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Abstract

In this thesis, we analyse the spectrum of the generator of the one-dimensional Zig-Zag process defined on the
torus T. This is a piecewise deterministic Markov process (PDMP) used in Monte Carlo Markov chain methods
(MCMC) for sampling from a probability distribution and calculating integrals [PW12], [BFR19], [BVD18]. We
show for Lipschitz potentials U and bounded refreshment rates 1y € L°°(T) that the spectral gap x = sup{Re A :
A€ (L)} \ {0} of the associated J-self-adjoint generator £ on L2(T,v) and C(T x {+1,-1}) is positive. More-
over, we give two lower bounds for x by making use of one of the Schur complements associated with a block
operator that is unitarily equivalent to %. In addition we show that the spectrum of L?(T,v) and C(T x {+1,-1})
are the same and that the generator defined on both spaces generates a contraction semigroup. Under the
assumption of unimodality of the potential U and a zero refreshment rate, we show that a vertical "asymptotic
line" exists to which all of the eigenvalues converge. Furthermore, we show that a spectral mapping theorem
exists where, due to the spectral line, the spectrum of the semigroup can become uncountable or countable
depending on the time parameter of the semigroup P(f) generated by .£. Lastly, we show that a discretisation
of the spectrum generates a semigroup that converges uniformly on each bounded time interval to the semi-
group of the Zig-Zag process and we use these discretisations to numerically analyse the behaviour of general
potentials and refreshment rates.

Keywords: spectral gap, /-self-adjoint operator, spectral mapping theorem, Zig-Zag process, piecewise de-
terministic Markov process, MCMC, spectral theory, Schur complement.
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Introduction

In many practical applications, there is a need to create random variables which have a specific distribution.
For example, the normal distribution is a very commonly occurring distribution in nature and many phenom-
ena can be approximated by a normal distribution such as human height, human weight, and sums of random
variables. If one would want to model such variables they could use functions that are available in most sta-
tistical software to create these random variables and then they could perform calculations/simulations. Of
course, this is not only possible for normal distributions, but also for many other relatively simple well-known
distributions.

However, when it comes to many processes in the world they are not simple enough to be described in terms
of the well-known distributions. This becomes especially problematic when the variables that one would like to
simulate are high-dimensional and the so-called 'curse of dimensionality’ comes in the way. One effective ap-
proach to simulating such highly dimensional and complicated distributions can be done using Markov chain
Monte Carlo (MCMC) algorithms. These are iterative algorithms that create random variables X, X», ... tuned
in such a way that they will converge to the desired distribution that one would want for their simulation. More
mathematically the function n — X, will converge in distribution to the distribution of the desired random
variable. Practically this means that there is an amount of iterations NV of this algorithm such that the distribu-
tion of X}y is as similar to the desired distribution as one would like for their application. Another effective use
of MCMC algorithms can be used is for the approximation of certain integrals. Specifically, they can be great
at calculating expectations of random variables E[ f (X)] for a wide range of functions. The need for calculating
such expectations and creating random variables with specific distributions arises in all sorts of practical appli-
cations such as the field of computational physics [Thi07], computational biology [MB20], and computational
chemistry [Cep03] that are often interested in calculating such quantities related to various physical systems.

The main difficulty that arises here is what specific MCMC works best for a particular distribution and how
many iterations are required before the algorithm reaches this desired distribution sufficiently. There are many
different MCMC algorithms which all have their benefits as well as their drawbacks. In recent years several of
these MCMC algorithms have shown a lot of promise in terms of their convergence speed and computational
costs based on piecewise deterministic Markov processes (PDMP) [BFR19], [BVD18], [PW12]. PDMPs are pro-
cesses which are partially stochastic (random) and partially deterministic. The specific process that we are
interested in is called the Zig-Zag process. This specific PDMP is defined as set of random variables which is
defined by two components {(X(?),0(t))t = 0}. Where X (#);>¢ is related to ©(t) ;=9 by X(#) = X(0) + f0t®(s) ds
and O(7) >0 is a specific type of a stochastic process that only takes on a finite amount of values. The process
X (1) =0 can be defined on different spaces depending on what type of variables one would like to sample. For
example, if one would like to sample from the normal distribution then X (#);>¢ can be defined on R4 where it

will then approximately get the probability density function defined by p(x) = hi,—m with U(x) = @ We
R

refer to U as the potential function and for any continuous probability function p(x) such that p(x) > 0 for all
x, we can define this potential through U(x) = —log p(x).

Associated to the Zig-Zag process is a tunable parameter called the refreshment rate Ay : Q — [0,00). This
parameter can be adjusted to increase the rate at which the algorithm converges to the desired distribution.
However, increasing this parameter too much can have an adverse effect on the convergence rate. It is not clear
how to choose this parameter such that this convergence is optimal. To examine the optimal convergence we
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must define a metric that indicates how close the distribution is. One of them is by examining the convergence
of the so-called semigroup of the Zig-Zag process on a class of functions. For example, we could take our
class of functions to be the continuous functions on the underlying state space denoted by C(Q2). For these
functions we can define the semigroup by P; f := E[f(X;)| Xy = x], where the expectation is taken with respect
to p(x). As X; converges in distribution to a variable X with distribution p(x), we will expect that E[ f(X,)| Xy =
x] will converge in some way to E[f(X)]. For example, we can examine this convergence by looking at how
fast [|P;f —E[f(X)]lloo := SUPyeq [ELf (X)X = x] = E[f(X)]| converges to 0 as ¢ — oo. It turns out that this
convergence will happen at an exponential rate (as we shall see in Theorem 4.4.8 for Q = T). Specifically we
will have that this convergence can be described as [|P;f — E[f(X)]lloo < Me ¥!||f — E[f(X)]|| where we have
that M,x = 0. In this formulation, the largest possible value of « is called the convergence rate and it will
describe the rate of convergence for the slowest converging function(s). Knowing the largest possible value of x
is important as it can give us certainty for how fast our algorithm is converging for all of the possible functions,
so in particular, it would be very useful if we could choose 14 such that « is as large as possible.

There has been previous research concerning the value of «, specifically it has been shown for Q = R and
various assumptions on U that « is equal to the so-called spectral gap of the generator of the semigroup (The-
orem 4.14 [BV21]). Intuitively this spectral gap can be thought of as the largest value of the real components
of the eigenvalues of a particular ‘'matrix’. Determining this value is difficult as unlike with finite-dimensional
matrices there is not a straightforward way of calculating all the eigenvalues of the generator. Furthermore, it
has been shown that if the potential is sufficiently smooth, meaning U € C?(R), if this potential is unimodal,
meaning that it has at most 1 minimum, and if the refreshment rate 1y is equal to 0 that the spectral gap is
positive (Theorem 4.11 [BV21]), however, there is no clear bound on this spectral gap. In the same paper, it was
shown that the eigenvalues can be seen as roots of a complex function, however, this gives little information
about the actual position of the roots. When it comes to the full description of the spectrum and the norm of
the semigroup the only precise values have been found in the case Q = T, A9 = 0, and U being constant [MM12].

In this thesis, we will further discuss the properties of these eigenvalues of the Zig-Zag process with Q = T.
This case can be of interest when trying to sample from a distribution defined on bounded intervals such as
[0,1], namely if we have a potential function U(x) : [0,1] — R we can create a version of this potential on the
torus by extending U(x) = U(—x) for x € [-1,0] such that U becomes a continuous function on T. This way
we can simulate the MCMC process on the torus and use the samples for this process to generate samples
and integrals on the bounded interval. We will specifically examine the case where U is a Lipschitz function
which is a continuous function such that | f(x) — f(y)| < |x— y| for all x, y € T. Moreover, these functions can be
seen as the continuous functions such that the almost everywhere defined derivative U’ is almost everywhere
bounded, meaning U’ € L°°(T). This includes function such as e"‘z, |x], and x%sin(1/|x]).

We begin in Chapter 2 with preliminary theory surrounding the mathematics that is used for analysing the
process and the convergence rate. In Chapter 3 we will discuss general spectral properties of the generator
associated with the Zig-Zag process by following an analysis using block matrices and Schur complements
[Tre08],[KLT04] which allows us to easily construct the inverse of the generator. Moreover, we will show that
for Lipschitz potentials as described above that there is always a positive spectral gap with a small assumption
on the refreshment rate. Furthermore, we will give two different lower bounds for this spectral gap. In Chapter
4 we will show that similar to [BV21] that the spectral mapping theorem holds for unimodal potentials, more-
over, we will prove the existence of an asymptotic line of eigenvalues which gives us that the set of eigenvalues
of the semigroup (apart from y = 0) is not in general equal to the spectrum of the semigroup. Furthermore,
we will discuss spectral properties for both the square-integrable functions L?(T,v) as well as the set of con-
tinuous functions C(T). In Chapter 5 we will show that a certain discretization of the generator of the Zig-Zag
process creates a contraction semigroup that converges uniformly to the semigroup of the Zig-Zag process on
bounded intervals [0, f], with ¢ > 0. Moreover, we will compare the spectrum of the discrete generator with
the spectrum of the generator of the Zig-Zag process and make some remarks and observations surrounding
certain potentials and refreshment rates. The code used to generate the numerical spectrum can be found in
[Wia].



Preliminary theory

In order to mathematically describe the Zig-Zag process and its related properties, we need to make use of sev-
eral mathematical concepts related to the process. First, we will review terminology related to the probability
theoretic approach and definition of the Zig-Zag process. Then we will introduce several concepts from func-
tional analysis. After this, we will discuss semigroups which are objects describing the convergence/evolution
of the Zig-Zag process. Lastly, we will talk specifically about the Zig-Zag process and related processes.

2.1. Stochastic processes

First, we need to have the definitions in order to properly define the process itself and to get an idea about
key properties that the Zig-Zag process has. The Zig-Zag process is a specific case of a large class of random
processes over time called Markov processes which are stochastic processes.

Definition 2.1.1 (Stochastic process). Given a probability space (Q, % ,P) and a measurable space (Y, %). A
stochastic process on [0,00) is defined by a set of random variables {X;, t € [0,00)} such that for each t € [0,00) we
have that X; is a random variable defined from the probability space (Q, %,P) to the measurable space (Y,%).

Precise definitions and an extended introduction about probability spaces, measurable spaces, and random
variables can be found in most introductory probability books [Fel68].

Stochastic processes can describe an enormous amount of different phenomena. For illustration, a stochas-
tic process can be seen as a set of paths. Namely on an associated probability space (Q, %,[P) each realization
w € Q of the process describes a path t — X;(w) that this process follows. For a stochastic process, such a real-
ization could describe the price of a stock. Another stochastic process could describe the position of an atomic
particle along these paths. Or alternatively, for yet another different process a path could describe the number
of customers at a store.

For every process {X;, t € [0,00)} we can describe the distribution P(X; = -) of the process at every time t.
This distribution can change over time or remain constant. A specific case of a process for which the distribu-
tion does not change is a stationary process. A stationary process has the property that for a set of timestamps
h, b, ...t, € [0,00) with n € N we have that the cumulative distribution function Fx of (X;);>¢ is time invariant,
meaning Fx (X¢, Xsy, ... X1,) = Fx (Xt 47, Xty 475 -» X1, +7) for all T € [0,00). An example of such a process would be
Brownian motion. Note that this is something different than having a constant distribution, for example we
could create a process with a constant distribution in the following way: If one were to do an infinite amount
of independent coin tosses Y, Y7, Ys,... (with P(Y; = 1)) = P(Y; = -1)) = %) and create a stochastic process
{X¢, t = 0} which is equal to the outcome of these tosses such that X; = Y,, for ¢ € [n,n+ 1), then for every £t = 0
we have that the distribution of X; is the same (So for all s, ¢ € [0,00) we have that P(X; =1) =P(X;=1) = P(X; =
—1) = P(X; = —1)). Such a process would have a constant distribution but would not be a stationary process
since Fx (xg.2, Xo.8) # Fx(x9.7, x1.3) due to Xy 2, Xo g always being equal to each other and Xj 7, X; 3 possible being
unequal to each other.

A lot of processes, in reality, are not stationary, this can be because we have information about the initial
state of such processes which we can use to make a better prediction when not a lot of time has elapsed. For
example, if we were to create a process that is the average of the coin-tossing process so Z; = ﬁ thi o Yn-
The distribution of this process is not constant and will change over time, this can specifically be seen by the



8 2. Preliminary theory

fact that the range of this variable is constantly changing. However, this specific non-stationary distribution is
converging to something, namely, it will converge to the constant 0 in distribution by the law of large numbers.
In another example, we could look at the position of an air molecule in a room. If we let this molecule start in
the centre of the room we know that after a nanosecond, its positional distribution has not changed much and
that the particle is likely still somewhere in the centre of the room. However, assuming that the room is perfectly
isolated and that there are no sources of heat in this room, if we were to examine the room after a couple of
hours, then its initial position has a negligible influence on its current position and we can safely assume that
it is equally likely to be anywhere in the room. With this particular process, we have that the distribution of the
position of the particle has converged towards a uniform distribution across the room.
These two examples both have a property that we shall refer to as ergodicity.

Definition 2.1.2 (Ergodicity). Let {X;,t = 0} be a stochastic process defined on the probability space (Q, F,P)
and measurable space (Y,%). Define the total variation norm for measures by ||n()||rv := sup gc g |7(A)|. The
stochastic process is said to be ergodic if there is a measure v on the same probability space such that forall x € Y
we have that

lim ||P(X; €| Xo =x)—=v()llry =0.
t—o00

Ergodicity has different definitions depending on the context. For our purposes we will refer to this measure
v as the stationary measure of {X;, t = 0}. This definition of ergodicity automatically implies that for every x € Y
such that Xy = x we have that X; converges in distribution to this distribution 7 as ¢ — co. This property is
very important as it is one of the key reasons why algorithms using these processes such as the Zig-Zag process
work in approximating distributions. Specifically, it has been shown that for some assumption on the potential
U that the Zig-Zag process is an ergodic process [BRZ19].

When it comes to MCMC algorithms one important property of these stochastic processes is that they are
memoryless. This means that if one would have a stochastic process {X;, f € [0,00)}where the path of the pro-
cess is known up to a time T € [0,00) (So the exact value of X; is known for ¢ € [0, T]) then the only value of
the set {X;, t € [0, T]} that is relevant to predict anything about the future of this process is the value at t = T.
Using the value of X gives us as much information about the future of the process as did the information of
the values of this process on the interval [0, T]. This property of a stochastic process to be memoryless is called
the Markov property. A process with this property is called a Markov process. Specifically, we have that the
Zig-Zag process is a Markov process.

Definition 2.1.3 (Markov property). Let {X;,t € [0,00)} be a stochastic process with corresponding probabil-
ity space (Q, %,P) and measurable space (Y,%). Furthermore, define the filtration generated by 1 := {X;, t €
[0, T)}. We say that {X;, t € [0,00)} has the Markov property if forall Se %, s = t = 0 we have that

P(X; € S|F,) = P(X; € S| X;).

The Markov property allows us to describe the process in terms of its infinitesimal evolutions, that is we
only need to characterize the possible evolution of the process on a tiny interval in order to describe how it will
grow over time. This gives rise to the idea to describe the process using semigroups which we will describe in
section 2.3. But before we can get there we need to first understand the objects attached to the definition of
such a process which are the linear operators as will be described in the following section.

2.2. Operator theory

Describing the Zig-Zag process in terms of a Markov process stochastic process gives a lot of intuition as to
how such a process evolves over time, however, it is not the only way in which we can describe it. A different
approach to describe this process can be done using operator theory, which allows us to use the theorems and
mathematical frameworks from this field in order to get new insights about the process.

When we refer to the convergence of the process we need to be able to express in what sense they are
converging and what we mean by this convergence. For this, we need the space in which we work to be a
Banach space. The definition of a Banach Space relies on the definition of a Cauchy sequence.

Definition 2.2.1 (Cauchy sequence). A sequence (x).,, with values in a normed space X is called Cauchy if for

alle > 0 there is an N € N such that for all m,n = N we have that ||x, — x|l <e€.
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The elements of a Cauchy sequence get infinitesimally close to each other as you compare the elements
later in the sequence with each other. When these elements get very close one would expect that they would
converge to a common element. This property is called completeness and it is what makes a normed vector
space a Banach space.

Definition 2.2.2 (Banach space). A normed vector space (X, ||-1) is called a Banach space if and only if it is a
complete metric space, which means that for all Cauchy sequences (x)5.., € X we have that there is an x € X such
that||x— x,l| — 0 as n — oo.

There are many different examples of Banach spaces, we list a few:

¢ All of the real numbers R with the norm being the absolute value function |- |. More general we can take
an n € N and look at R" with the euclidean norm with x € R", || x|l2 := (X}_, x?)%.

* The space of continuous functions f: Q — C on Q =R or T denoted by C(Q) together with the uniform
norm for f € C(Q) defined by || flloo := SUpeq | f(X)I.

* The space of k-times differentiable functions on Q = R or T denoted by C*(Q) with the norm ||f|| =
1 lloo + 2, 10 fllco.

¢ The space of measurable functions with finite L”-norm, where 1 < p <coon Q =R or T denoted by L” ()

1
which means that for functions f : Q — C the norm || fllzrq) = (fQ |f(x)[Pdx)? is finite. For p = oo we
have || flleo = €ssSUP 1 | f (X)].

¢ The previous example makes use of a standard Lebesgue measure. However, any other measure y on
the measurable space (2, X) would also work. In later sections we will work with functions f: Q — C for

which the norm || f|| := (fQ | f(x) Ipdu(x))% is finite. We denote this space by LP (Q, ).

C(T), C}(T), LP(T, ) as given in the examples above will be useful for our analysis of the Zig-Zag process.
For a function f : [-m,n] — C to be part of C(T) we need to have f () = f(—n) likewise for it to be part of
CH(T) we need that 9, f(m) = 0, f(—m). When checking that a function f : [-7, 7] — C is differentiable extra
care should be taken that it is periodic at the boundaries as well. For example, if we take g € C*°([—m,x]) and
define f = [ g(x)dx then f € C*®([-x,7]) however f ¢ C*(T), moreover it is not even in f € C(T) unless
J7. g(x) dx = 0 as otherwise we do not have the continuity f(7) = f(-n).

We also need to have some extra structure/an extension to this LP (T, y) space by allowing the functions
in this space to be differentiable. However, if we were to use the traditional definition of differentiability then
it becomes harder to construct a useful Banach Space with the LP (T, u) norm. Moreover, it removes a lot of
functions which we would still like to examine, for example, the function | x| is almost fully differentiable on T
except at the points x = 0,7, —7 and would therefore not be considered a differentiable function. In order to
extend this definition of differentiability to include more "almost differentiable" functions, a weaker definition
of differentiability is introduced inspired by the integration by parts formula.

Definition 2.2.3 (Weak derivative). Take QcRorQ =T, keNiff,gce L} (Q), we say that g* is the k-th weak

loc
derivative of f if for all ¢ € CZ°(Q2) we have that:

fg fwakpdx = -1k fﬂ gx)p(x)dx.

We denote these weak derivatives as 0 f := g~.

The definition of the weak derivative uses the function space Lllo .(Q). This vector space is defined as the
set of measurable functions where each function f € LIIOC(Q) we have that for each compact set K c Q that
flk € LY (K) where we mean with flk the restriction of f on the set K. The definition of the weak derivative
also makes use of C2°(Q2) which is the set of functions which are infinitely often differentiable and have finite
support. That is for f € CZ°(Q), we have that for each k € N that 6’; f € C(Q) and that there is a compact subset
K < Q such that f(x) = 0 for x € Q\ K. In particular for Q = T the requirement in the weak derivative for
f.gke LIIOC(TT) is the same as f,g¥ e L'(T) and ¢ € C2°(T) is the same as ¢ € C*°(T) due to the compactness of
T.

The definition of the weak derivative then gives us the ability to construct a Banach space of functions in

LP(T, p) that are weakly differentiable. These spaces are referred to as Sobolev spaces.
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Definition 2.2.4 (Sobolev space). Let (Q2,Z,u) be a measure space withQcR orQ =T, keN, and1 < p < oco.
The Sobolev space W*P (Q, u) consists out of the of functions f € LP(Q, u) such that for all integer 1 < i < k the
weak derivative 6'; f exists and 6’; f € LP(Q, ). Moreover, we can define the Sobolev norm

k 1
. 1
1wt = U p g + 2 1105 Fllr@,m) 7.
i=1

Then we define the Sobolev space to be the Banach space (WP (Q, u), || - lwkp,um)-

The Sobolev space has an interesting property on a space like T in that for a function f € WP (T, u) with p €
(1,00] the weak differentiability and the integrability of the weak derivative implies that function is continuous
f € C(T) (Theorem 6.2 of [HR08]). Moreover, the space that these functions end up in is even a bit more regular
than the set of continuous function. Specifically we have that f € C>%(T), @ = 1 - * which is the space of holder

continuous functions. That is the set of functions such that sup ;e W < oo. In particular we have that

for p = oo the set of holder continuous functions coincides with the set of Lipschitz functions. Moreover, it
turns out that the sets are equal W' (T) = C*!(T) (In the sense that there is always an element in one set that
is almost everywhere equal to the other). A similar statement holds for p = 2 with W»?(T) = {f € C(T) : 0,f €
L2(T)} (Again with equality meaning that the functions of one set are almost everywhere equal to functions in
the other set).

We have now introduced the functions that will be relevant for our analysis. Next, we will introduce bounded
operators which are linear functions on Banach spaces which are continuous.

Definition 2.2.5 (Bounded operator). Let X,Y be Banach spaces. An operator T : X — Y is called bounded if
there is a constant C = 0 such that for all x € X we have that||Tx||y < Cl|x||x. The smallest C for which this holds
is called the operator norm denoted by || T|| := sup ,c x ”Hj;’fl')l(y . Sometimes for clarity this is denoted as || T||x—y or
ITllx ifX=Y.

It is possible to see that bounded operators are continuous in the following way, namely if we have a se-
quence (x)‘;lozo c X with limit x € X such that ||x — x,||x — 0 then we have that || Tx— Tx,lly = [|T(x — x,)|ly <
IIT|llx—xullx — 0. Sowe have || Tx— Tx,|| — 0. In fact the bounded operators are exactly the continuous linear

functions on Banach spaces. There are many examples of bounded operators such as the following:

* Take n € N, if we take a matrix A € R"*" and define it on the Banach space X = (R",||-|,) then we have
that A: X — X is a bounded operator and the operator norm coincides with the matrix norm || Al| .

e Take O =R or T and a multiplier m € L*°(Q). We can define the multiplication operator Ty, : LP(Q) —
1
LP(Q) by setting for f € LP(Q), T f := mf. It can be seen that T, is bounded || Ty, f 11z () = (Jo |m(x) f(0)|Pdx) P <

1 1
(Ja ||m||llfoo(0)|f(x)|pdx)p = |lmllreo (o | f(OI1Pdx) P = [Iml|zeoll fllzo(). Where we see that || Ty, |1 2r) <
[m]| oo (qy).

* Take 1 < p < oo, define the operator T : LP(T) — C by Tf = [} fdx. We then have that |Tf| = | [} fdx| <
Holder’s inequality X 1 1
fTF | fldx < IfllzrmI1llLa(T), where q is defined through 1 = >t We can then see that

HTllLrmy—c < 1 Lacm.

 Take Q = R or T, the derivation operator D : C1(Q) — C(Q) is defined by for f € C'(Q) by Tf := . f. It
can be seen that D is bounded namely ||DflIc) = 10x fllci) = 10fllc +Ifllc = I fllcrq) Where we
see that ||D||C1(Q)—*C(Q) < 1

Another example of bounded operators are semigroups. These are essential to describing the convergence of
the Zig-Zag process and will be discussed in the next section.

A more general case of bounded operators are unbounded operators. Terminology can become confusing
here as every bounded operator is also an unbounded operator. However, there are unbounded operators
which are not bounded. For this reason, 'unbounded operators’ are often referred to as 'operators’.

Definition 2.2.6 (Unbounded operator). Let X, Y be Banach spaces and Z < X be a linear subspace, furthermore
define an operator £ : Z < X — Y. In this case Z is referred to as the domain of the operator and we denote it
by D(Z) := Z. An operator with such a domain is called an unbounded operator and is commonly denoted as a
pairing (D(£), Z).
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The notation of an unbounded operator and the definition of the domain can often be confusing. For
example, we can have that D(%) = W'?(Q,u) and X = L2(Q, ) and thus that % is defined on W'2(Q, p).
However, the norm that is used on the elements of the domain of £ is not the norm of W'2(Q, i), but of
I2(Q, ). As an example we can look at the operator 8y : LP (T, u) — LP(T, ), this operator can not be defined
on the general LP (T, u) space since many functions in this space do not have a well defined (weak) derivative.
However, if we define it as (WP (Q, 1), 0y) the operator becomes well defined. The definition of an unbounded
operator is very general and in order to add some structure to the operators such that more can be said about
them the notion of densely defined and closed operators is introduced. Because of the general definition of the
unbounded operators, we often require some extra structure. This gives the following definitions:

Definition 2.2.7 (Closed operator). Let X, Y be Banach spaces. The unbounded operator £f :D(L)<c X — Y is
called a closed operator ifits graph {(f, £ ), f € D(£)} is closed in X x Y, which is equivalent to saying that D(£)
is a Banach space when combined with the graph norm defined for f € D(Z) by || fllge) == fllx +IZ flly.

Definition 2.2.8 (Densely defined operator). Let X,Y be Banach spaces. The unbounded operator £ f : D(Z£) <
X — Y is said to be densely defined if the domain D(X£) is dense in X.

As arefresher for a set Z to be dense in a Banach space X, we require that for every x € X there is a sequence
(Xn)n=1 < Z such thatlim,_ ||x, — x||x — 0. This way we have that densely defined unbounded operators are
almost completely defined on the full set of elements of X.

We illustrate these concepts with some examples.

¢ All of the bounded operators as defined by Definition 2.2.5 are closed when considering D(%) = X and
they are densely defined operators because D(¥) = X.

¢ Take the Banach spaces X,Y = C[0,1] and D(&£) = C'0,1]. Then define for f € D(Z) the operator £ f =
0x f. We then see that || f||«¢(%) is equal to the || f|l¢1j9,1;) norm and thus that D(£) with the graph norm
is a Banach space and thus by definition % is a closed operator. Furthermore, C'[0,1] is dense in C[0, 1]
(as can be seen by the Weierstrass approximation theorem). So (D(%£), £) is a closed and densely defined
unbounded operator.

* Similar to the example above if we take X, Y = LP(Q, ) with D(%£) = WP (Q, i) then the operator £ f =
0y f for f € D(Z) is closed. Moreover, it is densely defined.

Densely defined operators are essential to defining the so-called adjoint operators. These adjoints can be
seen as a generalization of the transpose of a real-valued matrix. For this thesis, we will only be interested in
the definition of the adjoint on Hilbert spaces.

Definition 2.2.9 (Adjoint of an Unbounded operator defined on Hilbert spaces). Take Hi, H, to be Hilbert
spaces and take a densely defined unbounded operator £ f : D(¥) c H| — H,. We then define the set D(£L*) c
H; to be the set of elements such that for a g € D(£™) there is an h € Hy such that for every f € D(¥) we have

(Lf,8m={fWn.
We then define the adjoint £* : D(£*) c Hy — Hy of £ by £* g := h.

The uniqueness of the elements h € H; such that £* g = h stems from the so-called Riesz representation
theorem (Theorem 1.3.4 [Con97] ). Moreover, we have that the adjoint is closed and if £ is closed we also have
that (£*)* = £. Apart from matrices (for matrices A € C"*"*, n € N we have that for the elements A;; for A
and A;‘j for A* it holds that A;.*j = Zj,- forall i,je{1,2,..., n} ) we can also define for other operators on Hilbert

spaces such as 8, from the previous examples defined with domain W' (T). This operator has the adjoint such
that D(0}) = D(0x) and 0} f = —0, f. Adjoints are for example useful for analysing the so-called spectrum of an
operator which we will introduce later on in this section.

Next, we are introducing the concept of the resolvent and the spectrum of an operator. The resolvent can
be seen as the set of values where an operator is very well behaved in the sense that it is boundedly invertible.
For this reason, the resolvent is often referred to as the set of regular values.

Definition 2.2.10 (Boundedly invertible operator). An unbounded operator £ f : D(£) c X — Y is said to be
boundedly invertible if and only if there is a bounded operator U : Y — D(Z) < X such that for f € Y we have
LUf = f and for g € D(¥) we have that U£L g = g. We denote this bounded inverse by £~ := U.

Equivalently assuming that (D(Z,) %) is a closed operator we have that an unbounded operator is said to be
boundedly invertible if and only if Ker(£) = 0 and Ran(¥£) = Y (Proposition 1.15 of [Con97]).
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Definition 2.2.11 (Resolvent set of an unbounded operator). The resolvent set p(%£) of an unbounded operator
ZLf: D) c X —Y isdefined by:

p(&L) ={yeC: £ -yl is a boundedly invertible operator}.

