

From these reductions, we conclude that estimating the position of the avoided crossing to even
a low precision is NP-hard.
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Conclusion

The subject of this thesis was the formulation of new adiabatic theorems for new dynamics and
their application to the design of algorithms.

The major novelty on the dynamics side was allowing discrete steps to be taken at random,
according to a Poisson process. This has the advantage of being both relatively easy to im-
plement: operationally all one has to do is perform a series of discrete operations, which is
typically easier than trying to control something continuously in time.

It also has the advantage of being easy to analyse: on average the dynamics are continuous,
which allows the development of adiabatic theorems in much the same way as in the context of
continuous unitary evolution.

Concretely, two new dynamics were proposed: the first one uses time-independent Hamiltonian
evolution for random amounts of time. It is the randomisation in time of a method known
as “phase randomisation”. The second considers applying general unitaries in a randomised
fashion. In particular, these unitaries could be a block encoding of a Hamiltonian. All three
dynamics (time-dependent Hamiltonian evolution, randomised time-independent Hamitonian
evolution and randomised application of block-encodings) gives similar results. This is signif-
icant: it gives a way to match the asymptotic performance of adiabatic quantum computing
without having to implement the time-dependent dynamics or incurring the discretisation cost,
which can be significant.

As an application, this method was applied to the quantum linear systems of equations problem.
It gave a straightforward way to achieve optimal scaling.

The second part of this thesis was concerned with the analysis of time-dependent Hamiltonians
that have algorithmic potential. A fairly general family of Hamiltonians was proposed and
their spectra were characterised. They offer an intuitive way to extend the adiabatic version of
Grover’s algorithm to a larger class of problems. A challenge remains, however, as obtaining
optimal scaling requires knowing the location of the minimal gap. It was shown that in general
this, in itself, is a hard problem.

Nonetheless some applications to the variable search problem were given. Comparing this to
results for the circuit model leads me to suspect that the analysis is not quite as tight as it
could be. This is one avenue for further work.

Another obvious question is whether there are problems for which finding the minimal gap is
not hard. For these problems our work has in effect produced a novel quantum algorithm.
There are only relatively few time-dependent Hamiltonians for which we know how to perform
the relevant spectral analysis. Having more results in this direction would be highly valuable.
There are also interesting open questions regarding the dissipative adiabatic theorems: are there
other dynamics with algorithmic potential that can be analysed in this framework? Maybe
tailored to quantum walks? Can the results be extended to unbounded generators?
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Appendix A

Some functional analysis

Good references for this section are [61, 62]. Appendix A is for reference only. It contains
essentially no new results or insights.

A.1 Banach algebras
A.1.1 Banach algebras

A normed algebra is an associative algebra A over C with norm ||-|| such that (C, A, +, [|-||)
is a normed space and we have submultiplicativity, i.e.

Ve,y e Az lzyl < flflflyll- (A1)
We say A is unital if there exists a unit element 1 € A such that
VieA:l-z=x=x-1 and 1] = 1. (A.2)

A normed algebra is called a Banach algebra if it is complete.

Example

The most important example of a Banach algebra is the Banach algebra of bounded
operators on a Banach space.

Lemma A.1. Let A be a Banach algebra. The multiplication map - : Ax A — A: (x,y) — zy
18 continuous.

This is a straightforward consequence of submultiplicativity. Note that multiplication is con-
tinuous in both arguments simultaneously, which is a stronger statement than continuity in
each argument separately.

The textbook [63] is a good reference for this section.
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A.1.1.1 Neumann series

Proposition A.2 (Neumann series). Let A be a unital Banach algebra and x € A. If ||z|| < 1,
then 1 — x is invertible with inverse

o0 oo 1
1-2)t=>a"=14+> a" and [1-2)7" < T (A.3)
— ||z
n=0 n=1
Equivalently, if |1 — z|| < 1, then x is invertible with inverse
et =Y "(1-a)" (A.4)
n=0

Proof. Since ||2™]| < ||z||™ for all n > 1 and > _||z||™ is a convergent geometric series, the series
> a™ is absolutely convergent. Since A is complete, this implies that the series is convergent.
Also

— = i = i 1
I =07 = |5 < 3ol = = A
i=0 i=0

O

In fact the requirement of ||z| < 1 can be weakened to 3k € N : [|z*| < 1.
The Neumann series can be used to prove the following proposition:

Proposition A.3. Let A be a unital Banach algebra. Then
1. the set of invertible elements is an open subset of A;

2. the function ~' : {invertible elements of A} — A : x> z7! is continuous.

A.1.1.2 The spectrum

Just as in the case of operators, the spectrum is a very important concept for Banach algebras.
The definition is slightly easier since there is no concept of unboundedness.
Let A be a unital complex Banach algebra. The spectrum of an element = € A is defined

as
o) =oa(z) ={A€C|A-1—zis not invertible}. (A.6)

The resolvent set and resolvent map are defined in complete analogy with the operator
case.
The spectral radius of x € A is

spr(z) = sup{|A| | A € o(z)}. (A7)

The following proposition collects the most important facts about the spectrum. They will
frequently be used without comment.

Proposition A.4. Let A be a Banach algebra and x € A. Then
1o(z) S {r e ClAl < =[]},

2. spr(z) < ||z||;
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3. o(x) is compact;
4. spr(z) = max{|\|| X € o(x)};

5. spr(z) = lim, 00|z = inf,en||z

Proposition A.5 (Polynomial spectral mapping). Let A be a Banach algebra, v € A and p a
complex polynomial with p(0) = 0. Then

1. pHo(@)) = o (p(a));
2. if x is invertible, then o(z™1) = o(x)~ L.
If A is unital, this holds for all p.

Lemma A.6. Let A be a unital Banach algebra and p € A an idempotent element. Then
o(p) € {0,1}.

Proof. Take A € C\ {0,1}. Then x — A1 has an inverse given by —A~! + (1 —A\)~!A\~1xz, indeed

1 T T T — TA r x
-+ )=1-4+——=1—-— -+ - =1 AR
(@ )< )\+(1—>\))\> NRTEDY) PN (A.8)
The inverse is two-sided since it commutes. O

A.1.1.3 Calculating spectra

Proposition A.7. Let A be a unital Banach algebra and x,y € A be commuting elements.
Then

1. o(z+y) Co(z)+o(y);
2. o(zy) Co(x)-o(y).
Proposition A.8. Let A be a Banach algebra and a € A. Then

M: A=Az ax and pa:A—A:x— 20 (A.9)

are elements of B(A) such that
L Xall < llall and [lpa]l < [lall;
2. 0(A) Co(a) and o(p,) C o(a);
3. if A is unital, then o(A) = o(a) and o(ps) = o(a).

Proof. (1) For all z € A, we have | A, (z)|| = |lax|| < |la|| [|=]|, so [|Aa]] < ||| and thus A\, € B(A).
The result for p, is dual.

(2) Take 1 € C\ o(a). Then (11- 1 — a) has an inverse in A if A is unital and in AT otherwise.
For all z € A, we have

()\(M‘l_a)—l o(p-1 —)\a))(x) =(pu-1—a) (pr — ax) (A.10)
=(p-1—a)p-1-a)r ==z (A.11)
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Similarly

((u 1 an)A(M_l,a)_l) (z) = (u-1—a) (uz — az) (A.12)
=(p-1—a) (u-1—a)z == (A.13)

Thus ¢ 1 -\, has an inverse in B(A), namely A(,.1_4)-1. If A is not unital, then \(,.1_q)—1
is still an operator in B(A), since A C A is an idela. Then p ¢ o(\,) and we conclude that
o0(Aa) C o(a) by contraposition.

The result for p, is dual.

(3) Because of (2), it is enough to prove o(A\,) 2 o(a). Take u € C\ o(A,). Then 11—\, has
an inverse (u1—X,)~! € B(A). Set b:= (11—X\,)"1(1). Then

(11— )b = (11 -A)(b) = (11 -A)(H1-A) " (1) =1, (A.14)

so b is the right inverse of (u1 —a). This implies that A\ 1_qAs = A1 =1, 50 Ay = )\;11_@, which
is a two-sided inverse (by assumption). Thus

b(pl = a) = (A 0 Au1—a)(1) = (\pi_y © Ma—a)(1) = 1 (A.15)
and b is also the left inverse of (ul — a). We conclude that u ¢ o(a). O
Corollary A.9. Let A be a Banach algebra, a € A and b € A invertible. Then
1. o(la,]) € o(a) — o(a);
2. a(b(_)b) C a(b)o(b)~t.

Proof. Since
[a,] = Xa — Pa and Ady = Ny o pp-1, (A.16)
this follows from the proposition, Proposition A.7 (using the fact that the left- and right-

multiplication commute) and Proposition A.5. O

A.1.1.4 Pseudoresolvents

Let A be a Banach algebra. A function R : A C C — A is called a pseudoresolvent if,
for all \, u € A
RO = R(1) = (1 — VROVR(1). (A17)

This equation is known as the (first) resolvent identity.

Note that if a pseudoresolvent R is zero anywhere, it is identically zero.

Lemma A.10. Let R : A C C — A be a pseudoresolvent on a Banach algebra a and A\, pu € A.
Then R(AM)R(u1) = R()R(A).

Proof. If A = pu, then the result is immediate. If A # p, then
RAR(p) = (1 =N)"HRA) = R(1) = A=) H(R(1) = R(N) =R(WR(A).  (A.18)
O
Proposition A.11. Let A be a unital Banach algebra, R : A C C — A a pseudoresolvent,

Ao € A and X € C such that |A — Mol |[R(Xo)|| < 1. Then
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1. if A€ A, then R(A) =Y 0" 5(Ao = A)"R(Xo)" T,
2. if A ¢ A, this allows R to be extended to a pseudoresolvent on AU {\};

1
A7t =[ho = Al

5 RO < 7

This implies R can be extended as a pseudoresolvent to A UB(Xg, |[R(Xo)||71).

Proof. (1, 3) By assumption we have (A — \g)R(\g) is a contraction, so (1 — (A — Xg)R(Ag))*
exists and has a Neumann series expansion by Proposition A.2. Then the resolvent identity
gives

R (1 = (Ao = NR(Ao)) = R(No), (A.19)

so, using the Neumann series expansion,
RO = (1 - (A — VR(a)) RN (A.20)
=3 (Ao — V"R, (A.21)

n=0

The norm bound in Proposition A.2 gives (3):

IR = [[(1 = (o = VR(A)) " R()|| (A.22)
IR(Mo)|

S T — AROW (4.23)

_ ! (A.24)

IR = Ao = Al
(2) We need to check that the resolvent identity
RA) —R(AM) =M = NVRA)R(M) (A.25)

holds for all \; € A. We start from the resolvent identity for Ag, A1:

R(Ao) = R(A1) = (A1 — Ao)R(Ao)R(M1) (A.26)
— (A = ROGRO) — (o — VRO0R(). (A.27)
Then
(A = M)R(A)R(A1) = R(Ao) = R(A1) + (Ao — M) R(Ao)R (A1) (A.28)
=R(No) — (1 = (Mo = VR(X0))R(A1). (A.29)
Multiplying both sides by (1 — (Ao — /\)R()\Q))_1 gives the result. O

Corollary A.12. Let R : A C C — A be a pseudoresolvent. Then
1. R is continuous;
2. R'(A) = —=R(\)? for all X € A;
3. RM(A) = nl(=1)"RA\)"*! for all n € N.

In particular the map R is holomorphic on its domain of definition.
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Proof. (1) Take Ao € A and € > 0. Set

1 €
0 '= min , . A.30
{2I|R(>\0)H IR (IR (o)l +€) } (430
Now take arbitrary A € A such that |Ag — A| < J. Then
1
A= Aol [R()Il < 8IRMo)ll < 5 <1, (A.31)
so we can use the results of the proposition. Now
IR(Ao) = ROV < [0 = AR [IR(A)]] (A.32)
A0 — AlIR(Ao) |2
< (A.33)
1 =[x = A[IR(Ao)|
R (No)|?
< A.34
T 31RO 3
- oo RO (Rl (A.35)
IR Sl s vy e [R(Ao)]l +€—e
(2) We calculate
. R(p) —RA)
(V) —
R'(\N) = Plgr& Y (A.36)
= lim —“RA\)R(p) = —R()\) lim R(u) = —R(N)>. (A.37)
H—A B
For the last equality we have used the fact that R is continuous, which is given by (1).
(3) By induction on n. O

A.1.2 Functional calculi

A functional calculus is a construction that allows (complex) functions to be applied to more
abstract things. There are several different functional calculi, each allowing different sorts of
functions to be evaluated at different sorts of objects.

As a first basic example, let A be an algebra and a € A. Now a™ € A for all n € N and we can
also scalar multiples of elements in A (i.e. A is a vector space). Putting these facts together
gives us a canonical way to understand p(a) for any polynomial p such that p(0) = 0. Indeed
if p is the polynomial

p:C—>C:zv—>Zakzk, (A.38)
k=1

then we can set p(a) = > 7_; ara®. The function ®, that maps a polynomial p to p(a) is called
the polynomial functional calculus of a. Already with this simple example we can illustrate
some general features of functional calculi more general:

e If A is not unital, then there is no obvious meaning of p(a) for any polynomial p that has
a constant term. If A is unital, then this constant term is mapped to some multiple of
the unit. In more general functional calculi, constant functions are mapped to multiples
of the identity.
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e Suppose p, g are two polynomials, then (p-¢q)(a) = p(a) - q(a). This is the most important
property of the functional calculus. It is alternatively expressed by requiring that @,
be an algebra homomorphism, where the multiplication in the space of polynomials is
pointwise.

e The functional calculus has the spectral mapping property: Proposition A.5 can be
rephrased as follows: o(®,(p)) = p*(c(a)).

Beyond polynomial functional calculus, there are essentially three major! types of functional
calculus. For the first type, note that ®, is continuous when the space of polynomials is
equipped with uniform convergence. We could hope to use this continuity to extend ®, to the
closure of the space of polynomials. This does indeed work, but only if A is complete (otherwise
the expected limit may fail to exist). In addition, the power of complex analysis and Cauchy’s
theorem give us a useful expression for the functional calculus. An immediate consequence of
this form is that ®,(f) is independent of the values f takes outside the spectrum. In conclusion,
this functional calculus allows the application of functions that are holomorphic on o(a).

Theorem A.13 (Holomorphic functional calculus). Let A be a wunital Banach algebra and
x € A. Consider the function

&, : Hol(o(2),C) > A: f— f(x) = =5 % f(z (A.39)

HereT is any finite union of simple Jordan curves that contains o(x) such that f is holomorphic
in a region that contains I' and its interior. Then

1. @, is well-defined: it does not depend on the particular curve I';

2. ®, is an algebra homomorphism;

3. @, is continuous if Hol(o(z),C) is equipped with uniform convergence;

4. ©,(1c) =z and D,(1) =1;

5. o(@,(f)) = f+(o(2).

In the transition from polynomial functional calculus to holomorphic functional calculus, the
space of functions has been enlarged, at the cost of more assumptions on the algebra A. This
trend continues. The following functional calculus is only applicable to C*-algebras, indeed
only normal elements of C*-algebras (i.e. elements z such that [z,2*] = 0), but does allow the
application of all functions that are continuous on the spectrum.

Theorem A.14 (Continuous functional calculus). Let A be a C*-algebra and x € A a normal
element.

1. If A is unital, then there exists a unique *-homomorphism

o, :C(o(x),C) = A such that Py (1y(z)) =2 and @, (1,¢,)) = 1. (A.40)

2. If A is non-unital, then there exists a unique x-homomorphism

P, {feC(o(x)]f(0)=0} - A such that O, (Lo(z)) = . (A.41)

1Of course there are many minor variations!
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In both cases ®, is isometric (if the space of functions is equipped with the supremum norm,)

and o(f(x)) = f+(o()).

Next a functional calculus that is applicable to all bounded Borel-measurable functions, but
only works on von Neumann algebras. In this setting spectral mapping no longer holds in
the same way as before;? there is a statement that exhibits o(f(z)) as some sort of essential
range, [01, 62]. For our purposes it is more useful to just note that spectral mapping holds
for continuous functions: since every von Neumann algebra is a C*-algebra, Theorem A.14 is
applicable.

Theorem A.15 (Borel functional calculus). Let A be a unital von Neumann algebra and z € A
a normal element. There exists an isometric x-homomorphism

o, : L>®(o(z),C) > A such that P, (ly(x) =z and @, (1)) = 1. (A.42)
Spectral mapping holds for continuous f.

So far all functional calculi have been defined for elements of an algebra. In fact all functional
calculi are applicable to B(#), the algebra of bounded operators on a Hilbert space . There
is a further possible generalisation: it would be nice to be able to have a functional calculus
for unbounded normal operators on H. One way to realise this is to reduce the problem to
bounded normal operators with some sort of transform. If H is an unbounded normal operator,

then H+v/1 —&-H"‘H_1 is bounded.? The result is the spectral theorem. Now ®p is defined via
spectral integration. For details, see [61, 62].

Theorem A.16 (Spectral theorem for unbounded operators). Let H be a Hilbert space and H
a normal operator on H (either bounded or unbounded). There exists a unique spectral measure
E on o(H) such that

H = /J(H) zdE(z). (A.43)

For all measurable f : o(H) — C, spectral integration gives
U BRICIEC (A44)
o(H

with the following properties:
1. dom(®y(f)) = {v) € H| [, ) I AWIE(2)|1h) < oo}

2N @u (DD = [z P AWIE(2) ) for all [¢) € dom(Pp (f));

3. (I)H(f)* = q)H(f);
4. 2u(f)Pu(9) C ®u(fg) with dom (Py(f)®nu(g)) = dom (P (fg)) Ndom (Pu(g)).

If f is continuous, then o(®x(f)) = f+(o(H)).

2Here is a way to see that o(f(x)) = f+(o(z)) cannot hold for all Borel-measurable functions. If this were
true, then the proof of Corollary A.17 would show that all elements of the spectrum were eigenvalue. This is of
course not true.

30f course I am simplifying and these hints of motivation should probably not be taken too seriously. The
same can be said for the whole of this section.
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The measure d(¢)|E(z)[®) is a probability measure (i.e. integrates to one) whenever |¢)) is a
unit vector, which gives us the very useful consequence that if f is bounded, then @y (f) is
bounded (and and dom(®g(f)) = H).

Note that ® g is no longer an algebra homomorphism, since the domain issues complicate things,
but we do have @y (f)Py(g) = Pu(fg) if g is bounded.

Corollary A.17. Let H be a Hilbert space and H a normal operator on H. If wg is an isolated
point of o(H), then wy is an eigenvalue.

Proof. The function
1 (z=uwp)

A.45
0 (otherwise) ( )

f:U(H)—>C:33b—>{
is continuous. Spectral mapping gives that a(éH(f)) = {0,1}, which implies that ®5(f) is
a non-zero orthogonal projector. The following calculation shows that it is the eigenprojector
associated with the eigenvalue wy:

Hoy(f) =2u(1)2u(f) (A.46)
=®p(1-f) (A.47)

= ®py(wof) (A.48)

O

A.1.2.1 Holomorphic functional calculus

Let U C C be an open set, X a Banach space and f : U — X a function. Then

e f is called weakly holomorphic if po f : U — C is holomorphic for all p € X*;

e f is called strongly holomorphic if, for all zg € U, the limit

dz lzy  z—20 Z— 20

exists in the norm convergence.

Such functions are also called “weakly analytic”, resp. “strongly analytic”.

Lemma A.18. Let U C C be an open set, X a Banach space and f: U — X a function. If f
is strongly holomorphic, then f is continuous and weakly holomorphic.

Proof. Suppose f is strongly holomorphic. Then

lim f(z) — f(z0) = lim M(zfzo) = ds

z2—20 z2—20 zZ— 29 dz

( lim zfzo) :ﬂ

20 220 dz

0=0, (A51)

20

so lim,_,,, f(z) = f(20), which means that f is continuous.
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Take p € X*. Then

dpof | _ iy o N)E) = (po f)(z0) (A.52)
dz 1z 22—z z— 2 '
= lim p(w) (A.53)
z2—20 zZ— 2o
=o( tim T (A5
_ p(% ) (A.55)
O

Proposition A.19. Let U C C be an open set, X a Banach space, f : U — X a weakly
holomorphic function and I' a Jordan curve in U whose interior is also in U. Then

1. f is continuous;

2. ¢ f(z)dz =0 and f(w) = 5= 13 4z for all w in the interior of T';

zZ—w

3. f is strongly holomorphic.

We are now free to refer to f as simply a holomorphic function, without specifying “weakly”
or “strongly”.

Proof. (1) Pick zp € U and r > 0 small enough such that the open ball B(zg,r) C U. Take
arbitrary p € X*. Since p o f is holomorphic, the function

z

_, (o N(2) = (po f)(=0) :p(f(2> —f(ZO)) (A.56)

Z— 20 Z— 20
is continuous on B(zp,r) and thus bounded on B(zg,r) by the extreme value theorem.

This means that the set
{7f(z) — f(z0) ‘ z € B(zo,r)} (A.57)

zZ— 20
is weakly bounded, and thus bounded. There exists M > 0 such that

1f(2) = f(z0)|| < M(z = 20) (A.58)

for all z € B(zp,r). This implies that f is continuous at zo.

