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Abstract

Dynamical systems, and estimations thereof, play an important role in various disciplines. The
Koopman operator encapsulates properties of a dynamical system. This thesis investigates the
estimation of the Koopman operator within the context of Reproducing Kernel Hilbert Spaces
(RKHSs). We begin by reviewing the relevant background on RKHSs, including the vector-valued
case, and Koopman operators in their natural setting of continuous functions. A general
framework that links Koopman theory and discrete-time dynamical systems is provided. We then
compare two methods for estimating Koopman operators in a unified framework, namely ridge
regression in spaces of Hilbert-Schmidt operators on a RKHS and kernel Extended Dynamic
Mode Decomposition. The boundedness of the actual Koopman operator between RKHSs is
investigated and illustrated through examples. Dynamics for which the Koopman operator is
bounded between Gaussian RKHSs on R? are characterized.
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Chapter 1

Introduction

Dynamical systems play an important role in various disciplines including chemistry, physics, and
engineering. Numerous relevant dynamical systems in these respective fields are nonlinear, which
may lead to bifurcations and chaos | ]. Think of the Lorentz system or a double pendulum in
classical mechanics. Linear dynamical systems, however, are completely determined by their spectral
decomposition. Koopman operator theory transforms a nonlinear system into a linear one, by acting
on an infinite-dimensional function space | il |. The benefit of this approach is that the
Koopman operator is linear and hence allows for analyzing complex nonlinear systems using linear
methods. Koopman theory has gained momentum due to advances in computational techniques and
the increasing availability of large datasets, which make it feasible to develop data-driven,
operator-theoretic models of complex dynamics | ]. However, one of the primary challenges in
this field remains the development of finite-dimensional approximations that retain the essential
structure of these infinite-dimensional representations.

An approach that tackles this issue is the Koopman mode decomposition, introduced by Mezié
[ ].  This method allows us to represent the dynamics of a nonlinear system in terms of a
sequence of triples (\j,¢;,v;), where \; are the Koopman eigenvalues, ¢; are the associated
Koopman eigenfunctions and v; are the so-called Koopman modes. The nonlinear dynamics are
converted through this decomposition into a linear form in the space of these eigenfunctions. We can
thus understand complex nonlinear behavior through the spectral properties of the Koopman
operator. This Koopman mode expansion can be approximated by a finite sum of only the most
significant modes and eigenvalues, making it computationally feasible for practical applications.

One method to approximate the Koopman mode decomposition is the Dynamic Mode
Decomposition (DMD), first introduced by Schmid [ ]. Initially developed in the fluid dynamics
community as a tool to identify coherent structures within flows | |, later to be connected to
Koopman theory by Rowley [ ]. The DMD algorithm is successful partly because it is a fully
data-driven method, it is fast due to its connections to the SVD, and the fact that it is easy to
implement. In DMD, the eigenvalues computed from data snapshots serve as approximations of the
Koopman eigenvalues \;, the DMD modes correspond to the Koopman modes v;, and the DMD
mode amplitudes approximate the values of the Koopman eigenfunctions evaluated at the initial
state of the observed dynamical system ¢;(xq).

Kernel methods have become increasingly popular in data-driven modeling of dynamical systems,
especially in combination with Koopman theory| I; [ ]. Kernels allow us to consider the
non-linear relationships between the data points, as well as the non-linear relation to the system
behaviors in high-dimensional spaces [ ].  All of the developed kernel methods find their
mathematical foundation in Reproducing Kernel Hilbert Space (RKHS) theory, introduced by
Aronszajn [ ]. A benefit of RKHSs is the presence of so the so-called representer theorem,
introduced by Kimeldorf and Wahba [ ;| | and later generalized by Scholkopf | ]



This theorem allows us to write the general solutions of certain regularization functional in
high-dimensional or infinite-dimensional space as a linear combination of the elements of a
data-defined finite-dimensional subspace. This enables us to convert nonconvex optimization
problems in high or infinite dimensions, which often are intractable, into convex optimization
problems over scalar coefficients.

There is a fundamental conceptual difference concerning the types of approximation offered by DMD
versus kernel methods. DMD remains confined to the subspace spanned by the vectors that comprise
the observed data snapshots and thus can only capture the dynamics present in these data | ].

This makes DMD a localized method that cannot extrapolate well outside the data. On the other
hand, kernel methods embed the data into a higher-dimensional space shaped by the kernel function,
which is an a priori belief about how points are related | |. This makes it possible for kernel
methods to go beyond the limits of the data provided, as the assumed relationships introduced by
the kernel allow extrapolation. There is, however, a downside due to this additional flexibility. There
is a strong assumption that the kernel accurately characterizes the true structure of the system. If
this is not the case, the extrapolation will be inaccurate.

1.1 Owur contribution

Most papers that combine kernel methods and the Koopman operator are brief on the foundation
of the underlying topics. We do not assume knowledge of RKHSs or Koopman theory and build
up an extensive theoretical framework. Furthermore, we contrast the more practical part with a
rather theoretical view of the Koopman operator between spaces of continuous functions. Within
this framework, we compare two methods that estimate the Koopman operator. We contrast a more
recent data-driven kernel ridge regression method in the space of Hilbert-Schmidt operators and kernel
Extended DMD. We state several examples in the positive and the negative for the boundedness of the
Koopman operator between RKHS. Lastly, we characterize dynamics on Gaussian RKHSs for which
the Koopman is bounded, which combines work from | ;[ ]-

1.2 Outline

In Chapter 2, we start by introducing the mathematical foundation of scalar-valued RKHSs. We
discuss and characterize the boundedness of composition operators on RKHSs. We end by introducing
vector-valued RKHSs and stating important results for learning theory. In Chapter 3, we view the
continuous functions on a compact set K as a C*-algebra. We show that the Koopman operator
between these spaces is uniquely determined by the underlying dynamics. In Chapter 4, we introduce
the Koopman paradigm for dynamical systems from snapshot data. Then, we explain DMD algorithms
and make a comparison with a recent data-driven kernel-based method. We end this chapter by
commenting on the boundedness of the actual Koopman operator between RKHSs with the use of
examples. We end with a summary, limitations, and outlook in Chapter 5



Chapter 2

Reproducing kernel Hilbert spaces

First, we will give the abstract definition of a RKHS and provide several (non)examples. Then we will
define what (reproducing) kernels are and show how they are related to RKHSs. We will provide an
explicit construction of a RKHS from a kernel. We conclude the theory of scalar-valued RKHSs with
characterizations of functions in RKHSs and characterize the boundedness of the composition operator.
We extend to vector-valued RKHS, hereafter we present representer theorems and an isomorphism
between a vector-valued RKHS and the space of Hilbert-Schmidt operators.

2.1 Basics of RKHS

2.1.1 Definition and non-example

Definition 2.1.1 (Evaluation functional). Let H be a Hilbert space of functions on a non-empty set
X. Let f € H the evaluation functional at x € X is the linear map defined as
0, : H— R,
[ 0a(f) = fla).
Definition 2.1.2 (Reproducing kernel Hilbert space). A reproducing kernel Hilbert space (RKHS) is

a Hilbert space of complex-valued functions on a non-empty set X where the evaluation functionals
are bounded for every x € X.

We observe that a Hilbert space of functions can only be a RKHS if norm convergence implies
pointwise convergence.

Observation 2.1.3 (Norm convergence implies pointwise convergence in a RKHS). Let H be a RKHS
and (fn)new in H such that f, — f, we have

[fn(2) = f(@)] = 102(fn) = 02(f)| = |02(fr — )| < 0elllfn = fllz =0 (n — o0).