Where we denote I for the identity operator on D(Z) (so for f € D(Z) we have I f = f). We denote £ —yI as
£ —y. Moreover, we refer to (£ — 1)~! as the resolvent of £ aty € p(Z£) often denoted by R(y, &L).

In particular if £ : D(¥) € X — Y is a closed operator we will get that y € p(%) if and only if Ker £ -y =0
and RanZ -y = D(Z). We can then see that specifically the eigenvalues of an operator are not part of the
resolvent.

Definition 2.2.12 (Eigenvalues and eigenvectors of an unbounded operator). Let X,Y be Banach spaces and
ZLf:D(&)c X —Y bean unbounded operator. We call f € D(Z) an eigenvector if f # 0 and thereisany € C
suchthat £ f =y f.y is called an eigenvalue of the unbounded operator and we denote the set of all eigenvalues
by o, (&£). This set is often referred to as the point spectrum.

Note that an eigenvector must be in X and Y. So if the set of element X, Y have an empty intersection there
can not be any eigenvalues/eigenvectors. So we see that ,(Z) c C\ p(£). However, unlike with matrices we
in general do not have that C\ p c 0,(<£). The full set of all the y € C which are not in the resolvent set is called
the spectrum.

Definition 2.2.13 (The spectrum of an unbounded operator). The spectrum o (%) of an unbounded operator
ZLf:D(ZL)c X —Y isdefined by:

o(ZL):=C\p(L).

So in particular we see 0, (£) < 0(Z). For general unbounded operators, there are many different parts
of the spectrum that are classified for different (technical) reasons such as the continuous, residual, absolutely
continuous, essential, discrete, compression, peripheral, singular, and approximate spectrum. Many of these
definitions overlap for some points in the spectrum and for some such as the essential spectrum the definition
differs between authors. For our purposes, we are mainly interested in the point spectrum/eigenvalues. The
reason for this is because of a special class of operators for which the spectrum is almost entirely equal to this
spectrum with the exception of y = 0. This specific class of bounded operators are the compact operators which
act more similar to how matrices work. In fact, all finite-dimensional operators are compact operators.

Definition 2.2.14 (Compact operator). Let X,Y be Banach spaces. An operator T : X — Y is called a compact
operator if for every bounded sequence (x,),=1 € X we have that the sequence (T x,) =1 contains a convergent
subsequence.

The spectrum of a compact operator £ is countable and each non-zero y € 0(¥) is an eigenvalue (y €
0 (&) of finite algebraic multiplicity (Theorem 7.6 of [Con97]), which in particular means that dimKer £ -1 <
oo. Furthermore, the only possible accumulation point of the spectrum is 0. A couple of examples of compact
operators are:

« Finite-dimensional matrices A € CN*N, N e N defined on any of the finite-dimensional norms. Their
eigenvalues correspond to the roots of the polynomial p(y) := det(A—7y). The amount of eigenvalues of a
matrix is at most equal to N.

* The resolvents (0, —y)~! of the derivative operator 4, : W'?(T) c L?(T) — L?(T) is compact, this causes
the spectrum of 9, to consist purely out of eigenvalues given by iZ = {in: n € Z}.

The last example (W12(T),48,) is an operator that has a compact resolvent. This means that for all y € p(dy)
we have that (8, —y) ™! is compact. Interestingly if we have that for one y the resolvent is compact that it then
automatically follows that all of the elements are compact. This is because of the resolvent identity which holds
forally,f e p(ZL):

&L-N-&-pl=g-p-ptEe-pl

Moreover, if T: X — Y is a bounded operator and K : Y — Z is a compact operator then KT is compact as well
furthermore the sum of compact operators is again compact, so by rearranging the resolvent identity it can be
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seen that it is enough to prove that one element of the resolvent gives a compact operator in order to prove that
all of the elements of the resolvent are compact.

Another example of compact operators are Hilbert-Schmidt operators which are special operators defined
on a Hilbert Schmidt space.

Definition 2.2.15 (Hilbert-Schmidt operator). For two Hilbert spaces Hy, H,, an operator T : H) — H> is Hilbert-
Schmidet if for some (equivalently every) orthonormal basis (h,) =1 of H we have that the Hilbert-Schmidt norm
T s =Y ns1 I Thylly is finite.

Hilbert-Schmidt operators are compact [Con97] and have the property || T||2 < || T||gs, where || T|| is the
operator norm as in Definition 2.2.5. For every Hilbert-Schmidt operator T : H; — H, defined on two sigma-
finite spaces Hy = (X1, %1, 1), Hy = (X2, %82, 112) there is a kernel function k € L2(X x X5, B % By, 141 % l2) such
that for every f € H; we have that T f(x) = fXZ k(x,y)f(y) du(y) pea.e. ( Proposition 3.3.5 [Sunl6] ). More-

over, the adjoint T* has a similar expression T* f(x) = [ x, k(3,0 f(y) dpn (y) g a.e.. Therefore the associated

¥ s T T _ 2 _
kernel of T* is k(y, x) Furthermore, we have ||T||gs = |IT*|lgs = ||k||L2(X1xX2'ulx”2) and || Tl gs = X nso0Sn(T),

where s, (T) are the singular values of T [Sun16]. These singular values correspond to the eigenvalues of v T* T
counted with multiplicity.

To illustrate this, an example of a Hilbert-Schmidt operator is the Volterra operator T f(¢) = fot f($)ds with
fe L2([0,1]). For this operator, it can be seen that the kernel is defined such that k(¢,s) = 1,<;. We then cal-

culate the Hilbert-Schmidt norm using the formula for the kernel || T| |2HS = || k| |[20 xi01] = 0.5. Moreover, the

eigenvalues of vVT*T are y, = m, n =0, [Thil6]. We can then confirm that 377 , yfl =359 m =0.5.
Moreover, the norm of the operator as Definition 2.2.5is || T| |§ = % =~ 0.4053. The quality of the approximation

[ITlgs = 1ITll2 depends on the distribution of the eigenvalues. Namely we have that || T|| =y, so the difference
iS I Tlls ~ 1 Tllo = £, Y4 = X5 ) Gz

The approximation given by the Hilbert-Schmidt norm will be of use to us when creating lower bounds on
the spectral gap of the generator of the Zig-Zag process. The generator is a component of the Semigroups as we
will define in the following section.

2.3. Semigroups

One of our main interests is to describe the convergence properties of the Zig-Zag process. Because of the
Markov property of the Zig-Zag process we can describe the evolution of the process in terms of a so-called
strongly continuous semigroup (or Cy semigroups) and its generator. These semigroups are sets of bounded
operators {T(t) : X — X, t = 0} that describe the evolution of a system. To each Markov process, we can asso-
ciate a semigroup. This object can be used to give a precise definition for the convergence of functions on the
stochastic process. They are not unique to just the analysis of stochastic processes like the Zig-Zag process but
are used for a wide range of partial differential equations. An extensive description of semigroups can be found
in [EN0O]. In this section, we will introduce basic notions related to semigroups that we will refer to in later
sections. First, we introduce the definition of a strongly continuous semigroup.

Definition 2.3.1 (Strongly continuous semigroup). Lef (X, ||-||) be a Banach space. A family of bounded oper-
ators {T(t) : X — X, t = 0} is called a strongly continuous semigroup if and only if all of the following properties
hold:

1. TO)=1,
2. Forallt,s=0:T()T(s)=T(s+t) (Semigroup property),
3. Forall f € X we have||T(t)f — fll—0ast|0.
There are numerous examples of strongly continuous semigroups:
¢ The translation semigroup defined for f € LP(R) with 1 < p<ocoby T(¢)f := f(x+ 1) .

e The multiplication semigroup defined for f € Cy(R) := {f : f is continuous and lim,_.. f(x) = 0} by
T f =e™ f where me Cy(R).

Is—

72
¢ The heat semigroup defined for f € L2(R), with d €N, by (K¢ = f)(s) := (4nt)‘% fRd e‘T‘f(r) dr.
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Due to the semigroup property it can be seen that a strongly continuous semigroup {T'(f) : X — X,t = 0} can
be fully defined if for a y > 0 the operators {T(?) : ¢ € [0,y]} are known. Specifically, we could take the limit
of y — 0 in such a way that the information about the full group is still preserved. We do this by associating
to every strongly continuous semigroup an infinitesimal operator £ with a domain D(Z) that describes the
infinitesimal evolution of the semigroup.

Definition 2.3.2 (Domain and infinitesimal generator). We define the domain D(%£) of the infinitesimal gener-
ator of a strongly continuous semigroup {T(t) : X — X, t = 0} by all the functions f € X such that

lim T(1) f f
t~0+
exists in X.
We then define the infinitesimal generator £ : D(T) — X of T by
T —
Sf= rof-f .
t—»o+ t

We often say that an unbounded generator generates a strongly continuous semigroup if it associated to
as an infinitesimal generator to it. Returning to our examples we can associate the following infinitesimal
generators:

* For the translation semigroup it turns out that D(¥) = WP (R) and for f € D(¥) we have £ f = f.

¢ Corresponding to the multiplication semigroup we have that D(Z) = {f : mf € Co(R)}, £ f = mf where
me Co (R).

* Connected to the heat semigroup there is the corresponding generator D(%£) = W22(R%) and £ f = Af.

For our analysis, the generator will be our main interest. It describes the infinitesimal evolution of our
semigroup for f € D(Z). The generator for our process arises because of the Markov property. To illustrate
the meaning of the generator further we give an example. If we assume that the generator is a matrix-operator

A€ R™"we can define y(t) = e’4y(0), where e'4 = %0 (At) L This maps every initial value vector y(0) € R" to
avector y(t) € R"” such that y'(¢) = Ay(¢) holds for all ¢ = 0. Th1s relationship also holds for general generators,
namely for all £ =0 and for all f € D(Z) we have the relationship

d
T THOf=2LTWHf.

(Where the limit is to be taken in the corresponding Banach space % T f :=1limy_g w ). In general
T(#) can be seen as a mapping that maps an initial value f to the solution of equation % fO=2f®.

For generators which are bounded operators B € 28(X) we have the following connection using functional

calculus T(£)f = e'Bf = P2yl (B” L, which shows a more general connection to the exponential function. Us-
ing the boundedness of B we can examlne the behaviour of the norm of T'(¢#) f, namely we can find an expo-
nential bound || T(1) fIl = |15, 5 fll < T2 'B“ 11711 = €l!Blt]| £1]. Which implies that || T()]] < !B, It
turns out that such an exponential bound also e)usts for general semigroups where B is not bounded.

Proposition 2.3.3 (Exponential bound). For a semigroup {T(t),t = 0} we have that there are constants M = 1
and w € R such that
IT(0)]] < Me®".

Proof. A proof of this can be found in [EN00] (Chapter 1 Proposition 5.5). O

This bound is somewhat different from the bound defined by e!'?!l” apart from that it also holds for semi-

groups which are defined on an infinite-dimensional Banach space. First, there is a constant M introduced next
to the exponential, secondly, we have that the proposition states that w € R, note that we could have equiva-
lently written down that w € R, but the main reason for writing the bound like this, is because it can be possible
for certain semigroups that w < 0. However, if we want to find such w for certain semigroups, we will have to
have that M > 1. A semigroup that has M = 1,w < 0 is called a coercive semigroup and a semigroup that has
such a bound with w < 0 only if M > 1 is called a hypocoercive semigroup. More explanation surrounding the
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background of hypocoercive semigroups can be found in section 2 of [Hér17] and section 3 of [Vil06]. The same
issue also holds for the Zig-Zag process and other PDMPs [And+19].

As an example we can construct such a hypocoercive estimate in the case of generator being a diagonalize
matrix A € R”*” meaning A = PAP~!. With A being a diagonal matrix of eigenvalues of A generating a semi-

group T(#);=0. Denote s(A) := —max;<;<, ReA;. Take y(0) € R", we then get || T(£)y(0)|| = [| X3, %y(O)II =

IPX, %P‘ly(O)ll <IIPIIMEX%, %II'IIP_IJ/(O)II <[IPII-IP7-1ly(0)]le” ! Which implies that || T(1)|] <
[|P]|-[|P~Y|e=sW?, This in particular gives us M = ||P||-||P7!|| and w = —s(A). This can be a much more use-
ful bound than e!!B!l’ since the spectral radius is always smaller than the norm of an operator. And w can even
become negative if we have that s(A) > 0. Which would shows that the solutions will decay towards 0 at an expo-
nential rate. This makes s(A) an important quantity and we can generalize its definition to infinite-dimensional

Banach spaces.

Definition 2.3.4 (Spectral gap). Consider an unbounded operator £ :Y < X — X, we define its spectral gap by:
(L) := —sup{Rey:yeo,(L)\ {0}
Where o ,,(£) is the set of eigenvalues/the point spectrum of £ as defined in Definition 2.2.12.

This spectral gap will be of major importance in the further sections concerning convergence properties
of the Zig-Zag process. Another specific pairing of the bound in Proposition 2.3.3 is the bound with M =1,
o = 0. The bound would then look like [| T'(¢)|| < 1 which are referred to as contraction semigroups. For this, the
following definition is of use.

Definition 2.3.5 (Dissipative operator). Let X be Banach spaces with the unbounded operator £f : D(Z) c
X — X. We say that (D(£), £) is dissipative if and only if we have for ally >0 and f € Y that

NA=)fllx zvIIfllx.

It holds that if an operator is closed, dissipative and the range (£ —y) is dense in X for some y > 0 that
such an operator generates a strongly continuous contraction semigroup which is called the Lumer-Phillips
Theorem (see Theorem 3.15 of [EN00]). This will be useful to prove that an operator £ generates a strongly
continuous semigroup. A convenient way of proving that an operator is dissipative makes use of a duality set.
The duality set J(x) for an element x € X is defined by

F0) ={x* € X*: (x,x*) = [Ixl15 = [Ix* 15} 2.1)

The duality set _# (x) is always non-empty as a consequence of the Hahn-Banach Theorem. For example, if X is
a Hilbert space we have by the Riesz Representation Theorem that _# (x) = {x}. We can then prove dissipativity
through showing that for every x € D(%) we have that there is an element from the duality set x* € ¢ (x) such
that Re(x, x*) < 0. Then Proposition 3.23 from [EN00] gives us that & is dissipative. They show that this can
be seen as ||yx — ZLxllx = {yx— ZLx,x*)| = Re{yx — Lx,x*) = v||x||x. Where the first inequality follows since
for every element x € X we have ||x||x = SUP y+ e x* [|x*| g+ <1 [{(x, x*)|. The second inequality is a simple property
of complex numbers and the third property uses the assumption that Re(x, x*) < 0. We will refer back to this
duality set multiple times throughout the thesis.

Now that we have the mathematical background of the analysis of the generator associated with the Zig-Zag
process we would like to more properly introduce the concept of how MCMC algorithms work and how the
Zig-Zag process is defined which we will do in the following two sections.

2.4. MCMC algorithms

Letd = 1and Q = R? or T¥. Often in various applications we would want to calculate integrals like the following

ELf(X)] = fQ FOIAR().

Where u is a given probability distribution on Q. One way in which we could approximate this integral is by
creating random variables X!, X2,...X" for some n € N which are independent and have as their probability
distribution pu. If we then assume that Var(f) < oo (or fQ (f(x)— [E[f(x)])zd,u(x) < 0o) we can make use of the law
of large numbers. The law of large numbers states that if we have a set of independent variables coming from
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the same distribution that have finite variance that the average of those variables converges in probability to
the expectation of the variables.

1Z ;
;Z fxh fQ f0du(x). 2.2)
i=1

Note that we have introduced earlier that we are using the Hilbert space L?(T, i). We use this space as these are
exactly the functions for which the variance is finite, moreover the use of Hilbert spaces is convenient as there
are a lot of convenient properties to them for which many theorems exist. By approaching the approximation
of integrals through formula (2.2) it becomes possible to calculate various types of integrals for a large class
of functions. However, the convergence of this method can be slow especially for functions and probability
measures in higher dimensions. Moreover, when p is a complicated distribution we are not easily able to create
the random variables X!, X2,...X". Instead, we will create random variables which have approximately these
distributions.

One way of doing this is by creating independent Markov processes (th) >0, (th) 120, ---(X]") r=0 which are
ergodic and have as their stationary measure p as described in Definition 2.1.3 and 2.1.2. Then if we simulate
these processes correctly they can converge in distribution to the desired target distribution u such that the
approach of formula (2.2) can work.

However, as mentioned before the convergence of the law of large numbers in this way can be very slow.
So for our current construct to work we will have to make n very large which would mean that we would have
to simulate a lot of processes (th) =0, (Xf) t20,---(X]") =0, creating so many independent processes is in general
computationally expensive. However, because of the Markov property, it turns out that it is possible for some
Markov processes to make this approximation using only a single one of these stochastic processes (X;) ;9. For
these processes, the following convergence in distribution holds by taking a positive real number b > 0.

. 1 XN d 2
I\III_I’I;o—N(I;f(ka)—[E[f(X)]) — N(0,07, ¢). (2.3)

Where we have U% IS TVar,(f) and 7 = Z‘l?zo corr(Xp, Xp;) and on the right-hand side is a normal distribution

with variance O'i . Amore detailed description of how this convergence is established and what properties for

the Markov process allows this can be found in various MCMC literature (for example in section 5 of [RR04]).
2

g
This way it can be seen that the convergence rate towards the average in (2.2) is proceeding with rate %
To get a better view of how fast the process converges explicitly, we could analyse 0’%} r and specifically, we will
examine the case when b — 0. Which would change the summation of formula (2.3) into an integral in the
time variable. Assuming that X(0) is distributed according to the target measure u, we then have under certain
conditions that the following central limit theorem holds:

1 T d
li —f X)) —E[f(X)]dt S N(0,5%). 2.4
im Ned | FX) —E[f(X)] ( O'f) (2.4)

T—o0

2

Here o I is called the asymptotic variance and we have convergence to a normal distribution with its variance

equal to a?. This is also practical use as it shows that we can make b arbitrarily small and still have that our
estimation for the integral E[ f (X)] converges. Moreover, we can use this asymptotic variance to give an estimate
of how fast the calculation of the integrals/expectations will be.

A specific Markov process (X;) ;= for which all of these properties hold is the Zig-Zag process.

2.5. PDMPs and the Zig-Zag process

In recent years, there have been a significant amount of developments and interest towards Piecewise Deter-
ministic Markov Processes (PDMPs) within the MCMC field. Namely, because these processes promise lower
computational costs and faster convergence due to a property called non-reversibility [SGS12] [HHS93].

Definition 2.5.1 (Time reversibility). Assume a process (X;) =0 has a stationary distribution. This means that X;
has a distribution v such that if Xy is distributed according to v that the distribution of X; does not change over
time (which for the Zig-Zag process by implies that the stationary distribution is equal to the distribution v in
2.1.2). Moreover, if we then extend the process to the whole number line {X;, t € R}, then (X;) ;»¢ is time reversible
if the distribution of the process { X, t € R}is the same as {X_;, t € R}.
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An example of a reversible process is the Metropolis-Hastings algorithm which is a well-known MCMC
algorithm that is used for similar purposes such as the Zig-Zag algorithm for sampling from complicated high-
dimensional distributions. It has been shown that such an algorithm has been outperformed in its asymptotic
variance [SGS12] (as described surrounding formula (2.4)) and convergence to equilibrium [HHS93] (as de-
scribed in Definition 2.1.2) by non-reversible Markov chains.

PDMPs are defined by deterministic dynamics with an underlying stochastic process. Different non-reversible
PDMPs have been defined such as the Boomerang Sampler [Bie+20], and more important to our discussion the
Bouncy Particle Sampler (BPS) [BVD18] and the Zig-Zag sampler [BFR19]. The Bouncy Particle Sampler has
many properties in common with the Zig-Zag sampler, this is because the processes come from the same pro-
cess which is a variant of the telegraph process [Kac51].

LetdeN, Q=T or Q =R?, and define the potential function U : Q — R. Assuming that [, Y™ dx < oo,
the Zig-Zag algorithm is used to sample from the target measure u defined for A€ %(Q) by u(A) = [, e~ UM dx.
Furthermore, we will define the product measure v(Ax{0}) = u(A) for 0 € {1,-1} and A € Q. It can be shown that
under various assumptions that the Zig-Zag process is ergodic and that it has the stationary distribution with
measure v [BRZ19]. Moreover, this measure can be normalized such that it becomes a probability distribution.

Lastly, in order to define the Zig-Zag process we make use of an inhomogeneous Poisson processes. An
inhomogeneous Poisson process with switching rate A is a stochastic process (X;);>¢ such that for any two
timestamps a, b € [0,00) with b > a we have that X}, — X, is distributed according to Poisson( f A(s)ds). Where
we have that the distribution Poisson(y) is a discrete distribution with probability mass function P(Y = n) =
Yk,f! ! with n e NU {0} (where Y is distributed according to the Poisson distribution with parameter y).

The Zig-Zag process is defined in terms of two processes (X;,0;);=0, where (©;);>¢ is the velocity pro-
cess and (X;);=o is the positional process. The positional component is fully defined in terms of the veloc-
ity component by X; := X, + fJ@S ds. Where we will have that O, € {+1,-1} and X, € Q. The velocity pro-
cess will be updated coordinate wise based on the inhomogeneous Poisson processes with switching rates
Ai(x,0) := (00, U(x))+ + Ap(x) with (x)4+ := max(x,0). When an update for the j-th component triggers the
corresponding component of the velocity process will flip, meaning we will have that the new velocity will be
defined by:

0; ifi#j],
(Foy =y T
-0; ifi=j.
So the process can be constructed as follows assuming the initial positions Xy and © are given then for i e N
we have:
o Define & (8) := X' 1 + 1@ L,

e Forje({l,2,..,d}, we define ‘r;’. to be distributed independently according to
X t , .
P(ri =1 = exp(—f A:(E(9),0 ) ds).
0

* Then we define k:=argminc; , 4 T;
o Let TP :=Ti"1 +T§C.
e Then we define X’ := &(T?).
* Finally we have O/ := F0"!,
Then the final process can be created for all time # = 0 by
(X(,0(1) = (X' +0'(t-T",0", for te [T*, T"*),i e NU{0}.

In recent years there has been extensive research done towards the Zig-Zag process because of its promising
properties. It has been shown that under certain assumptions that the Zig-Zag process is exponentially ergodic
[BRZ19], which means that there is a function f : Q x {+1,—1} — R} and a constant ¢ > 0 such that V(x,60) €
Q x {+1,—1} we have that for t =0

IIP((X;,0;) € |(X0,00) = (x,0)) — uC)lIy < f(x,0)e".
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Which in particular show that the Zig-Zag process is ergodic as in Definition 2.1.2. Furthermore, under certain
assumptions on the potential and refreshment rate we have that a central limit theorem holds: If we have
examine the case Q = R and if (X, ®g) is distributed according to the stationary distribution [BD17] then we
have the central limit theorem holds as described in the previous section

T—o0

I d
lim —f (Xy) —E[f(X)ldt— N(0,0¢).
N FX)-ELf f
Moreover, for the the asymptotic variance has a concrete formula for specific class of functions g given by
05 =2 fR (U’ (0] +20)w (x)? dp(x) (2.5)

where ¥ = %((p(x, —1) - ¢(x,1)) and ¢ is defined through £¢ = E[g] — g. Furthermore, it has been shown in
[LW21] and [And+19] that for Q = R that the Zig-Zag process is hypocoercive, which means that the Zig-Zag
process converges exponentially in L?(R¢, v), that is there are constants M > 1,k > 0 such that

P f —Elf U2y < Me ™ I f —ELf Ul 120y (2.6)
holds for all f € I?(R%,v). For this we define the following terms:
Pif :=Elf (X¢,0)1(Xo,00) = (x,0)],

Elf] = f df(X,H)dv(x,Q), and
Q
2 _ 2
sy = [ £ 0P V0.

It turns out that (Py) ;>0 is a set of bounded operators and more specifically a strongly continuous semigroup as
described in section 2.3. The hypo-coercivity property described in formula (2.6) is a special case of Proposition
2.3.3. Moreover, the hypo-coercivity is necessary to make such an exponential bound with a positive conver-
gence rate (Meaning that the restriction M > 1 is required). The previous research by [[W21] and [And+19]
towards this property has given bounds on M and k which are not proven to be sharp or of practical use. In-
stead, there was an attempt done at analysing the spectral gap of the generator [BV21] as was discussed in
section 2.3. Here it was shown that for d = 1 and U having one maximum (unimodality) that the x in the hypo-
coercivity equation (2.6) is equal to the spectral gap as defined in Definition 2.3.4 of the generator associated
to the semigroup. Therefore in order to bound the convergence rate we need to bound «.

Although much of the analysis towards the Zig-Zag process has been done on R it is likely that many prop-
erties will be similar and that similar problems/benefits will arise. One such problem is that in formula (2.5)
for the asymptotic variance it can be seen that the variance increases as we increase the values of 1y. This
would mean that approximating expectations E[f(X)] as described in formula (2.4) will take longer as Ay is
increased. However, this formula only holds if the process is already distributed according to the stationary
distribution. The stationary distribution is reached at an exponential rate as is described by the convergence
of the semigroup in formula (2.6). However, as we shall see later on for many potentials increasing 1y can ac-
tually increase the convergence rate of the associated semigroup, meaning that the rate at which the process
converges in distribution to this stationary distribution is increased.

In practice, this means that there should be a trade-off in how high this refreshment rate should be: Keeping
the refreshment rate Ay too small will cause the convergence to the stationary distribution to be smaller such
that it will take longer before formula (2.4) can apply. Keeping the refreshment rate Ay too large can increase
the convergence rate to the stationary distribution significantly, but once this distribution has been reached the
central limit theorem of formula (2.4) will have a higher variance meaning that the approximation of E[f(X)]
will take longer. Therefore in practice the refreshment rate Ay can be taken as a time-dependent variable that is
changed over time as the Zig-Zag process comes closer to the stationary distribution in the sense of (2.6), such
that the convergence for (2.4) can be increased. However, in this thesis, we will only look at a constant (over
time) refreshment rate Ay.

We will mainly be concerned with the value of x in formula (2.6) and we will examine how this value behaves
based on properties of U and 1y. Moreover, we will show how other elements of the spectrum of P, behave
based on the spectrum of the generator £ which we will define in the following chapter.
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2.6. Conventions and notations
Throughout the thesis, we make use of some notation of which its definition might be hard to find. Therefore
we made the following overview.

N — The positive integers excluding 0.

Z — The set of all the integers.

R — The field of real numbers.

R+ — The non-negative real numbers [0,00).

C — The field of complex numbers.

T — The torus [-, 7] where opposite sides are identified, such that for function f defined on T

we have f(x) = f(y) forx—y=2nnwithnez

f*,f~ —Forfunctions f: T x {+1,-1} — C we denote f*(x):= f(x,1), f~(x):= f(x,-1).

C(Q) — The set of continuous functions f : QO — C usually with associated norm || f|oo = SUpeq | f (X)I.
C1(Q) — The set of continuously differentiable functions f : Q — C.

L2(T, u) — The set of functions f : T — C such that IIfIIiz(1T 0= J11f ()7 du(x) < oo, with du(x) = e Y@ dx.

L*(T,v) — The set of functions f: T x {+1,—1} — C such that Y ge (11,1 J7 |/ (x,0)|* du(x) < co.

Q\ {u} — All the elements of the Hilbert space Q which are orthogonal to u.

For example, LZ(T,y) \ {eY} refers to {fe LZ(TT,p) : fv f(x)eU(X) du(x) =0}.

% — Generator of the Zig-Zag process defined on L2(T,v) with domain WY2(T,v).

%1 — Generator of the Zig-Zag process defined on C(T x {+1,—1}) with domain CHT x {+1,-1}).
%, $C5 — Generator of the Zig-Zag process defined on the respective domains as above

with mean-zero meaning that for all these functions f : T — C we have [} f(x)dv(x) = 0.

K, $(Z) — Interchangeably used for the spectral gap of £.

For the L? spaces as defined above we define an associated inner product such that these spaces become
Hilbert spaces. For functions f, g € L?>(T, u) we define the inner product (f, g) := J7 f(x)g(x) du(x). Then for
functions h, k € L?(T, v) we define the inner product (h, k) = (h*, k") + (h™, k™).






Spectral analysis of the Zig-Zag process
generator with general refreshment rate

In order to examine the convergence rate of the Zig-Zag process we examine the spectrum of the operator.
Previous research towards the spectrum of the Zig-Zag process proved many interesting properties and be-
haviour on the spectrum if Q = R [BV21]. Most interestingly formulas for the eigenvectors and eigenvalues
were formulated in the case that the refreshment rate 1 is equal to 0 and the potential function U is unimodal.
Unfortunately the values of these eigenvalues were described in terms of the roots of a complicated function
and it was not possible to create any estimates on the spectral gap « as defined in Definition 2.3.4 with an asso-
ciated potential U unless these roots were calculated explicitly using root-finding algorithms. A similar analysis
to this previous work is done in Chapter 4 of this thesis.