(2) For all p € X*, we have
p(%fdz):%pofdz:o, (A.59)
r r

by Proposition D.23 and Cauchy’s theorem. By the Hahn-Banach theorem, Proposition A.54,
we have §. fdz = 0.
Again, take arbitrary p € X*. Then

(10 = 5 § L az) = o ) - 5 f L2 g, (A.60)

21 Jp z —w

271 Z—w
1 [ (pof)(2) 1 [ (pof)) ,
—%ﬁifﬁw‘%ﬁitfw—a (A.61)

104



by Proposition D.23 and Cauchy S 1ntegral formula. By the Hahn-Banach theorem, Proposi-
tion A.54, we have f(w) = 51§, L f(z

(3) Take zg € U and r > 0 such that B(zo,r) C U. Take z € B(zp,r). Then, using point (2)
and the resolvent identity Proposition 0.3, we have

f(z) = f(20) _ 1 f(z") S f(z') W .
T am (¢z’zo_r d yngzo_r d ) (4.62)

cmz  2mi(z - 20) V-7 i
mem b O e
= m ygz i FEN)E —2)7 (2 = 20) Y (A.64)
T R B m e W A (.60)
“wif, I Gt ) & )

- 1 f(zl) ;) , TR0 f(zl) ’
2mi ¢Z’—Zo—7‘ m = 2mi %Z’—Zol—r (2 — 20)2(2/ - z) d. (A.68)

The first part is independent of z. For the second part, the integral is bounded as z — zg
(since 2’ stays r away from zp and z goes to zp). Since the prefactor goes to 0, this means

that the second term goes to zero. Thus the limit lim,_,,, %ﬁzo) exists and is equal to

1 _fE)
27 Hz' —zo|l=r (' —20)2 dz’. O
Corollary A.20. Let U C C be an open set, X a Banach space, f : U — X a holomorphic
function, I' a Jordan curve in U whose interior is also in U and w an element of the interior
of I'. Then
n n! f(z)

27t Jp (z —w
The proof is the same as in the scalar case. It is included for completeness.
Proof. The proof is by induction on n. The base case n = 0 is given by the proposition.

For the induction step, assume that f has n — 1 derivatives and the formula holds for n — 1.
Now the difference quotient can be expressed as

FU D)~ OV w) (1) L) :
h B ' 56 ) )

(z—w—-h)" (z—w)"

(A.70)
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Now using a telescoping sum, we can write

%((z - wl— (2 —lw)"> (A.71)

1/ & 1 1 1 1
:h<z (z—w— Rk (z —w)=F=1  (z—w — h)F (z—w)"k>

k=0
(A.72)
n—1
1 1 1

5 A.

h<z—w h z—w )(kz—o (z—w—h)k (2 _w)n—k—1> (A.73)
n—1
1 1 1
= A4
(Z_U’—h)(Z—w)<kZ_%(z—w—h)’f(z—w)”"v‘1)’ (A.74)
which converges to W as h — 0. This implies
(n—1) h) — f(n=1) !
)y — pie do (wth) — f (w):£§£L

Frw) fllli% h 270 Jp (z — w)ntt dz. (A.75)
O

Theorem A.21 (Holomorphic functional calculus). Let A be a unital Banach algebra and
x € A. Consider the function

O, : Hol(o(2),C) = A f s fla) = 2m¢f (A.76)

HereT is any finite union of simple Jordan curves that contains o(x) such that f is holomorphic
in a region that contains I' and its interior. Then

1. @, is well-defined: it does not depend on the particular curve I';
2. ®, is an algebra homomorphism;

3. Dy(1c) = and (1) = 1;

4. 0(@a(f) = (o ().

From points (2) and (3), it follows that @, (p) = p(z) for any polynomial p € C[X].

Note that equipping Hol(o(z),C) with continuous convergence is not the same as uniform
convergence, because functions in Hol(o(z),C) may have unbounded domain, even though
o(x) is compact.

Proof. (1) This follows from Proposition A.19.
(2) Take f,g € Hol(o(x),C) and A € C. Then o(x) C dom(f)Ndom(g) and we can find a curve
T in dom(f) N dom(g). By linearity of the integral, we have

@, (f +Ag) = % (F(2) + Ag(2)) Ral2) d2 (A7)
- L 55 (o) Ra(2) dz + ff (AT8)
= D, (f) + A0, (9). (A.79)
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To show multiplicativity, take two curves I'y, T's in dom(f)Ndom(g) such that I'y is in the interior
of T'; and o(z) is in the interior of I's. Then, using the first resolvent identity Proposition 0.3,
we have

0. (10(0) = (57) P SORE P o) R0 (A.80)
- (=) ¢ | ¢ () R () R ()0 s (A.81)
- (2%)2 5£F ﬁ f(z)g(z’)(W) 42’ dz (A.82)

(

zZ—Z

L)Qﬁé 7§ FR)g) e dz’dz+§z§ ) 729 ) 4 qz (as3)

o 95 (3§, T 4o e + o f FELCIC ¢ 2 9=
(A.84)

where the order of integration has been swapped in the second integral using Fubini’s theorem.
We have ﬁ L&) 4y = f(Z) for all 2’ € T'ys by Cauchy’s integral formula , since all these 2’

1 z—2'
lie inside I';. We have ¢ Z,(ig dz’ = 0 for all z € I'; by Cauchy’s theorem , since all these z
lie outside I'y. Thus

B, (f)®s(g) = - 515 F()9() R A2 = = b (f - 9)()Ra(#') A’ = Bo(f - g). (A.85)

Comi 2mi Jr,

(3) Take x € A and let T" be a circle centred at 0 with radius larger than |z||. Then, using
Proposition A.2, we have

1
(L) = 3 B 2Rel2) 0z (A.86)
1 = o
- _ A.
2mi yg;zz"*l dz (A.87)
= Zx"i 525 z""dz = a, (A.88)
= 2mi Jp

where we have used that ¢, 27" dz = 2mi if n = 1 and is zero otherwise, by the residue formula.
Similarly, we calculate

1 - n 1 —n—1 _
®,.(1) = Tmngx(z) dz = n:O:L’ Tm&éz dz =1. (A.89)

(4) First take A € o(x). We need to show that f(A\) € o(®.(f)), so f(A)1 — @.(f) is not
invertible. Now z — f(A) — f(z) is holomorphic and equals 0 at z = A. Then f(z) — f(\) =
(A — 2)g(z) for some holomorphic g. Now, by (2) and (3), we have

FOOL =@, (f) = @ (FNL— f) = Do (AL - 1) - g(2)) = (A1 — 2)P.(g). (A.90)

If f(A\)1 — ®,(f) were invertible, then A1 — 2 would be invertible with inverse (f(\)1 —

@Z(f))_l@w(g). Since this is not true (by assumption A € o(z)), we have that f(A\)1 — ®,(f)
is not invertible.
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Now suppose p ¢ f*(o(x)). Then A — f(z) is non-zero on o(z), so o(z) C f+(C\ {0}). Also
f+(C\{0}) is open. The function (A— f)~! is holomorphic on f-+(C\{0}) and thus an element
of Hol(o(x),C). Then ®,((A— f)™!) is the inverse of AL — ®@,(f), so A & o (P, (f)). O

A.1.3 Sylvester equation

Much of this section can be found in [64]. This textbook only considers the matrix case, but
the arguments generalise readily. This section was included only because of the strong analogy
with the operator equation (1.8). In particular, compare the solution X with Proposition A.25.

Let A be a Banach algebra. A Sylvester equation is an equation of the form

ar —xzb=y (A.91)

for some a,b,xz,y € A.

Proposition A.22. Let A be a Banach algebra and a,b,y € A. If o(a) and o(b) are disjoint,
then the Sylvester equation ax — xb =y has a unique solution x.

Proof. Define the operator
T:A— A:z— az —bx. (A.92)

This is a bounded linear operator on A (i.e. an element of B(A)) and is equal to A, — pp. Since
Ao and pp, commute, and B(A) is a unital Banach algebra, we can use Proposition A.7 and
Proposition A.8 to get

o(T) € o(Aa) — o(pw) C o(a) — o(b) € C\ {0}. (A.93)
Thus 0 ¢ o(T'), which means that T is invertible. O

Proposition A.23. Let A be a Banach algebra and a,b,y € A. If there exists 0 < r; < 12
such that o(b) C Be(0,71) and o(a) C Be(0,r2)¢, then the solution of the Sylvester equation
ax —xb =y is given by

x = Z a " lybm (A.94)
n=0

Note that a is invertible because 0 ¢ o(a).

Proof. Set r = 132 Then, by Proposition A.4, there exists ng € N such that [|b™| < 7} for
all n > ng. And, with Proposition A.5, there exists n; € N such that ||[a™"| < r3™ for all
n > ny. Now

max{ng,n1} 00

00
Shamytl= S e+ S ey (4.95)
n=0 n=0 n=max{ng,n1}
max{ng,n1} ) AT
el im 1
< X el X (5) < (A90)
n=0 n=max{ng,n1}

Since the series ZZOZO a~ " 1yb" is absolutely convergent, it is also convergent.
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We now verify that the series is indeed a solution of the Sylvester equation:

ar —xh = Z a” "yb" — Z a " lypntt (A.97)
n=0 n=0

= Z a” "yb" — Z a”"yb" (A.98)
n=0 n=1

= y. (A.gg)

O

Proposition A.24. Let A be a unital Banach algebra and a,b,y € A. Suppose there exists
A € R such that

Re (o(a)) €A, 00 and Ret (o(b)) C]—00, AL (A.100)

Then the solution of the Sylvester equation ax — xb =1y is given by
o0
x :/ e tyel® dt. (A.101)
0

Proposition A.25. Let A be a unital Banach algebra and a,b,y € A. If T is a simple curve
in C such that o(a) lies strictly inside T’ and o(b) lies strictly outside T, then the solution of
the Sylvester equation ax — xb =y is given by

1

T= g5 D R, (2)yRp(2) dz. (A.102)
Proof. We calculate
1
ar —xb = i P <aRa(z)be(z) - Ra(z)be(z)b) dz (A.103)
1
= <zRa(z)be(z) — yRy(2) — 2Ra(2)yRy(2) + Ra(z)y) dz (A.104)
™ Jr
1
i P (Ra(2)y — yRu(2)) dz (A.105)
1 1
i P Ru(z)dzy — Vo 5{% Ry(z)dz =y, (A.106)
where we have used Lemma 0.5, Proposition A.19 and Theorem A.21. O

A.2 Operators on Banach spaces

In this section the notation T': dom(T) CV — W and T : V A W will be used interchangeably
to indicate that T is a partial function from V to W.

A.2.1 Closed operators and graph norm

Let T : dom(T) € X — Y be an operator. Then T is a closed operator if graph(7T') is
closedin X @Y.

This is not the same as a closed map in the topological sense!

109



A.2.1.1 The graph norm
Let L : V — W be a linear map between normed spaces. The graph of L
{(vyw) e VW |w= Lv} (A.107)
has a natural norm inherited from the direct sum:
(v, Lo)| = [[vllv + ([ Lv[lw - (A.108)
This norm can also be seen as a norm on V: the graph norm induced by L is defined as
lollz = llolly + [ Zollw- (A.109)

Proposition A.26. Let L : (V,||-|lv) & (W,||-llw) be a linear map between normed spaces.
Then L : (dom(L), ||||z.) = (W, ||-llw) is bounded with norm K. Also

1 K<1;
2. K < 1ifand only if L : (dom(V), ||-|lv) = (W, ||-[lw) is bounded.
Proof. Take any v € dom(V'). Then

L) l[w < IL)llw + [[ollv = [lv]lz- (A.110)

This shows the L is bounded and the norm is less than or equal to 1.
Now we can write K = Sup,cdom(r)\ {0} ££v, where

_ ILO)w [L(0)[[w

K, =—"r—= sup (A.111)
vz vedom(L\{0} [V[lv + [|L(v)[[w
_L@)lw +llollv —flollv [vllv . (A.112)
[vllv + 1 L(v)[lw [vllv + [[L(v)[lw

IEL:V,|v) A (W, ]-|lw) is bounded, then

[[vllv 1 L]
K,<1- =1- = <1 (A.113)
[ollv + ILI[ollv L[ T+ L]
for all v € dom(L) \ {0}. This implies K < flrhr < 1.
If L:(V,]-llv) = (W, |Illw) is unbounded, then there exists a sequence (v,) of unit vectors
such that ||L(v,)|lw — oo. Then K,, =1 — m —land K = 1. O

Lemma A.27. Let T : X /Y be an operator between normed spaces and (x,) a sequence in
dom(T"). Then the following are equivalent:

Il-1l
1. x, ‘—T> x;

2. (xn, Txyn) Ixgy (x,Tx);

3. T, wg x and Tx, w) Tx.
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Proof. We have the equivalences

Il
Ty — T

= |z —zllr — 0 ( )
= |zn —2llx + [Tz, = Txlly — 0 ( )
= ||(zn — 2, Txp — T2)||xey — 0 (A.116)
— |l(&n, Ten) — (2, T7)[xey — 0 ( )

( )

— (zp,Txy) gy (z,Tx).
Now if ,, % & and Tz, il e Tz, then ||z, — x| x + [| T2y — Tx|y — 0.

Conversely,
0 < ||lzn —zllx < |20 — 2|lx + | T2n — Tx||y, (A.119)

implies x,, wg x and Tx, w) Tz is proved similarly. O

Corollary A.28. The graph norm is strong than then original norm. Both norms are equivalent
on dom(T) if and only if T' is bounded.

Corollary A.29. Let T : X /4 Y be an operator between normed spaces. Then the topology
induced by the graph norm is equal to the initial topology w.r.t. {1x : X — (X, |||lx), T}

A.2.1.2 Relatively bounded operators

Let S,T : V 4 W be linear operators between normed spaces such that dom(7) C
dom(S). Then S is called relatively bounded w.r.t. T if S is a bounded operator, when
it is restricted to dom(7") and dom(7T') is equipped with the graph norm. We may write
S € B(dom(T'), W) and consider the norm ||.S||qom(r)—w -

This definition of relative boundedness is the same as the usual one, which asserts the existence
co,c1 > 0 such that
S < collT ()| + exllvll- (A.120)

A.2.1.3 Closed operators

Let X,Y be topological vector spaces and T : dom(T) C X — Y a linear operator. Then
T is a closed operator if graph(7') is closed in X @ Y.

There also exists a notion of “closed function” in topology: this is a function that maps closed
sets to closed sets. It has nothing to do with the current setting.

Proposition A.30. Let X, Y be topological vector spaces and T : dom(T) C X — Y a linear
operator. Then

1. T is closed if and only if for all nets (x;)ier in dom(T) such that x; — v € X and
Tz, -y €Y, we have that x € dom(T') and Tz = y;

2. if T is continuous, dom(T") is closed and Y is Hausdorff, then T is closed;

3. if T is closed and injective, then T~ 1 im(T) — dom(T) is closed.
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Lemma A.31. Let X,Y be topological vector spaces and T : dom(T) C X — Y a closed
operator. Then

1. if S: X =Y is a continuous linear operator, then S+ T is a closed operator;
2. if X € C, then XT is a closed operator.

Proof. (1) We have dom(S + T') = dom(T). Let (x;);cr be a net in dom(S + T') such that
r; > x € X and Sx; + Tx; >y €Y. Then Sx; — Sz, so Tx; = Tx; + Sx; — Sx; — y — Sw.
Since T is closed, we have y — Sz = Tz from Proposition A.30 and so y = (S + T)z. This
implies, using Proposition A.30, that S + T is closed.

(2) We have graph(AT) = Agraph(T). If A # 0, then multiplication by A is a homeomorphism,
so Agraph(T) is closed. If A = 0, then A graph(7T") = dom(7T) x {0}, which is closed since Y is
Hausdorft. O

Proposition A.32. Let T € Lin(X,Y) be a closed operator between Banach spaces that is
bounded below. Then im(T) is closed.

Proof. Let T be bounded below by b and let (Tx,) be a Cauchy sequence in im(7T). Then
[@m = zn| < FI1T(@m — 25)|, so (x,) is also Cauchy.

So we can find z € X,y € Y such that z, — = and Tz,, — y. By closedness of T, we have
Tz =y and thus y € im(T). O

Proposition A.33. Let X,Y be Banach spaces and T : X 4 Y a linear operator. Then
dom(T), equipped with the graph norm is a Banach space if and only if T is closed.

In this case, being a Banach space is equivalent to being complete.

Proof. First assume dom(7T'), equipped with the graph norm, is a Banach space. We use
Proposition A.30 to show that 7" is closed. Let (z,,) be a sequence in dom(T") such that z,, — =
and Tz, — y. Then (z,) is Cauchy in the graph norm. Since dom(7T) is complete, we have
Zn — 2’ € dom(T'). Since X is Hausdorff (and the graph norm is stronger than the original
convergence), we have ' = z. Finally, Lemma A.27 gives Tz, — T(z). Since Y is also
Hausdorff, this implies T'(z) = y.

Now assume T is closed. Let (z,,) be a sequence that is Cauchy in the graph norm. Then both
() and (Tx,) are Cauchy sequences, the first in X and the second in Y. Since both X and
Y are Banach spaces, there exists x € X and y € Y such that z,, — = and Tz, — y. Since T
is closed, Proposition A.30 gives that € dom(T") and y = T'(x). Now (x,) converges to x in
graph norm. O

A.2.1.4 Closable operators

|: A linear operator is called closable if it has a closed linear extension.

Lemma A.34. Let V,W be topological vector spaces and T : dom(T) C V. — W a linear
operator defined on a subspace. Then the following are equivalent:

1. T is closable;
2. clygw (graph(T)) is the graph of a linear operator T ;

3. (0,w) € clygw (graph(T)) implies w =0 for all w € W;
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4. if {x;)ier s a net in dom(T) and w € W such that x; — 0 and T'(z;) — w, then w = 0.
In this case dom(T) is a subspace.

Corollary A.35. Let V, W be topological vector spaces and T : dom(T) C V — W a continuous
operator. If W is Hausdorff, then T is closable.

Proof. Let (x;);cr be a net in dom(7") that converges to 0. Then T'(z;) — 0 by continuity. If
T(x;) — w, then w = 0 by Hausdorfiness. O

Let V,W be topological vector spaces and T : dom(T) C V. — W a closable linear
operator. Then the operator T defined in Lemma A.34 is called the closure of T

Proposition A.36. Let V, W be topological vector spaces and T : dom(T) CV — W a closable
linear operator. Then

1. dom(T) C cly(dom(T));
2. if W is Hausdorff and complete, then dom(T) = cly (dom(T)).
Note that T is closable, by Corollary A.35.

Proposition A.37. Let V,W be normed vector spaces and T : dom(T) CV — W a bounded
linear operator. Then T is bounded with ||T|| = ||T||.

Note that T is closable, by Corollary A.35, because normed spaces are Hausdorff.

Proof. (1) Take x € dom(7'). Then there exists a sequence ((zn,TZn))nen in graph(7') that
converges to (x,T(z)) € graph(T'). This means that we can use the continuity of the norm to
calculate

Tl = lim [T < Y [T ool = [Tl (A121)
so [|T|| < ||IT||. Conversely,
Tx Tx Tx —
T = sup u = 7] < sup I = |7l (A.122)
ze€dom(T) ||£C|| z€dom(T) HZC” z€dom(T) Hil?”

(2) One inclusion is given by Proposition A.36. Take z € cly (dom(7))). Then there exists a
sequence (z,) in dom(7T') that converges to . Since T is continuous and linear, it is uniformly
continuous and (T'z,) is a Cauchy sequence. Since W is complete, (T'x,) converges to some
y € W. Then (z,,Tz,) — (2,9), so T(z) =y and = € dom(T). O

Corollary A.38 (Bounded linear extension). Let X be a normed space, Y a Banach space
and T : dom(T) C X — Y be a bounded operator between normed spaces. Then T has a unique
bounded extension to clx(dom(T")). This extension is given by the closure T'.

In particular, if X is a dense subspace of a Banach space Y, then every operator in B(X) can
be extended to an operator in B(Y'), since we can first enlarge the codomain to Y and then
apply the result.

Proof. The only part that has not been proved yet is uniqueness. Suppose S is another bounded
extension of T to clx(dom(T)). Take x € clx(dom(T")). Then there exists a sequence (z,) in
dom(T') such that x,, — 2 and we have

S(z) = 1i_>m S(zy) = lim T(x,) = lim T(z,) = T(z). (A.123)

n—oo n—roo

O
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A.2.1.5 Domain and core

Let T : X 4 Y be a closed operator between normed spaces and D C dom(7T) a
subspace. We call D a core or essential domain for T if {(x,Tz) |z € D} is dense in
graph(T) C X Y.

Proposition A.39. Let T : X /A Y be a closed operator between normed spaces and D C
dom(T) a subspace. Then D is a core of T if and only if D is dense in dom(T) w.r.t. the graph
norm ||-||l7 of T.

Note that the norm is bounded by the graph norm, so the graph norm topology is stronger
than the norm topology. Thus clj.,. (D) C clj. (D) and it is not enough for D to be norm
dense in dom(T').