To get an intuition what function spaces are RKHSs, it can help to look at a non-example. To do
so, we generalize a RKHS to non-complete spaces.

Definition 2.1.4 (Reproducing kernel inner product space). A reproducing kernel inner product
space (RKIS) is an inner product space of complex-valued functions on a non-empty set X where the
evaluation functionals are bounded for every = € X.

Proposition 2.1.5. A Hilbert space is a RKHS on a set A" if and only every dense subspace D C H
is a RKIS on X.

Proof. Let H be a RKHS, it is clear that any dense subspace D is a RKIS. Conversely, let D be a
RKIS that is a dense subspace of a Hilbert space H. Let f € H and x € X, there exists a sequence
(hn)nen in D such that h, — f. We see that H is a RKHS, as point evaluations are bounded

52(£)] = 18 Jim_ha)| = Timn [80(ha)| < Timn 8,/ ] = 18211



O]

Using Proposition 2.1.5, we can show that L2(0,1) is not a RKHS. We do so by showing that a
dense subspace, C[0, 1] equipped with the standard inner product, is not a RKIS.

Example 2.1.6 (L%(0,1) is not a RKHS). Equip C[0, 1] with the standard inner product, so that
C[0, 1] is dense in L2(0,1). Define a sequence of functions in C[0, 1]

Let z € (0,1), M > 0 and define g, = ”ff% Because f,(x) =1 for all n € N and ||f,]|r2 — 0 as
nilL
n — oo, there exists n(M) € IN such that

fnany ()

= = >M 2.
onhe ~ Thoohe > M

By continuity of g,,(rr), there exists an interval I(M), that includes z, such that g, (t) > M/2 for
all t € I(M). Since ||gn|| = 1 for all n € IN we have that ||0,| > M/2 for y € I(M). Observe that for
N > M we have that the interval I(V) is contained in I(M). Letting N — oo, we conclude that the
evaluation functionals are unbounded on the interval I(M), in the L? sense. Such an interval can be
constructed for any 0 < = < 1, for x = 0 consider the function

Then, f,(0) =1 for alln € N and || f,||12 — 0 as n — oo and a similar argument can be made, also for
x = 1. Since (C[0,1], (-, -);2) is dense in (L2(0, 1), (-, -)1,2) and not a RKIS, we conclude by Proposition
2.1.5 that (L2(0,1),(-,-)12) cannot be a RKHS.

Remark. Consider the space (L?(0,1), (-,-)12) and the function f,,(t) = 191/, Then, f, converges
to zero in norm and from Observation 2.1.3 we have |f,,(0)| < || fu|l12 — 0 as n — oco. This appears to
be a contradiction, since |f,(0)] = 1 - 0. However, recall that point evaluations are meaningless, as
we can modify f,, at £ = 0 and remain in the same equivalence class of functions. To conclude, since
the above argument depends on the representative of f,, € L2(0, 1), it is not sufficient to conclude that
L2(0,1) is not a RKHS.

2.1.2 Reproducing kernels

We have not defined what a kernel precisely means, yet we have defined a RKHS which contains the
word “kernel”. To bridge this gap, we will define a RKHS from a given “kernel”. Then, we show that
these two definitions are equivalent. To do so, we have to define what a kernel is first.

Definition 2.1.7 (Positive semidefinite kernel). Let k£ : X x X — C be a bivariate function. The
map k is said to be a positive semidefinite (PSD) kernel if it is conjugate symmetric and if for any
collection x € X" and a € C",

ZZaik(xi,xj)sz > 0. (2.1)
i=1 j=1

We allow functions in a RKHS and a kernel to take on complex values. In most examples that
follow we will restrict to the real case and will return to complex-valued RKHS at a later time.



Remark. Given x € X" and a € C", the matrix K;; := k(x;,x;) is a positive semidefinite matrix,
since

n n
Z Zaik(xi, Xj)ﬁj =a’Ka > 0.
i=1 j=1
We will also call this matrix K, that is induced by the kernel k£ once x € X™ is chosen.

For brevity, we will refer to a positive semidefinite kernel as a kernel from now on. We make a
simple yet important observation about the pointwise sum and product of two kernels.

Observation 2.1.8 (Sums and products of kernels are kernels). Let ki, k2 be kernels on a set X.
Then kq(z,y) := ki(z,y) + k2(z,y) and ky(z,y) := ki(x,y) - k2(z,y) are kernels, too. Choose x € ™,
a € C" and denote by K; and Ko be the matrices induced by k; and ko, respectively. The sum
K, := K1 + Ks. is PSD, as it is the sum of PSD matrices.

Let K, be the Hadamard product of K and K. By the Schur product Theorem', it follows that K,
is PSD.

Example 2.1.9 (Linear kernel). An example is the linear kernel on R%, defined as k(x,y) := (x,y),
where x,y € R? and (-, -) := (-, -)ga is the standard inner product on R?. It is clear that the standard
inner product (on R?) is symmetric, and also PSD for any subset x € R? because for any a € R¢

n n n n n
lin.
Z Z az-(xi, xj)aj = <Z a; X, Z ajxj> = HZ aiXiHQ > 0.
i=1 j=1 i=1 j=1 i=1

To illustrate what the interplay is between kernels and feature maps, we give some examples.

Definition 2.1.10 (Feature map). Let X be a non-empty set. A map ® : X — ¢2(IN), or a (finite
dimensional) subspace thereof, is called a feature map.

Example 2.1.11 (Feature map for quadratic kernel I). We will define the feature map & : R¢ — RP,

where D = d + (g)
2 -
B(x) = X for‘?—‘l,Q,...,d,
ﬁxixj for i < j.
Take d = 3 and let x € R3, then
d(x) = (x7, X3, X3, V2x1X2, V2X1X3, V2X2X3).

Example 2.1.12 (Homogeneous polynomial kernel). Take the homogeneous polynomial kernel on R?
defined as k(x,y) := ((x,y))™ for some m > 2. Recall Observation 2.1.8 to note that k(x,y) is a
kernel, since it is a power of the linear kernel. Take m = 2, we get the quadratic kernel

d
kx,y) = ((x,y)" =) _x7y] +2> xy;.
j=1

1<j

Observation 2.1.13 (Feature map for quadratic kernel II). Observe that the feature map from
Example 2.1.11 is closely related to the quadratic kernel k(x,y) = ({x,y))2. As before, choose d = 3
so that D =3 + (;’) = 6. Let x,y € R?, we rewrite the inner product of the feature maps in R®.

(@(x), 2(y))rs = ((X%a X%v Xga \/§X1X2, \@X1X3, \/§X2X3), (3’%, y%, Y92,> \/§Y1YZa ﬁym’:&, \/§YQYS)>1R6a
= Xiyi + X3y3 + X3Y3 + 2X1Xay1y2 + 2X1X3Y1Y3 + 2X2X3Y2y3,
= (x1y1 + X2y2 + X3¥3)°,
= ((x,y)r2)*.

! Appendix ?



We see that the inner product between the features can be computed as an inner product between
the points itself. For large values of d, there is a substantial computational difference in evaluating
(®(z), ®(y))gp and ((x,y)rs)%. Solely computing ®(z), for some 2 € R?, takes O(d+ (g)) = O(d+d?),
whereas the inner product ((z,y)ga)? takes O(d). For large values of d, this difference is substantial.