Analysing the spectrum on Q = R introduces more complications due to extra conditions that have to be
put on the potential U (Specifically the rate of growth of the potential as |x| — co). These growth conditions are
not a problem on the torus due to the boundedness of the domain. Furthermore, for the torus, there has been a
full characterisation of the spectrum done in the case that U and A are constant functions for T [MM12]. Such
an analysis would not be doable on R due to e"Y™ 1 ¢ L' (R) which is required for U to define a probability
distribution. This makes the case of T easier to analyse as fewer restrictions are applied to the functions for
which the analysis is doable.

In order to analyse the case where the refreshment rate Ay is non-zero and bounded (1 € L*°(T)) and the
potential U is multi-modal an approach using block operators [Tre08] was proposed. This approach is popular
as it allows for complicated operators to be analysed based on more well-behaved operators which together
define the full operator. We will introduce the definition of block operators in section 3.2. Moreover, it turns
out that for the block operators there is an associated operator family that is called the Schur complement
81(y) that is defined for y € C. The Schur complement relates the elements of the point spectrum y € 0, (Z£) to
kernel of S;(y). In particular the Schur complement consists out of self-adjoint operators for y € R\ {0}. This
gives more structure to these operators and allows us to ultimately create a bound that is related to eigenvalues
of another operator BB* that is related to a physical process called the overdamped Langevin equation which
is a more known and studied equation.

In this section, we analyse the spectrum of the generator £ of the Zig-Zag process for bounded refreshment
rates A9 € L°°(T) and Lipschitz potentials U. We will calculate the solution to the Poisson equation £ f = g,
describe bounds on the eigenvalues using block operators and we will create two lower bounds on the spectral

gap K.

3.1. Formulation of the eigenvalue problem

We examine the Zig-Zag process on the one-dimensional torus with a continuous periodic potential U(x) :
T — R and a refreshment rate Ap : T — [0,00). We will then define numerous assumptions that we will use
throughout the following sections.

(A1) Almost everywhere existence and boundedness of the derivative of the potential U’ € L*°(T).

(A2) Boundedness of the refreshment rate 1y € L°°(T).

21
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(A3) Smoothness of the potential U € C!(T).

(A4) Continuity of the refreshment rate 1y € C(T).

(A5) Bimodality There is an xq € [-7, 71] such that for x € [-7, x¢] : U’ (x) <0, and for x € [xg, 7] : U'(x) = 0.
(A6) No refreshment 1¢ =0.

Assumption (Al) could have been replaced by U € Wb (T) or by having U be a Lipschitz function, that is a
function such that there is a constant K > 0 such that |f(x) — f())| < |x — y|. We will always assume that (A1)
and (A2) hold in this chapter. Assumption (A3), (A4),(A5) and (A6) will only be required in Chapter 4.

Next, we will define the generator for the Zig-Zag process. For this, we will introduce some notation. First,
we define the square-integrable functions with zero mean with respect to the target measure v

L3(T,v):={f e [*(T,v): fodv =0}.
Respectively we denote the Sobolev space with zero mean by
WA (T,v) = L(T,v) nWY(T,v).
We will use the following notation for the flip operator F: Lg (T,v) — L(z)(T, v) for f(x,0) € L%(T, v) by writing:
(Ff)(x,0):= f(x,-0). 3.1
We can then define the generator of the Zig-Zag process.
Definition 3.1.1 ( Generator of the Zig-Zag process). The generator for the Zig-Zag process
Lo WA(T,v) c LA(T,v) — L3(T, ),
is an unbounded operator defined for all f € D(£) := Wol’2 (T,v) by
Lof:=00f+Ax,0)(Ff-[). 3.2)

where A0, x) = (OU(x))+ + Ag(x) and (OU (x)) + = max(0U (x),0)

Normally we would define the generator to be defined on the space £ : WLY2(T,v) « L3(T,v) — L2(T,v).
However, for our analysis, we need to remove the constant functions such that analysing the spectral gap x
becomes more convenient. Moreover, not much information is lost as it can be seen that for all the constant
functions we have £1 = 0. So 1 is an eigenvector for the eigenvalue 0 which is not relevant for the definition of
the spectral gap.

The generator %, is well defined since U’, Aq € L*®(T) and thus A(x,0)(Ff - f) € I2(T,v) and due to the
definition of the Sobolev space we also have that the derivative of the functions exists and that 89, f € L2(T,v)
and thus %, f € L?(T,v). Furthermore, by using the relationship (A(x,1) — A(x,—1)) = U’(x) we have for f €
D(%) that

fzfdwf(xfﬁdwf(zfﬁdu
T T T
=fT0x(f+—f‘)+(Mx,1)—?L(x,—l))(f_—f+)d,tt
=fT0x(f+—f‘)—U’(f+—f‘)du=
= f Ox(fr=f)-U (- f e VWdx
T

:f ax(e—U(x)(f+_f—))dx
T

=e U — ) - e V(T — ) (-1
= 0’
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thus [} % fdv =0 and thus % f € L(Z)(TT,V). In this derivation we used the product/Leibniz rule for weak
derivatives to assert that dx(e"VW(f* = ) = @x(f* = f) - U'(f* = f)e VW as e U™ € W*(T) due to
assumption (Al) and using Proposition 4.1.17 from [Web18] the product rule can be applied. Moreover, we are
able to evaluate the functions f*, f~ point-wise due to the Sobolev embedding. This shows why assumption
(A1) was chosen, it allows us to make sure that the generator is well-defined.

As described in section 2.3 the generator describes the infinitesimal evolution of the semigroup of the Zig-
Zag process. This equation consists out of two parts. 80, f describes the change in position over time of the Zig-
Zag process without any changes in velocity. If we would have that A(x,0) = 0 then the generator would describe
a semigroup of a particle that moves at a constant unidirectional velocity, so for all T(¢) f (x,0) = f(x+t,0). The
Alx,0)(Ff — f) part of the generator refers to how the velocity is updated over time. It specifically refers to
how the velocity component 6 is updated based on an inhomogeneous Poisson process with rate A(x,68) as
described in section 2.5.

3.2. Block operators
The generator of the Zig-Zag process can be expressed as a block operator. A block operator equivalently de-
scribes the mapping using a matrix representation of the operator. It is build by splitting up the original Hilbert
space into two other Hilbert spaces using a direct sum of Hilbert spaces such as L?(T,v) = L?(T, u) @ L*(T, w).
Specifically we examine each element f € L?(T,v) as two elements f*, f~ € L?(T, u), where we denote f*(x) :=
f(x,1) and f~(x) := f(x,—1). Moreover, we can define in a similar manner W2 (T,v) = WV2(T, u) @ WV2(T, w).
We can then see that the domain of the operator can be written as D(%) = {(f*, f7) € WY(T,m) @ Wh3(T, ) :
f1I frdux) +f1r [~ (x)du(x) = 0}. We can then describe the generator from equation (3.2) in terms of a ’block
operator’ in the following way

] _[0x—Ax, D) Ax, 1) fr

f _[ Alx,—-1)  —0x—A(x,-1) [f‘

This notation can be interpreted using the same vector-matrix multiplication for normal finite-dimensional
matrices. This representation of our generator unfortunately does not allow us to separate the domain D (%)
into two domains due to the restriction fv Frxdux)+ f1I [~ (x)du(x) = 0. and as such the entries in the matrix
can not be defined separately. In order for our generator % to be represented as a proper block operator it will
have to fulfil the following definition.

A

Definition 3.2.1 (Unbounded block operator). Let #,#>» be Banach spaces. Furthermore, define the un-
bounded operators A: D(A) c /6, — S, B: D(B) c /6, — S/, C: D(C) c A — H», and D : D(D) € J&) — J6.
We then define the block operator 9 on the Banach product spaces % : D(B) c D F» — F D H#>» with
D(%) := (D(A) N D(C) D(D(B)nD(D)) for (f,g) € D(A) by

#lel=[¢ bl[zl=leroe)

C D Cf+Dg
Where this matrix representation should be interpreted similarly to normal matrix-vector multiplication as can
be seen on the right-hand side of the above equation. An operator in this form is called a block operator.

Approaches to analysing operators in terms of block operators for analysing hypocoercivity have been done
before [Ber+21]. However, such an approach for the Zig-Zag process and its spectrum have not been done
before.

Before we get to analyse the generator as defined in Definition 3.1.1 we first want to rewrite generator %
to separate its domain and make the resulting operator more symmetric as a block operator. With a properly
separated domain, we can then analyse each entry of the block operator as a separate unbounded operator.
Since the generator has a domain that is not separable we will need to transform our generator % into another
operator such that the spectrum is the same. This can be done by making use of unitary transformations and
we will make use of a simple unitary operator T and create a new operator &« = T* %, T. This new operator </
will thus have the same spectrum as % (so o(&) = 0(%)). This new representation might feel a bit arbitrary
so we also show how this representation could otherwise be found.

To do this we explicitly write out the eigenvalue problem of the generator of the Zig-Zag process defined in
equation (3.2) which can be written into

Oxfr+ A, (= fH=yf",
—0xf = Ax,-D(f —-fH=yf".
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The main inspiration for finding this unitary transformation comes from the identities A(x,1) + A(x,-1) =
[U(x)|+220(x) and A(x,1) — A(x,—1) = U'(x). We can apply these identities by subtracting and adding the two
equations that we have. First, by subtracting these two equations we get:

Ox(f Y+ )+ A D+ A=)~ = I =y(f" = ).
Using A(x,1) + A(x,—1) = |[U(x)| + 21p we can write this equation as
Ox(fT+f+UUMI+240)(f" = ) =y(f" = ). (3.3)
Likewise by adding up the two equations we get:
O0x(fT =)+ A=A, - = O =y(fT+f).

Here we can use the identity A(x,1) — A(x,—1) = U’ (x) such that we can rewrite the equation into the following
form

—0x(f = fO+U @ = fO=y(f"+f). 3.4)

We apply the transformation g = f~— f* and h = f~ + f*. We can then create a system of equations using (3.3)
and (3.4) giving us

—(UX)|+210)g—0xh=7vg,
Ug-0.,g=vh.

The interesting thing about the functions g and h is that they are now in a sense 'decoupled’. Namely, the
mean-zero restriction is now only required for &, and therefore the function g can be taken independently.
To make this all more precise as a unitary transformation we will write this system of equations in terms of
an eigenvalue problem to a block operator «/ f = yf. To define this properly we use notation similar to the
definition of L%(TT, v) and WO1 'Z(T, v). We define

L3(T, W) = {fELZ(TT,u):fodu:O}
and
W, (T, ) := WH2(T, ) 0 L3(T, ).

We then define the operator o : W"2(T, ) @ W, (T, 1) < L*(T, ) @ L3(T, ) — L2(T, ) @ LZ(T, ) as a block
operator

_[-1U')1=210 -0

="y, 0 (3.5)

For this, the @ notation refers to taking direct sums of the underlying Hilbert spaces, such that the resulting
product space is again a Hilbert space. The operator &« relates to the Zig-Zag process generator £, by « =
TLT* or £y = T* o/ T, where we have the bijective unitary transformation T : L%(TT, v) — LA(T, W @Lg(T, N
\/Li [_II 5 .and its adjoint T* :LZ(T,y) EBL% (T,w) — Lg(T,v) similarly defined as T = \/LE [_II 5 .
(although the form looks similar we do not have T* = T as the domains and co-domains are different). Because
T is a unitary transformation, we have

suchthat T =

o(A) =0(Z) and oy (A) = 0,(ZLo).
We will be examining the block operator « and we will write it in the following form

A B

4=1c o

. (3.6)

There are several nice properties to this new representation. First of all, we have that this operator fulfils the
definition of a block operator with a proper domain. Secondly, whereas the original representation had 4 non-
zero entries in the 'block matrix’, this new one only has 3. Furthermore, we have that only A depends on 1y, and
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under reasonable assumptions, we have that A becomes a bounded operator (and thus relatively well behaved).
Moreover, we will have that B* = —C (this will be proven in lemma 3.2.3). To make this more rigorous we will
further define these new operators.

We define the following unbounded operators (A, D(A)), (B, D(B)), (C, D(C)), and (D, D(D)). Their definition
follows from the relationship «f = T4, T*. First, we define the multiplier operator A which is the only operator
dependent on the refreshment rate 1y by

A:D(A) < L*(T, ) — L*(T, w),
D(A) = Wh(T, ),
Af(x):=-W (@) f(x):=—-(U"(x)]+2A0(x) f.

Here we also defined the non-negative function W (x) := |U’(x)| + 20 (x) which will turn out to be an important
function for the estimates/behaviour of the spectrum. This map is well defined because Ay, U’ € L®°(T) are
bounded on T by assumption (A2) and (Al). So we have W f € L?(T, u). Next, we have a simple derivative map

B:D(B) c L3(T,w) — L*(T, p), (3.7)
D(B) = W, (T, w),
Bf:=—0,f.

This map is also well defined by the definition of the Sobolev space. Finally we have another derivative map

C:D(C) c L*(T,w) — L3(T, w), (3.8)
D(C) = WHA(T, ),
Cf:=U'f-0d,f.

This map is also well defined since U’ f € Lz(,u,TT) due to the boundedness of U’. Furthermore, we have for
feD(O)

fU’f—axfd,uzf(U’f—axf)e_U(x)dx
T T

= _f 0"V frdx
T

— e—U(—T[)f(_T[) _ e—U(ﬂ)f(T[)

Here we similarly to proving the well-definedness of the generator £, made use of the product rule since
e~ U™ ¢ w*°(T) combined with Proposition 4.1.17 from [Web18]. This implies that Cf € L2(u, T) and thus
this makes C a well-defined operator. Finally there is also an implicit map for the bottom right entry of our
block operator which is a nul operator which we will define for completeness and in order to apply certain
theorems

D:D(D) c L3(T, ) — L3(T, w),
D(D) = WY (T, w),
Df:=0,

which is trivially well defined.

There are still some issues with these 'natural’ definitions of these operators. For example, the operator A
and D are not closed operators. (For this their domain would need to be LA(T, ) and L%(TT, 1) respectively).
This will create some problems for defining some derived operators later on. Luckily both of these operators
are closable and because D(A) = D(C) and D(B) = D(D) extending these operators does not alter the operator
</ by definition of the domain D(<f) as a block operator.

Lemma 3.2_.2. (A,D(A)) and (D, D(D)) have_closed extensions_given ByZ < L2(T, W c LA(T, W — L(T, w, A f=
~WfandD: LZ(T,p) < L3(T, ) — L3(T, ), Df =0, moreover D and A are bounded self-adjoint operators.
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Proof. This can be shown since for all f € L2(T,u) we have NAfl2r,w = (U] +200) fll 2 < (U] +
20 llee Il fll 2 T where ||(|U’] + 21¢)|| 1o (1) is finite due to assumption (A2) and (A1) so A is bounded and
thus well defined and we clearly have for all f € D(A) that Af = Af and thus A is an extension to A. The func-
tion W is a real-valued multiplier therefore the operator A is symmetric and because it is bounded it is also
self-adjoint. The exact same argument can be made to prove the properties for D. O

The spectra of A and D are respectively given by o (A) = essim(— W) (The essential range of —W) and o (D) =
{0}. Moreover, because we have

(3.9)

d:[A B]

A B [ZB]

C D
since D(#/) = D(A)n D(C) @ D(B) N D(D) = D(A) n D(C) @ D(B) n D(D) we will often use A and A interchange-
able and will often refer to D with D. Fortunately all of the operators are densely defined because the sets of

WY2(T, 1), W) (T, ) are respectively dense in L?(T, ), L2(T, ). This allows us to define the adjoints of the
operators. Next, we prove the assertion about the symmetry B* = —C that was mentioned before.

Lemma 3.2.3. The unbounded operators (B, D(B)), (C,D(C)) are closed and B* = —C.

Proof. First, we prove the closedness of B: Take a sequence g, € D(B), g, — g € Lg(T, w) with Bg, = —0x8, —
fe LA(T, ). We then have that g, is Cauchy in WO1 2 (T, ) which is a Banach space and thus its limit has the
property —0,g, — —0,g in L2(T, ). Thus we have g € D(B) and by uniqueness of the limit in L?(T, u) we have
Bg=f.

Next, we prove (B* = —C): Because B is densely defined we know (B*, D(B™)) exists and is closed. Suppose
g € D(B*) and take an f € C°(T). Furthermore, define k(x) := eV™ f(x) — f; eV f du(é) such that k € D(B)
and take the h e L(Z)(T, () such that (Bk|g) = (k|h) (which exists by definition of the adjoint). We then have

Agmdﬁfvgmdu
=f1rg(0x(eUf)—U’eUf)du
=[1Tg6x(eUf)d,u—ngU’edey
=—W—fvgmdu

Adj:"i“‘—f h%dp—f gU'el fdu
T T

:—fhf+gU_’fdx+fhd,uf eV f dp(E)
T T T

= —f (h+U'g)fdx.
T

Where in the last equality we use that [} h dp = 0 because i has mean zero. Since the equality holds for arbitrary
f € C°(T) we have by the definition of the weak derivative that d,g = h+ U’g, and because h,U’g € L*(T,v),
we have that 4, g € L?>(v). Thus we have g € D(C). Furthermore, by rearranging terms we see that B*g = h =
0x(g)—U'g=-Cg. Sowe have B* c —C.

Next, we assume that g € D(C), and we take an f € D(B)nCZ°(T). For these functions we have the following
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identity
(Bflg) = fv Bfgdp

- [ oxtpigan
T

- f ax(Hge V
T

= f foc(ge V)dx
T

= fv fo,g-U'gdu
=—(fICg).

For an arbitrary f € D(B) we have by denseness of C3°(T) N {f ffdp 0} in WZ(T 1) that there is a sequence
fn€ D(B)NCZ(T) such that || f;, — fllyrz, W= €. We then have the following

- 2m1n{HCgIILz w182

[(Bflg)——(fICI < |(Bflg)— (Bfulg) + (Bfnlg) — (fulCg) + (fulCg) — (fIC)I
<|(Bf1g) - Bful@+1(fICg) — (fnICg)I
=|B(f - I+ I(f - fulCg)I

Holder
< B = flllzawlglzaw + I = falliza w1 C8l 2

<€

So we have (Bf|g) = —(fICg) for all f € D(B) and we can see that f — (Bf|g) is continuous because of the
following, for a sequence f;,, — f € D(B) we have

I(Bf1g)— (Bful@|=1(fICg) — (fulCg)I
=|(f - fnlCg)I

Holder
s Nf - falleze,nIC8ll2 e m — 0.

So we have g € D(B*) and thus we have B* = —C and it follows that C is closed as well. O
The closedness of B and C gives us the closedness of </ as can be seen by the following lemma.
Lemma 3.2.4. (<, D(&f)) is a closed operator.

Proof. Because B and C are closed operators this follows from Theorem 2.2.7 i of [Tre08]. This theorem can be
applied because < is off-diagonally dominant of order 0. This can be seen because the operator D is trivially
B-bounded of order 0 (see Definition 2.1.2 of [Tre08]). And operator A is C-bounded because it is a bounded
operator on the elements of D(A) (and thus also on D(C)). It is therefore C-bounded of order 0. Which makes
& is off-diagonally dominant of order 0. O

Now that we have B* = —C we get that o has the following form

B

A
o= 5 b

An operator of this form is a J-symmetric block operator. The name refers to an the operator
J: L*(T,v) @ L3(T,v) — L*(T,v) @ L5(T,v) defined by
1 0
J:= [0 _1] (3.10)
with the property J? = I and such that «/J and J«/ become symmetric operators. Even stronger than this we
have that «f is J-self-adjoint as follows from the following corollary, where we are able to prove the adjoint of
&/ by knowing the adjoints of B and C and having A and D be bounded operators.
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Lemma3.2.5. The adjoint of («f,W2(T,v) @ W,"*(T,v)) is given by

% A -B
o Z-dsym_-dasymZ[B* 0 ],
where
A 0 B
Asym = [0 0 and gsym = [—B* ol

Which are the symmetric and asymmetric parts of the operator o/ such that we also have o = sy + Agsym.
Moreover, we have the domain D(«f*) = WY2(T,v) @ WOI'Z(T, v). We also have that <f is J-self-adjoint meaning
" = JAJ with J defined in formula (3.10).

Proof. Because of the boundedness of <y, we have that of = &y, + 45ym. It can then be seen that d;},m =
sym and using Proposition 2.6.3 of [Tre08] we have that

0 -B** 0 -B
0 ]le* ]:_&fasym

d;sym = B* 0

0 B]"_
-B* 0o

where we have that B** = B due to the closedness of B from lemma 3.2.3. We then see again using the bound-
edness of oy, that o * = (Lsym + Lasym)* = Asym — Lasym. O

Corollary 3.2.6. We have .556" =F%4yF, whereF : Lg (T,v) — Lg(T,v) is the flip operator as defined in formula
(3.1).

Proof. This can be seen by noting that £ = T*/*T = T*J*/JT = T*J* Ty T*JT and observing that F =
-T*JT. O

This gives us that «f is J-self-adjoint and allows us to express the adjoint of «f as o«f * = Jof J. J-self-adjoint
operators are operators which are self-adjoint in Krein spaces, which are indefinite inner product spaces that
have a decomposition #, #% with inner products (-|-) 7, and —(-|-) #, such that the operator becomes self-
adjoint on S @ A (The direct sum of the two Hilbert spaces) this creates an indefinite inner product space.
The spectrum of self-adjoint (block) operators have been well studied with many interesting properties about
their behaviour such a spectral mapping theorems and variational principles [Tre08], [Sch12], [Knal7]. The
J-self-adjoint operators are often studied under the assumption that they are diagonally dominant and some-
times when they are upper dominant [LS17]. This means that the operator A, D, A, B are more influential
operators in the block operator in the sense that they relatively bound the other operators (see Definition 2.2.1
from [Tre08]). Often when it comes to off-diagonally dominant J-self-adjoint operators there is an assumption
that the spectrum is real-valued [LLT02], [KLT04]. When the operator is diagonally dominant there even exist a
Gershgorin Theorem similar to the one defined for matrices [Gir+20]. However, with off-diagonally dominant
matrices, such theorems do not apply. However, we can use similar objects as defined in these papers and see
if other statements apply. Before we get to that, we will first note some useful properties for B and B* that we
will use later on.

First, we prove that the operator B can be redefined to become a boundedly invertible operator B if we
remove a function eV from the co-domain. Similarly, we can turn C into a boundedly invertible operator C if
we remove eU from its domain.

Lemma 3.2.7. B as defined in formula (3.7) is injective and C as defined in formula (3.8) is surjective. Moreover,
if B is defined as a mapping B: W, * (T, u) < LA(T, ) — L*(T, )\ {e} and C : WV2(T, )\ eV} < L2(T, ) \ {e!} —
L(Z)(T, W) (where with the notation Q\{eV} we refer to the Banach space Q\{eV} := {f e Q: Jr f(x)dx = 0} with the
norm inherited from Q) then we again have B* = —C and we have that B and C are boundedly invertible with
the bounded inverse of B given by

_ 1 T y X
Flrw=o [ [ roacetay- [ roa

and the bounded inverse of C given by

U™

~ Try . X .
Clf= f f@eV®dedy- eUmf f@e Ve,
-nJ-1 -

27

Moreover, we have that (B~1)* = -C 1.
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Proof. First, we prove the injectivity of B and we prove the surjectivity of C at the end of the proof of this
lemma. If we have f, g € D(B) such that B(f — g) = 0, which means that we have —0,(f — g) = 0, we then have
that f — g = K, where K is a constant. And because of the definition of D(B) we have that [} f — gdu =0 And
thus we have that K = 0 and thus f = g, so B is injective.

We first note that the mapping B and C are well defined, because C is a restriction of C and because
(BerU) = f; -0y f dx = 0 due to the periodicity of f € w2 (T, ). Because WI'Z(WT,,u) \ {eU} is still a Hilbert
space, the proof surrounding the closedness of B and B* = —C goes exactly the same like lemma 3.2.3. We then
prove that the mapping B is boundedly invertible. Since B is injective then we certainly have that B is injective
as the domain is the same and the co-domain is smaller. For the surjectivity of B if we have an f € L2(T, u) \ {e!}
we can define the inverse of B as denoted above. We need to prove that Bf € Wol’2 (T, ) forall f e L2(T, )\ {eV}.
Take an f e L2(T, w\ {eU} we then have the point-wise estimate

X
| Fa&i=fllzzerpllellze,
=7t

and thus we have

||f Faéllze <1 lza plle’ Nz Mz -
-7

Furthermore, for the double integral term we have

TPy b4
-U U( -U U( 2
|f_n | fdge (y)dy|sf_n||f||L2q_m||e Nz e™Y dy =11 Fllza wlle’Ollza w1,

and thus we have

T ory
-U u( 3
||j;ﬂ£”fdfe W dy”LZ(-[r"u) S”f”LZ(—[r,/J)”e ()”LZ('[[Y“)HIHLZ(*H—’M)-

So we see that B~ f € L?(T,u). We also have that B~ f is weakly differentiable and 0,B™' f = —f € L?(v).
Specifically we have that B~! f(m) = B~! f(—n) because /" f d¢ = 0 due to the orthogonality of f on eV. So we
have B~ f € W'2(T, u). Finally we have

@ = = [ racevan- [" [ rageve
= n fdée dx
22 J-gJ-n 1

TN T rX
=[ f fage Um dn—f f fdée U@ dx=o.
—TJ—=T —TJ—=T

Soweget B! fe WOI’2 (T,u). So we see that B is surjective combined with the injectivity of B we see that B is
boundedly invertible. Then using Theorem 5.30 from [Kat95] and lemma 3.2.3 we get that (B~!)* = -C~1.

The surjectivity of C can be seen by taking an f € Lé (T, w), we then see that have if we use the definition of
C~!f that C~! f € WY2(T, w) by also noting that the function is continuous at C~! f(rr) = C~! f(~) because of
a similar argument shown below, moreover by simple calculations we see that we have CC™! f = f and we have
that Cg = f so C is surjective.

O

It turns out that the inverses of B and C are a special type of bounded operators, namely they are Hilbert
Schmidt operators.

Lemma3.2.8. (B*)™!=C™': L3(T,u) — WY2(T, u) \{eV} is a Hilbert-Schmidt operator given by
~ b/
BY ' f0=| kxOHF©duE
/4
where the kernel function k is given by

U(x)

k(x,¢) = -

-8 —e" W1,
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Furthermore, the Hilbert-Schmidt norm of (B*)~" is given by
=112 2
||(B ) ||HS:||k||L2('|]'><'ﬂ—,y><p)
(oA 2 ~UO+UX)
=[ f (E(T[_f)_lx>f) e dxdé.
—TJ—=T

Similarly, we have thatB~1 = (C*)™! :LZ(T,u) \{eV} — Wol’2 (T, ) is a Hilbert-Schmidt operator given by:

T
B'f= f k(& x) f (&) du(&)
-7
and we again have
1B~ 115 = 1KIZ2 gy -

Proof. We can use the definition of (B*)~! from lemma 3.2.7 where we had the following formula

- U™ pm ey X i
(B*)—lf(x) = f f £ e U® dédy- eU(x)f 1) G dé
21 Jnd-n .
eU(x) T T U@ U b4 v
= o ];nj;n lysef(Qe” S dédy—e”'* £n1x>€f(f)e_ dé
Fubini eU(x) T opm _U® U b4 e
W [ [ per@e O ayag - [ 1oep@etOa
-nd-n -
b4 eU(x)—U(E) T e )
=f —f(f)f ldydé— | 1mef(©eVWU0 g¢
i 2m ¢ -
T eU(x) T
:ﬁn 2m F&=2) d“(g)_[n Lse f(©) eV dp(d)
T
= [ keno @ due)
-7
Since the kernel consists of a bounded function we have that ||| < co. This makes (B*)~! a Hilbert

L2(TxT,uxp)
Schmidt operator according to Proposition 3.3.5 from [Sun16]. Moreover, it gives us that || (B Y U as = k(L 9)]| 12(TxT)-
Similarly, we have for Hilbert-Schmidt operators with kernel k(x, y) that their adjoints are again Hilbert-Schmidt
operators with as kernel k(y, x). This gives the statement about B~ O

This will gives us in particular that (B*)~! is compact, but more importantly it gives us an estimate for the
norm ||B* ”LZ('I]',p) < |lkll2(r«T)- Using lemma 3.2.7 we can prove that 0 € p(£p). Meaning that we can find a
function f € Ly(T,v) such that there is a unique solution u to the Poisson equation %yu = f, where u is in
WOI’Z(T, v). Moreover, we get a specific formula for wu.