Proof. Immediate by Lemma A.27. O

A.2.1.6 Resolvent bounds and continuity

Proposition A.40. Let T be a closed operator on a Banach space X and A\ € p(T). Let
dom(T) be equipped with the graph norm. Then the resolvent Rp(A\) : X — dom(T) is bounded
and the norm satisfies

IR (M) [ x s dom(r) < 1+ (1 +[AD[RAN)]. (A.124)
Proof. Let x € X be a unit vector. Lemma 0.5 gives
TRy (M| = [z = ARr(N)z([x <1+ [A[Rr (V] (A.125)
The graph norm is then bounded by
[Rr(Nzllr = [[Rr (V]| + ITRr(Nz|| < 1+ (1+ [AD[Ra(N)]- (A.126)
O

Proposition A.41. Let T be a closed operator on a Banach space X. Then Ry is holomorphic
on o(T) in the topology generated by ||_||p—x-

In particular, Rp is continuous in this topology.

Proof. Comparing with the proof of Corollary A.12, it is enough to prove that Ry is continuous
in this topology.
The proof of Corollary A.12 can be adapted to this situation using Proposition A.40. O

A.2.2 Operators bounded below
Let T be a linear operator between normed spaces. We say T is bounded below if
Jb>0:Vv edom(T): |[|[Tv|| > b|v] (A.127)

Proposition A.42. Let V,W be normed spaces and T € Lin(V, W) an operator. Then T has
a bounded inverse T~! : im(T) — V if and only if T is bounded below by some constant b.

In this case .
i1 = (g 12 L (A128)
o ] b
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Proof. First assume T bounded below. To show T is injective, take 1,25 € domT such that
Txy =Txy. Then

0= ||Tzy — Tas|| = [|T(z1 — x2)|| > bljz1 — z2|| > 0. (A.129)
So ||#1 — 22| = 0 and thus 21 = z5. The existence of 7! is then clear. For boundedness notice
that T~y € dom(T), so because T is bounded below,

_ _ _ 1
Tyl < ITT Yyl =yl = 1Tyl < 5l (A.130)

This also shows that |77 < 1/b for all lower bounds b. In other words 1/||771| > inf,.o|| Tz /|| z]|.
Now assume 7~! bounded. Then for all € dom(T): ||z|| = |T~'Tz| < [|T7Y||Tz|, so T is
bounded below by 1/||T71.

This also shows that 1/||77!|| is a lower bound, so 1/||T7Y|| < inf,o|Tx|/| x| O

A.2.3 Major theorems about Banach spaces

Theorem A.43 (Uniform boundedness principle). Let F C B(X,Y) be a family of bounded
operators where X is a Banach space and'Y a normed space, such that

sup{||Tz|||T € F} <oco  forallze X. (A.131)

Then sup{||T|||T € F} < 0.

Corollary A.44 (Banach-Steinhaus). Let X be a Banach space and Y a normed space. Let
(T, : X = Y),en be a sequence of bounded operators that converges pointwise to some linear
operator T'. Then

1. {T,}nen is norm-bounded;
2. T s bounded.

This does not imply that (T},) converges to T in norm! The name “Banach-Steinhaus” is
sometimes used to refer to the uniform boundedness principle.

Theorem A.45 (Open mapping theorem). Let X,Y be Banach spaces and T : X — Y a
surjective bounded operator. Then T is an open map.

Corollary A.46 (Bounded inverse theorem). Let X,Y be Banach spaces. If T : X =Y is is
continuous, linear and bijective, then T is a homeomorphism.

Proposition A.47. Let T : dom(T) C X — Y be a bounded linear operator. Then
1. if dom(T) is a closed subset of X, then T has closed graph;
2. if T has closed graph and 'Y is complete, then dom(T") is a closed subset of X.

Theorem A.48 (Closed graph theorem). Let X,Y be Banach spaces and T : X —'Y a linear
operator with dom(T) = X. Then T is continuous if and only if T is a closed operator.
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A.2.4 The Hahn-Banach theorems

Theorem A.49 (Hahn-Banach majorised by convex functionals). Let V' be a real vector space,
U CV a subspace and p a convex functional on V. Let f : U — R be a linear functional that
is bounded by p:

YueU: f(u) <pu). (A.132)
Then f has an extension f : V — R such that f is a linear functional on 'V bounded by p:
YoeV:fu)<pl) and YuecU: f(u)=f(u). (A.133)

Corollary A.50 (Hahn-Banach majorised by sublinear functionals). Any majorant p that is
sublinear is also convex and can be used in the Hahn-Banach theorem.

Corollary A.51 (Hahn-Banach majorised by seminorms). Let (C,V,+) be a real or complex
vector space, U C'V a subspace and p a seminorm on V. Let f: U — C be a linear functional
that is bounded by p:

YueU: |f(u)] < p(u). (A.134)
Then f has an extension f: V — R such that f is a linear functional on V' bounded by p:
Yo € V1| f(v)] < p(v) and  YueU: f(u) = f(u). (A.135)

Theorem A.52 (Hahn-Banach separation theorem). Let V' be a topological vector space. Sup-
pose A, B are disjoint, non-empty, convex sets and that A is open. Then there exists a contin-
uous linear functional f : V — C such that f*[A] and f*[B] are disjoint.

Proposition A.53. Let (V,&) be a locally convex vector convergence space. Let B be a closed
conver set and v ¢ B, then there exists a continuous linear functional f : V. — C such that

fv) ¢ fHB].

Proposition A.54. Let V be a Hausdorff locally convex topological vector space and v € V. If
fw) =0 forall f € V*, then v =0.

Proposition A.55. Let X be a normed space and Z C X a subspace. Any bounded linear
functional in Z* can be extended to a bounded linear functional in X™* with the same norm.

Proof. Let f : Z — C be such a functional. Extend f with the Hahn-Banach theorem Corol-
lary A.51, using p(z) = || fllz||=]|- O

Corollary A.56. Let X be a normed space and xo # 0 an element of X. Then there exists a
bounded linear functional wy, such that

[waoll =1 and  wg,(z0) = [|zol|- (A.136)
Proof. Extend the functional f : span{zg} — C defined by
f(z) = f(azo) = al|zo]- (A.137)

A.3 Operators on Hilbert spaces

A.3.1 The adjoint
A.3.1.1 The adjoint as a relation
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Let H, K be Hilbert spaces and T : H 4 K an operator. An adjoint of T" is an operator
S : K 4 H such that

(w, Tv)g = (Sw,v)g Yo € dom(T), Yw € dom(S). (A.138)

Lemma A.57. Let T : H /A K be an operator between Hilbert spaces. Let S1,Ss be adjoints
of T then for all x € dom(S;) N dom(Sy) we have Si(z) — Sa(x) € dom(T)L.

Conversely, let S be an adjoint of T and x € dom(S). Then for all v € dom(T)* there exists
an adjoint S" such that S'(x) = S(z) + v.

Proof. For all u € dom(T") we have
(S1(x) = Sa(@),u)n = (S1(2),u)m — (S2(2), wm = (x, Tu)k — (&, Tu)x =0.  (A.139)

So (Si(z) — Sa(x)) € dom(T)* .
For the converse, set S’ = S + <<§">K v. This is an adjoint: for all a € dom(7T'),b € dom(S’) =

£E>K

dom(S) we have

(S'b,a) g = (Sb,a)p + gzz (v,a) g = (Sb,a)z = (b, Ta) . (A.140)

O

Corollary A.58. Let T : H & K be a densely defined operator between Hilbert spaces. Let
S1, 8o be adjoints of T then for all x € dom(S7) N dom(Sy) we have S1(x) = Sa(x).

Proof. We have dom(T)* = dom(T) = H* = {0}. So S (z) — Sa(z) = 0. 0
Corollary A.59. Let T : H /4 K be an operator between Hilbert spaces. Then

U{graph(S) | S € (K 4 H) is an adjoint of T} (A.141)
is the graph of an operator if and only if T is densely defined.

Let T : H 4 K be an operator between Hilbert spaces. We define the adjoint T as the
relation on (H, K) with graph

graph(T™) = U{graph(S) | S € (K 4 H) is an adjoint of T'}. (A.142)

Note that, by Corollary A.59, the adjoint is a function if and only if T is densely defined.

Lemma A.60. Let T : H /~ K be a densely defined operator between Hilbert spaces. If S is
an adjoint of T that is defined everywhere, then T* = S.

Corollary A.61. Let H be a Hilbert space. Then 13 =1p.
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Example

Consider the left- and right-shift operators

Sp i 2(N) = 2(N) : (Zn)nen — (Tns1)nen (A.143)
Sht C2(N) = 2(N) : (20)nen > ({gnl EZ i ;;) , (A.144)
neN

Then S} = Sk and Sj, = Sr. To see this, take (x,,), (y,) € £*(N). Then

(Sp@n), (yn)) = Y Torin =To-0+ > Tnyn-1 = ((zn), Sr(yn)).  (A.145)

neN neN\{0}

Thus Sy, is an adjoint of S and Sg is an adjoint of S;,. We have S7 = Sk and S}, = S,
from Lemma A.60.

Lemma A.62. Let T : H 4 K be an operator between Hilbert spaces and (x,y) € K x H.
Then (z,y) € T* if and only if
Vz € dom(T) : (x,T(2)) = (y, 2). (A.146)

Proof. If (z,y) € T*, then there exists an adjoint f : K 4 H such that f(z) = y. Then
for all z € dom(T') we have (z,T(2)) = (f(x), 2) = (y, 2).
The function defined by f(z) = y and extended to span{z} by linearity is an adjoint. [

Proposition A.63. Let T': H /A K be an operator between Hilbert spaces. Then
dom(T*) ={z € K |dom(T) — C: u > {x,Tu) is a bounded functional}. (A.147)
This result is essentially due to the Riesz representation theorem.

Proof. If w, : u— (z,Tu) is bounded, then its domain can be extended by continuity to

dom(T), which is a Hilbert space. This extended functional has a Riesz vector #* such that
wy = u — (z*,u). The linear operator with domain span{z} that maps = to z* is then an

adjoint.
If x € dom(T™), then, using the Cauchy-Schwarz inequality,
(@, Tu)| = (T", w)| < [T [|ull, (A.148)
so the functional u — (z, T'u) is bounded. O
Corollary A.64. The domain dom(T™) is a vector space and in particular contains 0.
Proposition A.65. Let H, K be Hilbert spaces. Take T € (H /» K) and S € (K 4 H). Then
SCT" < T CS5". (A.149)

In more abstract language, this can be rephrased as saying that (x,x) is an antitone Galois
connection between ((H 4 K),C) and ((K 4 H), Q).

Proof. We have S C T* iff S is an adjoint of T iff T is an adjoint of S (since the definition of
adjoint is symmetric in S and T) iff T' C S*. O

Corollary A.66. Let S,T : H /A K be operators between Hilbert spaces such that S C T.
Then T* C S*.
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A.3.1.2 Properties of the adjoint relation
Proposition A.67. Let T be an operator between Hilbert spaces and X € C. If A #£ 0, then

<(1) )\01) graph(T™) = (AT)". (A.150)

Note that if T* is a function (i.e. if T" is densely defined), then (g)' )\01> graph(T*) = AT*.

We write the former in the proposition, because we have not made this assumption.
IfA=0and T: H 4 K, then

(é 8) graph(7*) = (0 : dom(T*) — H) C (0: K — H) = (0T)*, (A151)

where the last equality is given by Proposition A.70.

Proof. For the inclusion C, take f to be an adjoint of T'. It is enough to show that Af is an
adjoint of XT". This follows from

M (w),v) = A(f(w),v) = Mw, Tv) = (w, \Tv) Yw € dom(f),v € dom(T). (A.152)
For the other inclusion, let f be an adjoint of AT". It is enough to show that A=1f is an adjoint
of T, because then f =X-A~1f C <(]). )\01> graph(7™). Indeed

ALf(w),v) = X Hf(w),v) = (w, \"IANTw) = (w, Tv) Yw € dom(f),v € dom(T). (A.153)

O
Proposition A.68. Let T': H / K be an operator between Hilbert spaces. Then
graph(T*) = <(g _Ol) graph(T))L = (2 _Ol) graph(T)*. (A.154)
If T is densely defined, then T* is a closed operator.
Proof. We have
graph(T*) = U{graph(S) | S € (K 4 H) is an adjoint of T'}. (A.155)

Take an adjoint S and (w, Sw) in graph(S). Then for all v € dom(T):

0= (w,Tv)k — (Sw,v)g = (w, Tv) g + (Sw, —v)g = ((w, Sw), (Tv, —v)) ke - (A.156)

So (Tv, —v) = <2 _01) (v, Tv) € graph(9)+.

The final equality is due to the fact that 2 _Ol is a surjective isometry.
If T is densely defined, then T* is a function by Corollary A.59. It is closed since all orthogonal
complements are closed. O

Corollary A.69. Let T : H /4 K be a densely defined operator between Hilbert spaces. Then
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1. graph(T**) = graph(T);
2. T* is densely defined if and only if T' is closable;
3. If T is closable, then T = T**.

Proof. From the proposition we have

€1

wanh(7) = (3 et = () (] ) mwnm) sy
_ ((1) _01>2 graph(T)** = — graph(T)** = graph(7). (A.158)

The right-hand side is the graph of an operator iff T' is closable and the left-hand side is the
graph of an operator iff 7" is densely defined, by Corollary A.59.
For a closable operator, the closure is defined by graph(7') = graph(7T). O

Proposition A.70. Let T : H — K be a densely defined operator between Hilbert spaces. Then
dom(7T*) = K if and only if T is bounded.

Proof. The direction < is given by Proposition A.63.

For the other direction, note that 7™ is closed by Proposition A.68. Then T* is bounded by
the closed graph theorem Theorem A.48. We use the direction < to see that dom(T**) =
H. Similarly, T** is closed by Proposition A.68 and bounded by the closed graph theorem
Theorem A.48. Thus T C T = T** is bounded. L]

An important application of this proposition is the Hellinger-Toeplitz theorem Theorem A.92.
Proposition A.71. Let T, S be compatible operators between Hilbert spaces. Then

1. S*+T*C(S+T)*;

2. 8*T* C (TS)*.

Proof. (1) Let f be an adjoint of S and g an adjoint of T'. It is enough to see that f + g is an
adjoint of S+ T'. Indeed Yw € dom(f + ¢g),v € dom(S + T)

<(f + g)(w)7v> = (f(u/), U> + (g(w)7Tv> = (w, Sv) + <w,Tv> = <w> (S + T)U>' (A'159)

(2) Let f be an adjoint of T and g an adjoint of S. It is enough to see that gf is an adjoint of
TS. Indeed

(go f(w),v) = (f(w), Sv) = (w, TSv) Yw € dom(g o f),v € dom(T'S). (A.160)

O

Example
The inclusions in Proposition A.71 are, in general, not equalities.

o If S, T are densely defined, but dom(S + T') = dom(.S) Ndom(7T’) is not dense, then
there can clearly not be an equality.

e Let T: H— K be a densely defined unbounded operator. Then dom(7™*) # K by
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Proposition A.70. Now we have

T*—T*=(0:dom(T*) - H) € (0: K — H) = (0: dom(T) = K)" = (T — T)*.

(A.161)
The penultimate equality follows from Proposition A.70. In this case the domain of
the sum is dense, but still there is no equality.

There exist various conditions that make the inclusions in Proposition A.71 equalities.
Proposition A.72. Let T, S be compatible operators between Hilbert spaces.

1. if T is densely defined, dom(S) C dom(T') and dom ((S+T)*) C dom(T*), then S*+T* =
(S+T1)";

2. if T is densely defined, im(S) C dom(T) and dom ((T'S)*) C dom(T™), then S*T* =
(T'S);

3. if S is densely defined and im(S) has finite codimension, then S*T* = (T'S)*.
Proof. (1) By Proposition A.71, we have
(S+T) =T C(S+T-T)"=5", (A.162)

where the last equality is due to dom(S) C dom(T'). Now take x, y such that € dom ((S+7)*).
Then T*(z) exists and we have the implications

z(S+T)y <= z((S+T) =T +T")y ( )
=Tz 2((S+T) =Tz A (24T (x) =y) (A.164)
= Jz: 2(S")z2A 24+ T*(z) =y) ( )
= z(ST+T)y. ( )

Thus (S + T)* C §* + T*.
(2) We need to prove (T'S)* C S*T*. Assume (z,y) € (T'S)*. By Lemma A.62, we have

Vz € dom(T'S) : (x,TS(2)) = (y, 2). (A.167)

Because im(S) C dom(T"), we have dom(T'S) = dom(S). Also, by assumption, x € dom(T™).
So we have
Vz € dom(S) : {(x,TS(2)) = (T"(x),S(2)) = (y, 2), (A.168)

which means that (T*(z),y) € S*, so (z,y) € S*T*.
3) O

Corollary A.73. If T is bounded and everywhere defined, then

ST+ T =(S+T)  and ST = (TS)". (A.169)
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A.3.1.3 Adjoints of densely defined operators
The adjoint of an operator is a function if and only the operator is densely defined.

Proposition A.74. Let S: K A H and T : H /A K be linear operators between Hilbert spaces.
If
im(SNT*)=H and im(T'NnS*) =K, (A.170)

then S and T are densely defined with S* =T and T* = S.
Proposition A.75. Let T : H /4 K be an operator between Hilbert spaces. Then
YweK: (v,0)eT" < veim(T)*. (A.171)
If T* is densely defined, this reduces to
1. ker(T*) =im(T)*;
2. ker(T) Cim(T*)*;
3. if T is closed, then ker(T) = im(T*)*

Proof. (1) Because dom(T) is dense in H, we have dom(T)* = {0}. Take v € K. We have the
equivalences

veim(T)t < Vo edom(T): (v,T(x)) =0 (A.172)
< Vo € dom(T) : (v,T(z)) = (v,0) (A.173)
— (v,0) €T, (A.174)

using Lemma A.62.

Point (1) is a direct translation in the case that T is a function.

For point (2) note that 7' C T** (by Corollary A.69) implies that (v,0) € T = (v,0) € T**.
For point (3): in this case ker(T) = ker(T**) = im(T*)*. O

Corollary A.76 (Closed range theorem for Hilbert spaces). Let T be a closed, densely defined
operator between Hilbert spaces. Then the following are equivalent:

1. im(T) is closed;
2. im(T™) is closed;
3. im(T) = ker(T*)*;
4. im(T*) = ker(T)*.
Proposition A.77. Let T : H /4 K be a densely defined operator between Hilbert spaces. Then
1. im(T) is dense in K if and only if T* is injective;
2. if T and T* are injective, then (T*)~1 = (T~1)*.

Proof. (1) This is immediate from Proposition A.75 and the fact that a linear operator is
injective if and only if it has a trivial kernel:

im(7) is dense <= {0} = im(T)* = ker(T*). (A.175)
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0 1 01 0 -1
-1 \
(2) We have graph(T 1) = <1 0) graph(7T). Also note that (1 0) and (1 0

Then we compute using Proposition A.68:

) commute.

oy — 0 1\ /0 -1
graph((T*)™!) = (1 0) (1 0 )graph(T)L (A.176)

0 -1\ /0 1
- (1 0 ) (1 0) graph(T) (A177)

0 -1 0 1 . —1\*
— o 1 o) eraph(T) ) = graph((T71)"), (A.178)
: 0 1). C e C

using the fact that 1 0 is a surjective isometry to bring it inside the orthogonal complement.
O

A.3.1.4 Adjoints of bounded operators
Proposition A.78. Let T : H — K be a densely defined operator between Hilbert spaces. Then
1. if T € B(H,K), then T* € B(K,H);
2. if T* € B(K, H), then T is bounded. If T is closed, then T is defined everywhere.
Assume T € B(H,K). Then
ST =T

Proof. (1) Assume T € B(H, K). Then u +— (z,Tu) is a bounded functional for all € K, so
dom(7T*) = K by Proposition A.63. Also T* is closed by Proposition A.68, so it is bounded by
the closed graph theorem Theorem A.48.

(2) Assume T™* € B(K, H). By the previous argument 7' C T = T** € B(H, K).

(3) The function (z,u) — (z,Tu) is a bounded sesquilinear form. By Riesz representation, T*
must be the unique S from the proposition, which has norm ||T|. O

Lemma A.79. Let S,T € B(H,K) and X € C.
1. (T*)*=1T;
2. (S+T) =85*"+T%;
3. (AT)* = \T*;
4. 1, =1y.
Let T € B(Hy, Hy), S € B(Hs, Hy)
5. (ST)* =T*S*.

Proof. Since the adjoint of a bounded operator is bounded, Proposition A.78, these results are
special cases of Proposition A.71, Proposition A.67 and Corollary A.69 (and 4 is a repeat of
Corollary A.61).