Example 2.1.14 (Inhomogeneous polynomial kernel). In Example 2.1.12, we have seen the
homogeneous polynomial kernel. Let x,y € R? and ¢ € R, the inhomogeneous polynomial kernel is
defined as k(x,y) = (¢ + (X, y)ge)™. It can be shown that the matrix with all entries equal to one is
PSD, hence k(x,y) = c is a kernel. The power of a linear kernel is a kernel too, hence the sum
k(x,y) = (c+ (x,y)Ra)™ is a kernel.

Next, we will try to derive a feature map ® : R? — RP, where D = (djnm), such that
k(x,y) = (®(x),®(y))gp. Using the multinomial theorem, we get

E(x,y) = (c+ (x,y)ra)" = (c+ ijy] (c+x1y1+ ... +xqya)"

kl'}
k‘0+k1+ +kd n
ko,k1,....,kq>0

k0+k‘1+ +kd n
ko k1,....ka>0

ko k1 ko kd
ko, k’1, ce kd> ™ (x1y1)™ (x2y2)™ ... (xaya)™,

=b,

k1_k k1. k
X' Xs” . ) (\/ nY1' Yo .. )

ko+k1+ Akg=n
ko,k1,..., kg >0

(
(
(v

- ¥

ko+ki+.. +kd n
ko,k1,...,kq=>0

= > (@gﬁ) (@gyf)

k‘0+k‘1+...+kd=n
ko,k1,...,kq=>0

= (®(x), 2(y))ro-

The feature map ® : R* — RP contains all components such that kg + ki +. ..+ kg = m and that
k; € Ng for 1 <4 <d. A component of ®(z) looks like

@(x)z(...,\/&o’klf %d> konz,

=1

where (l;;i)f-lzl € INg are one of the (d;m) possibilities such that ), ki = m. Directly evaluating
(¢ + (x,y))™ can be done in O(d + m), whereas computing (®(x), ®(y))go is done in O((d;;m)), a
significant difference for large d and m.

Definition 2.1.15 (Reproducing kernel). Let H be a Hilbert space of real-valued functions on a
non-empty set X'. A bivariate map k: X x X — C is a reproducing kernel of H if

1. k(z,) € H forall z € X,
2. (f,k(x,-)) = f(z) for all f € H and for all x € X.

The second requirement is called the reproducing property.



If requirements one and two are satisfied for a Hilbert space H, we say that H admits the
reproducing kernel k. The name “reproducing kernel” is justified, since a reproducing kernel is a
kernel, too.

Proposition 2.1.16 (Reproducing kernel is a kernel). We need to show that k is conjugate symmetric
and positive semidefinite. The conjugate symmetry follows from the reproducing property and the
conjugate symmetry of the inner product

k(%w) - <k(y7 ')7k<x7 )> = (k:(a:, ‘)7k(y7 )> = k(xuy> Ve,y € X.

Take any collection x € X™ and a € C™ nonzero, we have

n n
g E a;k(x;,xj)a; = E E a;(k(x;,-), xj,->§j:<g aixl-,g a;x;) > 0.
i=1 j=1

=1 j=1 =1 j=1

At this point it would, at least semantically, make sense to define a RKHS as a Hilbert space of
functions on a non-empty set X that contains a reproducing kernel. It turns out that this definitions
is sensible and equivalent to point evaluations being bounded, as explained in the following theorem.

Theorem 2.1.17. A Hilbert space of functions on X" is a RKHS if an only if it admits a reproducing
kernel.

Proof. Suppose that H is a RKHS, by Riesz-Fréchet there exists a unique g, € H such that §,(-) =
(-, 9z). Define k(z,) := g,(-) € H for all x € X. To show the reproducing property, take f € H,
we see that (f,k(z,)) = (f,92) = d.(f) = f(z). Conversely, suppose that H is a Hilbert space of
functions that contains a reproducing kernel k(x,-) for any = € X. Let f € G, by Cauchy-Schwarz
wee see that all point evaluations are bounded

102 () = [{fs Bz, DI < [[fII[k(z, )] Vo e X.
O

Proposition 2.1.18 (Reproducing kernel is unique). Suppose that H is a RKHS that admits two
reproducing kernels, k1 and ks. Then k; = ko.

Proof. For any f € H and © € X, (f,ki(z,)) = f(z) = (f,k2(x,-)) by the reproducing property.
Choose f = ki(x,-) — ko(z, ), definiteness of the inner product implies that k1 = ko. O

We will denote a RKHS H that admits the kernel k as Hy, or H(k) or simply H, depending on the
context.

Proposition 2.1.19. Let H be a RKHS on X that admits the kernel k, then span{k(z,-) : x € X}
is dense in H.

Proof. Take f € span{k(z,-) : x € X}*, then 0 = (f,k(x,-)) = f(x) for all x € X, which implies that
f=0. 0

We conclude this subchapter with two examples of RKHSs and determine their kernels.

Example 2.1.20 (Sobolev kernel). Consider the space H}(0,1) := {f € H'(0,1) : £(0) = 0} equipped
with the inner product (f, g)1 := (f',g')12. Tt is a standard result that (H}(0,1), (-, -)my ) is a Hilbert
space. To show that (H$(0,1), (-, >H3) is a RKHS, we show that point evaluations are bounded. Let
f € H(0,1) and = € [0, 1], we have

1/2

7)| = | [ f’(t)dt‘ < | 110Dl < (/ llf’(t)th> - (f 1 Loa®3dt) = IfIVE



We can read off the derivative of the kernel,

k(P = | /fdt/f J10.4(8)

We see that k'(z,-) = 119 4(-), we evaluate

1 min(z,y)
k(z,y) = (k(z,-), k(y,))m :/0 l[o’m](t)1[07y} (t)dt = /0 dt = min(z, y)

Since we can write k(z,y) = (1(9 4, Ljoy))1.2, We see that k is conjugate symmetric and PSD.
Another interesting example of a RKHS is the Hardy space on the unit disc.

Definition 2.1.21 (Hardy space). Analytic functions on the unit disk D := {z € C : |z| < 1} where
1/2

1 2 )
sup (/ |f(re20)|2d0) < 00 (2.2)
o<r<1 \ 27 Jo

are called the Hardy space, denoted H?(D). The expression in Equation 2.2 is called the Hardy space
norm, denoted || f|| z2(p)-

We will show that H2(D) is a RKHS in two steps, first that H2(ID) can be identified with a Hilbert
space and secondly that point evaluations are bounded.