Proposition 3.2.9. The generator of the Zig-Zag process £ : WOI‘Z(TT,V) c L%(T, V) — L(z) (T,v) is boundedly in-
vertible if and only if ||W||s > 0. Take (h*,h™) € L?)(T,v), we then have

h+

;:] =" -

where we have that

X X
fr=-ke"@+e"D [ "+ ) (e "V ay+ B (-hT+ )@+ Wxe™ K- | (Wt +h) (e YV ayy,
- -

X X
f=KeU™ - eU(X)f W+ e VP dy+ B7H(=h* + h7) (%) + W(x)eV™ (K—f (Wt +h) (e VP ayy),
- -7

with
JE =R+ ) @) - Wx)eV @ (X (ht +hT) (e VWV dydx

K=-
JE W(x)eV™ dx

If||W||eo = 0 and by taking a constant Q € C\ {0}, then we have the eigenvector

Ql_ ,[Q_
,%[_Q = || =0.
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+

Proof. Take (g*,g7) € L>(T, ) ® L(Z)(T, ). We then have the following equations
f+

7 [fi 1=

We can make use of the surjectivity of C and knowledge of its kernel from lemma 3.2.7 to see that

A B
c o0

Af*+Bf~
Ccf+

8
e

X
f+ (X) — KeU(x) _ eU(JC) g— (y)e—U(J’) dy

-7
for some K € C. Moreover, this lemma gives us that f* € W'2(T, u). Combining this with the equation Af* +
Bf~ = g* gives us that
X
Bf (x)=g"(x) + KW (x)eV™ - W(x)eU(x)f g e YWy,
-7

We know from lemma 3.2.7 that for the operator B an inverse exists if and only if the right-hand side is in
LA(T, MmN\ {eV} which means that

T X
f g )+ KW x)e’™ —wx)e™ | g (e VYV dydx=o.
/4 /4

Which means that we need ||W||s > 0 such that we can define

T gt ) -Wx)elW X g (e YV dydx

K=-
ffn W (x)eV®™ dx

This then gives us that
X
fT@=B"g @+ wxe’M K- f g e "Wayy.
/4
We then have from lemma 3.2.7 that (f*, f~) € Wh2(T, ) @ WOI’Z(T,,u).
By using the relationship o = T%, T* we see that £ 1= T* /=1 T. Which means that if we have (h*,h™) €
WOI'Z(TT, v) thenwe set g* =—h*+ h~ and g~ = h™ + h~ such that
P
fr=ke"™ - [ (h* +h7)(y)e VW dy,
-7

X
@) =B Y (=h*+h7)(x)+ Wx)e!™ (K- f (W +h ) (e VW ayy.
-7

Then we have that

h+
h_

[ L

% | =[]

3

which means that
X X
fr=-Ke" 10 [ (h* +h) (e " dy+ B H(-hT + ) )+ Wx)e" DK - | (bt +h ) (e VP ayy,
=7 =7
B X ~ X
f=KkeVW - eU“‘)f (h*+h) e VP dy+ B H(-h" + h7)(x) + W(x) eV (K—f (h*+h) e VP dy)).
- -7

The statement about the eigenvector if [|W]|,, = 0 is simple as in this case the operator would become
%o f =00, f for which we clearly have that with a Q € C\ {0} that f(x,0) = 8Q has the property % f = 0 and
Jyfdv=o. 0

Now that we have introduced % as an equivalent block operator « and proved some properties about the
operators making up the full operator we can start to examine some bounds on the spectrum which we will do
in the following section.
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3.3. The numerical range and the Schur complements

In general when trying to examine the spectrum of an operator there is not a single method that works every
time. One popular approach is to use the numerical range of an operator. The numerical range of an operator
is defined by # (%) := {("%—f’f> : f € D(Zp) \ {0}} [GR9I7]. In particular we can take f # 0 to be an eigenvector

F
corresponding to an eigenvalue y since £, f =y f implies (% f, f) = y{f, f) which implies (‘5(5;‘3?{ ) = v and we

can see that that o, (%)) < #'(£)). Unfortunately, the numerical range does not give a lot of information about
the operator «f or %.

Proposition 3.3.1. Assumethatpu({xeT:W(x)=0}) =0and u({x € T: W(x) = —||Wlls}) = 0. Then the numeri-
cal range W (%) of £ is given by

W (L) =y e C:Rey € (—[|Wlls, 0)} U{0}.

Proof. Assume that f € D(«f/) we then have

_,| A B|[A] [/
wrn={ b 20
=(Afi, (Y +(Bf2, i) —(B" fi, f2)

=(Af, i) +(Bf2, i) —(Bf, f1)
=(Afilfi) +2iIm(Bfol f).

This representation shows a decomposition of the real and imaginary part of elements of the numerical range.
We see that the real part of &/ is equal to (Afi, f1). By taking arbitrary f; we can see that the numerical range
can not take values in {y € C:Rey ¢ (—||Wlls, 01}.

We will make use of the convexity of the numerical range (Toeplitz-Hausdorff Theorem [Gus70]) and iden-
tify certain points in the spectrum to conclude that the convex hull of these points is in the numerical range.

By choosing fi =0 and let f, € Wol’2 (T, ) such that [| 21172y ) = 1. This implies that 0 € #' (o). Next, by
choosing f> = 0 and letting f; be in wbh2(T, w) such that || fill 2, =1 It can then seen that the numerical
range of A is in the numerical range of %y, so we have # (A) c # (£p). Then using the convexity of the numer-
ical range we have in particular that all of the values on the real axis (—||W||x, 0] € # (£) are in the numerical
range of %.

Next, by taking f> = fi = e!"**UW with y € Z\ {0} we can see that [} e7**U™ dpu(x) = [} €7 dx = 0 and thus
we have f, € WOI’Z(T,p). Moreover, we have that B* f; = iyB”* fi thus we get that Im(</ f, f) = 2Im{(f}, B* f1) =

=2y(f1, /i) = -2y [y eV™ dx. Moreover, we have that (f, f) = 2(fi, i) = 2 [y eV dx. So we have <%‘),ff'>f> =1iy.
Due to the convexity of the numerical range [Gus70] we then get that {y € C: Rey € (=||W||x,0)} < # (Z0).
The only values to still check are {y € C\ {0} : Rey = 0}. This part of the spectrum can only be included in the
numerical range if we have that (Af, fi) = 0 which implies that f; = 0, but then we have that (<«/ f, f) = 0. So

we have that {y e C\ {0} : Rey = 0} cC\ # (Z). O

From the numerical range we can see that the spectrum of the generator has to lie in a vertical strip with the
boundary lines of this strip going through the points (0,0) and (—||W||x,0). The assumptions on the two sets in
Proposition 3.3.1 being equal to zero only has an influence on whether the boundaries of this strip are included
or not. Either way, the description of the spectrum using the numerical range does not give any information
about the magnitude of the spectral gap.

As an improvement for accurately describing the spectrum of a block operator the quadratic numerical
range was introduced [Tre08]. For a block operator « with domain D(<f) = D; @ D, the quadratic numerical
range is defined by examining the eigenvalues of 2x2 complex-valued matrices of the following form

o [ARD B
re=«cf.g) (Dgo|

The quadratic numerical range #2 (/) of & is then defined by

wiet)= | opledyy). (3.11)
feD1,geDy,
liflI=llgll=1
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The intuition behind the quadratic numerical range is similar to that of the numerical range and improves
it by examining the numerical range of the two separate equations of the eigenvalue problem. It can then be
shown that o, () € #?(of) = W (f) (Theorem 2.5.3, Theorem 2.5.9 [Tre08]).

Most of the theorems that we could find that would be applicable to our block operator assume that <
either is self-adjoint, or that #?(«/) c R, or that < is diagonally dominant which does not apply to our case.
An overview of many of these theorems can be found in section 2 of [Tre08] (specifically section 2.6 is about
J-self-adjoint block operators). The quadratic numerical range is not necessarily convex anymore, in fact in
our case it is not convex. Later we will come back to discussing the quadratic numerical range. The reason for
this is because we will first examine the numerical range of the Schur complements S; (y), S2(y) in Proposition
3.4.3. And as we will later show surrounding formula (3.13) it turns out that the numerical range of the Schur
complement is included in the quadratic numerical range of ¢, so we have #'(S;(y)) W2 (oA).

In order to analyse the spectrum, we will make use of an operator family called the Schur complements. It
is not just that the numerical range of these operators has the spectrum of %, included in it, but there it will
turn out that the kernel functions {f € D(S;(y)) : S1(y) f = 0} correspond one to one to the eigenvectors of Z.

are de-

Definition 3.3.2 (Schur complements). The Schur complements S1 and S, of a block operator

fined by

C D

Sl(y):zA—y—B(D—y)_IC foryep(D),
So(y):=D—y-C(A-7)"'B  foryep(A).

The Banach spaces that these complements are defined on are inherited from the Banach spaces that the under-
lying operators A, B, C, and D are defined on.

In general the domains D(S; (y)) and D(S,(y)) vary for different y € C. Note that we are using the definition
of the D, A with their closed domains as in lemma 3.2.2 such that S;(y) is defined for y € C\ {0} and S»(y)
is defined for y € C\ {essrange(—W (x))}. This makes S;(y) a more useful candidate as it allows us to look at
almost all of the spectrum (apart from y = 0, but this value has already been analysed with Proposition 3.2.9
). Moreover, we have a clear definition for p(D) as this operator is a null operator (D = 0) we have that p(D) =
C\{0}. On the other hand the spectrum of A is the essential range of —W. This would not allow us to analyse
some of the real-valued spectral values. For our purposes S;(y) = — %BB* + (A —7) is therefore the more useful
operator family of the two which we will refer to when talking about the Schur complement. By definition of
the concatenation of multiple unbounded operators the domain of S;(y) is given by D(S;(y)) = {f € D(C) :
CfeDB)}={f €DB"):B*feD(B)} =D(BB"). Since Cf is a map into mean-zero functions this domain
can be written as D(S;(y)) = {f € WY2(T,w) : 0, f — U’ f € WY2(T, w)}. Under assumption (A3) we have that this
becomes equal to W2(T, i) due to the product rule being applicable as U’ € W'*°(T) and using Proposition
4.1.17 from [Web18]. This domain is useful as it allows us to turn S (y) into a closed operator for y € C\ {0}.

Now that we have properly defined the domain of the Schur complement we can link the eigenvalues and
eigenvectors of the Schur complement to the eigenvectors and eigenvalues of the generator %.

Lemma 3.3.3. For the the Schur complement of « defined fory € C\ {0} by S;(y) := —%BB* + (A —-y) we have
0p(Ly) =0p(Ad)=0p(S1(y) :={y €C\{0}: 0 € T, (S(Y)}-

Proof. Takey € o, (2f)\{0} with eigenvector (f, g) € D(«/) such that of [Q =y [Q . This implies that Af + Bg =

yf and Cf = yg, which in particular gives us that Cf € WOI'Z(TT, W) such that f € D(S;(y)). Which allows us to
conclude that Af + %BCf =7 f which implies that Af —y f — %BB*f =0 and thus that S;(y) f = 0. If f =0 then
we would have Bg = 0 and because B is injective we would have g = 0 which would contradict (f, g) being an
eigenvector for «/. Thus we have that f is an eigenvector for S; (y) and thus y € g, (S1 (y)).

Now assume that we have y € 0, (S1(y)) and an eigenvector f € D(S;(y)) such that S (y) f = 0. This means
that we have Af + %BCf =y f. We then define g := %Cf which shows us that g € W2(T, u) by definition of

f

D(S1(y)). Sowehave Cf =Agand Af + Bg=yf,so </ P =y

g ] which implies that y € 0, (Zp). O

Note that the eigenvectors of the Schur complement are not the same as the eigenvectors of %, but it can
be seen that for an eigenvector f such that %, f =y f that we then have that S; (y)(f " — f7) =0.
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Lemma 3.3.4. Fory € C\{0}, S;(y): D(S1(y)) = D(BB*) c L*>(T, u) — L*(T, ) is a closed operator.

L2(T,p) L2(T,p)
K fand S;(y) fn K

2
n — oo. We then have that (A—7v) f;, ELLON (A—7) f by the boundedness of A. The convergence of S; (y) f,, gives
us that

Proof. Take a sequence (f),>1 < D(S1(y)) = D(BB*) such that f; g€ L2(T,u) as

BB f L2(T,w)
n

-y(g-(A-1f)

and in particular that (BB* ;) =1 is a Cauchy sequence. Then for each € > 0 take an N such that for n,m = N
we have that [|BB*(fn — fm)ll2(r w < € and |1(fn = fim)ll12 (1, < € we then have

||B*(fn _fm)”iz(mw = |<B*(fn _fm),B*(fn _fm)>|
=BB" (fn— fm), (fn — fu))
<IIBB* (fn = fu)ll 2 ol o = frd 2 py < €

L2(T,p)

This gives us that (B* f;;) ;=1 is a Cauchy sequence and thus that B* f;, h for some h € L?(T, ). Because

2
U’ is bounded we have that U’ f,, LLLON U’ f. So we have that 8 f;, is Cauchy by the relation . f;, = U’ f;, — B* f,.

Because WI'Z(T,u) is a Banach space this means that 9, f, — 0, f and thus we have that f € WI'Z(T,,u) and
0xf =U’f — h. So we have that B* f = h.

Since (BB* f;,) n=1 is Cauchy, we have that Bh,, is Cauchy in L?(T, u) with BB* f = Bh,, and therefore (h,,) y1

2
is Cauchy in the Sobolev space W'?(T, u). Similarly, this gives us that Bh,, EaLLON Bh=-y(g-(A-7)f). So

we have that f € D(S;(y)). Moreover, we see that —%BB*f+ (A-y)f=g,50S1(y)f =g. So (S1(y), D(BB")) is
closed. O

3.4. The Schur complement and bounds on the eigenvalues

Now we can make use of the Schur complement and treat its point spectrum g ,(S1) as being the same as the
spectrum of the generator of the Zig-Zag process minus y = 0. By multiplying the Schur complement with y
we get the equation yS(y) = —BB* +yA—y?I. We then see that if we want to find the eigenvalues of S (y), we
need to find the eigenvalues of a quadratic eigenvalue problem. Analyses towards such problems have been
done for example in the case where the operators are matrices [TMO01]. Even in the finite-dimensional case, the
analysis of quadratic eigenvalue problems has significant differences from the analysis of the conventional lin-
ear eigenvalue problems. For example, there can be an infinite amount of eigenvalues and an eigenvector can
correspond to multiple eigenvalues at the same time. Analyses have been done in a general case towards op-
erators of this form [EL04], here these operators have been associated with oscillations of a non-homogeneous
string inside a viscous substance. However, they describe a more general case with fewer assumptions on B
and A and were only able to describe the eigenvalues in the range (0, 00).

To examine the locations of the eigenvalues we will first examine the numerical range of the Schur com-
plement in order to prove bounds on the eigenvalues of the generator. Specifically we have that all of the real
components of the eigenvalues are bounded on an interval and thus that all the eigenvalues lie on a vertical
strip. Furthermore, this strip is a smaller strip than the one we found in Proposition 3.3.1.

Lemma 3.4.1. For all y € 0,(£) we have that Rey € [~||[W/|x,0] = [=11U (x)] + 2A0(X)|l00, 0. Moreover, if
Y € C\R we also have thatRe y € [—%IIWIIOO, —essinfy %(x)] = [—II(W + Ao () loo» —essinfx(‘U/%)| + Ao (X))].

Proof. We have from lemma 3.3.3 that 0p(&L)o = 0p(S1). We take a+ bi =y € 0,(S1) and a corresponding
eigenvector f € W22 (T, u) such that S; (y) f = 0. We first prove the second bound so assume that b # 0, we then
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have that

SiMf=0 —  BB'f=y(A-1f,
—  (BBf,f)=y(A-Nf. )
—~ B il = VA= 1),
- 0=Imy(A-Nf. )

=—Alm(y(w+y))|f|2du

= —f Im((a+bi)W + (a® + 2abi - b»)| f1*du
T

= —f bW +2a)|f*dp.
T

We have that this implies that W+2a cannot be an almost everywhere positive or negative function as otherwise
we would have [;(W+2a)|f|*du # 0 which would lead to a contradiction. This would imply that we would need
both esssup, W +2a = 0 and essinf W +2a < 0. Which implies that a € [-esssup, %(x), - essinf% (x)]. This
gives us the bound for all the non-real eigenvalues.

In order to prove the bound for all of o, () we only have to look at the real eigenvalues as the statement
for the non-real eigenvalues already implies this bound. So now assume that y € R.

Spf=0 - BB*f=y(A-1f,
- (BB"f,/)=((A-Nf. 1)
—~ B il = VA=-NL. 1),
- 0s(yUA-Nf.
=(ALY) =0 frh.

Because we have y < 0 this implies that

— YWy = (AL

= [wirtav,
T
_ WWEVW
- Hh
=~ (VWG g2 p ) = ~IW Iz = —esssup, W (x).
So we have y € [-esssup, W(x),0] O

We see that the imaginary eigenvalues are bound by the essential supremum and essential infimum of w
To visualize this bound we can use an approximation fo the generator as described in Chapter £y to visualize
the bounds described above for two potentials.
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Figure 3.1: Numerical eigenvalues of the operator £ with N = 1000 which is used to approximate the eigenvalues of £ as described in
Chapter 5. The left image corresponds to the U(x) = 2(%) and refreshment rate Ag = 1. The right image has the potential U(x) =
2(1_%5()6))4 and the refreshment rate 1¢ = 1. The purple lines describe the bound on the non-real eigenvalues and the green line represents

the bound on the real-valued eigenvalues described in lemma 3.4.1.

Lemma 3.4.1 allows us to get complete control over the distance of the non-real eigenvalues to the line iR
for a given potential U € W (T). In an extreme case we could choose A4 such that all of the imaginary values
get stuck on a single line by choosing 19 = ¢ — M with ¢ > esssup, 'UIZM, we would have that W = 2¢ and
thus all the eigenvalues with a non-zero imaginary component of %, will have the same value and be on the
vertical line with the real component being equal to -c. Moreover, for potentials that have a discontinuous
derivative, we have that automatically all of the non-real eigenvalues are placed away from iR without having

to add a refreshment rate.
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Figure 3.2: Numerical eigenvalues of the operator £y with N = 1000 which is used to approximate the eigenvalues of %, as described

in Chapter 5. The left image corresponds to the U(x) = I_%S[X) and refreshment rate Ag(x) =2 — %ﬁ)‘. By choosing this refreshment

rate we get that W = 4 and thus according to lemma 3.4.1 we have that the non-real eigenvalues appear on a line with its real component
being equal to 2. The right image has the potential U(x) = 2|x| and the refreshment rate 1y = 0. Because we have that W(x) = U (x)| =
2|sign(x)| = 2 we have again that all of the non-real eigenvalues are on a line with real components equal to 1. The purple lines describe
the bound on the non-real eigenvalues and the green line represents the bound on the real-valued eigenvalues described in lemma 3.4.1.

Remarkably the potential U(x) = o|x|, with o € R seems to have its spectral gap increase xk — co as ¢ — oo
which turns out to be true as we shall see in Chapter 4. In general, it seems to be the case that if 1y = 0 that a
scaling of the form o — o |U’| gives us that the spectral gap increases indefinitely by using the discretization of
Chapter 5, however, this is not necessarily of practical relevance as we want to obtain the optimal A, for a given
potential that we want to estimate.

Using lemma 3.4.1 and Proposition 3.2.9 we can now get a bound on all of the eigenvalues. Moreover, this
gives us a bound on the spectral gap.
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Theorem 3.4.2. Take U € WV (T) and Ay € L*°(T). If we have essinfyct W (x) = essinfyet |U’' (X)| + 240(x) > 0
then we have that x > 0 (the spectral gap is positive). Moreover, a lower bound on « is given by

. o1 1-
K= mln{essmfé W(x), 1%, 1||L21(1T,v)}'
Proof. We have by lemma 3.4.1 that the real component of eigenvalues on C\ {R} are bounded by infyet W (x) >
0. Next, we have by lemma 3.2.9 that 0 € p(%). We can then make use of the Neumann series of the resolvent
around 0 to conclude that (ILTI"H’O] < p(&Z) which gives us a bound on the real-valued eigenvalues as well.
0
Taking a minimum of the bound for the real-valued eigenvalues and the eigenvalues with an imaginary com-
ponent gives the bound for all of the eigenvalues. Moreover, Proposition 4.3.2 gives us that 0 (%) = o p(Z0) so
these bounds on the eigenvalues are also bounds on the full spectrum of %, and thus also the spectral gap. O

The lower bound on the spectral gap as it is presented is difficult to calculate due to the norm of the resol-
vent ||y lllzzl(1T ,) being unknown. In a similar way to lemma 3.2.8 it can be seen that £ 1 is also a Hilbert-
Schmidt operatbr. Then one way of making a bound on this resolvent norm is by making use of the Hilbert-
Schmidt norm of the operator. We then would have ||, |27 v) < ||%; || zs which would imply that another
lower bound on the spectral gap is given by

1
K= min{essinfz W(x), ||$(;1||;11L9}'

Whereas x = sup{Rey : y € 0,(Z0)} the Hilbert-Schmidt norm has the property , /ZAE%(%) ﬁ < ||$(;1 | s O
such an estimate can never be equal to the spectral gap, however it could be of a similar order when compared
to scaling of W, U or Ay.

Lemma 3.4.1 gives us a bound on all of the eigenvalues of %y, it says that all of the eigenvalues are in a
vertical strip with the width of this strip being equal to |[|W||. Furthermore, it gives us an upper bound on
the real component of the eigenvalues with a non-zero imaginary component. Using this we can say that the
spectral gap will be determined by a real eigenvalue of S (y) or it will at least be equal to —essinf % (x) which
is controllable by increasing Ay on the locations where |U’| has a small value. So in order to investigate the
spectral gap, we should examine the real eigenvalues of the Schur complement.

The bounds on the eigenvalues and the difference between the eigenvalues in R compared to those in C\R
can be better examined by looking at the following proposition.

Proposition 3.4.3. For ally € 0,(S1) with a corresponding eigenvector f such that S1(y) f = 0 we have

2 \/ 4 * F12
Y= 1Y% Wf“Lzur,u) + ! Wf”Lzﬂr,u) 1B f“LZ(T,u)
= — > T 1 - 2
22 gy A2, 112

Specifically this shows that if y € R that we then have

4 * 2
VI Al y 1B Pl

AT
4 - 2
UMz 11z g

Furthermore, ify € C\R then we have

L2(T,w
4 2
A, AR,

4 * 2
VWl B Al

VWG a,  afp (&b

Rey=- = =
2 2 2 ’
2||f|lL2(T,u) 2”f||L2(T,u) ”f”LZ(T,uJ
and
* 2
L[
P = ———+

2
11 g
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Proof. Take a,b € R and define y = a + bi € 0,(S1) and a corresponding eigenvector f such that S;(y) f =0, we
then have

Spf=0 — BB f=y(A-7f
—~ Bl = YA-NL. 1.

By using the equality (Af, f) = —|[VW f| Iiz T this final equality then implies

2 2 2 2
1B* Fl527 4+ IVW FIB iy VN1 = 0.

This is a quadratic formula with its solution being

2 4 * 2
. ||va||L2(T,N) . II\/Wflle(T'm [|B flle(Tlﬂ)
- 2 - 4 - 2
2111, ¢ Wiy 0,

If we assume that y € R we can see that the square root has to be real and therefore we have that

L2(T,p) L2(T,)
1 = 2
4|If||L2(M) IIfIILz(M)

VW fII4 IB* f113

Otherwise if we assume that y € C \ R we see that this square root has to become imaginary meaning that

L2(T,w
4 2
4||f||L2(1]',y) IIfIILZ(M)

4 * 2
VWl 1B F1P 7 1

We then also see that for these eigenvalues with non-zero imaginary component that the real component of
the eigenvalue has to be given by

<Af’f> __||\/Wf||i2('[|"ﬂ)

y= > = 5 (3.12)
2Mfyr,y 201,

And the imaginary component is given by

“B*f”izﬂr y Iy Wf”iZﬂr )
Imy =+ 5 B 7 K
||f||Lzﬂw) 4||f”L2(1T,u)

Furthermore, we then see that the magnitude of the eigenvalues with non-zero imaginary component are given
by

* 2
1B f”Lzmr,m

lyl* = Rey)® + (Imy)* = 5
112

O

Proposition 3.4.3 gives some insight in how the eigenvalues of an eigenvector f behave with respect to their

corresponding eigenfunctions. Setting | f1l;2(y ;) = 1 we see that whether an eigenvalue is real or not has to do
with the relationship between ||B* f| Iiz T and [[VW f] I‘iz T Which directly relates to the comparison of the
operator A and B* of the block operator /. Moreover, we get an interesting relationship

+_ g2
W= 1 -1;.2
3 B (f*— [Py 2, iye =10 s
YEUp(fo)vfGWOl’z(WI,p):Eof:yf I2(T,w)  YEOp(ZL0) Y
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This shows that the rate at which the ordered sequence (%) n=1 grows when having the corresponding list

of the eigenvectors (f};),>1 should be at a pace high enough for the sequence to converge.
Returning to the quadratic numerical range W? (/) we see that similar forms for an estimation of the spec-
trum comes up. We do this by examining the following functionals for x,y € W?(T, ) @ W, "*(T, 1) defined

by

2
_(x)._l (Ax, x) . (Dy, y» N (Ax, x) (Dy, y 4 (By, x){Cx, y)

+ =
y 112 2 12 2

2 2 -
2| Il Y eaw W, a2

+ (3.13)
L2(T, )

which are exactly the elements of o, (</f,¢) as defined in formula (3.11) (they are the solutions of the determi-
nants of the 2x2 matrices defined by the quadratic numerical range). For our case they reduce to

1 Ax, X AX, X By, x)|?
M(x):E (2 ) N (2 ) 4 2|<y )I2
y IIXIILZ(T#) IIXIILZ(T]H) IIXIILZ(T,M)IIJ/IILZ(T'“)

We can then see if we take y = B* x that the above expression reduces to that of the expression of the eigenvalues
of Proposition 3.4.3 such that 1 (fo) = S1(y)x. Which gives us that W (S (y)) € W2 ().

KBy, x)I? _ _ p
7 = 0 moreover we can choose y = B*x
)

L2(T,p)

By choosing y to orthogonal to B*x we get that T
L2(T,u
[(B* x,B* x)|? _ (B*x,B*x)

2 2 = 2 * 112 = 2
X X B*x X
Il ”LZ('H',/,L)HJ/HLZ('I]',;;) Il ”Lz('ﬂ',y)H ”LZ('II',y) Il HLZ(T,;:)

the linear operator y — (y, B* x) and so we can make use of the Toeliptz-Hausdorff Theorem [Gus70] to see that
IB* Xl 27 )

[(By,x)I* _

which gives . We can then see this as the numerical range of

all of the values between 0 and can be attained for every x € W2(T, u). This in particular implies

[ESIPET
that by taking an x such that (Ax, x) is non-zero that all the small values around 0 on the real axis are part of

the quadratic numerical range and thus that the quadratic numerical range will not allow us to say something
about the real part of the spectral gap.

However, this is where the usefulness of the Schur complement comes in, namely for the Schur complement
we can prove that the elements close to 0 on the real number line are not part of the numerical range of the
Schur complement. So we really have that the inclusion of the numerical range of the Schur complement into
the quadratic numerical is a proper one.

We therefore return to the analysis of the Schur complement. In Proposition 3.4.3 we see that there are two
roots to every eigenfunction. This is often included in the analysis of the quadratic numerical range, for this
the following sets are defined:

(Axx) |, KByl

X
AJ_,:{/L_,( ):(x,y)ED(a{) and > 5 5 > 0}.
y xll7, Nx15, YT,
L=(T,p) L#(T,p) L2(T,w)
2
Again the big difference being the e By ny):‘z term. These sections as in this definition are usually only
L2 7 L2 (T

about eigenvalues which are real-valued. Moreover, most observations that use these functionals are for oper-
ators that have real quadratic numerical range (and thus a real spectrum).

For J-self-adjoint operators these two branches have a particular meaning if we have an eigenvalue y € C\R
with an eigenvector f such that S; (y) f = 0 we can then see that S; (?)? = 0. So we see thaty € 0,(S1) is an eigen-
value with its eigenvector given by ? However, we do not have such a connection between the eigenvectors
when it comes to real eigenvalues. Nevertheless, when it comes to numerical approximations these paired
eigenvalues do seem to behave similarly when scaling the potential and the refreshment rate. The lack of con-
nection for real-valued eigenvalues, causes the eigenvalues to be categorized into three groups and allows us
to give an expression of the spectral gap. We define the set of eigenvectors of S;(y) by M = {f € D(BB*) :

1fli2r g = L,S1(NS = 0}. Furthermore, define v+ (f) = 3INVW Il £\ /3 VWL ) =B FIlT,
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then the spectral gap is given by

FIVW 2 if VWL, . <IIB*fI2

I2(T, ) L2(T,p) 2(T,w’
K:;?Af/[ v+ (f) S (y+(fNHf =0,
Y-(f) otherwise.