They can also be proved using more elementary means. For example, to prove (1), we take
arbitrary v € H and w € K, Then

(w, Tv) = (T*w,v) = (0, Tw) = {(T7)70,w) = (w, (T")"v). (A.179)
Since this holds for all w, we have Tv = (T*)*v for all v € V. O
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Proposition A.80. Let H, K be Hilbert spaces and T : H — K a bijective bounded linear
operator with bounded inverse. Then (T*)~! exists and

(T*)~t = (T71)". (A.180)

Proof. We prove (T~1)* is both a left- and a right-inverse of T*: Vo € H,y € K

<T*(T_1)*l‘7y> = <.’1,‘,T_1Ty> = <$7y> (A'181)
(w0, (T Ty) = (TT "z, y) = (z,y) (A.182)
So T*(T-1)* = 1y and (T~1)*T* = 1. 0

Proposition A.81. Let T € B(H, K) with H, K Hilbert spaces. Then
IT*T|| = |T))* = |TT"|.- (A.183)

Proof. For | T*T|| = ||T||* first observe that

17T < |7 - I 7] = 171> (A.184)

Conversely, Vax € H:
IT(@)|I* = (T2, Tz) = (T"Tx,z) < |T*Tx| - || < |77 - ||=[*. (A.185)
The other equality follows by applying the first to T* and using |T*|| = ||T||. O

A.3.2 Normal operators

A densely defined linear operator T on a Hilbert space H is normal if it is closed and
TT* =T*T.

This is exactly the same definition as in the matrix case, except we need to additionally assert
closedness. Self-adjoint and unitary operators are normal.

Lemma A.82. Let T : H » H be a normal operator and A\, u € C. Then XT'+ p 1y is normal.
Proof. We have that AT + p1p is closed from Lemma A.31. We calculate

AT+ p 1) AT +ply) = (A*T*T +TANT + T + |p* = AT+ ply)AT+ply)* (A.186)

using Corollary A.73 and Proposition A.67. O

Proposition A.83. Let T : H /4 H be a densely defined operator on a Hilbert space. Then T
is normal if and only if dom(7T) = dom(T™*) and Va € dom(T) : ||Tx| = ||T*z|.

Proof. First, assume T normal. Then, for all z € dom(T*T) = dom(TT™*), we have x € dom(T)
and z € dom(7™) and

|T2|* = (T2, Ta)| = (T* T, 2)| = (TT* 2, x)| = (T2, T*2)| = | T"=|*. (A.187)

By Theorem A.104, dom(T*T) is graph(T')-dense in dom(7"). Thus, for all z € dom(T'), there

h(T
exists a sequence (r,) € dom(T*T)N such that ,, grm ) .
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In particular, Tz, — T, which means (Tx,) is a Cauchy sequence. Since 2, x,, € dom(T*T),
we have shown that ||Tx, — Tay,|| = || T2, — T*2m|| and thus (T*x,) is Cauchy. It converges
to some y € H by completeness and so x € dom(7T™*) and T*x = y by Proposition A.30, since
T* is closed Proposition A.68.
This shows that dom(7") C dom(7™). The same reasoning with T* gives the opposite inclusion.
Finally, we calculate

|1 Tx]| = || T, || = V|| T, || = | T]]. (A.188)

For the converse, we first prove that T is closed, using Proposition A.30. Suppose (z,) €
dom(T)N converges to x and (T'x,) also converges. Then (T'z,) is Cauchy and, since || T'z,, —
Txm| = |T*xn — T*xm||, the sequence (T*x,,) is also Cauchy and thus convergent. Since T™*
is closed Proposition A.68, we have x € dom(7T*) = dom(T") and T*z,, — T*z by Proposi-
tion A.30. Thus

Tz, — Tzl = | T2, — T"z| — 0, (A.189)

so T'x,, — Tx.
Pick arbitrary z,y € dom(7T) = dom(7T™). The polarisation identity gives

3 3

1

T.T Ty ZZ k”ZkTLE—FTy”Z Zik||ikT*17+T*y”2 _ <T*1‘,T*y> (A190)
k=0 k:O

Using Proposition A.63, we have
z € dom(T*T) < Tz € dom(T™) ( )
< y+ (Tz,Ty) is a bounded functional ( )
— y > (T"z,T"y) is a bounded functional (A.193)
< T"z € dom(T**) = dom(T) ( )
— z € dom(TT"), ( )

where we have used T** = T by Corollary A.69.
Finally, take € dom(T*T) = dom(7TT*) and y € dom(7T') = dom(7T*). Then

(Tx,Ty) = (T"z,T"y) = (T"Tx,y) =TT z,y) = (T"Tx—-TT")z,y) =0, (A.196)
o (T*Tx — TT*)z € dom(T)*+ = {0} and T*Tx = TT*z. O
Corollary A.84. If T is a normal operator, then ker T = ker T*.
Proof. We have x € ker(T) <= ||[Tz|| =0 < ||T*z|| =0 < =z € ker(T™). O

Corollary A.85. If T is a normal operator and v is an eigenvector of T with eigenvalue A,
then v is an eigenvector of T™ with eigenvalue A.

Proof. We have that Tv = Av, so (T'— A1)v = 0. Since T'— A1 is normal, Lemma A.82, we
have ('~ X1)*v = 0. Using Corollary A.73, Proposition A.67 and Corollary A.61, we calculate
T*v = M. This means that v is an eigenvector of T* with eigenvalue . O

Corollary A.86. If T is a normal operator and v,w are eigenvectors of T with distinct eigen-
values, then v L w.
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Proof. Suppose v has eigenvalue A and w has eigenvalue p. Then v,w € dom(T*) and we
calculate B
p{v,w)y = (v, pw) = (v, Tw) = (T*v,w) = (A, w) = AN(v,w). (A.197)

Since p # A, this implies (v, w) = 0. O
Corollary A.87. If T is a normal operator then o.(T) = 0.

Proof. 1fT isnormal, thensois A1 —T. Now A € 0,(T) iffker(A1 —T) = {0} and im(A 1 —-T)+ #
{0}, but im(A1-T)* = ker(A1-T)* = ker(A\1—T). By Proposition A.75 and the previous
corollary. This is a contradiction. O

A.3.3 Symmetric and self-adjoint operators

Let A be an operator on a Hilbert space.
o If A* = A, we say A is self-adjoint.
o If A* = —A, we say A is skew-adjoint.

We denote the set of self-adjoint operators on a Hilbert space H by SA(H).

Lemma A.88. Let A be a self-adjoint or skew-adjoint operator on a Hilbert space. Then
1. A is densely defined;
2. A is normal;
3. A is closed;
4. AA is self-adjoint (resp. skew-adjoint) for all X € R.

Proof. (1) From A = A* or —A = A*, we have that A* is a function. This implies that A is
densely defined by Corollary A.59.

(2) Sicne A is densely defined, we can apply Proposition A.83.

(3) For any self-adjoint operator A, we have A = A* = A** = A. Alternatively, note that all

normal operators are closed (by definition). ~
(4) Since A is densely defined, we have (AA)* = AA* = AA* = £AA*, by Proposition A.67. O

Lemma A.89. Let A be an operator on a Hilbert space. Then A is self-adjoint if and only if
1A is skew-adjoint.

Proof. First suppose A is self-adjoint, then A is densely defined by Lemma A.88, so (i4)* =
iA* = —iA* by Proposition A.67.

Now suppose iA is skew-adjoint. Then iA is densely defined by Lemma A.88, so A* = ( —
i(iA))" = =i(iA)* = i(—iA) = A, by Proposition A.67. O

A.3.3.1 Domain related matters

Lemma A.90. Let A be a densely defined operator on a Hilbert space. Then
1. A is symmetric if and only if A C A*;

2. if A is symmetric, then is A closable and A = A** is symmetric.
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Proof. (1) A is symmetric iff it is an adjoint of itself, iff A C A*.

(2) From (1) we see that A* is densely defined, because the superset of a dense set is dense.
Then A is closable by Corollary A.69.

To show symmetry of A, we have (using the properties implied by Proposition A.65) A** C A*
from A C A* and thus

— —k

A=A"CA =A"" =4 (A.198)
O
A symmetric operator A is self-adjoint if and only if dom(A) = dom(A*).

Corollary A.91. A closed and densely defined symmetric operator A is self-adjoint if and only
if A* is also symmetric.

Proof. If A is self-adjoint, then A* is self-adjoint and thus symmetric,
If A* is symmetric, then A C A* C A** = A. O

Theorem A.92 (Hellinger-Toeplitz). Everywhere-defined symmetric operators are bounded.

Proof. Assume A : H — H an everywhere-defined symmetric operator. Then dom(A) = H.
Also A C A* by Lemma A.90. Thus H = dom(A) C dom(A*) C H. So dom(A*) = H. By
Proposition A.70, A is bounded. O

Proposition A.93. A self-adjoint operator cannot have a proper symmetric extension.

Proof. Assume A self-adjoint and A C B for some symmetric operator B. Then
ACBCB*CA*=A, (A.199)
so A = B. We have used Lemma A.90 and Corollary A.66. O

Corollary A.94. Let A be a densely defined symmetric operator. If A is self-adjoint, then it
is the unique self-adjoint extension of A.

Note that A is always an operator by Lemma A.90.

Proof. Let B be a self-adjoint extension of A. Then A = A** C B** = B, by Corollary A.66.
This means that B is symmetric extension of the self-adjoint operator A, which, by the propo-

sition, implies B = A. O

In general it is possible for an unbounded, symmetric operator to not have a self-adjoint exten-
sion or have multiple self-adjoint extensions, even if it is densely defined.

A.3.3.2 Spectrum and related criteria

Lemma A.95. The eigenvalues of a symmetric operator are real.

Proof. Assume there exists an « € ker(A1ly —A) \ {0}. Then Az = Az and thus
Mall? = M, 2) = (2, A) = (&, Az) = (Az,z) = (Ao, @) = Mar,2) = Mzl®. (A.200)
Because ||z|? # 0, we have A = ), meaning ) is real. O

Lemma A.96. Let A be a symmetric operator on a complex Hilbert space H. If 32 € C\ R :
im(A+ z1) = H, then A is densely defined.
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Proof. Let A 4+ z1 be surjective and suppose, towards a contradiction that there exists an
y L dom(A). Then y = (A + z 1)z for some = € dom(A) by surjectivity. Then

0 = Jm(z,y) = Im(z, (A + 2 1)z) = ImfasAT) + Im(z, 22) = Im(z)||z||. (A.201)
By assumption, Jm(2) # 0, so z = 0, meaning y = (A+2 1)z = 0 and thus dom(A)+ = {0}. O

Proposition A.97. Let A be a symmetric operator on a complex Hilbert space H. Then
A+ z 1y is bounded below by |Im z| for all z € C\R.

Proof. We first calculate, Vo € H:
Im(z, (A + 2 1g)z) = ImleAT) + Im z||z||. (A.202)
Thus
|Jmz| z]|* = | Im(z, (A + 2 1g)2)| < [z, (A+21m)2)| < [lofl I(A+21m)z],  (A.203)
which means that ||(A+ z1g)z| > |Jmz| |||, so A+ z 1y is bounded below by |Jmz|. O

Corollary A.98. Let A be a symmetric operator on a complex Hilbert space H. Then for all
A € C\ R, the resolvent Ra(\) well-defined and bounded by ||[Ra(N)|| < 1/]TmA|.

Note this does not mean C\ R C p(A), as dom(R4(\)) may not be all of H.
Proof. This is an application of Proposition A.42. O

Proposition A.99. Let A be a symmetric operator on a Hilbert space H. The following are
equivalent:

1. Vz€ C\R: im(A+z1)=H =im(A+z1);

JzeC: im(A+21)=H=im(A+z1);

A is self-adjoint;

or(A) =0;

A is closed and Vz € C\ R : ker(A* + z1) = {0} = ker(A* +Z 1),

AR RN

6. A s closed and 3z € C\R: ker(A* + z1) = {0} = ker(A* +z1).
Notice that in (2) we include R and in (6) we exclude R.

Corollary A.100. Let A be a symmetric operator on a Hilbert space H. The following are
equivalent:

1. A is essentially self-adjoint;
2. 32€C\R: im(A+21) = H =im(A + z1);
3. 3z € C\R: ker(A* 4+ z1) = {0} = ker(A* +z1).
Corollary A.101. Every surjective symmetric operator is self-adjoint.

Proof. Take z =0 in point (1). O
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Proposition A.102. Let A be a closed symmetric operator. Then one of the following cases
holds:

o A is self-adjoint, in which case o(A) CR;

e o(A)=CT;
e 0(A)=C};
e g(A)=C.

If A is not densely-defined, then the last case holds.
We have denoted the closed upper half plane C" and the closed lower half plane Ct.
Proposition A.103. Let T be a densely defined operator on a Hilbert space H. Then
1. T +T* is symmetric,
2. T*T and TT* are symmetric.
Proof. (1) We use Proposition A.71 to get
TH+T CT™+T*C(T+T")". (A.204)

We conclude by Lemma A.90.
(2) We use Proposition A.71 to get

™T T T™ C(1T*17)" and TT* CT™T* C (TT*)", (A.205)
which means that T*7T and TT™* are symmetric by Lemma A.90. O

Theorem A.104 (von Neumann). Let T be a densely defined and closed operator on a Hilbert
space H. Then

1. both T*T and TT* are self-adjoint;
2. both dom(T*T) and dom(TT*) are essential domains of T.
Proof. (1) Because T™* is closed, graph(T™) is closed in H & H. Thus

H @ H = graph(T*) @ graph(T*)* (A.206)
0 —1 1L
= graph(T™) & <<1 0 ) graph T) (A.207)
" 0 -1
= graph(T™) @ 1 0 graph T (A.208)

The last equality holds because graph(T') is closed (and <§)_ _01) is a homeomorphism).

Then for all v € H, we can write

()-(5) @ &) () - (5 o)

Soy=Tzxandv=T*y+x=T*Tr+x = (T*T+ 1)z, which means that T*T + 1 is surjective.
Since T*T' is symmetric, by Proposition A.103, it is self-adjoint by Proposition A.99.
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We can show TT* + 1 is surjective by writing

(-G Q D) -(5) e

sox=-T'yandv=y—Te=y+TT*y=(TT*+ 1)y.
(2) We need to show that dom(7*T) is dense in dom(T") w.r.t. the graph norm. Take h €
dom(T*T )} eravncr) . Then, for all x € dom(T*T), we have

0 = (z, W) graph(1) = (x,h) + (Tx,Th) = (x,h) + (T*Tx,h) = (L +T*T)x, h). (A.211)

Thus h € im(1+7*T)+ = H+ = {0} and thus h = 0 by the calculations in (1). So the
orthogonal complement of dom(7*T) w.r.t. the graph inner product is {0}, which shows density.
The argument for dom(7'T™*) is similar. O

Example

Let T be a densely defined operator. Then T'+T* and T*T are in general not self-adjoint.
Closedness of T' is enough to make T*T self-adjoint. This is not the case for T" 4 T*.

e If T'is not closed, then T+ T* C T** +T* C (T + T™)*.

e It is even not necessarily self-adjoint if 7" is closed. Let T be a closed, symmetric,
but not self-adjoint operator, for example.

A.4 The duality of bounded and trace class operators

This section is a review of the duality between B(H) and By (), where H is some Hilbert space.
The textbook [65] is a good source for the results in this section.

Let (e;)icr be some orthonormal basis of H. Then the space of trace class operators is
defined as
Bi(H) :={S € B(H)|Y (e:|S]es) < oo} (A.212)
il
If S € Bi(H), then its trace can be defined as Tr(S) == >, (e, Se;).
The trace norm ||_||; is defined as ||S||; = Tr(|S]).

It can be proved that this definition does not depend on the choice of orthonormal basis {e;};cr.
The trace of a trace class operator is always a finite number: any absolutely convergent series
is convergent.

Proposition A.105. The trace norm is a norm that makes the space of trace class operators
Bi(H) a Banach space.

Proposition A.106. The space of trace class operators By(H) is an ideal in B(H) and
| Te(TS)| < ITNIS]x (A.213)

for all' T € B(H) and S € B1(H). In addition, Tr(T'S) = Tr(ST).
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Proposition A.107. For all T € B(H), the function
fr:Bi(H) = C: S Tr(TS) (A.214)

is a continuous functional with ||fr| = |T|. All continuous functionals on B1(H) are of this
form.

This proposition identifies B(H) with the dual of By (#H). Conversely, B1(H) is sometimes called
the predual of B(H).
To emphasise duality, Tr(7'S) is sometimes written as (T}, .S).

Lemma A.108. For all T € B(H), the functional fr is positive if and only if T is positive.
The positivity of the functional fr means that fr(S) > 0 for all positive S € B (H).

Proof. First suppose fr positive. Take arbitrary |[¢) € H. Then [¢) (9] is positive and trace
class, so

(@|Ty) = Tr (TI)(wl) = fr(¥){¥l) > 0. (A.215)

Since |¢)) € H was taken arbitrarily, this shows the positivity of T.
Now suppose T positive. Let S € B1(#H) be positive. Then

fr(S) = Te(TS) = Te(VTSVT) > 0. (A.216)

A.4.1 Schrodinger and Heisenberg pictures

A bounded linear operator on Bi(#H) can be used to define a bounded operator on B(H).
Suppose F is a bounded linear operator on B1(#). Pick arbitrary T € B(#H). Then

Bi(H) — C: S > Te(TF(S)) (A.217)

is a bounded functional on By (H). According to Proposition A.107, there must exist 7" € B(H)
such that this functional is equal to f7+. This 7" is unique.* The mapping

F*:BH) = BH):T—T (A.218)
is called the adjoint of F.
Lemma A.109. Let F be an operator on Bi(H). Then || F*|| = || F|.
Proof. Take arbitrary T € B(H). Then
IF*(D) = £ | = |z o FI| < 2 IFI = NTIF]- (A.219)

For the converse inequality, let S € By (#H) have unit trace norm. Then Corollary A.56 gives
the existence of T' € B(H) such that ||T'|| =1 and

IFS) s = [fr(FS))| = | fr ) (S)] < 1fz= ()| = |F (D) < |F7]- (A.220)
Since this holds for all such S, the other norm inequality holds. O
4Suppose there was another operator 7" such that frv = fX”. Then 0 = ||fpr — fpu|l = |T" = T"|, so

T =T".
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The operator F is said to be in the Schrédinger picture, since it operates on states in B1(H).
The adjoint F* is said to be in the Heisenberg picture, since it operates on operators in B(H).

Lemma A.110. Let F,G be operators on B1(H) and A € C. Then (F + AG)* = F* + AG*.
Proposition A.111. Let F be an operator on B1(H). Then
1. F is positive if and only if F* is positive;
2. F is trace-preserving if and only if F* is unital.
Proof. (1) First assume F positive and take arbitrary positive T' € B(H). Since
Fr(r)(S) = Fr(F(9)) 2 0, (4.221)

for all positive S € B1(H), from Lemma A.108, the same result implies that F*(T') is positive.
Now assume F* is positive. Take arbitrary S € By(#) and [¢») € H. Then

WIFS))) = Tr ([¥) ([ F(S)) = Tr (F*([4)(@])S) = 0. (A.222)
(2) First assume F is trace-preserving and take arbitrary S € By (). Then
Tr (F*(1)S) = Tr (1F(S)) = Tr (F(S)) = Tr(S) = Tr(19). (A.223)
Now assume F* is unital and take arbitrary S € B;(#). Then

Tr (F(S)) = Tr (1F(S)) = Tr (F*(1)S) = Tr(15) = Tr(S). (A.224)
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Appendix B

The existence of dynamics

B.1 Semigroups and evolution families

B.1.1 Semigroups and their generators

Good references for this section include [16] (as well as its abridged version [66]) and [67].

Let X be a normed space. We call a function 77 : RT — B(X) a
semigroup of linear operators (or just semigroup) if

o T(O) = 1x;
o T(s+t)=T(s)T(t) for all s,t € RT.

If T is strongly continuous, i.e. t — T(t)x is continuous for all x € X, then T is called a
strongly continuous semigroup or Cy_semigroup.

If T is norm-continuous, then 7" is also called a uniformly continuous semigroup.

If |T(t)]| <1 for all t € RT, then T is called a contraction semigroup.

Every uniformly continuous semigroup is strongly continuous, but the converse is not true.
Every strongly continuous semigroup has a generator.

Proposition B.1. Let X be a Banach space and T : RY — B(X) a function. Then the
following are equivalent:

1. T is a uniformly continuous semigroup;

dT(t)

2. T is differentiable, T(0) = 1 and there exists A € B(X) such that = AT(t);

3. there exists an A € B(X) such that T(t) = 4 for all t € RT.
In points (2) and (3) the operator A is the same.

It is remarkable that in this case some form of continuity is enough to imply differentiability.
The bounded operator A completely determines the semigroup and is called the generator of
the semigroup. If T is only strongly continuous, then there is still an operator A with similar
properties, but it will no longer be a bounded operator.
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Let T : Rt — B(X) be a strongly continuous semigroup. The generator of T is the linear
operator A on X defined by

. T(h)x—=x
Az = 1 B.1
el (B
with domain T(h)
. r— .
dom(A) = {a: eX }zli>r(r)l+ — exmts}. (B.2)

Notice that the generator is indeed a linear operator. If T is a strongly continuous semigroup,
then the following are equivalent: T is uniformly continuous, the generator of T is bounded,
the generator of T is defined everywhere.

Lemma B.2. Let T : Rt — B(X) be an operator semigroup with generator A. If z € dom(A),
then T(t)x € dom(A) and

STty =T(1) A = AT(1)r (B.3)
for all t € [0, 00].