Example 2.1.22 (H%*(D) is a RKHS). Let f € H?(D), which can be written as f = > oo j ay2" for
z € D and ()02 in C as f is analytic. From the Weierstrass M test and the ratio test it follows that
the series f(z) = Y 2, an2™ converges absolutely and uniformly on D. Any z € D can be expressed
as re'? for some 6 € [0,27) and 0 < r < 1. Substituting results in f(re’) = 3°°°  a,,r"e™?, a Fourier
series with only non-negative coefficients a,,r"™. By Parseval’s identity, we have

1 °n 102 > 2.2
o |, W0 =3 janf*rn
n=0

Consider the sequence of functions g,(n) = |ay,|*r?*" on INg := INU {0}. Observe that > 0 ;|ay,|?r?" is
the same as integrating g,(n) on INg with respect to the counting measure. Since |ay, [*r?" 1 |a,|? as
r 1 1, it follows by the Monotone Convergence Theorem that

1/2

1 21 ) oo
so> s (0 [TIrrenPar)  ~ sup zranw %ﬂlmzyan|2 = S Yo
n=0

0<r<1 0<7"<1

Define the map ¢ : H*(D) — ¢2(INg) where ¢(f) = (an)new, for f(z) = > oo g anz™ with z € D. Any
?2(INg) sequences defines an H?(D) function, and vice versa. This shows that H2(ID) is a Hilbert space
with inner product

(fs @) 2y = (2(f), #(9))e2(1vo)

for f,g € H?(D) and that ¢ is an isometric isomorphism.
Evaluating f at d € D can be bounded as

1
i =15 and < 3 enld" < (Danw) (zw) ey .
n=0 n=0 n=0 n=0 \Y 1—- ’d|2

Since H?(D) is a vector space of functions, all requirements of Definition 2.1.2, we conclude that
H?(D) is a RKHS. Theorem 2.1.17 guarentees the existence of a reproducing kernel in H?(D). By
working backwards, it is not difficult to read off the kernel. Let w € D, the kernel k(w,-) can be
written as k(w, z) = Y 2 by2". Evaluate f at w, we get

=Y " = (f,k(w, ) g2y = (S(f), dk(w, ) ) = Zana
n=0 =

Hence, b, = w™ for n € Ng and k(w, z) = 32 jw™z". The kernel function for the Hardy space H%(D)
is called the Szégo kernel.



2.1.3 Construction of a RKHS using a kernel

Suppose we are given a RKHS H, the existence of a reproducing kernel that is admitted by H is
guaranteed, as we have seen in Theorem 2.1.17. The converse path holds as well, as first shown
by Aronszajn [ |. Given a kernel k, there exists a Hilbert space of functions where k satisfies
the conditions of a reproducing kernel. In the proof of the next theorem, the existence is not only
guaranteed; the construction is made explicit. A priori, it is not clear how such a RKHS can be
defined; Proposition 2.1.19 is, however, a helpful starting point.

Theorem 2.1.23 (RKHS from a kernel). Let k be a kernel, then there exists a RKHS with reproducing
kernel k.

Proof. Define Hy := span{k(zx,-) |xr € X'} and the bivariate map

<'7'>H0 IHO X H() —>C,
n

(f?g) = <f7g>H0 = ZzajEk(Xj7Yi>

j=1i=1

for f(-) = Z?:l ajk(x;,-), g(-) = Zle bik(yi,) € Ho. Then, the pair (Ho, (-, )m,) is an inner
product space. Let f € Hy and y € X. By construction we have

Fly) = aik(x;,y) = (£ k(y: ) Ho-
j=1

Under the standard pointwise addition and scalar multiplication, Hy is a vector space. The linearity
of (-,)m, is straightforward, the symmetry follows from the commutativity of scalar multiplication
and the fact that & is symmetric. Since k is a kernel, we have (f, f) g, > 0. Suppose that (f, f)g, =0
and z € X. From Cauchy-Schwarz for linear symmetric nonnegative maps |f(x)|? = |(f, k(z, ) g, |* <
(s Fao k() k2, ) g = (f, ) mollk(2, ) |13, , which implies that f is zero on K. We conclude that
the map (-,-) g, is an inner product and therefore (Hy, (-, ), ) is an inner product space.

What is left to do is to complete the space. Before doing so, we will show that any Cauchy sequence
in Hp such that f,(z) — 0 satisfies || fn|lm, — 0, as n — oco. Let (fn)new be a Cauchy sequence
in Hy bounded from above by M > 0. Let ¢ > 0 and N € IN be such that for n > N we have
| fn— fnllH, < €/2M. Since fn € Hp, one can write fy = Z§:1 cjk(x;,-) for some x € R" and
c € R™ Forn> N, we get

”an%{O = |<fn - fN,fn>H0| + |<fNafn>H0|7
p
<e/24 ) cifalx))]-

J=1

Since fy,(x;) converges to zero for each x;, there exists L € IN such that for all n > L we have
|Z§.’:1 cjfn(x;)| <€/2. For n > max{N, L} we get that ||fn\|12q0 < ¢ and we are done.

Let (fn)new be a Cauchy sequence in Hy. For each x € X, the sequence (f,(z))nen is Cauchy in C,
and therefore has a pointwise limit f(z) := lim, oo fn(x). Let H be the set of functions which are
pointwise limits of Cauchy sequences in Hy. Note that Hy C H, since for each f € Hj the sequence
(fn)nen = (f, f,...) converges to f pointwise. Next, we will define an inner product on H so that the
reproducing property is satisfied and that each Cauchy sequence converges.

Let f,g € H, which are pointwise limits of Cauchy sequences (f,)nen and (gn)nen, respectively.
Define

<fv g>H = nli_>11(;lo<fn7gn>Ho-

To show that this definition is reasonable, we need to first of all show that ((fy, gn)H,)nen converges
and that (f, g)y is independent on the Cauchy sequences that converge to f and g.
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To address the first issue, using Cauchy-Schwarz and the fact that Cauchy sequences are bounded,

|<fnagn>Ho - <fmagm>Ho| = |<fnagn - gm>H0 + <fn - fmagn>H0|a
< fallaolgn = gmll + 1 fn = FinllEollgnll e — 0 (0 — 00).

This shows that ({fn, gn)H, )nen is Cauchy in C and therefore has a limit. To address the second issue,
let (f])nen and (g}, )new be Cauchy sequences, different from (f,)nen and (gn)nen, that converge to
f and g, respectively. The sequences (f, — f),)nen and (gn — ¢, )neN converge pointwise to zero, hence
| fr — il — 0 and ||gn — g5 ||z, — 0, as shown above. Taking the absolute difference, we get

|<fn7gn>H0 - <f7lwg;1>H()’ - |<fnagn - g';l)H() + <fn - f?iug;z>H0’7
< N fullmollgn = gnll + 1fn = fall o lgnllzy — 0 (0 — o0).

Next, we will show that (-, )z is an inner product. The symmetry, linearity and nonnegativity follows
readily from (-,-yg,. Let f € H such that (f,f)g = 0 = ||f|% = limy—eolfnllm,, for a Cauchy
sequence (fn)nen in Hyp converging to f. Then, for any =z € X

F(@)] = Jim (o) = B [ b, )l < T | full [ ), =0

which shows that f is the zero function. We conclude that (H, (-, -)z) is an inner product space. From
Proposition 2.1.19, it follows that Hy is dense in H. Let (hy)rew be a Cauchy sequence in H, then for
each k € IN, there exists a sequence (gxm )men such that limy, oo ||hx — grm ||z = 0. In other words, for
any k € IN, there exists an N (k) € IN such that for all m > N (k) we have ||hy — ggm|| < 1/k. Define
(i) ke = (gen(k))keN, then limy_,ool|hr — Ay |lg = 0. Let ¢ > 0 and choose N € IN such that for
k,1 > N we have ||h; — || < /3 and ||k — hj|| < €/3. Since |||z, coincides with [|-|| g on Hy, we get
that

Iy, — Pylley = 1Ry — hiller < |y, — hellr + 1k — haller + 1o — Byl <e/3+¢/3+¢/3=e.

We have shown that (hi;) ke 1s Cauchy in Hy and therefore limy_, o, hz, := h, the pointwise limit, exists
and is an element of H. Since h € H and (h},)ren is Cauchy in Hy converging pointwise to h, we get
lim ||h — hL||g = lim lim ||h, — A =0.
Jm [[h = byl = lim lim {[R, — by,
Therefore
Ih = hllm < 1= Rl + Ay — hallr — 0.