One of the issues with this formula for « is that we do not know much about the functions f in M. If we
were to take the infimum over all of the functions of D(BB*) we would have that the spectral gap is equal to
0 due to the function e® e D(BB*). This function corresponds to a function which has no 'curvature’ with
respect to the derivative operator B* as B*eY™¥ = 0. It can also be seen as an eigenfunction to S; (0) if we define
it as the limit of the Schur complement viewed as yS; (y) = —BB* +y A —y?. We will come back to this function
later.

Another issue is that we have strong conditionals in the expression of «, specifically the distinction between
S1ty+(fNf =0 (and implicitly S; (y—(f))f = 0). To solve this we can ignore this distinction and create a lower
bound to k < k defined by

= : 1 </ 2 1 \/ 4 * 2
K —fl?]&a” Wf”LZ(T,H) - 1{411I\/Wftz(my)z”B*fiZ(Tyy)}\/ZH Wf”Lg(-l]—,p) - ||B f||L2(T,u)'

We can then see that for the eigenfunctions with imaginary component the spectral gap is bounded below

by infrepBp*) %II\/ Wl Iiz T So to find a lower bound we should only examine the real eigenvalues and find

a lower bound for the expression ||VW f| @UW) - \/ill\/ Wf||‘i2 T~ IB* f| |i2(TvuJ' Although the condition
4 * 2

IVl B

T Z e restricts the function space, we still have that the function space is too large due to
L2(T,p) L2(T,w)
the kernel function of B* which is e?™®. If we could only examine the orthogonal complement of eV (x) then
y g P

because B* becomes invertible and we would get the following "bound"

. min{essinf3 W (x), 3IIVWIZ, - \/§||¢W||go— B ifHIVIWIE > 11B*) I,
essinf3 W (x) otherwise.

It turns out that we can fix this problem however the bound will become slightly different in how it is written.
If we can prove that the eigenvalues corresponding to real eigenvalues hold to a bound similar to this bound,
then we are done since this bound already holds for all of the eigenvalues in C\R due to lemma 3.4.1. To further
investigate the real eigenvalues we will examine S;(y) when y € R. We will first prove that the spectrum of
this operator is real. We do this by making use of the Friedrichs Extension Theorem. The Friedrichs extension
defines a unique self-adjoint operator from a quadratic form. We can construct every S (y) as such a quadratic
form, however a more convenient approach is by examining the quadratic form g(f, g) = (B* f, B* g) associated
to the operator BB* f =02 f - U'd,f - U"f.

Lemma 3.4.4. Fory € C\{0} we have that (S1(y))* = S1(y). In particular this means fory € R\ {0} that S(y) is
self-adjoint.

Proof. We first examine the operator (BB*, D(BB*)). We have for f € D(BB*) that (BB* f|f) =(B*fIB*f)=0
meaning that this operator is positive. So by the Friedrichs Extension Theorem we have that there is a unique
positive self-adjoint extension (BB*)* such that BB* < (BB*)*.

The associated linear form of (BB*)* is g : D(B*) x D(B*) — C defined by VY f,g € D(B*) by q(f,g) =
(B* fIB*g). It holds that the domain of (BB*)* is a subset of the domain of the completion of g defined by
D((BB*)*)={f € D(q) : 3g € L*(T, w) with (g|v) = q(f, v)Vv € D(g)}. For q to be closed we need that the Hilbert
space associated to the norm || f| I?] :=q(f11) + (f1) 21, defines a complete space on D(B*). This holds au-
tomatically because B* is a closed operator and this || f IIZ norm is the same as the graph norm of B* which is
thus closed. So we have that D(q) = D(B*).

We have then have that D((BB*)*) = {f € WY?(T,u) : 3g € L*(T, p) with (g|v) = (B* fIB*v) Vv € WV2(T, w)}.
This shows that B* f € D(B**) = D(B) = WOI'Z(T,M). By definition this means that f € D(BB*). This shows
D((BB*)*) €« D(BB*). But because we had BB* < (BB*)* we have that BB* = (BB*)*.
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This gives us that (BB*)* = BB*. Furthermore, because in general it holds that if K is a bounded operator
that we have (BB* + K)* = BB* + K* we then see that

1
(S1)* = (—;(BB*) +(A-y)*
1

=—=(BB" )" +(A-7",

y Y

1
=-=(BB")+(A-7),
¥ Y
= (S1(y).
O

The relationship S;(y)* = S1(y) makes S;(y) a self-adjoint pencil which have some interesting properties
[Mar88]. However, for our proof, we will not make use of these properties.

Next, we want to show that S; (y) has a compact resolvent. This can be confusing terminology because it
could imply that only S;(y)~! is compact for all y € C\ {0} but equivalently we can show that a wider range of
these operators are compact as shown in the following lemma.

Lemma 3.4.5. Fory € C\{0} we have that S, (y) has compact resolvent, that is for alln € C such that (n— S (y)) ™!
exists and is bounded we have that (n— S1(y)) ™! is a compact operator

Proof. We have that BB* is a self-adjoint operator as we have proven in lemma 3.4.4. Furthermore, it is bounded
from below 0 < (BB* f, f). This means that ||(BB* —17)‘1|| exists for 7 < 0. We also have the estimate ||(BB* —
17)‘1||‘1 = d(n,0(BB™)). Because the spectrum of BB* is contained in [0,00) we have that we can make this
lower bound as large as possible by choosing a n further away from 0. In particular we can choose 71 such that
||’71 (BB* — 17)‘1||_1 = ||(A—17)ll. We can then make use of Theorem IV.3.1 of [Kat95] (in particular remark 3.2)
where we use T = _71BB* and S = S; (y) to conclude that (S; (y) —n) ! exists and is bounded. We then also have
that (S1(y) —n)~! is a bounded operator from (L*(T,v), | - [l ;2(7.)) — (D(BB*), || - llg(s, (). Next, we have that
the embedding iGapn : (D(BB*), - llg(s, ) — (D(BB*),||- llwr2(y,) is continuous. This is because we have
for f € D(BB*) that

e g = 210 f 1Ty + 2011
< 4B fll2 g 4N fll2 gy + 201152
<4(f,BB" /) +KlIfll}y
<4lIBB” fll 2 o1 fll 2, + KU1
<4y lISi ) fll 2zl 1l 2 + A INA=D2 e w1 T2y + KT
s CISIOfllzrwll 2w + C”f“izﬂﬂy)‘
= Cllfllgs, o1 f llwrz -

Dividing both sides by || f1lyy1.2(1,,) gives us that the embedding is continuous. Finally we also have the compact
Sobolev embedding is: (D(BB*), || -| |W1,2(T,#)) — (D(BB*),||- ”LZ(T,u))' We get that

S1N-m 7" =isoigrapno (S1(y) —m~

where the operator (S1(y) —1) ! on the left-hand side is seen as a mapping (L*(T,v), || - || 2 Tv) — (DBB*),||-
[l12(T v)) and on the right-hand side it is seen as a mapping on (L2(T, ), || - 1121 1)) = (DBB*), 1| lleg(s, ()
Due to all of the operators being continuous and is being a compact mapping, we get that S1(y) —n)~! is
compact and by the resolvent identity, all (17— S;(y)) ™! are compact for all € C when this inverse exists and is
bounded. O

Theorem I11.6.29 [Kat95] then give us that the spectrum of S; (y) exists entirely out of eigenvalues of finite
multiplicity. That is if (S;(y) —n)~! does not exists or cannot be bounded then we have that there is an f €
D(BB*) such that (S;(y) —n) f = 0.
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Spectral theorems about self-adjoint operators with compact resolvent then gives us that are an infinite
amount of eigenvalues 1 € C with the property S;(y)f = nf. Since S;(y) is bounded below for Rey < 0 since
for f € D(BB*) we have (S())f, f) = _||\/W”i2('|]',p) -y due to —%(B*f,B*f) >0 and A -y being a bounded
symmetric operator. This gives us in particular that these eigenvalues can be ordered n; < 15....

As an interesting side-note for a given potential and a constant refreshment rate 1y we have that as we
increase ¢ and if we denote by Sf”“ (y) f the Schur complement corresponding to potential U with refreshment
rate Ao that we then have.

-1 .
sty = — BB"- U’ =2A0—7 = S0p) f —2Aq.

Since S(l) (y) has an infinite amount of eigenvalues we see that for an infinite amount of 1y € R that there are

f € D(BB*) such that we also have that S%O (y) f = 0. This gives an indication that if we scale A that there will be
more real eigenvalues corresponding to %,. We see this happening when using the numerical approximations
of £n but we will not make use of this in this thesis.

Now that we have for y € R\ {0} that S;(y) is self-adjoint and that the operator has a compact resolvent,
we have that S;(y) only has a real spectrum with real eigenvalues. Because S;(y) is also bounded below as
mentioned above we can then make use of variational principles, specifically, we can make use of the max-
min theorem (Theorem XIII.2 [RS78] and noting that o.5s = @ due to the compact resolvent). This theorem
is useful for finding the eigenvalues of a self-adjoint operator. Given a self-adjoint operator with eigenvalues
B1 < B2 < B3 < ... and its spectrum being equal to its point spectrum, it states that the eigenvalues of the self-
adjoint operator S (y) are given by:

ﬁ = sup lnf <Sl(7/)f)f>
" firforfro1€D(S1 () FEsPANUfi, foy... fu—1DEND(S) Ol 2, =1

The orthogonal complement is defined with respect to our standard inner product () on L?(T, w). For example,
we have f1 = infrep(s, o)), 11711, =] (S1(N)f, f) and by the lower bound which was described above we can see
that for small y that the smallest eigenvalue of S; (y) is negative. We can use this max-min theorem to prove the
following bound on the real eigenvalues of 4.

Proposition 3.4.6. Define

WxeWd Er 11— . fxy—1)|—
max{—%,—énwnw\/inwugo—n(B UL ) Wl = 1B

L2(T,w) (T,)

a= U(x)
W(x) d .
—% otherwise.
We then have that Yy € (a,0] thaty € C\ 0 ,(£) = p(Zo)
Proof. We will often make use of the identity (S1(y) f, f) = _71”B*f“i2(1r,u) - “\/Wf“i%mm —yllflliz(mm. Take

¥ € (a,0] and take the function x — KeV™ € D(BB*) such that  := eV || ;2 (r,)- We can then use the max-
min theorem to prove that the first eigenvalue of S; (y) has the following negative upper bound

= inf (SIS, Y= (SipKeV, KeV)
B fen@E e 1! Nt f 1y
1 *
== I8 KeVllfop y ~ IVWKe Il ) =Y
_ o U2
U(x)
So we see that f; < 0 if —II\/WKeUIIiZW’m — ¥ < 0 which means that —II\/WKeUlliqum = —% <y
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which holds as a < y. Next, we examine a positive lower bound on the second eigenvalue

= su inf SinfNH= inf SN D
pe geD(BPB*)feD(BB*):fJ'g’Hf”LZ(Fu S = feDBB):fLeV I fll2p =1 {5
= inf -—||B* %
fED(BB*)ZfLeU,\IfIILzﬂr,w ) Y” f”LZﬂI 0] -1l f||L2(TT ,u)

X 1B* £112,
2o IVWIG-y-75 inf
Y fep@B :fLeV If1I7 0 0

1 ||g||L2 T,

= IVWIE —y = nf
¥ gel2 0 1B 8||Lz(w)
) 1

=~ IVWIZ, -y - = i
y B8l

SUPger2(T,u) IIgIILzﬂr )
_—||\/_||oo y— ||(B )~ ||L2(Tﬂ)

So we see that 8, > 0if —||[vVW||2,—y— 1||(B )™ 1||L2(1I )>Owhichmeansthat—II(B*)’IIIZZZWm—yII\/WIIZ

0. Thisis a parabola and using the quadratic formula we getitsroots a, = —%II\/ |74 Igoi\/i VW4, - —I(B*)~ 1||L2(1T 0

Since this is a parabola that goes to —oo if y — +0o we see then specifically if y > a that then 8, > 0. Further-
more, because we also have ; < 0 we see that 0 is not an eigenvalue for S;(y) so we see by lemma 3.3.3 that
Y ¢ 0 (Zo). Moreover, Proposition 4.3.2 gives us that 0 (%) = 0, (Zp) so because values in the interval (a, 0] are
in 0, (Z,) we also have that they are not in 0 (%) due to Proposition 4.3.2 and thus this interval is in p(Zp). O

What we have done is that we moved the max-min theorem towards the operator BB* and then created
a bound using the first and second eigenvalue of this operator to bound the first real eigenvalue of %,. In
a similar way, we can repeatedly use the same argument as above to create bounds on an infinite amount of
eigenvalues of S; (y) in terms of the eigenvalues of BB*. We see specifically that if1 31 [W] |2 <1B*~ 47} 2T that
there is at most 1 eigenvalue that is real since 8, > 0 for all y € (—o0, 0]. By repeatedly using the same argument
we can create similar statements about the maximal amount of eigenvalues that can be real depending on the
eigenvalues of BB* but this is not relevant for finding the spectral gap so we omit this.

The operator BB* is associated with the overdamped Langevin diffusion operator [PP17]. Specifically it is
the operator associated to the Kolmogorov forward equation of the stochastic differential equation

dX,=VU(Xpdt+V2dW,.

This equation describes a particle that receives forces over time as described by VU while also receiving random
noise from d W;. This process has as its stationary distribution the function eV which is the inverse of e~V Note
that due to Q =T that —U is also a valid potential.

Another interesting observation is that as long as 5 3 Liw] loo < [1(B¥)7117} then we have that the bound on

L2(T,u
the spectral gap can not decrease as we scale the refreshment rate. This cail al)so be seen by the fact that we do
not have any real eigenvalues in this case and that the bound that we have on the imaginary eigenvalues is de-
termined by an infimum involving the refreshment rate, so increasing this the refreshment rate then increases
the bound on the spectral gap. However, this is not any assurance that the spectral gap actually increases, only
that the lower bound that we calculated increases.

W(x)eU™ d .
For many examples we seem to have % > %IIWI |oo Which would often reduce the first case of the
T

above expression. However, in general this does not hold. This can be seen by for example taking for every
€>0,1= % -1ixj<e With U = 0. We then have

Siwwe@dx 1

4
20 (x)dx =
[reV@dx  2nm f oWdx=or

Whereas for the other side of the expression would have

1
E”W“oo:_
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Moreover, by taking 1o = 0 we also have that this equality does not hold in general as we can see with U(x) =

fiWwwe'Wax 1 - .
W ~ 0.868 and 5||W||e = 1.374. In general this term can therefore not

be ignored without any extra justification.
We can then use Proposition 3.4.6 to prove a new bound on the spectral gap.

cos(x)20. Then we have that

Theorem 3.4.7. Assume U € WV (T) and A € L®(T) and define

—._ [minGlWile - VEIWIE =B Z ) pessinfeer WL FFIWIE 2 IHBD I,
%essinfxﬂ W(x) otherwise.
Then we have ¥ < x, where x is the spectral gap of £y. Specifically this means that if essinfyet W(x) > 0 then
x> 0.

Proof. The bound on the imaginary eigenvalues follow from lemma 3.4.1 and the bounds for the real eigenval-

WxeU™dx .
LWee 2 dx Gince [ W(x)eU™ dx >

ues follow from Proposition 3.4.6. Moreover, note that we can ignore the term W ay
T

essinfyer W(y) f3 eV™ dx and thus we have

Sy W(x) eV dx ) Jre"Wdx 1 .

W = essinfyer W(y) m =essinf ey W(y) = > essinfyer W(y).

Moreover, since 0 ,(Zp) = 0(Z£p) by Proposition 4.3.2 we have that the spectrum of % is bounded and thus
also the spectral gap. O

We first show an example of this by using U’ = 0 and Vx € T we define 1¢(x) = A € R;. such that Vx € T we
have W (x) = 2A. This gives us that u o< 1. We then have that this gives us that the approximation on the spectral
of Theorem 3.4.7 gap is given by k(1) = 1 — 1351V A2 — 1}. Where we calculated ||(B*)! IIZZIﬂI ,» by noting that
this operator becomes the Volterra operator for which we know that the exact norm on this domain is equal to
1 [Thil6].

Now we will calculate all of the eigenvalues of this potential and refreshment rate and we will see how well
this approximation is. We have to solve S(y) f = 0, with f € W%2(T) we see that this implies —0% f —2yA—y2 =0
which has the functions f(x) = eTIVYRANX 44 its solution. In order to make these functions continuous we
must have f(—) = f(r) which implies that \/y(2A +7) = n and y(2A +y) = n? with n € Z. Solving this gives us
Y =—-A+VAZ%— n2, Because we ignore y € 0 this gives us that the spectral gap is given by k(1) = 1—1351 VA2 -1}
which is the exact same formula that the appromation of Theorem 3.4.7 gave us.

Because A — vA2—-1= " \/1127_1 is a decreasing function for A > 1 we see that the optimal spectral gap is
reached when 1 = 1, with k(1) = 1. Moreover, we see that the spectral gap is reached exactly at the moment
that an eigenvalue becomes real. This is behaviour that we observed for many other potentials using the ap-
proximation of Chapter 4 that as soon an eigenvalue becomes real we have very quickly that the spectral gap
becomes worse.

In general for other potentials calculating (B*™

-1
L2(T,w)
lemma 3.2.8 we can create an approximation 1(B*)™L 2T S [1(B*)™Y| 5. The difference between these two

can be a hard thing to do exactly, however due to

terms is that ||(1§*)_1”L2W,M) = m whereas for the other norm we have ||(1§*)‘1||§{S =Yiz0 m where
Ai(BB*) refers to the ith eigenvalue of BB* counted with multiplicity, here we skip Ay as this eigenvalue has
been removed as we examine the domain D(BB*) \ {eV}. The downside by making such an approximation is
that the period for which we can assure that there are no real eigenvalues for %, becomes smaller as we scale
Ap and the bound on the spectral gap becomes worse at a faster rate.

This bound on the eigenvalues that are real is very similar to Theorem 2.11.13 of [Tre08]. However, there are
several differences in the result and the assumptions. To interpret the result we should flip the operator —%
such that the spectrum is increasing A; < A, < .... Then the results of Theorem 2.11.13 assume that the operator
is diagonally dominant through some assumptions on the domains of the entries of the block operator. So ef-
fectively they assume that the operator A and D are more influential than the B and C operators are. Moreover,
they assume that the quadratic range (and thus also the spectrum) is real-valued and that there are numbers
between A, («/) and A, («f). Moreover, if an actual lower bound on the eigenvalues and thus the spectral gap
is to be found there is an additional assumption that B is bounded strongly by the minimal spectral value of A.

Under the assumption that U is a C*°(T) Morse function (meaning a function with critical points that are
non-degenerate and have distinct values) and that inf,e1 Ag(x) > 0 it has been proven that the eigenvalues of




3.5. The Schur complement and the semiclassical Witten Laplacian 45

the generator become arbitrarily small at an exponential rate for a large enough scaling of the form h — hW
(Theorem 1 [GN20] ). This would seem to indicate that the max-min principle of the Schur complement S; (y)
gives an equality for the spectral gap for small enough k. However, we do not have this in general and the
assumption on the refreshment rate seems to be required. The main example is U(x) = | x|, as we will show in
Chapter 4 for which the spectral gap is always caused by an eigenvalue that is in C \ R no matter how much
this potential is scaled. Therefore it does not have the property that the eigenvalues become real at a large
enough scaling. Therefore only under the assumption that the scaling is large enough and the infimum of the
refreshment rate is non-zero can we could say that the spectral gap of £, can be exactly determined by the first
few eigenvalues of S; (y).

3.5. The Schur complement and the semiclassical Witten Laplacian

It turns out that the Schur complement has a connection with the semiclassical Witten Laplacian [Mic19],
which is an operator which is of interest to theoretical physicists. In this section, we will make the link between
these two operators. The semiclassical Witten Laplacian has the following form

Apy=-h?d2+|U'1> - hU".

The Schur complement can be written in the following manner for an eigenvector f € D(BB*) corresponding
to the eigenvalue y we have

YS(f=-BB* f+y(A-y)f
=0,0x(N-UNH-yW+y)f
=02f-Udf-U"f—y(W+y)f =0.

This can be rewritten into the following form
2f+p(x)dxf+qx)f =0.
Where we have the following functions

p(x)=-U"and q(x) =-U" —y(W +7).

We then make the substitution / = e~ % f, which will give us:
~02h+V(x)h =0, (3.14)

where we have that V is defined as
1 1,
Vx)=—-qx)+ Eaxp(x) * 4P (x).

And this can be explicitly written as

|U’|2 U//
V) =y(W+y)+ 3 + >

Here we see terms that are similar to the Witten Laplacian with the exception of y(W + y). We then compare
the 2nd order differential equation with the semi-classical Witten Laplacian which is defined for a, r € R by

Apau = —h*0% +1al*|U')? — ahU’.

In order to get this definition to be similar to our 2nd order differential equation of formula (3.14) we must have

|a|2 2 Ao 1 12 1 "
hzl | h 4| ! 2

Which leads to the condition & = — % So we have for all r € R that S; (y) can be equivalently written as

1 1
Nopu +YWHY) = =03+ (IU'P+ SU") -y (W +y) =0,
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Note that due to the domain being a torus we have that — % defines a valid potential similar to how we did this

for BB*. In fact, the relationship is stronger to that case as all that we have done is here calculate the following
equality

E*yS1(Y)E= Aty =YW 7).

where E : L?(T,u) — L*(T) is the unitary transformation given by Ef = e~ 7. This unitary operator allows us
to better analyse the asymptotic behaviour as the norm/inner-product L?(T) are not changed when scaling U.
Moreover, we have from this the identity

EBB*E* =A,_ry.

As we have discussed the operator BB* is the Kolmogorov forward equation for the overdamped Langevin
diffusion and we see once again that the BB* plays an important role in the analysis of the spectrum of %.
Because the operator BB* is a more '’known’ operator than % this allows us to make more statements about
% given BB* such as in Theorem 3.4.7. A similar connection has been made in [GN20] where the connec-
tion was made via the anti-symmetric part of %,. Examining lemma 3.2.5 shows that this connection was to
be expected as the anti-symmetric part of % is directly related to BB* through the Schur complement de-
fined for this part. It seems as if the analysis towards the Witten-Laplacian is, therefore, crucial for the further
approximation/understanding of the eigenvalues of the Schur complement.



Spectral analysis of the Zig-Zag process
generator with 15 =0

When analysing the bound defined for f € X by || T(¢) fI| < Me~“?||f|| as defined in 2.3.3, different norms and
spaces can be used for the underlying Banach Space. This change in the topology/Banach space could have
an effect on the value of k. Moreover, changing the underlying Banach space could change the positions of the
eigenvalues and the spectral gap. Previously this analysis has been done for X = L2(R,v) [BV21], however in
practice it can also be useful to know the convergence for continuous functions with a supremum norm as this
is usually the set of functions which are used for the analysis of the Zig-Zag process using Stochastic approaches
such as examining a Feller process (more about this type of approach can be found in, for example, [BD17] ).

Moreover, we would like to know how the spectrum of Z translates to the semigroup that it might generate.
In this section we will prove such a spectral theorem for the generator of the Zig-Zag process with the Banach
space I2(T,v) aswell as C(T x {+1,—1}). We will show a similar analysis to [BV21] towards the case where Ag =0
and the potential is unimodal and we will find similar results. Furthermore, we will see that the spectral map-
ping theorem gives some complications for the torus and we will show how we could solve these complications.
We will first introduce the generator on the continuous function space.

4.1. Spectral analysis on C(T x {+1,-1})

The generator £ can be defined similarly for the space of continuous functions C(T x {+1, —1}) as we were able
to do it for L2(T,v). This is the space of continuous functions in the sense that for f(x,0) € C(T x {+1,-1}) we
have that f* = f(x,1) and f~ = f(x,—1) are continuous. This vector space then becomes a Banach space if we
associate the norm || fllc(rx{+1,-1}) = SUP xeT ge(+1,-1; | f (X, 0)] to it. Then as for the domain for this new generator
we take the continuously differentiable functions C L(T x {+1,-1}). That is the functions feC(Tx{+1,-1})
such that f*, f~(x) have derivatives 0, f*(x),d, f~ (x) which are fully defined and continuous on T. In order
to make it more clear to which operator we are referring we denote Zc1 : CHT x {+1,-1) € C(T x {+1,-1}) —
C(T x {+1,—1}) when we are referring to the generator on C! (T x {+1,-1}). So for f € C! (T x {+1,—1}) we define

(L) f(x,0):= 00, f + A(x,0)(Ff - f).

Moreover, we denote the space C& (T x {+1,—1}) to be the mean-zero continuous functions, that is
Co(T x{+1,-1}) :={f e C(T x {+1,-1} :/ fl)dv =0}
T

and in a similar way we can define C& (T x{+1,-1}) on which we will define the generator ffcé : Cé (Tx{+1,-1}) <
Co(T x {+1,-1}) — Co(T x {+1,—1}) with the same formula for f € Cé (T x{+1,-1}) by

(L) f(6,0):= 00, f + Ax,0)(Ff - ).

We have that the codomain is the same Banach space as the Banach space the operator is defined on similar to
how we did this for %. For this, we will need that Z1 f € C(T x {+1,-1}) for all f € C(T x {+1,-1}). This gives

47
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us that 00, f + A(x,0)(Ff — f) € C(T x {+1,-1}). Which implies that 3. (f* — f)+U'(f* — f7) € C(T x {+1,-1}).
This causes us to make the assumption that U’ € C(T) or U € C!(T) which is assumption (A3). Similarly, this
will give us that 1y € C(T) which is assumption (A4).

Under these assumption we have that the mapping Z¢1 : CHT x{+1,-1}) c C(Tx{+1,-1}) = C(T x{+1,-1})
is well defined. Moreover, it can be seen by a similar argument for % that 265 is also well-defined. Further-
more, we have that these operators are closed.

Lemma4.1.1. Assume (A3) and (A4) we then have that (L1, CH(T x {+1,-1})), (zcé ,CH(T x {+1,-1})) are closed
operators.

C(Tx{+1,-1}) C(Tx{+1,-1})

Proof. Take a sequence f; € C'(T x {+1,—1}) such that f,
have that for every € > 0 that there is an N such that for n,m = N

fand Za fn g. We then

10xfn=0x fllcxis1,-1n < 1Lt fn = Lt fmlloaxie,-1) + 20A0D e, (+1,-1 1 fn = fllcrxi+1,-1p) <E€.

Where we used that (f;,) ,=1 and (Z¢1) =1 are Cauchy. So we have that (0, f,) »=1 is Cauchy and we have for the
limit that f € C'(T x {+1,—1} holds. It then follows that

NZcrfrn— Lo fllcaxi+1,-1 < 10xfi = 0x fllcaxie1,-1p) + 20X, Ol e xi+1,-1) 1 frn = Fllo@xi+1,-1)-

Where the right-hand side goes to 0 as n — oo so we see that g = Z1 f by the uniqueness of the limit so we have
that Z1 is closed. Similarly, by following the exact same proof and replacing C* (T x{+1, —1}) by C (T x{+1,—-1})
we see that Z1 is closed as well. O

For the next proposition (that is Proposition 4.1.3) we will first need to proof that B is bijective and that C is
surjective with kernel function eV when these operators are defined on the continuous/differentiable functions
as we did this in lemma 3.2.7. For this, we will denote Bcg to denote B as defined in lemma 3.2.7 but then on a

domain of differentiable functions, furthermore we use Ccé to denote the differentiable version of the operator
C defined in formula (3.8).