In particular, A commutes with 7'(¢t) and T'(¢) maps the domain of A into the domain of A.
There are two very nice theorems that characterise the operators that are generators of con-
traction semigroups

Theorem B.3 (Hille-Yosida). Let A be an operator on a Banach space X. The following are
equivalent:

1. A generates a strongly continuous contraction semigroup;

2. A is closed, densely defined, o(A) C [0,+00]® and, for allr > 0, |[rRa(r)| < 1.

There is also a version of the Hille-Yosida theorem that characterises all strongly continuous
semigroups, not just the contraction semigroups. This theorem is obtained by rescaling the
semigroups with an exponential prefactor such that they become contractive. It is sometimes
referred to by the names of Feller, Miyadera and Phillips.

Theorem B.4 (Lumer-Phillips). Let A be an operator on a Banach space X. The following
are equivalent:

1. the closure of A gemerates a strongly continuous contraction semigroup;

2. A is densely defined, the range of A1 — A is dense in X for some A > 0 and A is dissipative,
which means that
[(r1=A)z|| = rll]| (B.4)
for all v > 0 and x in the domain of A.
The following theorem is of utmost importance to quantum mechanics:

Theorem B.5 (Stone). Let H be a Hilbert space and U : RT — B(H) a strongly continuous
semigroup. Then U(t) is a unitary for all t € RT if and only if U is generated by iH, where H
is some self-adjoint operator.

The operator H is, of course, commonly referred to as the Hamiltonian. A unitary semigroup
is a contraction semigroup.

B.1.2 Evolution families
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A function U : {(t,s) € R%*[t > s} — B(X) is called a
(strongly continuous) evolution system if

o U(t,s) =U(t,r)U(r,s) and U(s,s) = 1x;
e it is a strongly continuous function.

Evolution systems are also called evolution families, evolution operators,
evolution processes, propagators or fundamental solutions.

The operator should be U strongly continuous in both arguments simultaneously, which is
stronger than just requiring strong continuity in each parameter separately.

Example

Let f : R — C be any continuous function. Then U(t, s) = exp (f(t) — f(s)) is a uniformly
continuous evolution system.

Unlike in the semigroup case, see Proposition B.1, uniformly continuous evolution systems
are not necessarily differentiable: take any f that is continuous, but not differentiable.

B.2 Continuous paths of bounded generators

Lemma B.6. Let X be a Banach space, s € R* and A : RT — B(X) a strongly continuous
function. Then the non-autonomous Cauchy problem

du(t)
(dt) = A(t)u(t) (B.5)

has a unique classical solution for each inital value x.

Proof. For all t € RT, we have sup,¢(o 4[| A(s)z]| < oo from the extreme value theorem. The
uniform boundedness principle Theorem A.43 implies sup ¢ o 4 |A(s)|| < co. Now the existence
and uniqueness of the classical solution follows from the Picard-Lindel6f theorem. O

Let U(t,s) : X — X be the function that maps x to u(t), where u is the solution of the
Cauchy problem in Lemma B.6.

dU(t
In particular, this means that % = At)U(t,s)x.

Lemma B.7. Let X be a Banach space, s <r <t €RT and A: Rt — B(X) a continuous
function. Then

1. U(s,s) = 1x;
2. U(t,s) is a linear operator;

3. U(t,")U(r,s) =U(t,s).
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Proof. (1) Take arbitrary x € X. Then ¢t — U(t,s)x solves the initial value problem in
Lemma B.6. In particular U(s, s)x = z. Since x was taken arbitrarily, this implies U(s, s) = 1x.
(2) Take z,y € X and A € C. We claim that ¢ — U(t, s)x + AU (¢, s)y solves the initial value
problem

du(t)
at Au(t) (B.6)
u(s) =z + Ay.
Indeed, U(s, s)xz + AU(s, s)y =  + Ay from (1) and
% (Ut s)x + AU(t, s)y) = dU(;; )T 4y dUgt’ 5)y (B.7)
=AU, s)x + AA@)U(t, )y (B.8)
= At)(U(t,s)z + AU(t, s)y). (B.9)

By uniqueness of the solution, Lemma B.6, we have U(¢, s)(xz + Ay) = U(¢, s)x + AU (¢, 8)y.
(3) Take arbitrary = € X. It is clear that ¢ — U(t, s)z solves the initial value problem

du(t)

a — Abult) (B.10)
u(r) =U(r, s)x,
so we can conclude with the uniqueness of the solution, Lemma B.6. O

Lemma B.8. Let X be a Banach space, s <t € RT™ and A : Rt — B(X) a continuous function.
Then

t
1. U(t, s) is bounded with ||U(t, s)|| < exp ( / ||A(r)||dr);

2 U(ts) = Ll < exp ( Al ar) —1< / A drex / A ar)

3. for all s’ <t' € RT, we have

. max{s,s’} max{t,t’} max{t,t'}
jUtt,s)-U il < / JA@)|ldr+ / J A dr) exp ( / JA@) ] ar).
min{s,s’} min{¢,t’} min{s,s’}
(B.11)
Proof. (1) Let € X be an arbitrary unit vector. Then
t
Ult,s)r=x+ / A(r)U(r, s)x dr, (B.12)
S0 ,
[, s)a]| < ||z +/ [A)HIU (r, s)=]| dr. (B.13)
An application of the Bellman-Grénwall inequality gives
t t
jU(t, )z < [l exp ( / JA@)llar) = exp / JA@)lar). (B.14)

Since x was taken arbitrarily, the result follows.
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(2) Let x € X be an arbitrary unit vector. Then

|wie.) = 1x)al = | [ AU sy | (B.15)
< (146110093 ar (B.16)
</ ) exp ( / JAG | ar (B.17)
:Atiexp(AT|A(r')||dr’) dr (B.18)
e ( [ el ar) -1, (B.19)

where we have used Lemma D.14 and Corollary D.32. The final inequality is due to the fact
that e* — 1 < ae® for positive a.
(3) We either have

|U(t,s) — U, s")|| = ||U(max{t,t'}, min{s, s'}) — U(min{t, t'}, max{s, s'})| (B.20)
|U(t,s)— U, s")| = ||U(max{t,t'}, max{s, s'}) — U(min{t,#'}, min{s, s'})||. (B.21)

Set tpr = max{t,t'}, t,, = min{¢,t'}, spr = max{s, '}, s, := min{s, s’} and consider the first
case. Then we necessarily have t,, > s); and we can calculate

U (tar,8m) = Utm, sm)ll = (|U(Ear, i) U (tms sa0)U (821, 8m) = U (tm, sm) | (B.22)
<NU @ t)U(tm, sm)U (Sa15 8m) — Utar, tim)U (Ems s (B.23)

+ U s, tin)U (s Sar) — Uty s || (B.24)

<NU Ears o) U (Ems sa) U (s215 $m) — Lx || (B.25)

+ U (tars tm) = Lx[[1U (s sa0) | (B.26)

<o ( [lamta)en ([ 1amia)en ([T 1aoiar) [Miaome @2

+exp (/:[||A(r)||dt) exp (/S:HA(T)H;) /t:lMA(er: (B.28)
oo (| :ﬁA(r) ar) [ 1awar (8.29)
+Cxp(/S;M||A(T)|dr> /t:LMHA(r)Hdr (B.30)

<en( [ :M|A<r>dr)( [ nawar+ /;M||A<r>|dr).
(B.31)

Now consider the second case. We either have t,, > sy or sy > t,,,. In the first subcase, we
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have

U (tars sar) = Ut sm)ll = U (Ears tn) U (b, $a1) = Uty s00)U (S5 5 |
< U Err ) Ut 530) = Ul 20|
+ WUty $ar) — Uty sa0)U (8015 $m) ||
<exp ([ 1A@)ar) [ a6 ar

SM tm

roo ([ lapar) [ awiar

m m

<o ([T 1amiar)( [ 1aears [T jaepa

m m

Finally, in the second subcase, we have

U (tars sa0) = Ut sm) | < WU (Ears sa0) = Utars sar)U (51, tan)U (Ems 5|

+ ||U(tM; SM)U(SZ\/I> tm)U(tmy 8m> - U(tmy Sm

< [NUEar, su)lll1x =U(snr, s
FNUEars tm) = 1x [T (Ems 5m)

<o ([ lamiar) [lamiar

m m

o [1amiar) [ iavar

Sm, tm

—e ([ na0ar) ([ haears [T jaeiar

m m

(B.32)
(B.33)
(B.34)

(B.35)

(B.36)

).

(B.37)

).

(B.44)
O

Corollary B.9. Let X be a Banach space and A : RT™ — B(X) a continuous function. Then

U:{(t,s) € R?|t > s} — B(X) is a uniformly continuous evolution system.

Proof. The lemma combined with Lemma B.7 gives that U is a evolution system.

For uniform continuity at (Zo, s), set M = max,¢[o,¢,+1)/|A(r)]||, which exists due to the extreme

value theorem. Then we have, assuming |s — 59| < 1 and |t — to| < 1, that

1U(t,8) = Ulto, so)]| < 2MeM (maxtbto—mints.so}).

This clearly goes to zero as (t,s) — (o, So)-

(B.45)
O

Lemma B.10. Let X be a Banach space, s < t € R™ and A : Rt — B(X) a continuous

function. Then
t
1. U(t,s) =1x +/ A(r)U(r, s)dr;
S

dU(t, s)
dt

2. = A(t)U@’S);
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dU(t
v (is’ - = —U(t,5)A(s).
Proof. (1) Since U(t, s) is norm-continuous, Corollary B.9, so is A(r)U(r, s) and the integral
exists due to Corollary D.21.
Since

U(t,s)x =x + /t A(r)U(r,s)xdr (B.46)

for all z € X (this is exactly the fixed-point condition of the Picard-Lindelof theorem), the
result follows from Corollary D.24.

(2) Immediate from (1) and the fundamental theorem of calculus Theorem D.31.
(3) We have

U(t,s+h) —Ul(t,s) U(t,s+h) —U(t,s+ h)U(s + h,s)

hlip(r)lJr h - hlip([)lJr h (B-47)

. 1x -U(s+h,s)
= hliglJr U(t,s+h) " (B.48)

. U(s+h,s) —Ul(s,s)
=—1 Ul(t h B.49
Jim U(¢, s + k) A (B.49)
d

=-U(t,s) — U(t,s) =—-U(t,s)A(s), (B.50)

dt lt=s

where we have used (2) and the continuity of the multiplication. The calculation in the limit
h — 07 is similar and so the result follows. O

B.3 The hyperbolic case

Let X be a Banach space, D C X a dense subspace and A : RT — Lin(X) a function
such that

e dom (A(t)) = D, for all t € RT;
e A(t) generates a contraction semigroup, for all ¢ € RT;
e the function R* — X : ¢+ A(t)y is in C'(R*, X) for all y € Y.

In this case we say A(t) generates a hyperbolic non-autonomous Cauchy problem.

Lemma B.11. Let X be a Banach space, D C X a dense subspace, t > 0 and A : Rt —
Lin(D, X) a hyperbolic generator. Then

1. (1x —A(t)(Ax —A(s))™' : X — X is bounded, for all s,t € RT
2. (Ix —A(t) " (Ax —A(s)) : (D, ||l acs)) = (D, |-l a)) is bounded, for all s,t € RT;
3. the graph norm of A(t) determines the same topology on D, for all t € RT.

Here ||_[| a¢s) is the graph norm of A(s).

Note that (1x —A(t))(1x —A(s)) "' and (1x —A(t))"*(1x —A(s)) are well-defined, since 1 €
p(A(t)), Theorem B.3. We also have that any of the graph norms makes D a Banach space,
Proposition A.33.
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Proof. (1,2) We have that (1x —A(s)) : (D, ]|-[[a¢s)) = X is bounded due to Proposition A.26.
We have that (1x —A(t))™! : X — D C X is bounded as an operator from X to D equipped
with the graph norm, see Proposition A.40.

(3) We have that (1x —A(t)) " (1x —A(0)) : (D, ||-llac)) = (D, ||l a(t)) is bounded, linear and
bijective. This implies that it is a homeomorphism, Corollary A.46 (where we have used that
both spaces are Banach, Proposition A.33). O

There is now only one reasonable topology to put on D, but there are many norms that generate
it. For definiteness, let D be equipped with the graph norm of A(0).

Lemma B.12. Let X be a Banach space, D C X a dense subspace, t € Rt and A : RT —
Lin(D, X) a hyperbolic generator. Then

A
1. the operator B(s): D — X : y — deMJ is bounded;

A(s)y
ds

3. there exists My > 0 such that | A(s") — A(s)||pox < |8 — s|M for all s,s' €]0,¢].

d
2. the operator B(s): D — X 1y > is bounded uniformly for s € [0,t];

Proof. (1) For all y € D, we have

B(s) = lim A(s+n7t) — A(s)

n—00 h

Ys (B.51)

so B(s) is the pointwise limit of bounded operators, Lemma B.11. It is bounded due to
Corollary A.44.

(2) For all y, the function s — ||B(s)y|| is continuous. The extreme value theorem im-
plies sup,ep /| B(s)yll < oo and the uniform boundedness principle Theorem A.43 implies
sup, (0,0 [ B3| < oc.

(3) Let y € D be a unit vector. Then

’ /

A(s )y — A(s)y = /S c%‘ A(r)ydr = /s B(r)ydr. (B.52)

Now B(r) is uniformly bounded on [0, ¢]. Let M; > 0 denote this bound. Then

IA(s")y — A(s)yllx < / IB(r)yllx dr < |s" — s|M;. (B.53)

The bound is independent of y, so ||A(s") — A(s)|lp—x < |8 — s|M;. O

Corollary B.13. Let X be a Banach space, D C X a dense subspace, t € Rt and A : Rt —
Lin(D, X) a hyperbolic generator. Then A : Rt — B(D, X) is norm-continuous.

Lemma B.14. Let X be a Banach space, D C X a dense subspace, 0 < t and A : Rt —
Lin(D, X) a hyperbolic generator. Then

C :[0,4] x [0,4] = B(X) : (s0,81) = (1x —A(50))(1x —A(s1)) " (B.54)

is uniformy bounded.
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d
Proof. We have that 1 C(s,0) is strongly continuous. The extreme value theorem gives point-
d
wise boundedness: sup,¢pg ﬂHd— C(S,O):EH < oo for all x € X. The uniform boundedness
RAIGE
d
principle gives norm boundedness Hd— C(S,O)H < 00. Now let z € X be a unit vector and
s

s € [0,t]. Then

|IC(s,0)z — C(s0,0)z| < /‘5 );—r C(r, O)xH dr <|sp — S‘Hdis C’(s,O)H. (B.55)

S
0

Since the resolvent (1y —A(s))™! is also strongly continuously differentiable, a similar argument
gives that C(0, s) is bounded uniformly in s. Now C(sg, s1) = C(s0,0)C(0, s1) gives the result.
O

Lemma B.15. Let X be a Banach space, D C X a dense subspace, t € RT and A : RT —
Lin(D, X) a hyperbolic generator. Then

1. there exists K; > 0 such that ||y||p < Kil|y|las), for all y € D and s € [0,1];
2. there exists Ly > 0 such that ||yl acsy) < (14 Lels1 — sol) [yl acsy)-

Proof. (1) The function R™ — B(X,D) : s = (1x —A(s))~! is continuous, from Proposi-
tion A.3. This implies that ||(1x —A(s))™!||x—p is also continuous in s. The extreme value
theorem implies K; = sup,cpo [|(1x —A(s)) "' x>p < oo

Now, for all y € D, we have

lyllp = 1(1x —A(s)) ™' (1x —A(s))yllp (B.56)
< I(x —A(s) ™ Ix-pll(1x —A(s))yllx (B.57)
< Ki(llyllx + [1AGs)yllx) = Killyllacs)- (B.58)

(2) Set L; := K¢M;, where M, is defined in Lemma B.12. Calculate

1yl acso) < llyllx + 1 A(s0) [l x (
< [lyllx + [|A(s1)yllx + [[A(so)y — A(s1)yllx (B.60
< yllacs) + [so — s1{Mellyllp (
<yl acsyy + 10 = s1IMeK [yl acsyy = (1 + Lelst — sol) [yl asy)- (

Theorem B.16. Let X be a Banach space, D C X a dense subspace and A : RT™ — Lin(D, X)
a hyperbolic generator. Then there exists a strongly continuous evolution system U : {(t,s) €
R? |t > s} — B(X) such that

1 U, 9)]| <1 foralls <t eRT;

2. U(t,s)*(D) C D for all s <t €R*;
d
d

4. 5 U(t,s)y = =Ul(t,s)A(s)y.
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This evolution system is unique.

Proof. We will first construct U(t,s) for all s < ¢t € [0, N], where N is some fixed integer.
We can then show that these solutions are compatible, so we can let U(t, s) be defined for all
s <teRT.

Fix N € N. Since each A(t) generates a strongly continuous contraction semigroup, let S; be
the semigroup generated by A(t). Also fix My > 0 as in Lemma B.12. For all n € N, define

U"(’f’3>=SmtJ(t—m]§)<_H Skf:(f))sf: c([el o) mo

Since each Sy maps D to D, it is clear, from Lemma B.2, that

% Un(t,s)y = A(% [%tJ)Un(t)y (B.64)
(;is Un(t,s)y = —Un(t)A(% [%SJ )y (B.65)

for all y € D and all s <t, except at the discretisation points k% It is also clear that U, (¢, s)
is strongly continuous evolution family.
For m,n € N, we have

t
Un(t,8)y — Un(t,s)y = —/ c%’ Upn(t,7)Up (1, 8)y dr (B.66)

= [ v (A o)) - A(E [ 5r]) Jomtrsar. @on

We would like to take the norm, but for the central part to have a well-defined norm, the right-
hand part needs to have its norm taken in D, i.e. we need to bound ||U,,(r, s)y||p. The basic fact
we use is the observation that ||Sy,(s0)la(te)—A(te) < 1. With the estimates in Lemma B.15,
we first write

[Un(r.8)ulo < KnUn(r5)0 x| 1)) (5B.68)

Since U,,(r, s)y is a big product, the idea is to recursively remove the leftmost factor (with has
norm < 1 in the right graph norm) and then change graph norm to the right one for the next
factor, which can be done up to a multiplicative error factor (Lemma B.15). There are at most
m factors in Uy, (r, s)y, so

N\™
U s)olo < Ko (14 2 ) Byllace) < e ¥ylLaco, (8.69)

We are now ready to take the norm:

¢ N|n N|m
Ut 5)y = Ut shollx = Kne Nl [ (5 [5r]) - a( (5] o
s D—X
(B.70)
N

Due to the continuity of A, Corollary B.13, this implies that (U, (¢, s)y)nen is a Cauchy sequence
in X. It has a limit, which we call U(t, s)y.
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It is clear that U(¢,s) is a bounded operator that defined on a dense subset of X. We can
extend by continuity to the whole of X. Now U(t, s) being an evolution system and (1), (2)
are immediate (of course still restricted to [0, N]).

Next, we tackle (3) and (4). We have, for n € N, t € [0, N] and h > 0, variation of parameters
Proposition D.36 gives

Un(t + hot) — Sy(h) = /Oh S(h—7) (A(]Z [ wn)]) - A(t)) Un(t+rt)dr.  (B.72)

Taking the norm gives

|Gttty —y Sy —y) ;H/Oh Su(h —7) <A(J: [Ze+n)]) - A(t)>Un(t ) dr

h N

(B.73)
N
< MyKne!N| = | 2t )| = 1] < My Kye Nyl ago b
(B.74)
Taking the limit n — oo gives
Ut +htyy—y  Si(h)y—

| t+ ;L)y y_ S );/ 2| < Mw et V. (B.75)

Replacing y by U(t, s)y and taking the limit h — 0 gives (3). The argument for (4) is similar.
Finally we check uniqueness: suppose there was some other evolution system V that satisfied
the requirements. Then, for all y € D,

Ut,s)y —V(t,s)y = / c%“ (U(t,t+s—r)V(t,t+s—r)y)dr (B.76)

:/tU(t,t+s—T)(A(t+s—r) —A(t+s—7)V(t,t+s—r)ydr=0.
) (B.77)

Since this holds on a dense subset of X, it holds on all X. We also conclude that the construction
of U is independent of N: taking a different N must give the same result, by uniqueness. [
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Appendix C

Trotter product formulas

C.1 Time-independent Lie-Trotter product formulas

The basic structure of the proofs in this section is as follows: first a “single step” approximation
is proved — these are collected in subsection C.1.2 — then these approximations are iterated to
Lie-Trotter-Suzuki formulas. First some useful lemmas about exponentials are proved.

Much of this material is essentially due to M. Suzuki. See in particular [68].