We have shown that any Cauchy sequence (hy,)nen in H has a limit, therefore (H, (-, -) ) is complete.
A complete Hilbert space of functions that contains a reproducing kernel is a RKHS, by Theorem
2.1.17. O

In case we have multiple kernels, k1, k2, we will denote the corresponding RKHSs with Hj, or H;
and their norms as |||, or |[-[|;, for i = 1,2.

Theorem 2.1.24 (Uniqueness of a RKHS). The kernel determines a RKHS uniquely.

Proof. Suppose that G and H are RKHSs that both admit a kernel k. We have that k(z,-) € H for
all x € X. As H is a Hilbert space, it is complete and closed under addition and scalar multiplication.
From Proposition 2.1.19, we conclude that H is a closed linear subspace of G. By the decomposition
theorem, we can write G = H @ H+. Take g € H', x € X and since g(z,-) € H we get 0 =
(g,k(z,"))g = g(z). Since  was arbitrary, it follows that ¢ = 0. We conclude that H+ = {0} and
that G = H. O

Combining Theorems 2.1.23 and 2.1.24 leads to the following Corollary.

Corollary 2.1.25. Let k : X XX — R be a kernel, then there exists a unique RKHS with reproducing
kernel k.
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We denote Hy as the RKHS with reproducing kernel k. If X is a topological space, we naturally
equip the product X x X with the product topology. From Proposition 2.1.19, it is not surprising that
Hj; is contained in the continuous functions if k is continuous on X x X, denoted C(X).

Theorem 2.1.26. Let X be a topological space and k a continuous kernel function. Then H(k) is
contained in the continuous functions on X.

Proof. Fix y € X, ¢ > 0 and let (y,)nenw be a sequence in X' converging to y. By the reproducing
property and Cauchy-Schwarz [ f(yn) — f(y)| = (f, k(yn, ) = k(Y. ) < [|FI15(yn, ) —E(y,-)||. Showing
that limy, 0 ||k(yn, ) — k(y, )|| = 0 completes the proof. By continuity of £ on X x X', we also have
that k(y,-) and k(-,y) are continuous on X. By the reproducing property and the triangle inequality

k(yn, ) = k(y, )P = (k(yn, ) = kY, ), k(yn, ) = k(y, ),
(y

‘ (ymyn) - (yna ) k yn) + k(y y)|
= |(k(Yn> yn) — ( Y)) = (k(yn,v) — k(y,y) — (k(y, yn) — k(y,v))I,
< Nk (Yns Yn) = kY, Y| + kY, y) — k@, )|+ [k, y0) — E(y,9) =0 (n — o0).

O]

2.2 Characterizations

In Example 2.1.14, we constructed a feature map from a given kernel. It turns out that this
construction is always possible. In this section we build up the necessary theory to prove Mercer’s
Theorem | |, which directly implies two results. The first is a spectral definition of a RKHS, the
other being the so called kernel trick, a backbone in machine learning first discovered by Scholkopf
[Schoo].

Thereafter, we will characterize when, a Hilbert space of functions is a RKHS, a function is an
element of a RKHS, the difference of kernels is again a kernel and construct the RKHS of a sum of
two kernels.

We will state an assumption that is necessary for Hy to be separable. Whenever necessary, we shall
freely assume this.

Assumption 1 (Separability). To ensure that the RKHS Hj is separable, we need to make an
additional assumption on the underlying space X and the kernel k. It turns out that Hj is separable
if X is a compact topological space and k is continuous | , Lemma 4.33].

2.2.1 Mercer’s theorem and the kernel trick

We assume that X is a compact metric space and that the kernel function & is continuous. It follows
that Cj, = sup, ;ex|k(7,t)| < oo. First we will define an integral operator from a space of square
integrable functions into the continuous functions. Hereafter, we show that this map is well-defined.

Definition 2.2.1 (Integral operator). Let k be a continuous kernel on a compact metric space X. Let
w be a finite measure on X' and let L2(X,w) be the space of square integrable functions on X with
respect to the measure w. Let By be the bounded linear map

By, : L2(X,w) — C(X),
F s (Bef)() = /X (e, ) f(2)dw(x).

The integral operator with kernel k is the bounded linear map given by A := Iy o By, where [} :
C(X) — L2 (X, w).
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Definition 2.2.2 (Hilbert-Schmidt operator). Let H, K be Hilbert spaces. A bounded linear operator
D : H — K is called a Hilbert-Schmidt operator if

> IDejl? < o0,
i

for some orthonormal basis (e;); of H.

Proposition 2.2.3 (Hilbert-Schmidt operators are compact). Every abstract Hilbert-Schmidt
operator is compact.

Proof. Let D : H — K be a Hilbert-Schmidt operator acting between Hilbert spaces. As D acts
between Hilbert spaces, it is equivalent to show that there exists a sequence of finite rank operators
(Dn)nen such that ||[D — Dyl xy) — 0 as n — oo. Let f € H, define D, f := Y71 (f, e;)De;, we
get

IDf = Daf? =1 Y (frea)Deill> < IFIIP D 1Dej|? < oo,

and we have ||D — Dyl|zm,r) < 252,111 Dejl|> — 0 as n — oo. O

To show that this is a meaningful definition, we need to show that B and I, are bounded maps
into their respective spaces. It turns out that Ay is compact and we can derive an upper bound on its
operator norm.

Proposition 2.2.4. Suppose k is continuous, then Ay is well defined and compact self-adjoint Hilbert-
Schmidt operator. Furthermore, ||Ag| < /w(&X)Cy.

Proof. Let f € C(X), then

1/2
M), = ( / f(x>2dw<x>) < [ Flloo V().

Since k is continuous and X is compact metric space, it follows that k is uniformly continuous. Let
y1,92 € X and f € L?(X,w), then

1Brf(y1) — Bef(y2)| = ’/X f(@)(k(z, 1) = k(2, y2))dw(@) |,

Cs.
< [[fllez [1kCry1) — k(G y2) iz,
<[ fllLz vVw(&) T){g}’k(t, y1) — k(t, y2)l-

It follows from the continuity of k(x,-) that Byf is continuous. Let ¢ > 0 and choose d, > 0 such

that |y1 — y2| < &, implies that maxzex|k(z,y1) — k(z,y2)| < &/[/fll12 Vw(&X). For any y € & and
fel(X,w),

A S IF IR = 1] </ k(%y)dW(x)) < IF IV w (&) sup|k(z, )|
X reX

By definition of the operator norm, we have the inequality [[A|rz < \/w(X)Ck.
The operator A is a self adjoint Hilbert-Schmidt operator, since k is symmetric and
[Aklle < [[Akllas = [kl < /w(X)Cg. It follows from Proposition 2.2.3 that Ay is compact. O

We have shown that for the integral operator Ag, the spectral Theorem applies. This is an
important step in the proof of Mercer’s theorem.
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Theorem 2.2.5 (Mercer | |). Let k be a continuous kernel on a compact metric space X and
let w be a finite Borel measure on X. Let (¢, Ax)r be the eigen-pairs of the operator Ay. The kernel
can be written as

)= Mlon @ op)(x,t) Va,t € X (2.3)
k=1
The convergence in (2.3) is absolute and uniform.

The eigen-pairs of the Hilbert-Schmidt operator Aj can be used to define the RKHS defined by
the kernel k.