Lemma 4.1.2. Assume (A3) and (A4) then the unbounded operator Bcg : C(} (T x {+1,-1}) € Co(T x {+1,—-1}) —
C(T x {+1,-1}1) \ {eY} is bijective and the unbounded operator Cer: CHT x {+1,-1}) € C(T x {+1,-1}) — Co(T x
{+1,-1}) is surjective with Ker(Cp) = eV}

Proof. The injectivity of BC(} has the same argument as in lemma 3.2.7. As for the surjectivity BCOI take an
feC(T x {+1,-1}) \ {eV}. We can see that

51 L ~u(y) *
b= [ [ poacevay- [ roac
0 2nJ)-nl-xn -7

is in C(T x {+1,—1}) because ffﬂ f(&)dé = 0 due to the orthogonality on eV in the domain. Moreover, for
x € (—m, ) we have clearly 0 xggll f = —f by the fundamental theorem of calculus. For the continuity points x =
0

(B e+t h=(B1 () (B} e+ =B} )
7, —7 we clearly have thatlimj,_,o- —2 VI = — f (7). Moreover, we have that limj,_o+ —° I =

—% f:,;”h f&)dé = —f(—m). And due to the continuity of f we have that f(r) = f(—n) and thus we have that
(0B )(m) = (0B f)(~m) so we have that B_ f € C'(T x {+1,~1}). Moreover, we have (B’EllfleU) =0 for the
0 0 0 0

same reason as in lemma 3.2.7. So we have that B_; f € C; (T, 1) \ {eV} and thus Ec& is bijective.
0

Next, we examine the kernel of Cc(}- Assume that there is an f € C!(T x {+1,-1}) and we have ch f=

U'f -0, f =0. This implies that 8, (e~Y f) = 0, thus we have f = KeV for some K € C. So we see that the kernel
of ch is spanned by {eV}. Lastly, we examine the surjectivity of ch we take again an element f € Cé (Tx{+1,-1}
we then define

X
gx):=-e"O [ fHeVOaqc.
=7

this function is continuous since f_xﬂ fim) e’U(’f)dE = 0 due to (f|1) = 0. Moreover, for every x € (-, 1) we
have that g(x) is differentiable and continuous as we have that d,g(x) = U'f(x) — f(x). Furthermore, for
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the boundary points x = —m, 7 we have that lim;_.¢- w = U'(m) f () — f (). Moreover, we have that
. - -nh .
limy,_ ¢+ w = —%j (& dé=U"(-m) f(—m)—f(—m). Andsince f,U’ € C(T x{+1,—1} we see that 0, g (1) =

0.g(—m) sowe see that g€ C}(T x {+1,—1} so ch is surjective. O

Proposition 4.1.3. Assume (A3) and (A4) then the generator $Cé : Cé (T x{+1,-1}) < Co(T x {+1,—-1}) = Co(T x
{+1,—1}) is boundedly invertible if and only if || W || > 0. The formula for this inverse is exactly the same as for
% given in Proposition 3.2.9.

Proof. The exact same proof of Proposition 3.2.9 can be followed by replacing L2(T,v), WY2(T,v) by Co(T x
{+1,-1}), C} (T x {+1,-1}) and by replacing B, C by BC(} Cy- O

We now want to work towards proving that Zq1 generates a strongly continuous semigroup on C(T x
{+1,—-1}. We do this by proving that this generator is dissipative which is more discussed in the preliminary
theory with Definition 2.3.5. To prove dissipativity for the non-Hilbertian Banach space CHT x {+1,-1}) its
duality set is less obvious than with a Hilbert space. Luckily Proposition 3.23 of [EN00] only requires us to find
a single element from the duality set to prove dissipativity. Moreover, it follows that the dissipativity property
holds for all of the elements of the duality set if the operator Z1 generates a contraction semigroup which we
will prove later in lemma 4.1.5.

Lemma4.1.4. Assume (A3) and (A4) then (Lc1, CH(T x {+1,-11), (Lc1, Cy (T x {+1,~1}) are dissipative.

Proof. For every f € C'(T x {+1,-1}) or Cj(T x {+1,-1}), we take (xo,00) such that f is maximal and thus
| f (x0,00)| = || fllco. We then define the functional f' : C(T x {+1,—1}) — C by (g, f') := g(x0,00) f (x0,60). Which
has the property (f, f') = || fI|2, and thus we have that f’ is in the duality set of f. We then have

Re(Zf, ') = (B00x f (x0,00) + A(x0,00) (f (X0, —00) — f (x0,60))) f (x0,600)
= Re(A(x0, 00) (f (x0, —60) — [ (x0,00))) f (x0,00)
= A(x0,600) (Re f(x0, —B0) f (x0,00) — | f (x0,600)1%) < 0.

In the second equality we used that 8, f (xp,8¢) = 0 since f is maximal in this point. Then by Proposition 3.23
[EN00] we have that (Z¢1,C' (T x {+1,-1})) and also (Zey» Co (T x {+1,-1})) are dissipative. O

Now that we have that (£, C1(T x {+1,-1})) is dissipative we can make use of Lumer-Phillips theorem in
order to prove that the operator £ generates a contraction semigroup. To completely prove this we also make
use of Proposition 4.1.3.

Lemma4.1.5. Assume (A3), (A4) and ||W||s > 0 then (.5£C1,C1(1T>< {+1,-1})) and (ffcé,Cé (Tx{+1,—1})) generate

strongly continuous contraction semigroups P(t) : C(T x{+1,—1}) — C(T x{+1,—1}) and P°(t) : Co (T x{+1,-1}) —
Co(T x {+1,-1}).

Proof. Since 0 € p(fcé) by lemma 3.2.9 we have by the series expansion of the resolvent (jfcé - A)7! that

L —) we have that Ny—2c™ = 5 due to the dis-

[0, —L—)c P(gc(})- Moreover, this gives us that for y € (0, TZ T
o

IEZ]

sipativity from lemma 4.1.4. Specifically taking y = — ¢ for a small enough epsilon allows us to repeat the

_1_
<=1

argument about the serious expansion of the resolvent to conclude that [0 —2¢) c p(&£). Again repeating

2
2
this argument we eventually get that [0,00) € p(%£) and we have that ||(y — .Efcé)‘lll < jl/ This allows us to use
Theorem I1.3.5 from [EN0O] to conclude that (£, C& (T x {+1,—1})) generates a strongly continuous contraction
semigroup P°(#) on Cy(T, {+1,~1}).

Now if we take f = 1 we have that (y — Z~1)f = yf so we have that (y — Z1) is surjective since for any
element f € Z.1 we can write this element as f = g1 + g» with g1 € C& (T x {+1,-1}) and g» € span{l} then we
have that thereisa h; € Cé (T x {+1,-1}) such that (y = L) = (y - jfcé)hl = g1 by the surjectivity of y — fcé
on C; (T x {+1,—1}) and as we have seen there is a h, € span{1} such that (y — £¢1) g2 = h (namely hy =yg>) so
X% is surjective and we can use Lumer-Phillips (Theorem I1.3.5 from [EN00]) to conclude that Z.1 generates
a strongly continuous contraction semigroup P(f) : C(T x {+1,-1}) — C(T x {+1,—1}). O
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4.2. Spectral analysis on L*(T, V)

Now we want to repeat the analysis that we just did for the operator Z.1 on the space C(T x {+1,-1}) to the
operator £ on the space L2(T,v).

Lemma 4.2.1. (£, W'2(T,v)), (L, Wy *(T,v)), and (f, W"2(T, ) @ W, *(T, ) are dissipative. Furthermore,
we have for f € D(%)

1 1 1
R(LS, ) =—=(WTH(THY 2wy =—= | (U1+200)If" = f1Pdu=—= | WIf* - fPdu
2 K 2T 2 Jr
and for f € D()
1 1 1
Re(l f, ) === (W[, gy =—= | (UI+22)If T Pdu=-= | WIf*1Pdp.
2 K 2JT 2Jr

Proof. For this, we make use of lemma 3.2.5. Take an f € D(Z) = WL2(T, v) we then have

Re<Zf, P2y =ReCATF, T2
=AAsymTF, T 12w

1
= 5(A(Tf)*, (THD 2w

1
= =5 (WTN" (TH

This directly shows that £ is dissipative and also that «f is dissipative because T is a unitary transforma-
tion, more precisely take a g € D(«f) this gives us for all g € D(«/) that we have («/g,g) = (T¥LT*g,g) =
(LT*g, T g) = _%<Wg+»g+>L2('ﬂ',y) so o is dissipative. O

Interestingly </ is not dissipative on the space C(T x {+1,—-1}). However, we will not need to make use of
this.

Lemma4.2.2. We have that (&, WY2(T,v)) and (%, WO1 2 (T, v)) generate strongly continuous contraction semi-
groups P(t) : L*(T,v) — L*(T,v) and P°(¢t) : L3(T,v) — L5 (T, v).

Proof. Using Theorem 11.3.17 from [EN00] and lemma 4.2.1 we have that £, %, generate strongly continuous
contraction semigroup. O

4.3. Combined analysis for C(T x {+1,—1}) and L?(T,v)

Now that we have proven that there exist contraction semigroups which are generated by £ and £ we will
prove that all of these generators have a compact resolvent. That is for every y € p(£) we have that the operator
(y—%)"!is a compact operator. The proof for this can be done for all of the 4 operators at once so for this proof
we will denote all of them by £.

Proposition 4.3.1. We have that the operators (£, D(¥)) with D(Z) = WL2(T,v), WOLZ(T, v) have a compact
resolvent. Moreover, assuming (A3) and (A4) we have that for D(£) = CHT x {+1,-1}), and Cé (T,{+1,-1}) the
resolvent is compact as well.

Proof. Usinglemma 4.2.2 and 4.1.5 and by using Theorem I1.3.15 from [EN0O] we get that there is a y > 0 such
that (y — £)~! exists and is bounded. Because of the relationship £ = T~'.«/ T, where T is a bounded bijective
operator we have that (y — «/ )~1 also exists and is bounded and they relate through (y — L)y l=r"1 (y—<)T.
Denote by X the set of elements of D(<#) and by || || x the norm of the respective Banach space that the operator
is defined on. Furthermore, define by || -||p(«) the Sobolev norm || - [ly12(7,y) if D(f) = WLY2(T,v) or D(«f) =
WOI'Z(T, v) and the C1(T x{+1,—1}) norm Nl rxger,—1p if D() = CHT x{+1,-1}) orif D(«/) = C& (Tx{+1,-1}).
We will prove that the operator

Ry, o) : (X, 1-1lx) — (D), || - llg(er))

defined the same as the resolvent operator such that V f € X, R(«#,y) f = R(y,«/) f but on a codomain with a
different norm, is continuous. Moreover, we will prove that the inclusion

iGraph - (D), |l () = (D(A), || || Disr)
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is continuous. We can then make use of the compact operator
ic: (D)), Ipery) — (D), 11x)

(Compact because of the Sobolev embedding for D(<f) = WY2(T,v) or WOI'Z(T, v) and Arzela—-Ascoli Theorem
for D(«#) = C'(T x {+1,-1}) or C; (T x {+1,—1}) ) to then prove that the composition which is equal to the resol-
vent map

R(y, o) = icoigrapn o R(L,y) 1 (X, 11-11x) = (D(),I-11x)

becomes a compact operator.
We first examine the boundedness of R(<#,y). We have for all f € X that

IR, 1) fllgery = 110y = )7 fllgian)
=y - flix +11Z (y — )7 flIx
=lly—=) " flix +HIy—L =y —) " flix
<@+ DIy - ixlfllx +Iy =)y =)~ flix
=KlIfllx
where K = (y + 1)[|(y —«#) || x + 1. So we see that R(«/,y) is continuous.

Next, we prove that igyqpp, is a continuous embedding (a continuous identity operator). Which means that
for every f € D(«/) we will have to bound

Nfllpery =11 fllx +110xfllx
by
fllgwry =1 fllx + 11 fllx

First, note that we can trivially bound || f||x and that ||0xfllx < 1@xf)"llz +110xf)"Ilg. Where ||-|| 5 is the
norm of LZ(T,y) for X := L*(T,v) or L%(T,v) and || - || is the norm of CcH(T) for X = CM(T,{+1,-1}) or X =
C&(T,Hl,—l}). We also have that ||/ f| x is equivalent in norm to ||A(f)* +B(N 7 llg+ ||C(f)+||;(.

Due to C = U’ - 04, we have that

@z g <NCAH Mg + U fHlIx < KU fllx + 1N g) = Kl flleg ey

and we have that

1@x) 7Nz =B g <IIBUH)” + AN Nig +IIAf Nl < KUl flix +11fT115) = Kl fllger).-

Combining these terms gives us that there is a constant M > 0 such that

flIpay = Ml fllg(e)-

This implies that i, 4pp is continuous. Lastly, we have that the embedding i : WbY2(T,v) — L*(T,v) is compact
due to the Sobolev Embedding Theorem and i, : C L) - Cc(Mis compact due to Arzela-Ascoli Theorem. Fi-
nally we can write (y — P l=i0i,o R(fﬁ,y), where on the left-hand we mean the mapping as (y — L x—
D(%) and on the right-hand the mapping as R(Z,y) : X — 9(£). So we see that (y — %)™ : X — D(£) can be
written as a concatenation of bounded and compact operators and thus it is also compact. O

Proposition 4.3.2. We have that the spectrum of (£, D(%)), with D(¥) = WLY2(T,v) or WOI’Z(T, V) consists out
of isolated eigenvalues (which implies 0 (£) = 0, (£)) with finite multiplicity (the dimension of the eigenvectors
corresponding to an eigenvalue is finite), moreover there is no accumulation point of the eigenvalues (other than
00).

Moreover, if we have assumption (A3), (A4) then the spectrum of the operators with domain C* (T, {+1,-1}),
or C& (T,{+1,—-1}) also consist only out of isolated eigenvalues and the same statements about them holds. Fur-
thermore, under these assumptions we also have that

o (Lo, Wy (T, v)) = o(ZLet, G (T, 1+1,-11) = 0 (L, WH(T, )\ 0} = 0 (L1, C (T x {+1,-1D) \ {0}
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Proof. Using Theorem 6.29 from [Kat95] we get that the spectrum consists out of isolated eigenvalues with
finite multiplicity and no accumulation point other than co. Moreover, by usinglemma 3.3.3. We see that all the
eigenvectors of (£, W,*(T,v)) are in C} (T, {+1,-1}), since the assumption U € C!(T) gives D(BB*) = W"*(T)
and thus these eigenvectors are in C& (T,{+1,—1}) and thus belong to a((fcé,Cé (T x {+1,—1})) as well. The

reverse inclusion is trivial as every element from CH(T, {+1,-1}) is also in WY2(T,v) and thus we have.

g(&H) = O(fcé).

Lastly, since we have that (%, WL2(T,v) is an extension of (&, WOI'Z(TT,V)). So we have 0, ((Z, WOI'Z(WI,V))) c
op (£, WH2(T,v)). Moreover, if we have an y € 0, ((£, W"?(T,v)) with eigenvector f € W"*(T,v)), then we
have A(f,1) = (£,1) = 0 so we get that f € W,"*(T,v), so we have 0 ,(Z, W"(T,v)) \ {0} € 0, (£, W2 (T, v)).
Since 0 is not an eigenvalue for (&£, WOL2 (T,v)) we get that

(L, Wy (T,v) = (£, WH(T,v) \ {0}.
The exact same argument gives us that
(Z,Co(T x {+1,-1})) = (L, CH(T x {+1,-1})) \ {0}
O

To get a full description of the point spectrum we would need to solve the differential equation £f =y f
explicitly which turns out to be difficult to do as we have to solve a complicated differential system explicitly. We
will now give an explicit description of the eigenvalues and eigenvectors of the generator under the assumption
that we have no refreshment rate, so 19 = 0 as in assumption (A6) and that the potential U(x) has at most
one maximum, and consequentially one minimum as in assumption (A5). For these specific assumptions, it
becomes doable to write out the eigenvectors and eigenvalues in a more elegant manner. To describe these
eigenvectors we define the following functions

X
by, 2,%) = f U'(§)e AUV g, (4.1)

Moreover, we define the corresponding set of roots
Z(y) = (e 2y UMV _1)2 _ gy, x9, m)p(~, X0, — 1) = 0. 4.2)
We then define the set of roots of this function
Zi={yeC:Z(y) =0}
These definitions are then used in the following theorem:

Theorem 4.3.3. Suppose assumptions (A5) and (A6) are satisfied, we then have that for the unbounded operator
(L, WY(T,v)) thato (L) =0 p(&£) = Z. Furthermore, we have fory € o, () that the corresponding eigenvector
f € D(Z) is given by

ctey=%) if —m<x<xo,

eV X=X+ U=Ul0) (c+ — c=p(y, x9,%)) ifxg<x<m,

f*(x):{

0= {e‘Y(x—xo)+U(x)—U(xo)(C— Py, X0, X)) if -7 <X < X0,

c e Y= x0) ifxosxs<m.
Moreover, for the resolvent (£ — y)’l h=fwithhe LA(T, W) we have
F (0 = e Y+ U-Utw) (o~ f ¥ oYX -U©+UG0) W (&) = U'(&)e" € o+ — f ¢ &Y I0) p* (1) ) dE), - < x < o,
X0 X0

and

f+ (x) = eY(X—xo)+U(X)—U(JC0)(C+ _fx e—Y(f—x())—U(EHU(Xo)(h+ &+ U’(g)e—}’(f—xo)(c— +f§ eY(T]—x())h— o) dﬂ)) dé), xo<x <.

Xo X0
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Then the coefficients c*, c™ are given by

ct 1
= —AY)K(®Y)

Z(y)

h+
)

Where we have that Z(y) is given by formula (4.2), and we have that

Ay) = eUmM-Ulxo) _ p—2y7 eU(”)_U(XO)(P(Y’ Xo,70)
Y- eUM-UG0) p(_y, xo, ) UM-Ulx0) _ g=2y7

and

Kep)ho _e2rm fx—oﬂ e—Y(E—xo)h+(§) dé+ eU(”)_U(XO)_f)Z) e—Y(E—xo)—U(fHU(xo)(h+(§) + Ul(ae—y(cf—xo) [jo ey(n—xo)h—(n) dn) dé |
e—2rm fJZ) eV €—x0) - &) dé+ eUm-U(xo) fxoﬂ e~ YE—x0)-U)+U(x0) (h™ (&) - U’(f)e—)’(f—xo) f;o eY(1—=x0) p+ (n) dn) dé

Moreover, if we additionally assume (A3) then we have that all of the above also holds for (L1, CHT x
{+1,—1})). With the resolvent equation having h € C(T x {+1,-1}) in its definition.

Proof. Using Proposition 4.3.2 we see that (%) = 0,(£) so we will examine the eigenvalue problem £ f =y f
with y € 0, (£) and y € D(Z), which can be written as the following system

axf+ +A(X)1)(f7 _f+) :Yf+)
=0 fT+AMx, - =) =yf.

Since f is a periodic function we will define it on the interval [—7, xp] and [xo, 7] which will give us a definition
for f on all of T. Since U has one maximum at x = 77 and a minimum at x = xo, we get that U’(x) = 0 and thus
A(x,—1) =0 for xg < x < 7 this gives us f~ = ¢~ e~ Y(=%0) for this interval. Likewise if U’(x) < 0 then we have
A(x,1) = 0 for -7 < x < x¢ and this gives us f* = cteY®=%) for —;r < x < xy. We can then use variations of
parameters and require continuity at xg to get the following form with constants ¢*,¢~ € C.

o ¢t eYx=%0) if —m<x<xp,
X) =
eV WX+ UD=U0) (c+ — c=¢p(y, x9, %)) ifxg<x=<7,
Fw e V=X HUX=UX0) (¢~ — c*ep(—y, x9, X)) if —7 < X < Xp,
X) =
¢~ e Y(x—%o) ifxg<x<m,

where we used ¢ to refer to the function defined in formula (4.1). We then investigate the continuity at x =
7, —7. First, f*(r) = f*(—n) implies

eY(ﬂ*xo)JrU(ﬂ)*U(xo)(CJr _ C*(P(% X0, 7)) = C+eY(*ﬂ*xo)
_ C+ (eU(ﬂ)—U(xo) _ e—ZY”) _ C_eU(n)_U(XO)(/)(Y, Xo,7) =0,
and f~(m) = f~ (—n) implies

e—y(—n—xo)+U(n)—U(xo) (c” —y(T—xo)

—c =y, x0,—-m) =c"e

- (eU(n)fU(xg) _ 672)/7[) _ C+eU(n)—U(x0)(p(_% Xo, _7_[) — 0,

Combining these two linear requirements for ¢* and ¢~, gives us the following system of equations

ct] _[o

c | |0]°
This system has a non-trivial solution if and only if the determinant is zero, meaning that the following needs
to hold

QUM-Uxo) _ p=2yn — VM=V gy, xo, 1)
_eU(n)—U(xo)(p(_% Xo, —7T) eUm-Ulxo) _ p—2y7

Z(y) = (e~ Um+U&0) _1)2 _ 5y, x9, m)p(—7, X0, —71) = 0.

Which proves that 0 (%) c X.
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Next, we prove that ¥ c (%) which is the same as proving that C\ o (%) = p(£) cC\X So takingay € p(£)
gives us that for all i € L?(T,v) there exists an f € W2(T,v) (or h € C(T,{+1,-1}) and f € C}(T x {+1,—-1}) for
D(£) = CH(T x {+1,—-1}))) such that (y — £)~! f = h. We then have the following system

YT =0xfT A D(fT - f)=h",
Y40 f —Ale,-D(f - f)=h".
In a similar way to how we solved the system for the eigenvectors we can solve this system by examining the

part of U’ < 0 and U’ = 0 separately. Where we will again introduce constants ¢, ¢* € C. This gives us the vector

X
fH)=er@ 2t —f e VW () dé), -7 < x < X,

X0

and

f(x)=e Y20 (™ +f T (&) dé), xo<x <7,

RY]

and by variations of constants together with requiring the continuity at x = xo we get

f— (x) = e—Y(X—xo)+U(x)—U(X0)(C— +fx eY(f—XO)—U('f)‘*'U(xO)(h—(f) _ U’({)eY(E—xo)(C+ _f

X0 X

¢

e V=X p* () dn)) dé), -7 < x < Xg,
0
and

F () = eV G0+ U-U ) o+ _fx e VE R UOTUE) (+ (&) 4 [ (&) eV E0) (¢ +fey(n—xo)h—(n) dn) dé), xo < x <7,
X0

RY]

again we will require f* () = f*(-n) and f~ () = f~ (). This will give us the following system:

U(m-U(xg) _ p=2y7 _ pUm-Ulxo) +
e e e $y, xo,m) | €
_ UMV (g xo,—m) UMV _gm2ym | |~ | T Kh, (4.3)
where
Ko = —e2rm fx_oﬂ e—Y(E—xO)h+(§) dé + eUm-U(xo) f;} e—Y(f—xo)—U(§)+U(xo)(h+ &+ U/(f)e—Y(vf—xO) ffo eY(n—xo)h—(n) dn) dé
(nh= e~m f;z eV &=%0) = (&) dé + VUM -Ulxo) fx—oﬂ e~ YE=x0)=UQ+Ux0) (p= (&) — U (&) e V¢~ %0) ffo eY =% p* () dn) d&.

Take a,b € C, by choosing h* = —ae? ™01y v = e®™ and h™ = be 7701y 1 e we get K(y)h =
(a,b). So we see that K : L2(T,v) — C2 is surjective. So if we want our resolvent to be defined on all of L2(T,v)
(or C(T x{+1,-1}) ) we will need that the matrix on the left-hand side of formula (4.3) is non-singular in order to
span all of C? as well. This means that Z (y) # 0 so that means y ¢ . Furthermore, it can be seen that (£ —v) “1p
is in D(%) by explicit checking that that f and its derivative are in LA(T, W for D(L) = WL2(T,v) which we will
also do in lemma 4.4.2, and thus we have Z c 0, (<), which we can combine with the first part of this proof to
conclude that o, (£) = Z.

Lastly, we have thus have that matrix on the left-hand side of formula (4.3) can be inverted with determinant
determinant Z(y) so we get the formulas for the coefficients

ct 1 ht
1= —A K — 1>
c Z(y) MK h ]
where we have that
eUmM-Ulxo) _ p=2ym eU(”)_U(x(’)(P('Y; Xo, 1)

Ay) =

eU(n)—U(xa)(p(_Y’ Xg, —7T) eUm-Uxo) _ p=2y7
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Theorem 4.3.3 allows us to calculate the eigenvalues of the spectrum using algorithms for finding roots on
the spectrum. Specifically, we make use of a root-finding algorithm called qz-40 [DSZ02] which uses contour
integrals to calculate winding numbers of the harmonic function Z(y).

: | @ Analytic Eigenvalues
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Figure 4.1: Eigenvalues of £ on the complex plane with U’ (x) = % sin(x), Ag(x) = 0. This figure has been generated by calculating contour

integrals using qz-40 [DSZ02] and finding the zeroes of Z(y) as defined in formula (4.2) which correspond to the eigenvalues of £ due to
theorem 4.3.3.

We can for example investigate U(x) = |x|o with o € R;. Calculating formula (4.1) gives us that the only
eigenvalues are {=” +in: n € Z} and y = 0,0. This gives an indication that a piecewise discontinues/zig-zagging
potential have an ever increasing spectral gap when o — co. This seems to confirm the observations in figure
3.2.

4.4. Spectral mapping theorem

Next, we would like to associate the spectrum of o (%) with the spectrum of P(¢) for ¢ > 0. The theorems
associated to this mapping are usually referred to as spectral mapping theorems. We have for the case Q =R
[BV21] that the following spectral mapping theorem holds

(e’ :yeo(L)=a(P(1)\1{0}.

Usually zero for P(t) is omitted as no eigenvalue of £ could correspond to this eigenvalue.

The spectral mapping theorem for the torus follows a similar proof to the one of [BV21], however, it will
be a bit more involved and we shall see that the full spectral mapping theorem as stated above will in general
not hold for the case 2 = T. Theorems that quickly give the spectral mapping theorem such as Corollary 3.12
from [ENOO] can in general not be applied as they require that P(t);>¢ is eventually differentiable, eventually
compact, or eventually norm continuous. For example, for the case U’ (x) = 0 and Ao(x) = § € R, or for the case
U (x) = |x| we have seen that there are an infinite amount of eigenvalues in the strip {z€ C: 2 < Rez < 0} and
then using Theorem I1.4.18 from [EN0O] and the overview underneath Theorem I1.4.29 from [ENOO] we get that
we do not have the eventually differentiability, eventually compactness or eventually continuous properties.
This does not allow us to apply the standard spectral mapping theorem.

We are also given an extra complication as could be seen in figure 4.1. Namely, we have that the real compo-
nent of all of the eigenvalues seems to converge to a vertical asymptotic line. Such a spectral line is not unique
to our operator, similarly, the simple operator d, with domain W2 (T) also has a spectrum of the form iZ. The
difference is that for the generator Z this line is in general not perfectly on Rey = 0 as the eigenvalues have
areal component spread along the real axis. Furthermore, what also seems to happen is that the eigenvalues
have an imaginary component that is close to an integer (usually not equal to an integer as with the case U’ = 0).
Luckily now that we have proven 4.3.3 we can prove the convergence of the eigenvalues to this asymptotic line.
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Proposition 4.4.1. Assuming (A5), (A6), and if we have a sequence (y,)n=1 S 0 p(£) = 0(£) with the property
that|y,| — oo as n — oo, then it follows that

Um-u() —1f” IW(X)Id
—=—| —dx.

Re —L:=- =
Yn o ). 2

Moreover, we have thatlim,,_. infiez | Imy, — k| =0.
Ifadditionally we assume that (A3) and |0%(e~Y )| 11 (_y n)) < 00 we have the inequality

|(e—2Yn7T—U(7T)+U(x0) _ 1)2| < “ai(e_U(f))“Ll([xo,n])||a§c(e_U(§))“L1([—n,x0])e4”WH00n

4|Yn|2

Proof. Because of Proposition 4.3.2 we do not have any accumulation points in the spectrum and since the
real part of the spectrum is bounded by lemma 3.4.1 we must have that [Imy,| — co, we then have by the
Riemann-Lebesgue lemma that |¢p(+y,, a, b)| — 0. Then we can use Theorem 4.3.3 which states that Vy,, it
holds that

Z(yn) = (e 2V UMV _ )2 _ y(y, X0, W) (=Y, Xo, —70) = 0.
Since |p(y 1, X0, T)P(—Y n, X0, —7)| — 0 we must have that (e~ 2ynm-UmM+Ux0) _1)2 _, g which implies that Rey,, —
—W and lim,,_. infiez | Imy, — k| = 0 if the later were not to be true then we could find that there is an n
large enough such that | arg(e?™")| > ¢ for some e > 0. Which would mean that there would be some a > 0 such

that liminf,, .o |e 2"™¥% — 1| > . But then we would have

=2nlmy, _ 1| =2nImy,—2nRey,-U(m)+U(xp)+(-2nRey,—U(m)+U(xp)) _ 1|

a < liminf|e

=liminf|e
n—oo n—oo

— hminfle(—Znyn—U(n)+U(x0))+(—2nRey,,—U(ﬂ)+U(x0)) -1]—0
n—oo

which would be a contradiction so lim;,_. infiez [Imy, — k| = 0.
For the last statement we assume that U € C'(T) we then have the following bound

+m _
(Y, X0, £7)| = | f O (™ VU] gF2r () g |
X0

/4
_ 1 |ax(e—U(x)+U(x0))e¢2yx|x:in_f 6i(e—U(x)+U(xo))e¢2}'(x—xo)dx|
X0

2lyl e
1 +7
_ |f 2 (e~ U+UG0) g F2y(x—x0) g o
2|Y| X0 *
L2 -UE 2| Wiloo (£
< 2 ||ax(e (s))HLl([xo,in])e Il ”oo(n—xO)'

We used that |6x(e’U(xHU(x0))en”xlfcz—;é’ = 0 because there is a maximum at xo and +7. Moreover, we used
lemma 3.4.1 to bound —y with ||W]|. O

The inequality acquired for U € C!(T) can be used to classify points on whether they are included in the
spectrum. It can therefore serve as a bound on the eigenvalues in C \ R for eigenvalues that are far away from
the origin.