C.1.1 Some useful lemmas bounding exponentials

Lemma C.1 (Kubo’s identity [69]). Let A be a unital Banach algebra and a,b € A. Then

1
[a, €] :/ eI~ q, plet® dt. (C.1)
0
Proof. We have
[a, "] = [e(lft)baetb] i;l) (C.2)
td
:/0 T (e(l_t)baetb) dt (C.3)
1
= / e(1=D0(q, blet® dt (C.4)
0
from the second fundamental theorem of calculus Corollary D.32. O

Corollary C.2. Let A be a unital Banach algebra and a,b € A. Then
lle®b — be?|| < |lab — bal|ellell. (C.5)

We can also give a more elementary proof using the series expansion.
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Alternate proof. Take arbitrary n € N. Then we have

la"b — ba™|| = akﬂba"*k*l - akba"kH
= Z (ab —ba)a™~ k=1
k=0
n—1
<Y lal* [lab—bal||af"*
k=0
n—1
= llab— bal| Y _[lal*~" = nllab — ball|a]" "
k=0
Now calculate
a a _ . _ R
e = | (3 50) - (S050)|

|n71

o= nllab — bal o
<2 o

N a
= Jlab—ba|| > e l|ab — ba|elel.
n=1 :

Lemma C.3. Let A be a unital Banach algebra, n € N and a,b € A. Then

~

1+ al| < ellel;
2. |11 +a+a%/2| <elel;
3. |le* — 1| < |lallellel;
4o Nle® = (1 +a)|| < lla?|elel;
5. ]le® — (14 a+a2/2)| < ||a3||ellel;
6. [la™ = b"|| < nfla — b] max{]lall, |[b]}"~".
Proof. (1) We have

o Jlall®
I el
I1+al <14 < 32 15 = el
(2) We have

||a||]~c — elall

11+ a+a?/2| <14 [lall + ||al?/2 < Z
k=0
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(3) By straightforward calculation,

lle* =1 =

a*
k!

.
[

k
a
< Ja ||Z 7 +”1
a a
< Jal I _ et
k=0

(4) By straightforward calculation,

a
~- 1 a
le® +a)l o

-2
|

a
k+
o= lal*
<I1Y gy

||a||
< la 2IIZ = [la?[jell*].

(5) By straightforward calculation,

le* — (1 +a+a?/2)]| =

0 k+3 ’

2 T
<11 Y el
< Jla*| Z lall® _ g eten.

(6) Consider the following telescoping sum:

n—1 n—1
a — p" = E ak-l—lbn—k—l o akbn—l — § ak(a _ b)bn_k_l.
k=0 k=0

The norm can then be bounded by

[la™

n—1

=6 <> lall*fla = bl [lp]** < nlla — bl max{lall, [|b]}" .

k=0
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Lemma C.4. Let A be a unital Banach algebra and a,b € A. Then

1
e’re™® —ePret = / (e"[a, x]e " — e"[b, z]e ") dt. (C.31)
0
Proof. Since e*ze~% — bt re~ is zero when evaluated at ¢t = 0, we have
'd
elze”® — ebre™? = / — (e™ze™ " — ebtxe_bt) dt (C.32)
o dt
1
= / (e"[a,z]e™" — €™[b, z]e~™) dt, (C.33)
0
from the second fundamental theorem of calculus Corollary D.32. O

Lemma C.5. Let A be a unital Banach algebra and a,b € A. Then
1
exp(a + b) = exp(a) exp(b) + Op (5 || la, B] ||e”“”+‘|b”). (C.34)

Proof. Applying variation of parameters, Proposition D.36, with S(t) = e!%e*® and T(t) =
etlath) at t =1 gives

1
6aeb o eaer _ / (6(175)(a+b)aesaesb + 6(175)(a+b)esabesb o 6(178)(a+b)(a + b)esaesb) ds
0

(C.35)
1
= / e(1=9)(a+b) (e**b — besa)eSb ds. (C.36)
0
Then the triangle inequality and Corollary C.2 give
1
e — eted| S/ e@=s)lal+101) || ¢sap — pesal|esltl s (C.37)
0
1
< / =)l HI8I) (g ab — bafe®l ) esIPl ds (C.38)
0
! 1
= [Jab — bal|elIFIl [ s ds = = |lab — ba||ellal I, (C.39)
0 2
O

C.1.2 Splitting lemmas
Lemma C.6 (Marchuk-Strang splitting). Let A be a unital Banach algebra and a,b € A. Then

exp(a + b) = exp(a/2) exp(b) exp(a/2) + Op ((112" (b, [b, ] H + i H [a, [a, b]] H)e|“|+|b|) :
(C.40)

This leads to a second-order Trotter-Suzuki decomposition. In numerical integration the anal-
ogous method is called Stgrmer-Verlet.
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ta/2etbeta/2

Proof. Applying variation of parameters, Proposition D.36, with S(t) = e and

T(t) = e'etb) at t = 1 gives

1
a a _ a sa sa sa sa sa
0% ebe’ _ea+b:/ (6(1 DNatd) (Lo ebe s | oH pested 4o e
0

(C.41)

m‘g

1
= / e(1=9)(a+b) (g Tt e hest + e%eSbg —(a+ b)6%68b>6% ds (C.42)
0

= /1 e(1=8)(atb) (e% [e*?, g] + [e%,b]eSb)e% ds (C.43)
i (C.44)
Next we use Lemma C.1 and Lemma C.4 to calculate
e%[esb’g] ) / / % 1D, 2] ofsh | (1 t)”[sa Bet b) gt d’
(C.45)
/ / % o(1— t)sbb [b, ale —(1=t)sb | 15 [a, ble '%)esbdtdt/
(C.46)

/ / / % eu(1=t)sb [(1 = t)sb, [b, a”efu(lft)sb (C.47)

—e ' [t ,sa  [b,a]]e" )eSb dudtdt’.
(C.48)

Taking the norm gives

e, 5]+ [eF et

STFVEE GUIERIEE

[a, [a, b]] H)esllbu du dt dt/

’ (C.49)
- ;e§|a|<(/01(1 ~t)dt)s||[b, b, a]] | + ;(/Olt/dt') [a, [a,b]]H>es|b|

(C.50)

— Ze%\la\l (SH (b, [b,a]] H + 2H la, b]] H) slvll (C.51)

Plugging this back in the first calculation gives

1
[efebet — eot?| S/o e(l—s><|\a|\+ubn>(Zegnan (SH[b’ [b"‘]]H n 2” [a, b]] H) snb||)62nan ds

(C.52)

- [ (b« ieloan))s s
- e (o] + o 1] e
O
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Lemma C.7 (Symmetric spitting). Let A be a unital Banach algebra and a,b € A. Then

exp(a+9) = g (e + %) + On 15 (o fa b + [ o]+ allal a8 1)
(C.55)

Proof. Applying variation of parameters, Proposition D.36, with S(t) = 1 (e'®e® + e'’e'®) and
T(t) = ettt at t = 1 gives

1 1t
5(eaeb + 6bea) _ eaer _ 5/ 6(175)(a+b) (aesaesb _|_esabesb + besbesa + 6saaesb _ (a—|—b)( sa sb + esbesa)) ds
0
(C.56)
1 1
— 5/ e(1=5)(a+b) ([esa’b}esb + [6Sb,a]esa) ds. (C.57)
0

Next we use Lemma C.1 to calculate
1 .1
[e*, b]€Sb + [681); ale®® = / / (6(1_t)sa[sa, b]etS“eSb + e(l_tl)’;b[sb, a]et/Sbesa) dt dt/ (C.58)
1,1
= S/ / (e(lft)sa [a, b]ef(lft)saesaesb o e(lft/)Sb[a, b]ef(lft/)sbesbesa> dtdt’.
(C.59)
Now, for u € [0, 1], define
F(’U,) — e(l—t)sua [(I, b]e—(l—t)suaesuaesb o e(l—t/)sub [(17 b}e—(l—t/)subesbesua' (060)

Since F'(0) = 0, the second fundamental theorem of calculus Corollary D.32 gives

/ (C.61)
-/,

(1 t)sua 1 _ t)SG,, [(Z, b]] e—(l—t)suaesuaesb + e(l—t)sua[a’ b]e—(l—t)suasaesuaesb
(C.62)

_ e(l—t/)sub [(1 _ t/)Sb, [a’ bH e—(l—t/)subesbesua _ e(l—t/)sub[a7 b] —(1—t )eubesbsaesua) du.

(C.63)

Taking the norm gives

1N < [ (1= 0l o8]+ (1 = 9] o e ]| + 2l [ ] e
(C.64)

= s(( = o8]+ 1 = )] a8 |+ 2l ] ) [ e (C.65)

slall _
sy €140 — 1

s(( = D)lfa, [a, B[] + (1 = )] [b. [0,8]] | + 2lall |a.b]] )e (C.66)

sllal

/\

s((0 =0 [afa, b | + (1 = )] [b, a, BT || + 2Nl [ [a, b)) e eslel, (C.67)
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This means that

R €Sb esb ales® 32 ! ! _ a.la oy a a a eS(HbHJrHaH) !
[le®, ble®® + [e**, ale* | < /0/0(@ t)|| [a, [a, 1] || + (1 = )| [b, [a, B]] || + 2] IIH[(;Jb]GIL)) dt dt

= 5 (51 [a o 1) + 51 b, ]| + 21l [ o, 8] ) 01D (C.69)
= 2 (oo 8+ 0] + a8 ) P10 0.70)

Finally,

Hl(eaeb+ebea)76a+bu <L ' (1= $)(lall+11o1) 5 (||[ a,b]|| + || [b, [a, 8] || + 4llall ||[a. bH) (lol+lal) g
2 =2/

(C.71)
1 . 1 ,
< 5 (1o fasbI] || + 1[5, o, 81| + 4l [[la, B )" H+Hbu/0 <2 ds
(C.72)
= 5 (Il o811+ [ ]| + 4l [fa, 1] )+, (C.73)
O

C.1.3 Lie-Trotter-Suzuki product formulas

Proposition C.8 (Lie-Trotter-Suzuki product formulae). Let A be a unital Banach algebra,
a,be A andn € N. Then

)n + OO(LH[a, b]HeHaH“‘HbH);

0 (%))"+Oo(1znz(H bl H+2H 1\1)6”“”*‘“”);

1 n 1
3. exp(a+b) = (5

1. exp(a+b) = (exp (%) exp

2. exp(a+b) = (exp (—) exp

In particular exp(a + b) = lim,,— o0 (exp (%) exp (%))n
The big oh hides no constants.
Proof. (1) We calculate

a1 (o0 (2) o (£))

=l (552)" = (e (D G| (70
= nHeXP ( : b) —exp (%) exp (%) [etteretem =5

n
(C.75)
1 . ni
< (g lfa, eI Y ellet 80252 (0.76)
1
- llall+oll
= 2nH[a,b]He : (C.77)
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using Lemma C.3 and Lemma C.5.
(2) We calculate

ettt — (eie%eﬁ)n = H(eazb)n - (eﬁe%ei)n (C.78)
< n‘ oS ot ot ot ||plall+Inl 2t (C.79)
1 1 B AN (lall 5l 2
< ”(12n3 (H [b, b, al] H 4 5“ [a, [a, ] H)ew |\+\|bn>i>e<u +l1B]1) 25
(C.80)
1 1
= g ([ 0 )| + 3 o f ) e (c)
using Lemma C.3 and Lemma C.6.
(3) We calculate
1 a 9O L a n aTo 1 a O L a n
ea+b—(§(eneg+ezen)) :H(e 11))”—(5(6”62—&—636")) (C.82)
< n‘ e _ %(e%e% T ebet) ‘e<nan+nbu>”;1 (C.83)
1 a
< 55z (e la, 6] ||+ [[[6, L, 8] | + 4lall [, 1] ) el +100.
(C.84)
using Lemma C.3 and Lemma C.7. O

C.2 Time-dependent Trotter product formulas
C.2.1 Moduli of continuity

Let (X, d,) and (Y, dy) be metric spaces. Let f : X — Y and w : RT — RT be functions.
We call w a modulus of continuity for f if

e w is increasing;
e lim; .o+ w(t) = 0;

o dy (f(2), f(y) < w(dx(z,y)) for all 2,y € X.

The notation R means the extended half line, i.e. [0, +00].

Lemma C.9. Let (X,d;),(Y,dy) be metric spaces and f : X — Y a function. Consider the
following function

wo : RT = Rt a = sup{dy (f(z), f(y)) | dx (z,y) < a}. (C.85)
Then
1. wqg 1S increasing;

2. if w is a modulus of continuity for f, then wy < w.
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Proof. (1) Immediate.
(2) Take a € Rt. Take arbitrary z,y € X such that dx(z,y) < a. Then

dy (f(x), f(y)) < w(dx(z,y)) < w(a). (C.86)
Taking the supremum over all such z,y gives wp(a) < w(a). O

Proposition C.10. Let (X,d,),(Y,dy) be metric spaces and f : X =Y a function. Consider
the following function

wo - RF = RF : a s sup{dy (£(2), (1) | dx (2,9) < a}. (C.87)
Then the following are equivalent:
1. f is uniformly continuous;
2. wo s a modulus of continuity for f, i.e. limy_,g+ wo(t) = 0;
3. f has a modulus of continuity.

Proof. (1) = (2) With Lemma C.9, it is straightforward to see that wq is a modulus of continuity
for f if and only if lim;_,g+ wo(t) = 0.

Take arbitrary € > 0. Take a § > 0 that satisfies the € — ¢ definition of uniform continuity and
arbitrary a € RT such that a < §. Take arbitrary x,y € X such that dx(z,y) < a < §. Then
dy (f(:v), f(y)) < ¢, by definition of §. Taking the supremum over such z,y gives wo(a) < e.
(Here we have also implicitly used that the set of such z,y is not empty, indeed taking z =y
yields an element).

(2) = (3) Immediate.

(3) = (1) Let w : R* — R¥ be a modulus of continuity. Take arbitrary ¢ > 0. Since w
is continuous at 0, we can take § > 0 that satisfies the ¢ — § definition of continuity. Take
arbitrary x,y € X such that dx(z,y) < d. Then

dy (f(z), f(y)) S w(dx(z,y)) <e (C.88)

and we conclude that f is uniformly continuous. O

Lemma C.11. Let A be a Banach algebra, a < b € R and f : [a,b] = A a continuously
differentiable function. Then

w:RT =Rtz sup ||f/| (C.89)
s€la,b]

is a modulus of continuity for f.

Proof. Take s,t € [a,b]. Then

I#6) = £ < [ 170 ar (€90
<t =] sup [ =w(le =), ()

s€la,b]
O
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C.2.2 The product formula

Lemma C.12. Let X be a Banach space, s < t € R* and A : Rt — B(X) a continuous
function. Set Ky = sup,c(, 4||A(7)[| and wa : RY — RT a modulus of uniformity for A on
[s,t]. Then

Ut s) = et=9A6) 1 0, (e(t*S)K”(t — S)walt — 3)). (C.92)

Note that K, is finite due to the extreme value theorem and A has a modulus of continuity
on [s,t] due to the Heine-Cantor theorem and Proposition C.10.

Proof. Variation of parameters, Proposition D.36, with Lemma B.10 gives

t
Ut 5) — elt=4() — / (DA AU (r, 5) — e=AG A(8)U(r, 5)) dr (C.93)
t
= / emIAG (A(r) — A(s))U(r, s) dr. (C.94)
Taking the norm and bounding using Lemma B.8 and Lemma D.14 gives
t T ’ ’
|U(t, s) — =940 S/ e=MIAGN A(r) — A(s)”ejs 1A dr” g, (C.95)
t
< [ A = A e ar (C.96)
— K / IA(r) — A(s)]| dr (C.97)
< e Keit(t — SYwa(t — s). (C.98)
O

Proposition C.13. Let X be a Banach space, s <t € R* and A : Rt — B(X) a continuous
function. Set Ky = sup,c(, 4[| A(7)[| and wa : Rt — R* a modulus of uniformity for A on
[s,t]. Then

e ) —1—00((15— s)elt= S)sttwA(t:Ls)). (C.99)

Proof. We expand the telescoping sum

n_let—TSA(erk‘ s — s o m+1\ (A p St A(sHR2) '
kl;[g mZ: (ts+(t-9) - ) (kHO ) (C.100)
U(t s+ (t—s) :’Z)( H e S+’“)> (C.101)
= S S — S m+ 1
m_OU(t, +(t-9™) (C.102)

m—1
(e Alsms) - gl _al oA (s+hi52)
<6 U(er(t s) - ,s+ (¢ s)n)>kl:[06 .
(C.103)
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Now we can use Lemma B.8 to bound

t

Jo(es+a- S)T”: 1) | < e (/ﬁ(t_s)m# |4 dr ) (C.104)
< eltms—tt— =) Ko, (C.105)
< ol (C.106)

We can also bound

m—1 m—1
e a(sektse) ‘ < T[ 55 (C.107)

k=0 k=0
— (=) 2K (C.108)

The last factor is bounded using Lemma C.12:

t—s t—s 1 —s t— t—
e A(5+7"T) —U(S+(t—8)m+ 78+(t—3)m)H SetTKs,z SwA(is) (C.109)
n n

n n

Putting these three bounds together gives

n—1 ( ) n—1 ( 1) ¢ s ¢ s
b= A(stkiz2) < (t—) ==L ) Koy (=) 2Ky A2 K, L ( - )
HH@ U(t,s)H_Ze e e —wal—
k=0 k=0
(C.110)
n—1
_ Ze(t—s)Ks,tt - SWA(t - 5) (C.111)
=0 n n
t—s
_ _ (t—s)Ks,t
(t— s)e wA< . ) (C.112)
O
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Appendix D

Bochner integration in locally
convex topological vector spaces

D.1 Some background on locally convex topological vec-
tor spaces

A topological vector space is a vector space that is equipped with a topology. It is locally convex
if the neighbourhood filter of the origin has a base of convex sets. This is not a particularly
insightful property, but it turns out to equivalent to something much more meaningful:

Proposition D.1. Let V be a topological vector space. Then the following are equivalent:
1. 'V is locally convex;
2. for any v € V and any net (v;);cr the following are equivalent:

(a) vi > v inV;

(b) p(v; —v) = 0 for all continuous seminorms p:V — RT.

We say that the topology of V is generated by its continuous seminorms. It is clear that the
implication (a) = (b) holds in any topological vector space (this is prcisely what it means
for p to be continuous). It is the other implication that is significant: it says that convergence
(and, by extension, other topological notions like continuity and closure) can be tested by using
seminorms to map the problem to the real numbers.

As an immediate example, any normed space V' is locally convex. Since (a) = (b) is trivial,
we only need to consider the other implication. Since the norm is a continuous seminorm, (b)
implies |lv; — v|| = 0, which, by definition, means that v; — v in V.

In general, any space whose topology is generated by some set of seminorms is locally convex.
Here are some notable examples

e Let U, W be Banach spaces. Then the strong operator topology on the bounded operators
B(U,W) is generated by the seminorms of pointwise evaluation:

B(U,W) —R* : L+ | L(z)|. (D.1)

This is the topology that was meant whenever “strong continuity” was mentioned.
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e If the topology of a topological vector space is generated by its linear functionals, then it
is called a weak topology. Any weak topology is locally convex.

e The Schwarz space of rapidly decreasing functions.

e The spaces of (Schwarz) distributions and tempered distributions. The Dirac delta lives
in these spaces.

Since “locally convex topological vector space” is quite a mouthful, it is often abbreviated to
LCTVS.

D.2 A very rough and opinionated overview of Lebesgue
integration

The aim of this section is to give a basic outline of the Lebesgue integral. This should function
more to jog the memory and fix notation, than than as an introduction to the subject.
The Lebesgue integral can be constructed by following the following steps:

1. First, start with a way of measuring some sets A C 2. This is a function p that maps some
sets to a positive number. For example, the finite intervals [a, b] C R can be measured by
w([a,b]) = |b—al. This way of measuring should be o-additive: suppose A,, is a measurable
set, for all n, such that all distinct A,, A, are disjoint and J,, . An is measurable, then

p(U An) =3 n4n). (D-2)
neN neN

Note that the set of measurable sets is not yet supposed closed under countable unions,
intersections or complements.

2. Define the elementary integral I. This is a linear function that operates on the space of
functions s : 2 — RT such that

e the image im(s) is a finite set;

e all preimages of s are measurable.

Such functions s are called (measurable) simple functions and the set of such functions is
denoted SF(Q,R™). Now [ is defined as

I(s) = Z s(z) - p({z’ € Q|s(z') = s(z)}). (D.3)

s(x)€im(s)

3. Consider a seminorm [* (the “outer integral”) on the space of functions (2 — R*) that
makes I continuous (the full definition is given at the end of this section).

4. Define the Lebesgue integral to be the closure of I : (2 — R*) — R, when (2 — R™) is
equipped with the topology generated by [ -

This procedure for constructing the integral is not exactly the usual one. Usually p (which is
called a pre-measure) is extended to all subsets of 2. This defines an “outer measure” p* (its
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use is analogous to the outer integral). This u* is then restricted to the set of “Carathéodory
measurable” sets. At this point it is a measure. Now define the integral as

/fd,u = sup{I(s) | s € SF(,R)}. (D.4)

Here the simple functions are taken to be measurable w.r.t. the measure, not the original
pre-measure.

Now there arises a problem: the integral [ fdu defined via this procedure is not necessarily
linear! (This is unlike the previous construction, where linearity is manifest). In order to
recover linearity, this definition of the integral is restricted to the Borel-measurable functions
f-

With this restriction, this classical procedure gives the same integral as the alternative outlined
above. It has the disadvantage that the notion of measurability is somewhat unmotivated. (At
least it felt that way to me).