Corollary 2.2.6 (Spectral RKHS construction). Under the same notation, we define a RKHS with
kernel k as the vector space

o] 042
Hy(X) = f e L2(X,0) | £ = Y aj05, (A> € 2(N) v, (2.4)
j=1 7/ jeN
equipped with the inner product
_ i <fa ¢z><gv¢2> _ - O‘jﬂj
o Aj A
Where f Z =1 O(](z)j and g - Zk 1 /Bkd)k
Proof. As done in | i [ ]. O

It is in fact a general fact that any kernel can be written as an inner product

Proposition 2.2.7. Let X be a compact topological space and k : X x X — C be a continuous map.
Then k is a kernel if and only if there exists a feature map ® such that k(z,y) = (®(x), 2(y)) 2

Proof. Suppose that k is a kernel then it follows from Corollary 2.1.25 that there exists a unique
RKHS Hj, such that k has the reproducing property. Define @ : X — ¢?(N) by ®(x) := k(z, -). Since
Hy, is a seperable Hilbert space (Assumption 1), it is isometrically isomorphic to #2(IN) under some
map &. Then ® := ¢ o ® suffices, since

k(z,y) = (k(@, ), k(y, ), = (2(2), 2(y) 1, = ((§ 0 ®)(x), (€0 D) (W) ey = (P(x), D(Y))2)-

Conversely, the map k defined by k(x,y) = (®(z), ®(y)),2) is a kernel since for x € A" and a € C"

we have
n
Zal X;, Xj)a; = Zal X;) E:aZ X;) e2(]N —||Zal X; Heg

t,j=1
O

It need not be the case that the feature map ® maps into £2(IN), it may also be some finite
dimensional subspace thereof. In Example 2.1.14, the feature space was R”, which is a finite
dimensional subspace of £2(IN). One often calls this, finite dimensional, subspace F the feature space.
From any feature map, one can define a kernel function canonically k(z,y) := (®(z), ®(y)),2 and the
converse path also holds, as we have seen in Proposition 2.2.7. Mercer’s theorem allows us to
construct the feature map explicitly

d: X — (A(N), (2.5)

z = (VAgi(z), Ve (@), .. ). (2.6)
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By definition we have

@ (x HZQ_Z)‘ ¢i(z)* = k(z,z) < oo.

Moreover, the feature map provides an easy way to compute the inner product of the representation
of x,z € X in the feature space, i.e. 2, as follows

(®(x) EQ_ZA@ bi(2) = k(z, 2)

so inner products boil down to kernel evaluations, we rediscovered the kernel trick.

2.2.2 RKHS and its elements

The Theorems presented in this chapter rely on the Interpolation Theorem A.1.1. To ensure we can
apply this theorem, we make the following assumption throughout the remainder of this report.

Assumption 2 (Independence of kernels). Assume that the set {k(z,) : = € X} is linearly
independent.

It turns out that this Assumption 2 is satisfied if and only if the kernel is strictly positive, meaning
that there is a strict inequality in Equation (2.1).

Lemma 2.2.8. Let X be a set and let k be a kernel on X. The set {k(x,) : = € X} is linearly
independent if and only if k is a positive kernel.

Proof. We will assume k is not a positive kernel and show that the set {k(z,-) : € X'} is linearly
dependent. By assunption, there exists x € X" and a € R" such that

i iaiajk(xi, Xj) = 0.

i=1 j=1

Using the reproducing property

ZZaZa] Xi, X;) ZZala] (x4,), k(x5,)) —HZaZ X, - HHk (2.7)

=1 j=1 =1 j=1

Thus > | a;k(x;,+) = 0, by definiteness of the norm. This shows that {k(z, ) : = € E} is linearly
dependent. By contraposition, we have shown that linear independence implies K to be positive
definite. On the other hand, assume that {k(z,-) : * € E} is linearly dependent, then there exists
z € X" and 0 # a € R" such that ) ;" | a;k(x;,-) = 0. By definiteness of the norm

n n
0= ||Zal X, - HHk Zaz Xiy ), Zaj Xj,)) Hy :ZZaiajk(xi,xj) (2.8)

i=1 j=1

which shows that & is not a positive definite kernel. We have shown that & is a positive kernel implies
linear independence, by contraposition. ]

Theorem 2.2.9 (Theorem 3.11 in | ]). Let H be a RKHS on X with positive kernel & and let
f X = C be a function. Then, f € H if and only if there exists a constant ¢ > 0 such that
(z,y) = 2k(z,y) — f(z)f(y) is a kernel function. Moreover, ||f]|| is the smallest possible value for c.
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Proof. Suppose f € H and let ||f|| < ¢, by the reproducing property (f,k(x,-)) = f(x). By the
Interpolation Theorem A.1.1, for all n € IN there exists x € X™ and b € C" such that

DS bibif(x)f(y;) <D 0D bibjlk(xi, ), k(yj, ) = > Y bibjk(xi,y;).

i=1 j=1 i=1 j=1 i=1 j=1
It follows that c?k(x,y) — f(z)f(y) is a kernel function, with least possible constant ¢ = | f].
Conversely, suppose that c?k(z,y) — f(x)f(y) is a kernel function. We conclude by A.1.1 that there
exists f € H with || f|| < ¢ such that || f|| < c and (f, k(x,-)) = f(z) for any x € X. O

A different way to write that k(z,y) — f(x)f(y) is a kernel function is to say that k — ff>=0or
alternatively ff < k. With this, we mean that for all n € IN and every x € X™ and a € C"™ we have

zn: a (k(Xi»Xj) - f(Xz')T&')) a; 20

1,j=1

2.2.3 Sums and differences of kernels

In Observation 2.1.8, we saw that the sum and product of kernels are again kernels. It turns out
that when the difference of kernels is again be a kernel, can be characterized by the inclusion of two
RKHSs.

Definition 2.2.10 (Contractively contained). Let (Hy, ||-||1) and (Ha, ||-||2) be Hilbert spaces. We
say that Hj is contractively contained in Ho if Hy is a subspace of Hy and ||f|l2 < || f|1 for all f € Hj.

Theorem 2.2.11 (Aronszajn’s inclusion theorem). Let k; and ko be kernels on a set X. Then
Hy,, C Hy, if and only if there exists a constant ¢ > 0 such that k; < c?kg. Additionally, ||f|]2 < |||
for any f € Hy,.

Proof. Suppose that Hy, C Hy,. Let i : Hy, — Hy, denote the inclusion operator. Let (fn)nen
be a sequence in Hj, converging to f € Hy,. Since the norm ||-||; is stronger than |[-||2, we have
i(fn) = fn — fin Hy,. Then (f,i(fn)) — (f, f) and by the closed graph Theorem, we conclude that
i is bounded. Set ¢ = ||i||, take x € X™, a € C", by the reproducing property,

0 <D aiki(xi,)lIF = Y adgh(xi,x;), (2.9)
=1

1,j=1

= D aiaj(ki(xi, ), ka(x), ), (2.10)

ij=1

= aiki(xi,-), Y ajka(x;,)2, (2.11)
i=1 j=1

cs U n

< D aik(xi,)ll2lD - agka(xy, )2, (2.12)
i=1 =1

<)Y ak(xi, )LD ajka(x;, )2 (2.13)
i—1 =1

Canceling ||> 7" | a;k1(x;, -)||1 and squaring both sides results in

n n
Z a;ajki(x;, x;) < ¢ Z a;ajka(x;,%5).
ij=1 ij=1
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This implies that k1 < c¢?ks and since i was bounded, we have ||i(f)||2 < ||ill|l fll1 = c||f]l1. Conversely,
suppose that there exists a ¢ > 0 such that k; < c?ks. Let f € H, k,, from Theorem 2.2.9 it follows that
ff = IfI?k1. Combining these results gives ff < || f||?c*k2 and we conclude that f € Hy,. Using the
same theorem, we conclude that f € Hy, with || f|l2 < ¢|f|1. O

Corollary 2.2.12 (Difference of kernels). Let k; and ko be kernels on a set X. Then Hj, is
contractively contained in Hy, if and only if ko — k; is a kernel.