Now that we have an accurate description of the spectral line we can make the following theorem which
states that the resolvent (y — #)~1 can be uniformly bounded for (almost) every vertical line in the complex
plane. The only case where this does not hold is for the asymptotic spectral line. The proof of this is required
for proving the spectral mapping theorem.

Lemma 4.4.2. Assume (A5) and (A6), then for all a € R such thata # L= 5~ [", W dx = w we have
that there is a constant C(a) such that

limsup [[(a+if-2)7 < Cla).
PER,|fl—00

Moreover, if we assume (A3) and (A4) then we have that the above statements also hold for £ .
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+

Proof. Take a+iff =y € p(%) and take (h*,h™) € W'2(T,v) (or in C!(T, {+1,-1}) for Zc1 ), then define ;, =
+

(& -t Z_ . From Theorem 4.3.3 we get a formula for these function. We then bound these functions by

looking separately at the intervals [—7, xo] and [xg, 7]. First, we bound the part of f*(x) defined on x € [-7, xo].
Using Theorem 4.3.3 we see that this the function has the following form

X
frx) = el @)t —f e TET Bt (&) dé), -7 < x < xo.

X0

We can then make the following point-wise estimates by using the Cauchy-Schwarz inequality

X v/
jerte=) [ e g gy < e [ e @)1= ot e 0 U 1A g
X

0 Xo

which then implies

x
||eY(x—xo)/ e—}’(s—xo)h+(€) dg”Lz(T,u) < ||ea(x_XO)”LZ(T,,U)||e—a(g_XO)eU||L2('ﬂ',’u)||h+||L2('ﬂ',p)'
Xo

Moreover, we have ||e?*=%0) ¢*| 12 e [|e®x—%0)| |L2(1T+t) |c*|. So we have that there is a constant function C; («)

which only depends on the real part of the eigenvalue @ such that
||f+(x)1xsx0||L2(1r,y) = Cl(a)(||h+||L2(1r,u) +1c*))

Next, we bound f* (x) for x € [xo, 7] for these values of x we have the following representation

f+ (x) = eY(x—xo)+U(x)—U(Xo)(C+ _fx e—Y(f—xo)—U(5)+U(xo)(h+ @)+ U’(é)e—Y(E—xo)(C— +f§ eY(TI—xo)h— @) dﬂ)) dé), xg<x <.
X0 X0

In a similar way we bounded f(x)1<x, we can estimate the inner-parts of the integrals using Cauchy Schwarz

and no difficulties are encountered due to every function being bounded and defined on bounded domains or

in L2(T, w). First, we can bound

¢
e+ f €750 () gl 21,y < Co(@) U™ 1+ I 21 )
X0

again we can then estimate
|7 TR0~ UOUEO) (1t (8) + U (&) e T Cy@) e |+ 1R g2 ) z2m,p < Ca(@) e 1+ 1Rl p2rpy + 1A N2, p)

lastly we can estimate
X
|| eV XU =Ulo) o+ f Cs(@) eI+ 1A 2 + B p2r ) A€l 2y < Cal@) (et 1+ 171+ TR N pzer p + T 2 )
Xo

Combining the estimates for f*(x)x<x, and f*(x)x=x, we can bound f*(x) by a constant Cs(a)(|c*|+|c”| +
1Bl 2 1)) Similarly, we can perform the same bounds but then on the Banach space C(T x {+1,-1}) to get a
similar bound (with a different constant Cs(a)).

We have for the coefficients ¢, c”

C+

1
| = ——<AYK(®Y)

h+
Z(y) h_] '
By repeating the same argument we can see that K is bounded by the exact same reasons for why f*(x) and
f~ (x) are bounded so we have that there is a constant Cs (@) such that || K(h)|| = Cg(a)|| hl|. Furthermore, by the
Riemann-Lebesgue lemma we have that ¢(y, xp, 7) — 0 and ¢(y, xp, ) — 0 as | ] — co so we see that there is a
constant C7(a) such that || A(y)|| = C7(«). Finally we have that for Z(y) which is defined as

Z(y) = (e~ 2y Um+U&0) _1)2 _ 5y, x0, m)p(—7, X0, —71) = 0.

that ¢(y, xo, m)p(—7y, Xo, —7) — 0 due to the Riemann Lebesgue. Moreover, if we have that a # 5—; . M dx=

= ‘U’Z(x” dx= U(”)z_ Ul¥) that the term |(e~21"~UM+U) _1)2| js bounded from below by |(e~2¢7~Um+Ux0) _1)2|
T /)
which is non-zero. So we are done as the coefficients are bounded functions of & independent of f.

O
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Now we can finally get to the spectral mapping theorem where we then make use of Theorem 4.5 from
[Gea78]. This theorem states that if y € p(%£) \ {0} that we then have for the following set:

Iy:=meC:e" =y} (4.4)

that for all n € T'y ; we have that ) ¢ 0(£) and we have Supyer, , 110 = £)7|| < co. This is why Proposition 4.4.2
was required as the condition SUDper,, /(- £)7| < oo can now be checked for all y € p(£) \ {0}.

Proposition 4.4.3. Assume (A5) and (A6), then for all t > 0 we have
e :yea(@caP®)\0icie :yea(&)uO;
where

Or:={e"":yeC,Rey=1L}

-1 (" |W -1 (" |U’
Wl Ul

L:=— =—
2 J-x 2 2n J-x 2

furthermore if assumption (A3) holds then the above inclusions also hold for £c1.

Proof. By Theorem IV.3.7 from [EN00] we have the identity o, (P(1)) \ {0} = {e"" : v € 0,(£)} and since {e"" : y €
0,(L)} =1{e"" 1y € 0(£)} by Proposition 4.3.2 we have {e'’ : y € (L)} c o (P(1)) \ {0}.

Now assume that y € g (P(¢)). We then have by Theorem 4.5 from [Gea78] that there isa { € 'y ; with [y, ;
defined in equation (4.4) such that ¢ € 0(%) or SUPper, , [l(n— £)7Y| = co. In the first case we would have

W),IH —
. =

Y € {e" :n € 0(£)}. In the second case we have to have that sup,ez I1(&Z —( oo Now if

Inly| # 5—; ffn M dx we can use lemma 4.4.2 to see that this would cause a contradiction so only the first

case can occur or we have Re¢ = a and thus we have y € {e"" : € g (£)} U Oy. O

The complication that occurs now in order to prove that equality of sets is surrounding the eigenvalues
Y € o(P(1)) \ {0} such that In|y| = L. When there are only a finite amount of eigenvalues for the operator £
then using the same argument as for a # L we can show that {e'? : y € 0(£)} = o (P(1)) \ {0}. However, when it
comes to the values of O we do not trivially have an inclusion in o (P(#)) \ {0} in general if the operator £ has
an infinite amount of eigenvalues. Moreover, it seems as if in all the cases that we examined that there are an
infinite amount of eigenvalues for example we had this for the case U’ = 0, Ao = ¢ and U = |x|. Furthermore, we
have that there are an infinite amount of eigenvalues for all other cases that we approximated using the scheme
in Chapter 5. To prove the existence of an infinite amount of eigenvalues an approach surrounding operator
stencils [Mar88] could be employed as was done by [ET18] or perhaps a relationship with Kneser’s oscillation
criterion as was done by [EL04].

Moreover, the eigenvalues seem to distribute themselves as L+ in as n becomes larger with n € Z. Although
we can prove that if there are an infinite amount of eigenvalues that they then must be near these locations, we
cannot prove that they all will be near all the points L+ in for a large enough n. This then gives us the following
conjecture.

Conjecture 4.4.4. There are an infinite amount of eigenvalues in £ and each of these eigenvalues gets arbitrary
close with its imaginary component to n for some n € Z. That is for every € > 0 there is N € N such that for every
n = N there is a corresponding 'y, € 0 ,(£) such that we have |y, — L— in| < e. With L as defined in 4.4.3.

A consequence of this conjecture would be that we can more realistically characterize what happens to the
bounds on the resolvents as seen in the following lemma.

Lemma 4.4.5. Assume (A5), (A6), and conjecture 4.4.4 then ifa = L = g—; fn IWzﬂ dx and if we have a set S c R

then define M := liminfgcs | gj> N, N—oo iNfnez | B — nl, with M = oo if S is a bounded setbounded. We then have that

limsup [|(@+if-L)" =00
BeS, | fl—oo

if and only if M = 0. Moreover, if we assume (A3) and (A4) then we have that the above statements also hold for
fcl .
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Proof. Take y = a+ fi € C with @ = 5—; . IWZi)I dx and assume that M > 0. First, due to the value of @ we

then have that |(e"2rT-UmM+Uo) _ 1)2| = (1267 — 1)2|, moreover if we have that M > 0 then we have that
P —i2 2| _ (p—i2M 2 : 1 1
liminfges, |g)—co0 (€ 2 _1)2| = |(e~12M7 _1)2|, So we have thUPﬁes,|ﬁ\~m|m| < ey SO then we have
again that ¢* and ¢~ are bounded coefficients as in the proof of lemma 4.4.2 and we again are done.

Now assume that M = 0. First, note that we have in general the inequality ||(y — £)7!|| = d(y,o (%)) for
elements in the resolvent. Now this implies that

1
limsup |[(@+if—-L)7 = limsup —————.
BeS, |fl—oc0 Bes, |fl—oco A +if,0(ZL))

Furthermore, we have

liminf d(a+if,0(£))= liminf inf |a+if—n|
BES, |Bl—o0 BES, |Bl—oconea (L)

< liminf inf infln—-a-in|+|iB—-in|.
BeS, |fl—oconeo (L) nez

Now due to conjecture 4.4.4 and due to lemma 4.4.1 we have that there is an N big enough such that for |y| > N
we have that |y —a—in| < e. Giving us infyes(y)infyez|n—a—in| =0 for all § € S. Combining this with the
assumption surrounding M = 0 gives us that

liminf inf infly—a-in|+|if—in|=0.
BES, |Bl—oconead (L) neZ

So we have

1
limsup ————— =0
ﬁes,|ﬁ|£>o da+ip,o(ZL))

which then implies

limsup [[(@+i(B+m—L) =00
BeS, |fl—oc0

which gives the result.
O

To prove the conjecture we would need a statement such as Weyl’s law but then for eigenvalues on the
complex plane. Weyl’s law states that for eigenvalues of the Laplace-Beltrami operator A = 9% acting on func-
tions that vanish at the boundary of a bounded domain Q c R that if we define the eigenvalue counting func-

tion N(A) = #{y € op(A) : |yl < |Al} that we then have that lim_ M = 1. The proof of this lemma
A2 vol(Q)
makes use of the self-adjointness of the Laplace-Beltrami operator which would not (directly) apply to our

operator. Similarly, if we now take N(A) to be the counting function for £ then there should be a state-
ment that would show that limy|_.o % — 1. However, this would still not be enough as it could also be
that the eigenvalues do not fully satisfy the condition of conjecture 4.4.4. For example, the set of eigenvalues
{L+i2n,neZyU{L++/L?—(2n)%,n € Z} would also satisfy this Weyl's law but it would not confirm conjecture
4.4.4. So ultimately quite a strong statement about the asymptotic distribution of the eigenvalues needs to be
proven which was not something we were able to do.

Note that the spectral mapping theorem is somewhat different for Q = T compared to Q = R for the latter
the problem that we encounter was not there as the only real-valued accumulation point of o, () seems to be
at Rey — —oo which would correspond to the point 0 for o (P(#)) (effectively we also have that L = co for Q = R).
This point is already omitted by some spectral theories such as 1V.3.12 from [EN00] whereas for the torus the
accumulation point on the generator is Rey = L.

However, assuming the conjecture it is possible to perfectly classify which points of Oy, are included in the
spectrum of the semigroup P(#). For example, if we take ¢ = 2 then we get that for the set S = {L+ w :
ke 7}

liminf |a+nb—-n|= liminf |a|=a
neZ,|n|—oo neZ,|n|—oo
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liminf infla+kb—n|= liminf inf |a+ k- n| (4.5)
keZ,|k|=N,N—oconez keZ,|k|=N,N—oco neZ

Which is 0 if and only if a is an integer. Which implies that arg(y) is an integer multiple of 2. Now using Theo-
rem IV.3.7 [Gea78] we then see that only in that case these points of Oy, are included (Which would correspond
to the point y = 1). The points with arg(y) = 0 form an accumulation point in P(f);>¢ as can be seen in figure
4.2. More generally we would have

Proposition 4.4.6. Assume (A5), (A6), and that conjecture 4.4.4 holds and take t > 0 such that 27” € R\Q we then
have

ocPM)\{0}={e"":yea(P)u0O;

where Oy, is defined in Proposition 4.4.3.
Otherwise ifZT” = % € Q and p and q are integers that are coprime (this can always be done for any rational
number) then we have

gP()\ {0} ={e" 1y e g (L)} U Op.
where we define following set

Li+ikox

Op:={e” 77, ke{0,..p—1}.
Moreover, if we assume (A3) and (A4) then we have that the above statements also hold for L1 .

Proof. Assume that 27” € R\ Q. Then assume that we have ay € Op\ {e"',ne o(L)} ={e",neC,Ren=Ln¢
0(£)}. To prove the inclusion y € o (P(#)) \ {0} we must thus have that

sup (£ - (L ) M=o

N i(arg(y) +2nk)
kez r

by Theorem 4.5 from [Gea78] which would happen by lemma 4.4.5 if

liminf infla+kb—n|=0. (4.6)
keZ,|k|=N,N—ooheZ

With b = 27” and a = &[m. Now if b is irrational we can take kb to be a positive number furthermore choose
n = | kb] we then have that kb—n € [0, 1]. Now we can view this as having kb € R\Z and we have that multiplying
an irrational number with an integer gives us a dense set, thatis {{kb| mod 1: k € Z} is dense in R\ Z so we can
get arbitrarily close to a (mod 1) with kb — n. Furthermore, we can always choose k large enough such that
this holds for a given N, so the liminf does not pose a problem so we have that the equality always holds which
implies that y € o(P(£)) \ {0}.

Now assume that 27” = % € Q with p, g coprime and assume thaty € O \ fe¥rt: Y € 0(£)}. We then have that

y € o (P(1)\{0} if and only if formula (4.6) holds with b = Z and a = %, moreover this gives that arg(y) = 2n§

such that we have that a = s. So we have that y € o(P(¢)) \ {0} if and only if

k
liminf  inf|~+2z2 —nj=o0.
2€Z,|z[zN,N~coneZ q ¢

We can then multiply everything by g to get

liminf  inf|k+2zp— =0.
w2 [N N oo nep K+ 2P =
But this equation only has a solution if k is an integer due to the Chinese remainder theorem. Moreover, due
to the modulo equality given by the Chinese remainder theorem, we can get arbitrarily high values of z so the
liminf does not pose a problem so we have y € g (P(#)) \ {0}.
O
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Specifically we then see that the only accumulation points for 27” = s are the points of O, and for irrational

27” the full circle of Oy are accumulation points.

We can then plot these properties for rational 27” as seen in figure 4.2. Note that this is done numerically
so we could never really calculate ¢ correctly as an irrational number, however, if we only plot the first few
eigenvalues then the accumulation points should show up correctly as can be seen below. If we take a value
of ¢ which is further away from such a rational number (only a small amount of significant numbers would
be required) then we see that the accumulation points do not appear as already the first few eigenvalues with
small imaginary component diverge.

Next, a final useful part of having an infinite amount of eigenvalues is that we can prove a stronger upper
bound on the convergence rate of P(¢).

Proposition 4.4.7. Forall t =0 we have e *' <||P°(¢)||, in particular this means that e”Wll~? < || PO(¢)||, more-
over if we have an infinite amount of eigenvalues we also have e * < ||P°(t)|| with L as defined in lemma 4.4.1.

Proof. For the first statement this is due to Proposition IV.2.2 from [ENO00]. The second statement uses a differ-
ent upper bound on the spectral gap given by lemma 4.4.1. O

Lastly, we now have due to 4.4.3 that we prove the hypo-coercive estimate using the spectral gap x as the
convergence rate.

Theorem 4.4.8. Assume (A5) and (A6) then we have that there is an M > 0 such that for all t > 0 and all f €
L*(T,v) that

“P(t)f_fvfd‘/”LZﬂT,v) SMe_Kt”f_fodV“Lz(T,v)-

Moreover, if we assume (A3) then we also have for all g € C(T x {+1,—-1}) that
1Pcr (08— [ gavlicasen-1p = Me™ g = [ gdviicraron, )

Proof. Take h = f — [} f we then have that h € Lg (T,v). Moreover, we have that we can redo 4.4.3 but then for
%y. We then have using Proposition IV.2.2 from [ENO0O] that there is a constant M > 0 such that 1P°(D)h|| <
Me™*! holds for all f € L*(T,v). The same argument holds for Zei- O

Proposition IV.2.2 from [ENO00] also gives us that this is the most optimal constant w for which an inequality
of the form [|P(8) f - [y fdvll < Me™!||f — [ f dVIlj2t ) can hold.
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Figure 4.2: Approximation of the point spectrum of P(¢) with U(x) = % (1—cos(x)), Ag = 0 by calculating the spectrum of £ from Chapter 5
with N = 6200 and then plotting the set {e?? : y € £}, |Im ]| < 100}. By taking such a large N and by only taking the eigenvalues with a small
imaginary component we have that the spectrum converges. In the top-left image we have ZT” = %, the top-right image we have 27” =1,in
the middle-left image we have 27” = % and in the middle-right image we have 27” = 12. Lastly, at the bottom we have the spectrum of Zy;.

We can see that the spectrum has accumulation points on the set Op as described in Proposition 4.4.6.



Numerical approximation

In order to analyse the spectrum of the generator £ for a given potential U(x) and refreshment rate 1y there is
a lot of behaviour that could happen to the eigenvalues. It is often hard to see what behaviour is common be-
tween a class of potentials. Furthermore, it is difficult to verify how sharp created bounds are or to properly test
whether the propositions/theorems hold. For these reasons, it would be useful to calculate the eigenvalues of
the generators. To do this we can make use of a finite difference numerical approximation £y on a discretized
subspace T of T such that Ty := (xi)ﬁ.\i p with x; := Zni_Tl — 7. The main benefit of this discretized matrix £y
is that we can calculate its eigenvalues using standard algorithms for finite-dimensional matrices. We could
then make this finite-difference approximation converge to the original generator and examine if the spectrum
converges.

Numerical analysis on the convergence of eigenvalues of such a finite difference approximation £y to the
actual generator £ has been done before, particularly in the field of Sturm-Liouville problem. However, to es-
tablish the connection between the eigenvalues and eigenvectors between the two operators it is often required
to explicitly know the formula for the eigenvalues and eigenfunctions of both the finite difference operator as
well as the full operator [PHA81], [And89] and [Con99]. Moreover, the arguments often rely on operators to be
self-adjoint/normal such that the resolvent relationship for y € p(%£), [[(Z - y)’l llx = d(y,0(%£)) can be used.
Unfortunately, we do not have such a relationship and therefore the proof behind this can become significantly
harder.

For this reason, we prove a weaker result in that a constructed generator $]{, has its semigroup Tn(t) con-
verge to the semigroup T(¢) as described in Proposition 5.1.2. his can be done by looking at the difference
between the operator T(¢) and T () with respect to the elements from the Banach space of T'(¢). To make this
comparison we introduce operators such that a function on the discretized space Ty can be compared with a
function in L?(T, v) for this we will introduce a projection Py : X — Xy and a lift operator Ey : Xy — X. Such
that for large enough N > 0 we have that for x € X

| En TN (0)Pyx— T(DX]2(7.) — O

on bounded intervals of . Moreover, we introduce a different discretization £y whose spectrum seems to con-
verge if N is an even number at a much faster rate than 2&, however due to this operator not being dissipative
we cannot establish a similar convergence result as for 21{, Finally, we will talk about some generalizations of
theorems that seem to hold true for general potentials. The code used to generate the numerical spectrum can
be found in [Wia].

5.1. Discretization of the generator

We will now define and construct all of the spaces and operators required to make a statement about conver-
gence. For the discrete torus Ty we will also define the external nodes xy+1 := x; and xp := x and we define
the difference between nodes by Axy := ZW” We define C(T y x {+1,—1}) to be the functions f: Ty x{+1,-1} - C
with associated norm || fllcryx(+1,-1) = SUPxeTy pei+1,-13 1f (X, 0)|. We define the projection operator Py :
C(T x{+1,-1}) = C(Tn x {+1,-1}) by

(Pnf)(x;,0) = f(x;,0).

63
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Furthermore, we define the lifting operator Ey : C(T x {+1,—1}) — C(T x {+1,-1}) by

(Enf)(x,0) := f(x;,0) +

f(xi41,0) - f(x:,6) {xe [x;, xis1] forie{1,2.N—1},
(x—x;)
AJCN

€ [xn, 7] fori=N.

Which linearly interpolates the values of f € C(T  x {+1,—1}) to create a function in C(T x {+1,—1}). Finally we
denote the identity operator on C(T y x {+1,—1}) by Iy.

We then define for N € N\ {0} the discretization of the generator of the Zig-Zag process 2’]{, : C(Ty x
{+1,-1}) - C(Ty x {+1,-1}) by

. '6 _ .'6
&Ly (x,0):= [xivo A)x [xi,6) + A(xi, 0)(f (x;,—0) — f(x:,0)).
N

Lemma 5.1.1. 35]{, :C(Ty x{+1,-1}) — C(Ty x {+1,—1}) is dissipative and generates a contraction semigroup
Tn(®):C(Tyx{+1,-1}) — C(Tn x {+1,-1}).

Proof. Similar to the proof of lemma 4.1.4 we first prove the dissipativity using Proposition 3.23 from [EN00].
We take a function f € C(Ty x {+1,—1}) and take a (x;‘,H*) such that || fllc(Tyxi+1,-1) = If(xl’.",Q*)I. If we
then take the function 6x;«'g*(xj)f(x;‘,9*) = f(x;f,@*)lxj:xi* for all x; € Ty we then have that (f,6x;<_9*> =

If(x;,0%)? = ||f||2C(1rNx{+1,—1}) and thus that 6+ g (x;) f (x},0*) is in the duality set _#(f) as defined in formula
(2.1). We then have

Re(LN 652 0+ f(x],0%)
AXn
AXN

FO, 09 + A, 07 (f(x),—0%) = f(x},0") Fxr,07)

+ A0 (f(x;,—0%) f (T, 0%) = | f (x},0%) )
<0

SO .,%I{, is dissipative. We then have that f£]{, —vIy is injective for y > 0 and since this operator can be written
as a square matrix we also have that it surjective. Applying Lumer-Phillips Theorem (Theorem 3.15 of [EN00])
will then give us that 581{, generates a contraction semigroup. O

In order to compare the convergence of the discretization of the generator to the generator itself, we could
examine the convergence in terms of their resolvents and generated semigroups. In order to do this, we must
be able to compare the function spaces on which Tx(#) and T(¢) are defined. One such result is given by a
formulation of Trotter-Kao (Theorem 2.1 [IK98]) which will give us the following result:

Proposition 5.1.2. For the Zig-zag process with generator 2&, we have forall f € C(T x{+1,-1}) and forally >0
that

Jim 11En(yIn = £3) 7 Py = (01 = Ze) ™ fllesis,-1p =0
and fort=0
Al[iEgOHENTN(t)PNf— T fllexi+1,-1p) =0 5.1

uniformly on bounded intervals of t.

Proof. In order to prove this we would like to apply Proposition 3.1 from [IK98], which requires us to verify the
following assumptions:

1. There are constants M), M, independent of N, such that for all N e Nwe have ||Py|| < M) and ||[En|| < M.
2. We have for all f € C(T x {+1,—1}) that limy—_ [|ENPNf — fllcTxi+1,-1p = 0.

3. For all Ne Nwe have PyEn = I.
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4. Thesemigroups T'(¢), Tn(t) generated by Z1, £y share constants M = 0,w € Rsuch that || T ()11, I T (DI <
Me®t,

5. Forevery f € C'(T x {+1,-1}) we have that limpy_, IIEN.,%]{,PNf— Ze, fllcaxi+1,-1p =0.
We will verify all of these points to conclude that Proposition 5.1.2 holds.

(Assumption 1) We have for f € C(T x {+1,-1}) that [|Py fllc(yx{+1,-1)) = SUPxeT, 0e(+1,-1; | (6,0

< supyetgei+1,-13 1 F GO =1 fllcrx(+1,-13- So Py is uniformly bounded with M) = 1. Because of the linear in-
terpolation between points we also have that || Ex f|lcTx+1,-1)) < I fllcTyx{+1,-1p. S0 En is uniformly bounded
with M, = 1. Therefore the first assumption holds with M; = M = 1.

(Assumption 2) By Heine-Cantor we have that the continuous functions on T are uniformly continuous. There-
fore for an f € C(T x {+1,—1}) we have that for all € > 0 there is a > 0 and an N € N such that for all x €
T with the closest points on the grid x;,x;4+; € Ty, we have that |x — x;|,|x — x;5+1| < Axy < 6 implies that
| f(xi+1,0) — f(x, D], 1f (x;,0) — f(x,0)] < e. Furthermore, we can then make the following point-wise estimate

|ENPNf(x,0) = f(x,0)]

fxi41,0) — f(x;,0) X € [x;,x;411fori €{1,2,.N—1}
(x—x)|
AJCN

= i,0) — ,0
|f(x:,0) — f(x,0) + x € [xy,mlfori=N

(x—x;) (x—

; € [x;,x;411forief{1,2,.N—-1
) 1, 6) 0 + xxl)(f(xi+1,9)—f(x,9))l{x bxi, xi]forie }
N

x€ [xy,m]lfori=N

=[1-

A.X,'N A.X,'N

(x—x;) (x—x;) |x€elx;x;]lforie{l,2,.N—1}
<(1- Je+ € .
x€ [xy,m]fori=N

=E€.
Thus we have liIIlN_.OO”ENPNf—f||c(1rx{+1y_1}) =0.

(Assumption 3) This assumption holds trivially by the definition of the projection P on the discrete torus and
the linear interpolation Ey.

(Assumption 4) This follows from lemma 5.1.1 and lemma 4.1.5 which then implies that the common constants
are M =1and w =0.

(Assumption 5) From the definition of fcl,,%]{, we see that for f € C}(T x {+1,—1}) there are two parts of

the generator Z1 to approximate. First, we approximate 00, f with ENGGQI Py f, where (axN Pnf)(x;,0) =

%};ﬂxiﬂ)‘ Since 0, f is continuous, it is also uniformly continuous. Therefore we have for all ¢ > 0 that

there is a § > 0 and an N € N such that for all { € T with closest points | — x;_1],1& — xi|, I — xj+1l < Axy < On
implies that we have that [0, f(¢,0) — 0, f(x;,0)],10xf(£,0) — 0x f(x;+1,0)| < €. Furthermore, we have by the
mean value theorem that there are ¢;; € [x;,x;41] and ¢; 1 € [x;_1, x;] such that 6ivf(xi,6) = %};ﬂxiﬁ) =
00f(&;p,0). We then have

|EnOY PN f(x,0) — 00, f (x,0)]

_ja o Emx) (x—2x;) )(6Nf(x,,9) 00, f(x,0)) + =1 (x X;) X € [x,-,xi+1]fo.rz€{1,2,..N—1}
Axn € [xy,mlfori=N

(aNf(x,+1,9) eaxf(x,em{

(x—x;) (x—x;) X €[x;,x;41]fori €{1,2,.N—1}
=|(1- 60 i9,0)—00 ,0 00 i9,0)—00 ,0
[ Ay )00+ f($ip,0) xf(x,0)) + Axn 00+ f(&ip,0) xf(x ))I{xE Loyl fori = N
(x—x;) (x—x;) |x€elx;xjq)forie{l,2,.N-1}
<|1- Je+ € .
Axn Axyn € [xy,mlfori=N

=E€.
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For the second part, we note that we have

En(ZLy — 0N PN f = ENA(x;,0)(f (xi,-0) — f(x;,0))
= ENPNA,0) (f(x,—0) — f(x,0)).

Because A(x,0)(f (x,—60)—f (x,0)) is continuous we can apply the proof of assumption 3 to see that limy—_. ||En (21{,—
NP f—(Lc,—00,) flicxi+1,-13) = 0. So by combining both parts of the generator we see that lim . | |EN$1{]PNf—
Zc fllexi+1,-1p — 0 which proves assumption 5. O

We can then calculate the eigenvalues of .21{, and see if they converge to previous examples. Unfortunately,
for the convergence of the eigenvalues of ;’fI{, to the eigenvalues of Z1 it is often required to have a high value
of N even for simple potentials as can be seen in figure 5.1.
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Figure 5.1: Convergence of the eigenvalues of 31{, towards the eigenvalues of £1 for the potential U’ = 0 and refreshment rate Ao = 1.