Classical real analysis textbooks introduce measurability (of functions between arbitrary mea-
surable spaces) as an important concept per se. I believe this is somewhat misleading. Mea-
surability is necessary to enforce linearity. But, more exactly, Borel-meaurability is necessary.
This is essentially due to the following result:

Proposition D.2. Let (Q,.A) be a measurable space and f : Q@ — RY a function. Then the
following are equivalent

1. f is Borel-measurable;

2. there exists an increasing sequence (Sp)nen of measurable simple functions such that s, —
f pointwise.

This explains why the Borel-o-algebra is so important. Much more important that, say, the
Lebesgue-o-algebra, that in some sense is the more natural one to equip the real line with.
The conclusion of the classical construction of the Lebesgue integral has the following conclu-
sion:

Proposition D.3. Let (2, A, 1) be a measure space and f : & — RT a function. Then f is
integrable if and only if f is measurable and

sup{I(s)|s € SF(Q,R")} < oc. (D.5)

This equivalence actually breaks in the context of our more general integral on LCTVSs. In
this context restricting to Borel-measurable functions is unnecessarily restrictive. This is in
some sense the reason why this approach is more general than previous approaches [70, 71] and
it bolsters my belief that the way integration (in particular as regards measurability) is often
taught is not the best way.

Finally, the definition of the outer integral is given.

Let I be an elementary integral. Then the outer integral is defined as

/ fdp =inf {K e RY|

3 increasing (s,) in SF(Q,R") such that f = sup{f A s} and I(s,) < K for all n € N}.
(D.6)

This outer integral for scalar functions will be used extensively in the sequel.
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D.3 Bochner integration

In this section Bochner integration for LCTVSs is developed, in the manner outlined above.
Many of the results and, indeed, the proofs are classical. Their scope has been considerably
expanded.

The integral developed here is more general than previous approaches [70, 71]. An example
will be given that shows separation.

D.3.1 The Bochner topology

Let (2, A, 1) be a measure space and (V, £) be a LCTVS. Let p: V — R™T be a continuous
finite seminorm and define

Ip:(Q—>V)—>R+:f|—>/:pofd,u. (D.7)

We call the seminorm topology on (2 — V) generated by {I,|p € S} the
Bochner topology.

Notice that I,(f) is not necessarily finite, it may also be +00. We still call I, : (2 — V) — R+
a seminorm (i.e. it as absolutely homogenous and subadditive). If we want to impose that a
seminorm be finite, we either say it is a finite seminorm, or write R™ as the codomain.

Lemma D.4. Let (2, A, 1) be a measure space and (V,€) be a LCTVS. If S is a set of finite
seminorms that generates &, then {I, |p € S} generates the Bochner topology.

Proof. It is enough to prove that the seminorm topology generated by {I, |p € S} makes I, is
continuous for any continuous finite seminorm g on V.

Pick such a seminorm ¢. Then there exists a finite subset A C S and C > 0 such that
q(v) < Cmaxpea p(v) for all v € V. This implies, for all f € (2 —= V),

L= [aermsc [ Yporauzey [porau- (X p)n. @3
pEA

pEA pEA
Since C Zpe 4 I is a continuous seminorm, this implies that I, is also a continuous seminorm.
O

Lemma D.5. Let (V,§) be a locally convex TVS, A CV asubset andx € V. Thenx € clg(A) if
and only if for each continuous seminorm p : V. — RY there exists a € A such that pla—x) < 1.

This result uses choice.

Proof. First suppose © € clg(A). Then there exists a net (z;);e; in A such that z; LI
For each continuous seminorm, we have p(x; — ) — 0, so there exists an ¢ € I such that
plz; —z) < 1.

For the converse, fix, for each continuous finite seminorm p some y, € A such that p(y,—z) < 1.
Since the set of continuous finite seminorms is directed, this is a net in A. We claim it converges
to . With Proposition D.1, it is enough to prove that ¢(y, — ) P25 0 for all continuous finite
seminorms ¢ on V. Fix € > 0. Then, for all p > e~ !q, we have

q(yp — ) < (ep)(yp — ) < e (D.9)

We conclude that y, — = and so = € clg(A). O
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Lemma D.6. Let (2, A, 1) be a measure space and (V,&) be a LCTVS. Let (O — V)p be the
subspace of functions f such that I,(f) < oo, for all continuous finite seminorms p: V — R¥.
Let A C (2 = V)p a subset and f € (X — V). Then f € clg(A) if and only if for each
continuous seminorm p : V — RT there erists a € A such that fgp o(a—f)du <1.

This result uses choice.

Proof. The direction = follows from Lemma D.5.
For the converse, we also aim to use Lemma D.5. Let ¢ : (2 — V)r — R* be a finite seminorm.
Then there exists a finite set B C S such that

*

< < . .
tfcr;leagc/ﬂqo(,)duf QCI;IEaé(qO(,)dM (D.10)

Since C'max,es ¢ is a continuous finite seminorm on V, there exists a € A such that t(a — f) <
Jo Cmaxgesqo(a— f)du < 1. O

D.3.2 Essentially separably-valued functions

Lemma D.7. Let (2, A, 1) be a measure space, (V,£) a topological vector space, f : Q@ — V
a Borel-measurable function and s : Q@ — V' a measurable simple function (i.e. a measurable
function whose image is a finite set). Then f + s is Borel-measurable.

Proof. We can write s = >, _, ak - xa,, where ay € V and {A;}}_, is a measurable partition
of Q.
Now take arbitrary Borel set B C V' and calculate

(f+8)¥(B)={we Q| fw)+s(w) € B} (D.11)
= | J{w e 4| f(w) + s(w) € B} (D.12)
k=0
= |J{w € Ak | f(w) + ax € B} (D.13)
k=0
= U{weAHf(w) € B—ax} (D.14)
k=0
= CJ AN f_i(B - ak), (D15)
k=0
which is measurable since f, s are Borel-measurable. O

Let (€2, A, i) be a measure space, (V,€) aLCTVS and f : @ — V afunction. Then we call
f an essentially separably-valued function if, for all continuous seminorms p : V — RT
there exists

e a null set IV, C €2; and

e a countable set C, C V

such that f+(Ng) C cl,(Cp).
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Lemma D.8. Let (2, A, 1) be a measure space, { Xy, }nen @ measurable partition on 2, (V,§)
a LCTVS and f: Q =V a function. If f|x, is essentially separably-valued for all n € N, then
f s essentially separably valued.

Proof. We find N, p,C,, , for each X,, separately. Then N, = J
Cp = U, en Cn,p is countable. We also have

neN Nup is a null set and

FHNG) = f¢( UN X\ Nn,p) (D.16)
= ;j(Xn \ Nup) (D.17)

C nLEJN clp(Chp) (D.18)

c Z;N( U Cn,p) = cl,(C}). (D.19)

neN )

Lemma D.9. Let (2, A, 1) be a measure space, (V,€) a LCTVS and f: Q — V a function. If
FHRY) is relatively compact, then f is essentially separably-valued.

This proof uses countable choice.

Proof. Let p: V — RT be a continuous seminorm and set U, := p™+([0, 1[). For all n € N, the
set {x+n"1U, |z € V} is an open cover of V. Due to the relative compactness of f+(Q2), there
exists a finite subset F,, C V such that

feyc | z+n'0, (D.20)
zeF,

We have that C), :=J,,cy Fi is countable and we claim that C,, satisfies f+(Q) C cl,(Cp). Take
arbitrary w €  and € > 0. Then there exists n € N such that n=! < e. There exists z € F,
such that f(w) € & +n"'U,, so p(f(w) —z) <n~! <e Thus f(w) € cl,(Cyp). O

Corollary D.10. Let (V,€) be a LCTVS and f : R = V a continuous function. Then f is
essentially separably-valued.

Proof. We partition R = |J;—,[-n —1,—n[ U [n,n+ 1[. Then the image of f is relatively
compact on each part of the partition, so we can conclude with Lemma D.8. O

D.3.3 The Bochner integral

Let (€2, A, ) be a measure space and (V,£) a LCTVS. A function s : Q — V is called a
simple function if its image is a finite set. It is called an integrable simple function if, in
addition, the measure of s~+(V \ {0}) is finite.

The set of simple functions is denoted SF(£2, V). The set of integrable simple functions
is denoted SF;(9, V).

Lemma D.11. Let (Q, A, u) be a measure space, (V,§) a LCTVS, s € SF;(Q, V) andp:V —

Rt a seminorm. Then
p(/ Sdu) S/posdu. (D.21)
Q Q
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Proof. We calculate

p(/gsdu) :p( > v'#(S‘W))) (D.22)

veim(s)\{0}
< > p) - p(stw) (D-23)
veim(s)\{0}

> > p(v) - (57 (v)) (D.24)

A€im(pos)\{0} veim(s)\{0}Np+(X)

Z A ,u( Z s'i(v)) (D.25)

A€im(pos)\{0} v€im(s)\{0}Np-+(N)

=Y A (e ) (D.26)
Acim (pos)\{0}

:/posd,u. (D.27)
Q

O

Lemma D.12. Let (22, A, 1) be a measure space and (V,€) a LCTVS. Let (2 — V') be equipped
with the Bochner topology. Then

1. the elementary integral on SF;(Q, V') is continuous;
2. if V is Hausdorff, then it is closable and the domain of the closure is a subset of cl (SFi(Q, V)) ;
3. if V is complete and Hausdorff, then its domain is cl (SFZ-(Q, V))

The closure cl (SFi(Q, V)) is taken in the Bochner topology.

Proof. (1) Let (s;)icr be a net in SF;(£2,V) that converges to s € SF;(£2,V) in the Bochner
topology. Take an arbitrary continuous seminorm p : V' — RT. Then we use Lemma D.11 to

calculate
p(/ sid,u—/ sd,u) :p(/ si—sd,u> g/po(si—s)du. (D.28)
Q Q Q Q

The last integral converges to 0 as ¢ — oo by definition of the Bochner topology. This implies
that p( Josidp— [g sdu) — 0 and thus, since p was taken arbitrarily, [, s; du — [, sdp. We
conclude that the elementary integral is continuous.

(2) This is given by Corollary A.35 and Proposition A.36.

(3) This is given by Proposition A.36. O
Let (Q, A, 1) be a measure space and (V,§) a Hausdorff LCTVS. Let (2 — V) be
equipped with the Bochner topology. We call the closure of the elementary integral on
SF; (€2, V) the Bochner integral.

Functions in the domain of the Bochner integral are called Bochner integrable functions.
The set of Bochner integrable functions is denoted £(£, V).

This closure is a well-defined linear operator, by Lemma D.12.
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Lemma D.13. Let (Q, A, u) be a measure space, (V,€) a complete Hausdorff LCTVS, E € A

Example

Consider the vector space ([0,1] — R) with pointwise convergence. Let p be the counting
measure on [0, 1] which is defined on the o-algebra of all subsets of [0, 1]. For all z € [0, 1],
consider the function

5;8:[0,1]—)R:al—>{(1) Ez;i; (D.29)
Now consider the function
f:00,1] = ([0,1] = R) : & +— 5. (D.30)
Let F be the net of finite subsets of [0, 1] and set
s4:00,1] = ([0,1] 5 R) : 2 {gf Ei Z j; (D.31)

for all A € F. Then

* )0 (ac A)
/[0’1]|evao(s,4—f)du—{1 (a ¢ 4) (D.32)

so s4 — f in the Bochner topology. We also have
/ sadp=xa—1, (D.33)
[0,1]

so f is Bochner integrable with fol fdu=1.

Then f is Bochner integrable according to the definition in [70], but not according to [71].
Now suppose p is not defined on the o-algebra of all subsets of [0, 1], but rather the
countable-cocountable o-algebra. According to our definition f is still Bochner-integrable,
but it is not Bochner-integrable according to the definition of [70], since it is not Borel-
measurable: the set C := {J, |z € [0,1/2]} is closed, but the preimage f+(C) = [0,1/2]
is neither countable, nor cocountable.

and f € LY(Q,V). Then f-xg is Bochner integrable.

Proof. From Lemma D.12, there exists a net (s;);e; in SF;(,V) that converges to f in the
Bochner topology. Now we claim (s; - xg) converges to f - xg. Indeed, let p : V — RT be a

continuous seminorm. Then

Since p was taken arbitrarily, we have f - yg € cl (SFZ-(Q7 V)) Since V' is complete, we have

/*pO(«SrXEf~XE)du—/*XE-(p°(sif))duS/*pO(sz'f)dMHO- (D.34)
Q Q

Q

that f - xg is Bochner integrable, Lemma D.12.

|

Let (Q,A, ) be a measure space, (V,€) a complete Hausdorff LCTVS, E € A and
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f e LY N,V). Then we define
/ fdu = / fxedu. (D.35)
E Q

Lemma D.14. Let (2, A, 1) be a measure space, (V. &) a Hausdorff LCTVS, p:V — RT a
continuous seminorm and f € LY(Q,V). Then

p(/ﬂfd,u></ﬂ*p0fdu<oo. (D.36)

Proof. There exists a net (s;);es in SF;(Q, V) such that s; — f in the Bochner topology and

3
fQ s; dp —— fodu.
Now we calculate

o [ 7n)

p(l_i{n/sidu) (D.37)
im0 Jo
ilirélop(/g S du) (D.38)

< lim [ pos;du (D.39)
11— 00 Q
:/ po( lim si)du:/ po fdu, (D.40)
Q 71— 00 9]

where we have used that p is continuous, Lemma D.11 and the fact that the Bochner topology
makes the seminorm fg p o (-) du continuous.

Finally, the convergence of s; — f in the Bochner topology means, in particular, that there
exists 9 € I such that [,po (f —s;)du < 1. Now

*

/pOfd,ug/posidqu/ pO(ffsi)dpg/posid,u+1<oo. (D.41)
Q Q

Q Q
O

Lemma D.15. Let (2, A, 1) be a measure space, f : Q@ — R a function and {f, : @ = R) a
sequence of measurable functions such that fg(f — fu)dp — 0. Then

1. there is a subsequence (fn, )rken that converges a.e. to f;
2. f is a.e. equal to a measurable function;
3. if f; |fldp < oo, then it is a.e. equal to an integrable function.

Lemma D.16. Let (2, A, 1) be a measure space, (V. &) a Hausdorff LCTVS, p:V — RT a
continuous seminorm and f : Q — V a function. If f is Bochner integrable, then pof : 1 — RT
is a.e. equal to an integrable function.

Proof. Since f is Bochner integrable, Lemma D.12 implies that, for all n € N, there exists
$n € SF;(Q, V) such that

/’pof—posn‘dug/po(f—sn)d,ugn_l. (D.42)
Q Q

The result then follows from Lemma D.15. O
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Proposition D.17 (Bochner integrability criterion). Let (2, A, 1) be a measure space, (V,§)
a Hausdorff LCTVS and f : Q — V a function. Then f € cl (SFi(Q, V)) if and only if

1. po(f—1):Q— RT is a.e. equal to an integrable function, for all continuous seminorms
p:V = R and all t € SF;(Q,V); and

2. f is essentially separably-valued.

This proof uses choice.
If f is Bochner integrable, then f € cl (SFi(Q, V)) If V' is complete, then the converse also
holds, see Lemma D.12.

Proof. First suppose f € cl (SFi(Q,V)). Pick an arbitrary continuous seminorm p : V. —
RT. Using countable choice, we can pick, for all n € N, some s, € SF;(,V) such that
/; 5 po (f —s,) <n~t. Now the reverse triangle inequality gives

*

0</Q*’po(f—t)—po(sn—t)|d,u</ po(f—sn) —0, (D.43)

Q
so Lemma D.15 gives that po (f —t) is a.e. equal to an integrable function.
We now consider essential separability. From point (1), we have that po (f — s,) is a.e. equal
to an integrable function g, : Q@ — RT. Set A, .= {po (f — sn) # gn}. With Lemma D.15 we
have the existence of a subsequence (gn, )ren that converges a.e. to 0. Let A be the null set of

points where (gn, )ken does not converge to 0 and set N, .= AU J, . An, which is a null set.
For all w € N, we have

neN

P(f(@) = $n, (@) = g () =50, (D.44)

so f(w) € cl, (UneNim(sn)>. Setting C = (U, cnim(sn), which is a countable set, shows
essential separability.
We now show the converse direction. Let p : V — R be a continuous seminorm and take
n € N. Let N, Cp be the sets witnessing essential separability. Fix some enumeration (ck)ken
of Cp. There exists a null set E' such that po f is equal to a measurable function on E°¢. Set,
for all 6 > 0,

Ds = E°N (po f)™([6, +00]), (D.45)

which is a measurable set with
ou(Dys) = / XDy §/ po fdu < oco. (D.46)
Q Q

Now, for all n € N, there exists a null set Ej,, such that po(f—c,-xp,) is equal to a measurable
function on Ef, . Recursively define (with Bjso = 0)

Bsny1 :={w € Ds | p(f(w) = cny1) <6} \ (Esns1U Bp) (D.47)
=Ds 1 (o (f = enr1 - X0;)) " ([0.0)\ (Essr U Bo), (D.48)
which is a disjoint sequence of measurable sets. Now define u, = Y, cx - xB,_, - Set

X = NyUEUU, ren En-1 4k, which is a null set. We claim that p o (f — uy) converges
pointwise to 0 on X¢. Take arbitrary w € X¢ and n € N. If (po f)(w) <n~!, then w € D¢_,,
S0

p(f(w) = un(w)) = (po f)lw) <n~'. (D.49)
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Otherwise, we have (po f)(w) > n~! and so w € D,-1. Since f(w) € cl,(Cp), there exists
m =min{l € N|p(f(w) — ¢;) <n~'}. We have w € B,, and so

P(f(w) = un(w)) =p(f(w) —cm) <n7" < (po f)w). (D.50)

Since n € N was taken arbitrarily, we conclude that po(f—u,) — 0 pointwise (in fact uniformly)
on X°.

We have also shown that po (f —u,) <po f on X°¢ We have that po (f — u,) is equal to an
integrable function, except on a null set F,,. Set Y := X U], o\ F'n, which is a null set. Since
po(f—up) <po f ae., wecan use the scalar dominated convergence theorem to observe that

*

lim po(f—wu,)du—0. (D.51)

n—0o0 Q

In particular, for all finite continuous seminorms p, there exists u,, such that fQ* po(f—uy) <1.
We conclude with Lemma D.6. O

Corollary D.18. Let (2, A, 1) be a measure space, (V,€) a complete Hausdorff LCTVS and
f:Q =V a function. If f is Borel-measurable, then

; and

1. fgp o fdu < oo for all continuous seminorms p: V — RT
2. f is essentially separably-valued;
imply that f is Bochner integrable.

Proof. Let p: V — R™T be a continuous seminorm and ¢ € SF;(€, V). Since p is continuous, it
is Borel-measurable. We also have that (f — t) is Borel-measurable, from Lemma D.7. Then
po (f —t) is measurable and, with

*

/Q*po(f—t)dug/*pofd,u—&—/potdu<oo7 (D.52)

Q Q

we have that po (f —¢) is integrable, Proposition D.3.
Now we have that f € cl (SFZ-(Q, V)), so we can conclude with Lemma D.12. O

Corollary D.19. Let (V,€) be a LCTVS and f : R =V a continuous function such that

/ po fdu < oo. (D.53)
Then f is Bochner integrable.
Proof. We have that f is essentially separably-valued from Corollary D.10. O

Corollary D.20. Let (2, A, 1) be a finite measure space, (V,&) a complete Hausdorff LCTVS
and f : Q — V a Borel-measurable function. If f+(Q) is relatively compact, then f is Bochner
integrable.

Proof. We have that f is essentially separable from Lemma D.9.
Let p be a continuous finite seminorm. We then have that (po f)¥(£2) is relatively compact and
thus also bounded by some K € R*. Then

/*po fdp < Kp(Q) < oo. (D.54)
Q
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Corollary D.21. Let (X,&) be a compact convergence space equipped with a finite Borel mea-
sure p, (V,€) a complete Hausdorff LCTVS and [ : Q — V a continuous function. Then [ is
Bochner integrable.

In particular, this applies when X = [a,b] C R, since the Lebesgue measure is a Borel measure.

Proof. Since f continuous, it is clearly Borel-measurable and f+(X) is compact because X is
compact. O

Theorem D.22 (Dominated convergence for Bochner integrals). Let (2,.A, 1) be a measure
space, (V,€) a complete Hausdorff LCTVS generated by a set S of seminorms and (f,) a
sequence of Bochner integrable functions that converges pointwise to a function f.

If, for all p € S, there exists a positive integrable function g, : & — RT such that po f, < g
a.e. for all n € N, then f is Bochner integrable and

lim fndu = / fdu. (D.55)

Proof. For all n € N, Lemma D.16 implies that p o f,, is a.e. equal to a Borel-measurable
function. Let A,, be a null set such that po f, is equal to the Borel-measurable function for all
x € A5, Set A= J,cn An, which is also a null set. Let f) be equal to f, on A° and equal to
0 on A. Similarly set f’ equal to f on A° and equal to 0 on A.

Take arbitrary p € S. Since p is continuous, we have that po f;, — po f’ pointwise, so po f' is
also measurable.