Proof. Both implications are a direct consequence of Theorem 2.2.11. O

Theorem 2.2.13 (RKHS from a sum of kernels). Let k; and k2 be kernels on a set X. The space of
functions H = Hy, + Hy, with norm

1117 == min{ | [} + 1 £2115 = f = fr+ fo, fi € Hyy, i = 1,2}, (2.14)
is a RKHS with kernel k1 + k».

Proof. Let k = ki + k2 and denote the elements f,g € Hy, & Hy, as f = (f1, f2) with f; € Hy, and
similarly for g. Then, Hy, ® Hy, is a Hilbert space with inner product

(<(f17f2)’ (91792)>Hk1@Hk2) = <f1agl>Hk1 + <f27g2>Hk1

for f,g € Hy, ® Hy, so that (Hy, & Hy,, (-, '>Hk1@Hk1) is a Hilbert space. Define the subspace N =
{(h,—h) € Hy, ® Hy, : f € Hi N Hy} where we assume that Hy, N Hy, is non empty. Otherwise,
the decomposition theorem applies immediately and we are done. Let (fy,, —fn)nen be a sequence in
Hj, N Hy, converging to (f,g). Using the definition of the norm, we see that f, — f in Hy, and that
—fn — g in Hy,, therefore f = —g and N is closed. Hence, by the decomposition theorem, we can
write Hy, ® Hy, = N @ N+ so that (f1, f2) = (h, —h) + (g1, g2) with (h,—h) € N and (g1, 92) € N*.
Define H := Hy, + Hy, and the map L : Hy, @ Hy, — H with L(f1, f2) = fi + fo, so that L is a
linear surjection and that the kernel of L is N. This implies that the restriction of L to N1, denoted
L|yy == L, , is a vector space isomorphism. Equip H with the inner product induced by the map L,
which ensures that (H, (-, )y is a Hilbert space. Thus, for f,g € H,

(90 = (LT (), LT (9) o,
What is left to do is to show that the norm is as in Equation (2.14), and that k satisfies the reproducing
property. Let P be the orthogonal projection from Hy, @ Hy, on N*. Let f = f1+ fo € H and observe
that || flla = [[P(f1, f2)llmy, oH,,- Take f € H so that f = fi + fo, then (f — Pf) € (NHt =N,
using the definitions of the norms and Pythagoras,
IflIF + 11 f203 = ||(fl,!)02)||%1,€1@1L1k2 = [|(f1, f2) = P(f1, fo) + P(flyf?)”%{kl@Hka
= ”(fla f2) - P(f17 f2)H12LIk1@Hk2 + ||P(f17 f2)|‘%{k1®H;€27

= |(f1, f2) = P(fr, Pl wm, + I1F N

We get || f1|1% < || f1l|? + || f2]|3 with equality if and only if f € N+, which shows Equation (2.14).
Take (h,—h) € N, z € X, then
<(h7 _h)a <k1($, ))7 ]{32(.7], '>>H1€BH2 - h(IB) - h(x> =0,

and hence (ki(x,-),ko(x,-)) € N+ for all 2z € X. Let f € H, since L, is a bijection, there exists
unique elements (hy, he) € N+ such that [L (h1, ho)] (z) = f(z) for any € X. Using the reproducing
properties of k; and kg on Hy, and Hy,, respectively

<fv k‘(:L’, )>H = <L11(f)’ Lll(k({E, '))>H1€9H2 = <(h17 h2)7 (/{?1(1’, ')a kl(x7 '))>H1EBH27
= (h1, k1 (2, )y, + (hoyka(z, ) iy, = ha(@) + ha(z) = f(2).

We have shown that k satisfies the reproducing property. Since (H,(-,-)y) is a Hilbert space of
functions on X that admits a reproducing kernel, it is a RKHS, by Theorem 2.1.17. O
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A direct consequence of Theorem 2.2.13, which is also discussed in its proof, is the case when
Hy, N Hi, = {0}, in which the sum of the underlying RKHS has a simple form.

Corollary 2.2.14. Let k; and k2 be kernels on a set X and set k = k1 + k2. Suppose that Hi, N Hy, =
{0}, then H = Hy, 4+ Hy, == {f1 + fo : fi € Hy,, i = 1,2} with [[f[3, = [lA1]7 + [l /2]13 is a RKHS
with reproducing kernel k.

2.2.4 Composition operators

Let k1 and k9 be kernels defined on A7 and A&, respectively. Next, we study the composition operator
between the RKHSs Hy, and Hy, induced by a map ¢ : &1 — X». First we give a general definition.
Let C* be the set of all complex-valued functions from a set X to C.

Definition 2.2.15 (Composition operator). Let X', S be sets and ¢ : S — & a map. The composition
operator T, : C* — €% is defined as Tof == fop, where f € C*.

Let F(X) C C% be a function space with the standard pointwise operations and ¢ : X — X. We
say that the composition operator preserves the space if T, : F(X) — ran(T,,) C F(X).
For the remainder of this section, we will restrict ourselves to a special case where k1 and ko are
kernels on A7 and Ab, respectively and ¢ : &y — As. Then, T, : Hy, — Hj, with T, f = f o . The
composition operator is linear, but is it also bounded? To characterize the boundedness, we introduce
the notion of a pullback and state the pullback theorem. For semantic reasons we write k o ¢, where
we actually mean ko (¢ X ).

Proposition 2.2.16. Let ¢ : S — X be a map. If k is a kernel function on X, then k o ¢ is a kernel
on S

Proof. Choose s € 8" and a € C". We have that {¢(s1),...,¢(sn)} = {x1,...,x%,} with p < n.

Define I, = {i € {1,...,n} : ¢(s;) = xx} for 1 <k <pand by =3_,.; a;. Then we have

n p p
Z a;ajk(p(si), (s))) = Z Z Zaifjk(xk,xl) = Zbkak(xk,xl) > 0.

ij=1 kl=1i€l} jEI, k,l
This shows that k o ¢ is a kernel function on S. O

Since k o ¢ is a kernel, it induces its own RKHS, which we call the pullback RKHS of H(k) along
. The RKHS H (k) is “pulled back” from X to S via the map ¢.

Definition 2.2.17 (Pull-back). Let & and S be sets, let ¢ : S — X be a map and let k be a kernel
on X. We call the RKHS H (ko ¢) the pullback of H (k) along ¢ and we call the composition operator
H(k) — H(k o @) the pullback map.

The elements of the pullback RKHS are characterized in the following theorem.

Theorem 2.2.18 (Pullback theorem). Let X and S be sets, let k£ a kernel on X and ¢ : S — X
be a map. Then, H(koy) = {foy : f € H(k)} and for u € H(k o $) we have |[ul|g(rop) =

min e gy U f Ly = w=foe}.

Proof. Let f € H(k), from Theorem 2.2.9 we have f(z)f(y) = Hf||il(k)k(a:,y) for any (z,y) € X x X.