The spectrum of £1 isequal to {1+ V1 - n?:neZ}. In each image we calculate the eigenvalues of the matrix of $]{, with in the top-left
image we have N = 400, top-right image we have N = 1600, bottom-left we have N = 6000, and in the bottom-right we have N = 10000. It
can be seen that the convergence does not complete even for N = 10000, even when only examining the first eigenvalues.

Moreover, even when calculating the spectrum for N = 10000 we do not get visible convergence to the
spectrum especially for eigenvalues with a larger imaginary component. The main use of the numerical ap-
proximation is to get insight into the behaviour of the spectrum. However, with .21{, this process can take a lot
of time to converge or even become impractical to calculate on a normal computer, for example calculating
the eigenvalues of the matrix corresponding to N = 10000 took half an hour on a modern computer. For this
reason, in order to speed up the convergence, another discretized operator is introduced

f(xi+1r6) - f(xi—lle)
ZA)CN

(&nf)(x,0):=0 +A(x;,0)(f (x;,-0) = f(x;,0)).

In this discretization we use the central difference method to approximate the derivative part 89, f of the gen-
erator Z. We suspect that the convergence of the spectrum of the generator 21{, is slow due to the first-order
approximation of the derivative as this is the part of the matrix that causes the operator Z.1 to be able to
have an infinite amount of eigenvalues and causes the operator to be not bounded. However, by defining the
approximation in this manner we have that for large enough N, that £ is not dissipative.

Proposition 5.1.3. ForU:T — R, Ag: T — [0,00) such that |U’| and Ay are bounded we have that there is a large
enough N € T such that (£n f) is not dissipative.
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Proof. For any constant D € (0, 1), there is an N such that we have ﬁ > |IA(, Dlleo. We then construct a

function f € C(Ty, x{+1,-1}) such that —-D = f(x;,1) < f(x2,1) = 1, and f(x;,0) = 0 otherwise. Then for
f* € _#(f) we have that because C(Ty x {+1,—1}) is a finite-dimensional vector space, that the dual space is
also finite dimensional. Moreover, we that f* € C*(Ty x {+1,-1}) = LY(Ty x {+1,-1}) is of the form f, f5 =
(e, D fer, D)+ f*(x2,1) f(x2,1) and that ||f*||L1(1IN><{+1,—1}) = Y xeTp,0ei+1,-13 | f (x,0)|. Furthermore, we have
that || fllcery,x(+1,-1p = |f(x2,1)| = 1 and thus because f* € ¢ (f) we must have that || f*|| = 1. Suppose that
|f*(x1,1)] > 0. We would then have that 1 = [(f, f*)| < |f* (1, DILf(x1, DI+ | f* (22, DI (2, DI < | f* (1, DI +
|f*(x2,1)| = 1. Which would contradict that (f, f*) = 1. So we have that f*(x;,1) = 0. But then in order to
satisfy (f, f*) =1, we must have f*(x2,1) =1 and f*(x,0) = 0 otherwise. So we have that

fls, )= fa, 1) - P
oany @D A D, ~D) = fOr, 1) = 5~ AL, 1) > 0.

(ENf 5=
So Zy is not dissipative. O
The corresponding matrix of this generator has the following form

J K

ng: L M

where we have matrices J, K, L, M € RN*N such that J, M are almost tridiagonal matrices with the exception of
2 non-zero entries J1y, /Jy1 and My, My respectively due to the periodicity of the functions, furthermore if
we subtract the diagonal part of these matrices, then they are anti-symmetric (J — ]dl-ag)T =—-U—Jaiag), (M —
Md,-ag)T = —(M — Myiag). Moreover, K, L are diagonal matrices which come from the A(x;,0)(f(x;,—6) term
such that for each i € {1,.., N} we have that K;; and L;; never positive simultaneously if 1o = 0 due to A(x;,0)
only being positive for one 0 at the time.

The discretized generator £y can be used to analyse the spectrum of the original generator £ and to verify
analytical results. There is some strange behaviour of the spectrum of the discrete generator that we have not
fully explained. For this reason, we cannot be certain that the spectrum properly converges to the spectrum
of the generator Z. Nevertheless, the spectrum seems to be approximated correctly for some situations which
we are able to calculate exactly.

The first issue with the convergence of the spectrum has to do with extra eigenvalues which appear when
the size of the discretization N is odd. Specifically, it seems as if for odd N that the eigenvalues of £y are
doubled and interwoven with the normal amount of eigenvalues. An example where this is clearly visible is for
the case U’ =0 and A = 1. The spectrum then gives the following images.
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Figure 5.2: Numerical eigenvalues of £ on the complex plane with U’ (x) = 0, 19 (x) = 1. In the left figure the corresponding generator has

N = 1024 and in the right figure N = 1025. Since the spectrum is given by —1 + v/1 — n2 with n € Z we can see that for N = 1025 a double
amount of eigenvalues are generated.

It turns out that for N' = 1025 the eigenvalues seem to follow the formula ~1+ /1~ (3)? with n € Z. We can
do the same thing but now for a unimodal potential with U’ = sin(x)/2 and Ao = 0.
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Figure 5.3: Numerical eigenvalues of £ on the complex plane with U’ (x) = % sin(x), Ag = 1. In the left figure the corresponding generator
has N = 1024 and in the right figure N = 1025. Since the correct spectrum is displayed in figure 4.1 we can see that for N = 1025 a lot of
extra incorrect eigenvalues are generated.

This behaviour seems to extend to all potentials of which we can calculate the spectrum exactly. We suspect
that the reason why this behaviour happens has something to do with the lack of the dissipative property of Zy
and that the process that is generated by £y is not reducible for specific N. An approach as in [DM13] could
be used to prove more about the connection between the spectrum of this generator £y and the generator £.

5.2. Observations and conjectures

In this section, we will use the discretization £y to make figures of the eigenvalues of the generator and we
propose some conjectures state some observations drawn from this.

5.2.1. Spectral asymptotic line

In all of the figures of the spectrum of the discrete approximation. The eigenvalues seem to have a vertical
asymptotic line to which all of the eigenvalues converge. For 1y = 0 and unimodal U we are able to prove the
location of this asymptotic line in Proposition 4.4.1. Proving this formula for general A1y and general U was not
possible in the same way as the proof required formula (4.2) to be known which required solving the system
Z f =vf,whichfor 1y = 0 could be possible to do for general potentials by keeping track of all of the continuity
points and solving the system in-between each critical point, however it would not provide much more insight
as to why this asymptotic line exists. However, it is possible to examine how this formula should look like and
to give some interpretation to it. Using the numerical approximation and trying many different examples the
formula that seemed to always predict the asymptotic line is the following

Conjecture 5.2.1. If we have a sequence (Yn)n=1 S 0p(£) with the property that VM > 0, 3N € N, such that

Vn= N we have|y,| > M, then it follows thatRey,, — —% . @ dx.

U(n)Z—U(O) _
v/
% fn ‘U’%)' dx = [" 'szﬂ dx. This general formula came up when puzzling around with the formula for
yS1(y)f = =BB*f —yWf —y?f = 0. This formula can be seen as a quadratic formula with two roots with
as a critical point —(W f, f), specifically if we look at the numerical range we see that the real component of
eigenvalues in C \ R is given by —(W f, f). Clearly, W is an important function for the real component of the
spectral line and since we have the formula for U unimodal and Ay = 0 we constructed this general formula.
The formula can be seen as the average of the function % on the torus. For refreshment rates equal to zero it
can also be seen as the difference between all of the consecutive maximums and maxima of the potential U.
The distance between the maximum and minimum showing up is not something new, similar behaviour has
also been seen for the escape time between two wells such as in Theorem 1 of [Mon16].

We can then examine potentials that have a higher amount of maximums than a unimodal distribution and
we can examine a potential with non-constant refreshment rates as displayed in figure 5.4.

Another interesting thing that seems to occur for potentials of the form U(x) = —cos(kx) is that depending

on the value of k we have that every k-th eigenvalue on the imaginary axis is a bit more spread out than the

It can be seen for unimodal U with 1y = 0 that the formula for the asymptotic line holds since
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Figure 5.4: The spectrum of £}y for different potentials and refreshment rates together with a vertical line coming from conjecture 5.2.1.
It can be seen that the spectral line (the orange line) coincides with the asymptotic line of the spectrum. In the top-left image we have
Ux) = 2((17C2$S(x)))4 and A(x) = 1+ |x|. In the top-right image we have U(x) = |x| and A(x) = 1+ cos(x). In the bottom-left image we

have U(x) = Z(M) and A(x) = 1.2 +|x|. In the bottom-right image we have U(x) = 0 and A(x) = 4|x|. For all discretization we used
N =2000.

other eigenvalues as can be seen in the bottom-left picture of figure 5.4. This seems to indicate that these
amplitudes may be related to the frequencies of the underlying potentials which is something we will also see
in the following section.

5.2.2. Eigenvalues of the high-temperature limit

In this section we will examine the spectrum of high-temperature limit, meaning that we will look at the be-
haviour of the eigenvalues for a potential which is close to constant potential. To examine this more thoroughly
we will denote the generator of Zig-Zag process in the following way, by taking o € C

Lof=00xf +0(OU' ()1 +Ao)(Ff - f).

We want to know what will happen when o is close to zero. For example, if we were to look at the operator
%y =00, f we would expect that our spectrum would come close to {in : n € Z}\ {0} as this is the spectrum of
the generator corresponding to the derivative operator on the torus of which we know that the eigenvectors are
sine and cosine waves with integer frequencies.

We can say something about this point around o = 0 by examining Z,; as an operator valued function such
that %, = T+ 0 T’. We could then use perturbation techniques from [Kat95] to predict the movement of the
eigenvalues.

For this, we have that our operator family (£5)sec with the domain w2 (T, ) is a holomorphic family
of operators of type A as described in Definition VII.2.1 of [Kat95]. Since we have already proven that %,
is a closed operator for o > 0 due to lemma 3.2.4 we also have that %, is a closed operator for o € C due
to the difference between the operators being a bounded operator. Moreover, we have that the domains and
Hilbert spaces are equivalent to each other due to e~V being a function that attains a minimum and a maximum
on a bounded domain and we can switch between the Banach spaces using the unitary transformation e :
L2(T, ) — L2(T)). Thus by Theorem VIIL.2.6 of [Kat95] we have that (Z,),cc is a holomorphic family of type A.

However, we run into a complication, namely, we see that the eigenvalues split/branch into two different
eigenvalues when we perform a scaling of o. This is because the operator Z£;-¢ = 60, has two eigenfunctions
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for each eigenvalue (namely f* = e°*, f~ =0, and f* =0, f~ = 0). This is due to the lack of a connection be-
tween the functions f*, f~ for this specific operator. But when we start introducing o both of the functions
connect through the term F f — f and we see that this causes the spectrum to branch/split. This makes it diffi-
cult to apply many perturbation theorems such as from [Kat95]. Namely, it is possible to state that a weighted
mean of the eigenvalues has an analytic expansion, however, due to the branching, it is no longer possible to
state if the expansion has any algebraic singularities.

For example, we could have an operator of the following form

0 1

T(o) = [0 NE

We then have that the eigenvalues are given by 1. = +£1/0. So these eigenvalues are analytic and they have an
algebraic singularity at o = 0 so it is not possible to conclude that an analytic expansion occurs at o = 0. It can
also be seen that for this operator that we have for o = 0 that the eigenvalues split similar to our situation.

Usually it is easy to prove that these singularities do not occur if the underlying operator is self-adjoint, we
can then have an example such as the following

0 o
T(o) = [U 0 ] .

We then have that the eigenvalues are given by A, = +0 and we see that the eigenvalues do not have an alge-
braic singularity and a simple analytic expansion at o = 0. However, we do not have a self-adjoint operator.

However, our operator is holomorphic as a parameter of o and our operator is regular in the sense that it is
J-self-adjoint. And although we were not able to prove if the eigenvalues are analytic or not, we can try to create
an analytic expansion of the eigenvalues and see using the discretization Zy if such an expansion converges.

Proposition 5.2.2. Assuming (A3), (A5), (A6), and assume that the eigenvalues of £, admit an analytic expan-
sion without any algebraic singularities for the operator family 0 — £;. Then for each eigenvaluey € 0 ,(Zy)
there is an analytic functiony j(0) and an e > 0 such that for o € (0,¢;) we have thaty j(0) € 0,(%Z;). We then
have the following properties

yjlo)—in forsome neZ, and

o , W
E(}f,(d)—tn)~yj .

For this limitys.l) it holds that

Y(~D - U(m) — U(xo)

m -
+ i (f U/(x)e—zin(x—xo) dx) (f U/(x)ezin(x—xo) dx)’
J 21 271 %o X0

Furthermore, if U is symmetric and xy = 0, we get

0}

2
W(Yj @~ hy' @

—in)—vy:
)=y i
where we have

V3 .
YP = % RyYn+Um-UWO) + % fo (U -UO) +2y )T (e " xdx.

Proof. Since we have an analytic expansion without singularities for our eigenvalues we can write them as an

analytic expansion such that for a small enough € this expansion converges. We then have y (o) = Y;O) + cry;l) +

2 2
"77/§.2) +0(0?). Where % — 0 as o0 — 0 Using Thm 4.3.3 we can see that these functions satisfy:

(e—ZYj(a)n—a(U(n)—U(xo)) _ 1)2 — (P(Yj (U),xo;”)(P(_Yj (0), X0, —70). (5.2)

By taking o = 0 we see that

(7™ 1) = (0, x0, M0, X0, )
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_ 920
Now ¢ (0, xg, 1) = ¢(0, x9, —7) = 0 when o = 0. So we get (e 2 1)2 = 0 Which implies that y(]). =inforanne”Z
Next, we divide both sides of (5.2) by o2 and we take o — 0. We then get that the left-hand becomes equal to

‘ (e—Z(inﬂIy}l)+o(h))n—U(U(n)—U(x0)) 2 (ea(fzyg.l)nfU(n)JrU(xo))
lim = lim (
0—0 o? g—0 ol

—2)2 = oy U - U o))

The right-hand will become equal to

1 ﬂ _ _ _o(q m _ - _ _ ; ) _
hn(l)_z(f UU’(x)e a(U(x)-U(xo)) 2(zn+yj o+0(0))(x—xp) dx)(f aU’(x)e o(Ux) U(xo))+2(zn+0yj +0(0)) (x—xp) dx)
o—00 X0 X0

~oU@-Uxo)+2in+oy +o()) (x-x0) ax)

=lim(| U'(x)e (e
g—

X0

~oWE@-UG)-20in+y+oe)x=x0) 4o f Ty
Xo

— (f” U/(x)e—zin(xfxo) dx) (f_” U/(x)ezin(xfxo) dx).
X0 Xo
So we have:

T . - .
@y7+ U - Ulxg))® = ( f U’ (x)e 2" %0) g ( f U'(x)e*""* =) dx)
Xo Xo

Solving for ys.l) will give us:

W _ _U(ﬂ) — Ul(xo) +

L (fn U/(x)e—Zin(x—xo) dx)(/_n U/(x)eZin(x—xo) dx)’
J 21 21 Xo X0

Finally we will examine the value of 7/3.2). For simplicity of the calculations we will assume that U is symmetric
around x = 0. We then have that equation (5.2) becomes

e~ 2Vj@n-oUmM-UWO) _ 1 = +¢(y(0),0,7). (5.3)
We then take the derivative in o of the left-hand twice which becomes
ai(e_ij (@) - (Um-U(0) _ 1) = aa(e—z)’j (o) m—o(Um-U(0) (_27,5_1) () — (U@r) = U(0))

= ¢~ 2Yj(@n-0(UmM-UWO) ((—2y§.” (@)m—U(m) + U(0)? - 2)/;2) ()7).

Evaluating this at o = 0 gives us that the left side of equation (5.2) is equal to (—2)/5.1)71 —Um) +U(0)% - 2y§.2)7r.
Now for the right-hand we will first calculate the first derivative in o

T b/
6"[ UU’(x)e—U(U(x)—U(O))—Zyj(U)xdx=f U' ()~ UR-U0)-2,@)x g
0 0

- f "o (U )~ U () e VDV 2 @5 g f "2y (0)xU (e WU 21500 g
0 0 /

Now we need to take a second derivative, we will do this for all of the three integrals and then evaluate them at
o=0.
For the first integral we have:

N j-n U (x)e~ 0 UD-UO)-2yj0)x gy
0
” n
=- f U'(0)(U(x) - U(0))e 0 UD-U0-2,@x gy o f ¥ @ xU' (e UImTO2IO% x|
0 0

b4 . n .
- f U'(x)(Ux) - U(©0) e 2" dx - f 2y xU' (e * " dx.,
0 0
For the second integral we have:

T
~0y f oU'(x)(U(x) - U(0)e WOV O=27;@x gy,
0
T T
_ _f U’ () (U (x) — U(0))e~0 UD-UO)=2yj@x g +f oU' (U x) = U(0))2e" 0 W@-UO-2y;@)x gy
0 0
V4
+2 f (@0 U () Ux) - U0)xe 7 TE=TO=2r@x g,
0

/2 .
= —f U'(x)(U(x) - U(0)e > dx.
0
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For the third integral we have:
T
-0, f 207 (@) xU' (x)e” W I=VO2r1@x gy,
0
/A T
_ _f 2)/5.1) (0)xU' (x) e~ 0 UD-UON=-2y;@)% gy _f 20)/5.2) (0)xU' (x) e~ 0 UD-UON-2y;@)% g
0 0

T
+ f 207 (@)xU' (0)(U 0~ U(0) e 7V OVON=2100 g,
0

—a(Zy}”(a)x)z(U(x)—U(O))—zyj(a)x

T
+ fo 20(y§.” 0)x)?U'(x)e dxly=o

n .
- —f ZY;I)xU'(x)efzmx dx.
0
Now equating the right-hand with the left-hand will give us:
/2 .
@yVr+ U@ -U©)* -2yPn=+ f QU@ -UO) +4y P 0U' (e ™ xdx.
0

Furthermore if then solve for )/5.2) we get:

1 17 .
2 _ 1) _ 2, - _ 1) / —2inx
)/j = o (Zyj n+ U(m)—U(0)) inj(; (Ux) U(O))+2yj x)U (x)e xdx.

O

One thing that should be noted is that using a similar strategy and by taking more derivatives of Z(y(0))
it should be possible to get even more terms of the Taylor expansion. However, this becomes very difficult to
do as the derivatives get higher due to the many times that the product rule will be used. For this reason, we
also assumed that U was symmetric for the second derivative, but this is not an inherent requirement and was
simply chosen for the convenience of the computation.

We can then experiment with using a non-zero value for the refreshment rate 1. To see how Ay influences
the spectrum for small values of Ay. It turns out that as long as o and Ay are small at the same time, that
the paths of the eigenvalues are linearly dependent on Ay. Furthermore, we already have a description of the
spectrum of %y 3, [MM12], for small A this causes all but one of the eigenvalues to lie on a vertical line at
Y = —Ap. This leads us to the following conjecture.

Conjecture 5.2.3. Assume the same assumptions as in Proposition 5.2.2 except for Ay. Moreover assume that
Mo(x) is a constant function independent of x € T. We then have that for the eigenvalue expansions y j(o) the
following holds

yjo) —in forsome neZ, and

L . )
ﬁ(}f](a)—m)ﬁyj .

For this limity;l), it holds for n # 0 that

Y(~D __ U(m) — U(xo)

1 4 . - .
_ /10 + _\/(f Ul(x)e—Zln(x—xo) dx) (f U’(x)ezl”(x—XO) dx),
J 21 21 Xo Xo

and for n = 0 we have

U(m)-U(0)
1)

Y= —g——— =2y,
Yi g . 0
or

1 _
Y; = 0.

It was not possible to find a formula for general A, this one likely exists by introducing in a similar way the
function W. For now, this conjecture gives us that all of the spectrum moves linearly fast based on Ay if o is
close to 0.
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Figure 5.5: The spectrum of £y and the approximated eigenvalues with N = 900, potential U(x) = — C—OSZ@, and A = 0.5. The eigenvalues

of £ are displayed by the blue dots. The approximated eigenvalues from conjecture 5.2.3 are displayed by the orange dots. Note that we
only displayed the positive roots for these approximated eigenvalues.






Discussion

In this thesis, we have studied the spectral gap x of the generator of the Zig-Zag process £ on T for both
square-integrable functions L?(T,v) and continuous functions C(T x {+1,—1}). We did this by analysing the
Schur complement S; (y),y € C\ {0} of a block operator o that is unitarily equivalent to the generator of the
Zig-Zag process. We proved that the generator has a point spectrum ¢(%£) = 0, (). We then made bounds
on the numerical range of the Schur complement in order to bound the eigenvalues o, (£) N C\R. Moreover,
we proved that y = 0 is an element of the resolvent set and explicitly calculated the corresponding inverse for
the generator. This inverse allowed us to also make a bound on the eigenvalues 0, (£) NR and consequently a
bound on the spectral gap. After this, we noticed that the Schur complement has a point spectrum and that the
Schur complement becomes a self-adjoint operator for real parameters (S;(y)* = S;(y) for y € R\ {0}). Using
these two facts we could apply the min-max theorem and noticed that we could carry over this min-max the-
orem to an operator BB* corresponding to the Kolmogorov backward equation of the overdamped Langevin
diffusion. Using this, we were able to create a second bound on the spectral gap using the second eigenvalue of
BB* which we could then bound by using the Hilbert-Schmidt norm of B*. After this, we proved that the spec-
trum of £ is the same regardless of whether Banach space consists out of the square-integrable functions or
continuous functions. Moreover, we proved for unimodal potentials that the spectrum could be defined by the
roots of a complex holomorphic function Z(y). We used this function to prove the existence of an asymptotic
spectral line L to which all the eigenvalues converge. This line caused some complications for the spectral map-
ping theorem which were not there for the Zig-Zag process defined on the real numbers Q = R. We then proved
a spectral mapping theorem and noticed that this could result in the spectrum of the associated semigroup
of £ having an uncountable amount of eigenvalues. Moreover this allowed us to prove that the best possi-
ble value of x for the hypocoercive estimate ||P(f) f — f1T fdvllx < Me ! is equal to the spectral gap for both
X = L*(T,v) and X = C(T x {+1,—1}). Lastly, we created a discretization of the generator jf]{] and proved that
this generator generated a strongly continuous contraction semigroup that converged uniformly on bounded
time intervals for all the elements of C(T x {+1,—1}). We noticed that the eigenvalues of this discretization
seemed to converge correctly to the spectrum of £ for some examples but that the convergence was very slow.
To improve on this we introduced another generator £y that converged at a significantly higher rate and used
this to numerically analyse the spectrum of the generator for some specific potentials and refreshment rates.
Using this discretized generator we conjectured a generalization of the spectral asymptotic line for multimodal
potentials and general refreshment rates. Lastly, we made use of a perturbation of the generator by considering
a family of generator £, such that Z,-¢ = 89, to state some formula’s for how the eigenvalues behave for small
.

The analysis of the spectrum has a lot of different aspects to it which also gives a lot of directions for further
research. We will list several points and observations that could help for further research.

Firstly, the results are likely to extend to other PDMPs such as the bouncy particle sampler similar to the
work of [GN20]. This is mainly because many results in the past have been easy to transfer between the PDMPs
and because these operators are similar in their definition. We did not do this generalization in this thesis
as the focus was on finding many properties surrounding the generator of the Zig-Zag process rather than
surrounding general PDMPs.
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76 6. Discussion

The spectrum of the generator defined on the Banach spaces L” (T, v) with 1 < p < cois likely to be the same
as we can likely prove similarly that the eigenvectors of the generators have to sufficiently smooth. This could
be useful for analysing the properties of the eigenvectors/eigenvalues as different norms for the Banach space
can give different estimations on the eigenvalues/eigenvectors.

The analysis could be extended to the position space T¢ with d > 2 however there can be some complica-
tions with explicitly calculating the inverse of £ and B. Moreover applying Sobolev embeddings can give rise to
more complications in higher dimensions as different embeddings apply. Nevertheless analysing the spectrum
further with the one-dimensional case using methods we used such as the Schur complement can still be useful
to prove certain properties that then might generalize but require a different proof for the higher-dimensional
case.

We have not compared how the bounds that we created behave for certain limits of the potential (high-
temperature/low-temperature limit). Moreover, it could be possible to compare the two given bounds numer-
ically by creating new bounds on them using the Hilbert-Schmidt norm of the inverse of the generator %1
and of B. We can then compare how these bounds behave by comparing the bounds with the actual spectral
gap with the use of £y. Perhaps the bounds work better than each other depending on the type of potential or
refreshment rate.

By using the unitary transformation e? itis possible to rewrite the operator family £ = T+ 0T’ as we

U!
did it in section 5.2.2 in such a way that T becomes a skew adjoint operator and that T’ = Ygl 2

2
could then be written as an operator with only the entry W which would create another self-adjoint operator

and an operator with the entries % which would create a skew-adjoint operator with only 2 entries. Since this
operator then has many symmetrical properties it could be more doable to prove a stronger result regarding
the analytic expansion of the eigenvalues.

The discretization £ can also be used to analyse the eigenvectors of £y, we have observed that these
eigenvectors behave more like sine and cosine functions as the imaginary component of the corresponding
eigenvalue goes to infinity. There is likely a stronger connection with the operator 60, as the imaginary com-
ponent becomes larger. For this reason, perturbation techniques could also help prove more properties about
the asymptotic line as regardless of how large o is in the scaling of the operator family £, we always seem to
have for large eigenvalues that the spectrum looks similar to this operator. Moreover, such perturbation tech-
niques could also give us that for large enough imaginary components that the resolvent of the operator is well
behaved or that the resolvent has a large radius of convergence for large enough eigenvalues.

There can also be weaker assumptions made on 1y and U. Many assumptions were made in order to make
the generator map L%(T,v) and C(T x {+1,—-1}) into themselves. For example, for L%(T, v) we required U to be
Lipschitz to perform the product rule for the well-definedness of .Z, but we could still create a well-defined
generator if we simply change the domain and co-domain to less 'perfect’ domains. Although by taking such
a generalization we no longer have that Theorem 3.4.7 holds due to the unboundedness of the derivative of U
(although Theorem 3.4.2 could still hold).

Similar to using a numerical tool such as £y for analysing the spectra we could also make use of pseu-
dospectra which in particular can give more information about the growth of the resolvent. Perhaps this could
create a stronger image of what is happening as the imaginary component of the eigenvalues goes to infinity
and would allow us to prove a more general spectral mapping theorem.

We have that for o = 0 that the operator family £, has a multiplicity of 2 for each eigenvalue after which
these eigenvalues branch when o becomes positive. This seems to indicate that for most eigenvalues we will
have that the multiplicity of the eigenvalue is 1. Moreover, for small perturbations it could be that it is always
equal to 1 which seems to be the case for most numerical analyses that we did. This could be useful as it
could also give us a conjecture of the form of the spectral projections as they were given in [BV21] for rank one
projections.

Due to the resolvent being Hilbert-Schmidt we have a lot of regularity that is added to our operator that
we have not examined properly. Such as that the difference between resolvents is a trace operator due to the
resolvent identity. Furthermore, we could likely use properties like this to say more about the expansion rate of
the eigenvalues away from the origin since the squared norm of the inverse of the eigenvalues needs to be finite.
Moreover, there could be general properties corresponding to the general class of J-self-adjoint operators that
have a Hilbert-Schmidt resolvent that we have not yet examined.

Due to the invertibility of the generator only requiring that ||W]||s, > 0, the assumption of Theorem 3.4.2
and 3.4.7 that essinfye W (x) > 0 can likely be improved. This main assumptions is made for the eigenvalues in
C\R. In general, it seems to be that the spectral gap is always positive based on the numerical analysis. So the

. Which
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analysis on whether the gap is always positive should require us to examine these non-real eigenvalues. This
analysis could become easier as we have more structure about these eigenvalues in the sense that we know
what their real and imaginary parts are equal to in terms of the eigenvectors themselves (Proposition 3.4.3).
We suspect that there could be more analysis done by also using the second Schur complement S,(y) as this
operator family is only defined for the non-real eigenvalues.

In the literature surrounding the quadratic numerical range, there is often analysis done towards the pos-
itive and negative eigenvectors of the quadratic range. These correspond to which root we take of the eigen-
values similar to how we do this in Proposition 3.4.3. In [Tre08] it turns out that these eigenvectors have some
distinct behaviour and this could allow us to perhaps couple these eigenvectors together in such a way that we
get more regularity in how they can behave for real eigenvalues.

Lastly, the field of quadratic eigenvalue problems is often concerned with oscillators that are receiving
strong drag forces such as in [TMO01]. Here there is an interpretation behind the eigenvalues first being imagi-
nary and then becoming real as the drag forces increase. Namely, as these correspond to waves that are under-
damped, overdamped, and critically damped. We suspect that such a connection is happening here with the
eigenvalues and eigenvectors of £y and that perhaps similar analysis techniques could be applied.
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