Now po (f' — fl) <po f +po fl, < 2g, ae., so the scalar dominated convergence theorem
gives that po f’ is integrable and that

tw [ “po(f-f)=lim [ po(f - f)du=o. (D.56)
Q Q

n—oo

Together with Lemma D.4 this implies that f; — f in the Bochner topology. Now Lemma D.12
gives that f is Bochner integrable.
Finally we have

o([ran= [ foaw)=p( [ = tan) < [Tper-piaumo )

from Lemma D.14, so [, fn dp N Jo fdp. O

Proposition D.23. Let (2, A, 1) be a measure space, V,W Hausdorff LCTVSs, T € B(V,W)
and f € LY(Q,V). Then T o f is Bochner integrable and

[ @enau=1( [ ran) (D.5%)

Proof. There exists a net (s;);cs in SF;(Q, V) such that s; — f in the Bochner topology and

3
Josidp — [, fdp.
The net (T o s;);cs is a net in SF;(Q, W). Let p: W — RT be a continuous seminorm. Then

*

/po(Tosi—Tof)du:/poTo(si—f)d,u—>O, (D.59)
Q Q

166



since p o T' is a continuous seminorm on V and s; — f in the Bochner topology. This means
that T os; — T o f in the Bochner topology. We also have

/Tosid,uz S T p((T o) H(Tw)) (D.60)
Q T(v)€im(Tos;)\{0}
= > T ulstw) (D-61)
v€im(s;)\{0}

= T( Z v - u(s{i(v))) (D.62)

veim(s; )\ {0}

:T</Qsid,u) —>T</Qfdu) (D.63)

from the continuity of T. We conclude that T o f is Bochner integrable. O

Corollary D.24. Let (9, A, 1) be a measure space, X a Banach space and T : @ — B(X) be
a function. If T is integrable, then for all x € X, Tx is integrable and

</§2Tdu)x/QTxdp. (D.64)

Proof. The evaluation map ev, is linear and bounded by ||z| for all z € X. O

Lemma D.25. Let (Q,.A, 1) be a measure space, (V,€) a Hausdorff LCTVS, f € LY(Q,V),
p: V — RT a continuous seminorm and € > 0. Then there exists s € SF;(Q,V) and A € A
such that

o u(A) <e
o p(f(w) = s(w)) <e forallw e A°; and
o [opolsldu< [gpolfldu+eé.
Proof. From Lemma D.12, we have the existence of s € SF;(€, V) such that

/ polf —s|du <€ (D.65)
Q
From Lemma D.16, we have that po |f — s| is equal to a measurable function g : R — R™,

except on a null set Ag.
Now set A :== {g > €} U Ay and calculate

n(A) = [ 9>V xa, do (D.66)
S/Qg-([g>6]VXAo)du (D.67)
S/Qg~([g>€]VXAo)du+/Qg-([gée]Aon)du (D.68)
:/gdu (D.69)

Q
:/Q polf —s|du < é. (D.70)
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This implies p(A) < e.
Next, take w € A° = {g < e} N Ay, so p(f(w) — s(w)) = g(w) < e.
Finally, we have

/QPO|S|dM§/QP°|f|dﬁb+/ﬂpo|f—5\dﬂé/ﬂP°|f|dﬂ+€2~ (D.71)

O

Lemma D.26. Let (Q, A, u) be a measure space and [ : Q — R an integrable function. Then
Ve>0:30 >0:VE € A: u(E)§5:>/fdu§e. (D.72)
E

Theorem D.27 (Hille’s theorem). Let (2, A, 1) be a finite measure space, V,W Hausdorff
LCTVSs, T :V A W a closed operator and f : Q — V a function such that im(f) C dom(T).
If both f and T o f are Bochner integrable, then fQ fdu € dom(T) and

[@enau=r( [ ra) (0.7

As stated the theorem is only applicable to finite measure spaces. It should be straightforward
to extend, at least to o-finite measure spaces.

Proof. Let p: V — R be an arbitrary continuous seminorm. Take n € N and use Lemma D.25
to find sy, t, € SF;(Q,V) and S,,,T,, € A such that

p(f(w) = sp(w)) < (2n)~" for all w € S, (D.74)
with 1(S,) < (2n)71, and
p((To f)(w) —ta(w)) < (2n)7! for all w € Ty, (D.75)

with u(T;,) < (2n)~ L. Set

D, = {(v,w) eV x W‘ (s;li({u}) NSE Nt H({w)) N TS # @) A (v, w) # (0,0))} (D.76)

and pick some
Wow € s:¥{0}) Nt {wh) N SENTE (D.77)

for all (v,w) € D,,. Now define

uni= D0 f@ew) Xad(uprit(upnssars: (D.78)
(v,w)ED,y,

Now take arbitrary w € S¢S NT<. If s,(w) =0 = t,(w), then

P(f(w) = un(w)) = p(f(w)) = p(f(w) = su(w)) < (2n) 7' <07} (D.79)

and

P((T o f)(w) = un(w)) =p((T 0 f)w)) =p((T 0 f)w) —ta(w)) < (2n)"' <™ (D.80)
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Otherwise, (s, (w), tn(w)) € Dy and s, (W(s,, (w) 1 (w))) = Sn(w), S0

p(f(w) —un(w)) = p(f(w) = f(@Wis (@) tn (@) (D.81)
< p(f(w) = sn(W)) + (50 (W) = f(Wisy (@)t (w))) (D.82)
<p(f(w) = 5n(W)) + (50 (W, @)t (@))) = f (Wisp(@)stn(@)))) (D.83)
<2(2n)t=n"t (D.84)
Similarly, t,,(W(s, (w),tn(w))) = tn(w), SO
p((T o f)(w) = (T oup)(w)) =p((T o f)(w) = (T o f)(wis,w).tn (w)))) (D.85)
<p((T o f(w) = tn(w)) + p(tn(w) = (T © F)W(s, (@) tn(w)))
(D.86)
< p((T o f)w) = ta(w)) + P(tn(Wis, (@)t @) = (T 0 ) Wis (@) tn(w))))
(D.87)
<2(2n)" ' =n"t (D.88)
Next we calculate, with Lemma D.14, that
/fdu /undu /*pO(fun)du (D.89)
< [ 9o ((F = ua) Xsom, + (F =) - xsors) d (D.90)
Q

< /Q po ((f — Up,) 'XSnUTn) du 4‘/Q bo ((f - Up) - XS;mTf;) dp
(D.91)

= / (po f)-xs,ur, du +/ (po(f—un)) xsenredp  (D.92)
Q Q

< / (po f)-xs,ur, du+n"tu(Q). (D.93)
Q

Since p o f is equal a.e. to an integrable function ¢ : Q — RT, Lemma D.16, we have

p(/ﬂfdu—/ﬂundu) S/Q(pof)'XSnuTn dquv”flu(Q):/Q g-Xs,ur, dutn~ () =30,

(D.94)
from Lemma D.26. This implies that [, u, dp — [, f dp.
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Similarly, po T o f is equal a.e. to an integrable function ¢’ : Q — RT. We calculate

p(/Tofd,u—/Tound,u)g/po(Tof—Toun)du (D.95)
Q Q Q
S/ po ((Tof—Toun) 'XSnuTn)dM+/ po ((Tof—Toun) 'XS,ﬁﬂT,i)dM
Q Q
(D.96)
=/ (poTof) xs,ur, du+/ (po(Tof—Touy)) xscnre dps
Q Q
(D.97)
< / (poTof) xs,ur, dp+n" u(Q) (D.98)
Q
= [ xsom, dpt @) (D.99)
Q
SO T(fﬂundu) :fQToundu%fQTofd,u.
Since T is closed, we conclude that [, fdu € dom(T) and [,(T o f)dp = T(fQ fdu). O

D.3.4 The fundamental theorems of calculus

Proposition D.28. Let (V,€) be a Hausdorff LCTVS, a < b € R and f : |a,b[ = V a
differentiable function. If f' =0, then there exists v € V such that f = v.

Proof. Let w: V — C be some continuous linear functional and x € |a, b|.
Then, using the mean value theorem there exists ¢ € ]a, [ such that

w(f(@) ~ (@) = @~ ) we 1) (©) = (@ — aw(F(e)) 0. (D.100)
Since this holds for all continuous linear functionals w, we have f(z) — f(a) = 0 from Proposi-
tion A.54. Since this holds for all = € ]a, b], the result follows. O

Corollary D.29. Let (V,€) be a Hausdorff LCTVS, a < b € R and f,g : |a,b[ = V differen-
tiable functions. If f' = ¢’, then there exists v € V such that f = g + v.

Proof. Apply the proposition to f — g. O
Proposition D.30. Let (V,§) be a complete Hausdorff LCTVS, a,b € [—o0,+0o0] and f :
[a,b] = V be a Bochner integrable function. Then the function

F:la,b] > RT :x /9«’ fe)dt (D.101)

18 continuous.
Here f is not assumed continuous.

Proof. Let (z,)nen be a sequence in [a,b] that converges to z € [a,b]. Then f - x[44,] is a
sequence of integrable functions, Lemma D.13, that converges pointwise to f - X4, For all
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continuous seminorms p : V — R*, we have po (f - Xla,z]) < po f, which is equal a.e. to an
integrable function, Proposition D.17. Now dominated convergence, Theorem D.22, gives

Tn
lim F(x,)= hm fdt = lim / [ Xjaw, dt = /f Xa,2] At = / fdt =

n— oo a n—oo
(D. 102)
which implies the continuity of F'. O

Theorem D.31 (First fundamental theorem of calculus). Let (V,€) be a complete Hausdorff
LCTVS, a e R,b € RU{oo} and f : [a,b] — V be a continuous function. Set

F:la,b| >V iz~ /JL f(t)dt. (D.103)

Then F is differentiable on [a,b] with F'(z) = f(x) for all x € [a,b)].

Note that F' is well-defined due to Corollary D.21. The derivative at the endpoints is defined
as a one-sided limit.

Proof. For any z,h € R such that =,z + h € [a, b], we have

x+h T z+h
F(x+h)—F(a:):/ f(t)dt—/ f(t)dt:/ £(t) . (D.104)

Then

r . . z+h z+h z+h
F( +h})b F( )f(x)_;/x f(t)dt*%/z f(z)dt:%/z (f—f(x)) dt. (D.105)

Let p: V — R be a continuous seminorm. Then Lemma D.14 gives

x - X whh
p(F( +h) = F( )_f(x)) < %/ p(f(t)— f(2))de < max p(f(t)— f(z)). (D.106)

h te(z,x+h]
We claim that this converges to 0 as h — 0. Indeed, fix € > 0. Then continuity of p, f implies
the existence of some ¢ > 0 such that p(f(¢t) — f(z)) < € for all ¢ such that [z —¢| < §. In

particular, max;e(z, z+h) p(f(t) — f(x)) < ¢ if |h| < 4, which proves the claim.
Since the continuous seminorm p was taken arbitrarily, we conclude F'(z) = f(z). O

Corollary D.32 (Weak second fundamental theorem of calculus). Let (V,€) be a complete
Hausdorff LCTVS, a,b € R and f : [a,b] = V be a differentiable function such that f': [a,b] —
V is continuous. Then, for all x € [a, b,

a +/Z f/(t)de. (D.107)

In particular fab f/(t)dt = f(b) — f(a).
This result is said to be weak because it makes the a priori (strong) assumption that f’ is

continuous.

Proof. The function f’ is integrable by Corollary D.21. Set g D a,b) = Rz — f; f(@)de
which is differentiable by the first fundamental theorem and ¢’ = f’ for all x € ]a, b].

We can now apply Corollary D.29 to obtain f(x) = v + f f'(t)dt. Extend by continuity to
the closed interval and evaluate at a to get the result. O
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D.3.4.1 Integration by parts

Proposition D.33 (Integration by parts). Let U, V,W be topological vector spaces, with W
complete Hausdorff and locally conver, B : U ®V — W a continuous bilinear function, a < b €
R, and f : [a,b] = U, g : [a,b] = V continuously differentiable functions. Then

b b
/ B(f'(t), g(t)) dt = B(f(8). g(b)) — B(f(a). g(a)) — / B(f(t).4/(t) dt.  (D.108)

In particular, these integrals are well-defined, Corollary D.21.

Proof. The Leibniz rule gives

B(f,9)" = B(f'.9) + B(f.9), (D.109)

which is a continuous function. We can then use the second fundamental theorem of calculus,
Corollary D.32, to get

B(f(x),9(x)) = B(f(a),g(a)) + /m B(f(1),9(t))" dt (D.110)

= B(f(a), g(a)) +/rB(f’(t),g(t))dt+/ B(f(t),¢'(t))dt  (D.111)

for all z € [a,b]. Setting = b and rearranging gives the result. O

The crux of the proof of integration by parts is the applicability of the second fundamental
theorem of calculus:

B(f(x),9(x)) = B(f(a),g(a)) +/IB(f(t)7g(t))/dt- (D.112)

The continuity of the derivative of f and ¢ is sufficient give this conclusion, but far from
necessary. For example, piecewise continuity is clearly also sufficient. If f, g are complex-valued
and B is the usual product, then the obvious hypothesis is that f, g be absolutely continuous.
In the vector-valued case, the question is more subtle and typically involves a discussion of the
Radon-Nikodym property.

The following is probably far from an optimal result, but is useful in the context of this thesis.

Proposition D.34. Let V be a Banach space, a < b € R, and g : [a,b] = V a continuously
differentiable function. Suppose f : |a,b] — C is absolutely continuous. Then

f@)gle) = fagla) + [ (g + 10 0) dt (D.113)

for all x € [a,b].

Of course the derivative f’ is only defined a.e. This proof is essentially the usual proof that for
any absolutely continuous f, f' = 0 a.e. implies that f is constant, but adapted to this special
case with a vector-valued function. Compare, e.g., with theorem 4.5.4 in [72].

Proof. With Lemma D.35 and Theorem D.31, we see that

d

= (f(x)g(x) - /I (f'(Dg(t) + f(t)g' (1)) dt) (D.114)
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holds almost everywhere. Let the set on which it holds be called A. Pick arbitrary ¢ € [a, b]
and € > 0. Since f is absolutely continuous, there exists g > 0 such that for any finite set
{Jak, b [}2_, of disjoint subintervals of [a, c], such that sz:O(bk —ay) < dp, the following holds:

N
by) — ‘ . .
21100 = fo] < g (D.115)
The function
hila,d —>R: xi—>/ 1 (Bg(t) + F(O)g (B)]] dt, (D.116)

so there exists §; > 0 such that for any finite set {]ay, bx[}1, of disjoint subintervals of [a, c],
such that Efevzo(bk —ag) < d1, the following holds:

N
D Ih(be) = han)| < 5. (D.117)
k=0
For all x € A, there exists y, such that
1/ @)9) ~ f(@)g() - /y (F'®g() + F(0)g (1) at| < 5 i: ag (D.118)

for all y € [x,y,]. The set of all intervals [z, y] with y € [z, y,], forms a Vitali covering of [a, ].
Due to the Vitali covering lemma, a finite subset of disjoint intervals can be found that covers
B up to a set of measure less than

< mm{ao,al,ezrl(tren[gfg o' @)1) ™" a1t N~ (D.119)

Denote this set {[zg, yx]}_,, ordered such that y, < xj41. Set yo = a and xn41 = c¢. Then
the following difference can be expressed as a telescoping sum:

F©9(e) ~ flalgta) — [ (100 + 100 (1) at (D.120)
N Th+1
= 3 flawedtanen) = Foxloto) [ (e + g ©)
(D.121)
N Yk
+ ) Fun)g(yn) — Flaw)g(a) —/ (f/(t)g(t) + f(t)g' (1)) dt. (D.122)
k=1 T

The aim is now to bound the norm. The first term in the top sum (D.121) can be further
expanded as follows:

N
S N @rp)g(@ria) — Fur)g(yn)l (D.123)
N
<Y N @ra)g@rrn) = Fum)g@re) L+ 11 Wr)g(@ein) — fu)g(ue)ll (D.124)
k;o
< S f (@) — £l mas (1) |+ZH/ dt”txél% £, (D.125)
k=0 k=0
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The first term of (D.125) is bounded by § due to the absolute continuity of f. The second is
bounded by

N
Z [ IO 17001 = ek )l O e O < G D120

tel €la,c]

We consider the sum (D.121). With (D.118) this is bounded by 5. Putting all these bounds
together, the norm of (D.120) is bounded by €. Since this holds for all € > 0. This norm must
be zero, which gives the result. O

Lemma D.35. Let V be a Banach space, a < b € R, and g : [a,b] = V a continuously
differentiable function. Suppose f : [a,b] — C is absolutely continuous. Then

d x
= @/ fgdt (D.127)

almost everywhere.

Proof. Since f’ is Lebesgue integrable, it is to too hard to see that f’g is integrable. Take
x € [a,b]. Then

F@ga - [ Fvgna) (D128)

x

lim
h—0

I
L=
S

! /:Jrh (f"(x)g(z) — f'(t)g(t)) dtH

IN
5.
\

1 z+h
[ (17 @@ - F@el + |7 @gt - ' @g0)]) dt - 129

1 wh ! !
s late) =g+ max Lo [ 1) = )] ar).
(D.130)

INA
=
=
e
~
—~
B
=

which converges to 0 almost everywhere due to the continuity of g and the Lebesgue differen-
tiation theorem. O

D.3.4.2 Variation of parameters

Proposition D.36. Let A be a complete, Hausdorff, LCTVS that is also a unital algebra
such that the multiplication is continuous in each component separately. Let s <t € Rt and
S, T : [s,t] = A be continuously differentiable functions with S(s) =1 =T(s). Then

S(t) — T(t) = /t (T(t+s—1)S'(r) = T'(t+ 5 — r)S(r)) dr. (D.131)

This can be seen as a continuous version of a telescoping sum. Compare, e.g., with Lemma C.3.
The two examples of A that are of great importance to us are the algebra of bounded operators
on a Hilbert space with (1) the norm topology and (2) the strong operator topology.
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Proof. We calculate
/t (T(t+s—7)S(r) =T (t+s—r)S(r))dr

_ /t(i (T(t + 5 — )S(r)) ds (D.132)

= T(t+s—1)S(t) —T(t +s—s)S(s) = S(t) — T(t), (D.133)

where we have used the Leibniz rule and the second fundamental theorem of calculus Corol-
lary D.32. O

D.4 Campbell’s theorem

We prove a stochastic version of Campbell’s theorem.
Given a sequence X, X, X1,... :  — R of i.i.d. random variables and a Poisson process
N : Rt x Q — N with jump times 7}, and a function f : [0,1] x R — X, we define

oo

/1 F(s.Xn,) ANy = > [T < 1 f (T, Xrn1)- (D.134)
0

m=0

Proposition D.37. Let A : RT — R™T be a function, (2, A, 1) a probability space, N : Rt x —
R be a Poisson process with rate A and jump times T,,. Let X, Xo, X1,...:Q — R be a sequence
of i.i.d. random variables. Let X be a Banach space and f :[0,1] Xx R — X a bounded function
such that s — f(s,x) is continuous for all x € R and x — f(s,x) is measurable for all s € [0, 1].
Then

1 1
E[/O f(5. X, ) AN,] :/0 E[f(s, X)]A(s) ds. (D.135)
Proof. We claim that
nlg]gto( XNk) Nis — i Ty < 1f (T Xpt), (D.136)
m=0

with convergence in mean. Terms in the first sum are non-zero if and only if there exists m € N
such that E <T, < @. This implies k < nT,, < k+1, s0 k = |[nT},]. There is almost surely

an ng Such that each interval [i7 ’%}1} contains at most one jump point. For all n > ng we
have

n—1 k o]

Zf(f,XNk)(N Ne) = S [T < U (T Xones) (D.137)
k=0 n " " m=0

T (f( L”Z;’”J XN ) - f(Tm,Xm_1)>

m=0 (D.138)
- i[Tm <1] (f(L”ZmJ,Xm_l) Ty X, 1)>
m=0
(D.139)
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We now want to take the limit n — oo and conclude that this is 0. This is true if we can
pull the limit inside the sum: s — f(s,x) was assumed continuous for all z, so the sequence of
random variables converges a.s. and, since the function f was assumed bounded, the dominated
convergence theorem implies convergence in mean. We also justify pulling the limit inside the

sum using dominated convergence. Since f is bounded, it is enough to verify that Zm _oElTm <
1] < co. We calculate

(o) (o)

> ET, <1]= > EN(1)>m] (D.140)

=> > EIN(1)=m] (D.141)
-y % (U e ; (D.142)
-y ( (En e ; (D.143)

m=0n=0
00 1 m 0o 1 n
< Z)We—f&mz%(ﬁ)ifs) (D.144)
00 1 m
-y M _ohiaas o oo (D.145)
m—0 m:

Next we have that Nx = Nx — Ny and Ngy1 — N@ are independent. We then calculate

~]ZJLH;OZ [( vy )JENs
= lim Z } /ﬁ (D.147)
_ n1ggOZ/k+l {f(%,x)}/\ds (D.148)

n—1 k1

:7,,13202/; E{f(LnSJ,X)})\ds (D.149)

—Ni]  (D.146)

k=0 n
o ! [ns]
= lim | E{f( - ,X)})\ds (D.150)
:/1E[f(s,X)]Ads. (D.151)
0

The final equality relies on two more applications of the dominated convergence theorem: once
to move the limit inside the integral and once to move it inside the expectation value. O
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