Hence, for any (s,t) € S x S we have f(p(s))f(p(t) < HfH%i(k)k(go(s), ©(t)). Following the converse of
Theorem 2.2.9 for ko ¢, which applies by Proposition 2.2.16, we immediately see that fop € H(koy)
and || f o @l 5(kop) < I fllm(k)-
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Any u € H(k o ¢) can be written as f o ¢, for some f € H(k). The reproducing property is then
(u, k(0(t), () H(kop) = u(t). Let t € S™ and a € C", set u = Y1 | a;k(p(t:), (-)) and note that

By = 3 A, ), kol8), o ks
1,j=1
=Y aak(p(t:), o(t))),
ij=1
= > amlk(p(t). ) k(o(t). ) o
=

= Hzaz HH

The map
¢ :span{k(p(t),¢(-) :t €S} — H(k),

> aik(p(ti), () = Y aik(p(t:)
i=1 i=1

is an isometry that extends to H(k o ¢) by Proposition 2.1.19. We see that u = ((u) o ¢, with
lull £ (kow) = 1€ (W) || (1), the result follows from the fact that || foo|l g(rop) < I fll @) for any f € H (k).
O

Corollary 2.2.19 (Restriction theorem). Let k& be a kernel on a set X and let S be a non-empty
subset of X'. Denote k|g, the kernel k restricted to the set S. Then u € H(k|g) if and only if u is the
restriction of a function in H (k) to the set S. Moreover,

lullngg) = min Al = v = st

Proof. Let ¢ : S — X be the inclusion map, that is ¢(s) = s. Note that H(koy) = H(k|g) and apply
the pullback Theorem 2.2.18. Conversely, suppose that u = f|g = foy for f € H(k). Let t € S we
get [61(u)| = [d,0) ()] < 9ol f]l and point evaluations of u are bounded, hence u € H (k|s). O

At this point, we are ready to state the characterization of the boundedness of the composition
operator between two RKHSs.

Theorem 2.2.20 (Boundedness characterization of the composition operator). Let k; and kg be
kernels on X} and Xs, respectively and let ¢ : X1 — A5 be a map. Then, the following are equivalent

(i) {fow: f€Hy} C Hy,
(ii) Ty : Hy, — Hy, is a bounded operator
(iii) there exists a constant ¢ > 0 such that kg o p < c?k;.
Moreover, ¢ = ||T,,|| is the smallest possible constant.

Proof. Let f € Hy,, let x € X1 and suppose that T, is bounded, then by Cauchy-Schwarz
102 (f 0 )| = [0p(2) () = {fs Toka(z, ) i, | < N f i, 1Tk (@, ) < N e, 1T I 2 (2, ) |,y -

So point evaluations of f o ¢ are bounded and (ii) implies (7). Assume (iii) and let f € Hy,. From
Theorem 2.2.9 we have that f(z)f(y) < HfH%Ik k(x,y) for all (z,y) € X x Xa. Let (s,t) € X1 x A} and
2

we have f(p(s)) 72(0) = || fI, k(e (s). @(t)) < [1f%,, 2hi(s.1). Therefore T,f = f o p € Hy, and
T, is bounded because || Ty f| iy, < c| f|ln,, and we have (i7). Note that (i) states H (k2 o ) C Hy,,
which is equivalent to (iii) by Aronszajn’s inclusion Theorem 2.2.11. As in the proof of Aronszajn’s
inclusion Theorem, one can choose the inclusion map to be 7, and follow the same procedure, which
shows the final statement. O
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2.3 Vector-valued RKHS

Functions f in a RKHS H on some set X have values f(z) in the real or complex numbers. This
theory can be generalized to where the codomain of the functions in the RKHS is not the field R or C
but a Hilbert space. This section builds up the necessary theory with some examples to later be used
for applications in Section 2.4.

Definition 2.3.1 (vector-valued RKHS). Let C be a Hilbert space and let X be a set. Denote F(X,C)
the vector space of functions from X to C under the usual pointwise addition and multiplication. Let
G C F(X,C) be a subspace, then G is called a a C-valued RKHS on X provided that

(i) G is a Hilbert space.

ii) for every y € &, the linear evaluation map : G — C given by = f(y) is bounded.
ii) f X, the li luati E,:G —C gi by E,(f) = f(y) is bounded

We will also call a C-valued RKHS a vector-valued RKHS, for some Hilbert space C. The most
basic example is taking copies of a scalar-valued RKHS.

Example 2.3.2 (C = C"). Let C = C" and H be a RKHS with kernel k¥ on a set X. Denote
= @;", H, which is a Hilbert space, by Theorem A.1.2. For H" to be a C" valued RKHS, one
needs to identify H™ with F(X,C™). This can be via the following map,

L:H" —ran(L) C F(X,C"),
f = L(f),

where L(f) is defined pointwise as L(f)(z) = (f1(z),..., fu(z)) € C" for x € X and f € H". Point
evaluations are bounded, let z € X and f € H"

1Ea(L()NEn = Z’fz )| < ZHszHHk Wiz = Ik, )l Z|fz i = k@, )zl 7. (215)

We see that || Ex||lzgn,cny < ||k(2,-)||# and is bounded. We already conclude that (H",(-,-)yn) is a
C" valued RKHS, the operator norm | Ey| z(gn cn) can be determined with slightly more work. Let
f = (k(z,),0,...,0) € H", then we have || Ez(L(f))llcn = |k(z,2)| = [k(z, )| = If g~ lk(z, )]a
and hence || Ey|| > ||k(x, )| m, resulting in HEJ;H[;(Hn,@n) = ||k(z, )| m-

At this point, we have not yet defined what a kernel for a vector-valued RKHS should be. We
review the scalar-valued case, as the the vector-valued case is a generalization of this. Let H be a
scalar-valued RKHS on X that admits a kernel k. Once we fix x € X", the kernel k induces a PSD
matrix K. A similar notion holds for the kernel of a vector-valued RKHS. To do so, we state what it
means for matrices of operators to be positive.

Definition 2.3.3 (Positive operator). Let C be a Hilbert space, an operator T' € £(C) is called positive
if (T'c,c)e > 0 for any ¢ € C, written as T' > 0.

Let T' = (T; ;) with 1 < 4,5 < n with n € IN where each (7} ;) € £(C) is a positive operator. We
call T' a matrix of operators on C. One can identify, using the standard matrix-vector multiplication
rules, T' with an operator on C". Let ¢ € C™ and define

> -1 T1,5¢
T(c) := :
Z?:l Thn.jc;
The operator 7' is bounded, since

n

n
IT(@)lEn = HZTngHc < ZHTngllc ZHT,J olleill? < llellén D 1Tl )

i=1 ,j=1 i,j=1 i,j=1




20

Definition 2.3.4 (Positive matrix of operators). Let T be a matrix of operators on C. We say that
T is positive, written T > 0, if for any ¢ € C™ the inner product

n
<TC C cn = (ZT’]CJ) C'n = Z <T%JCJ',CZ'>C > 0.
t,j=1
Definition 2.3.5 (Operator-valued kernel). Let X' be a set and C be a Hilbert space and k : X x X —
L(C). Then k is an operator-valued kernel if k(xz,y) = k(y,x)* for any z,y € X and the matrix of
operators defined by K; ; := k(x;,x;) is positive.

Let us look at the most simple example of an operator-valued kernel.

Example 2.3.6 (Simple example of an operator-valued kernel). Let H be a scalar-valued RKHS with
kernel k on a set X and let C be a Hilbert space. Then k : X x X — £(C) defined by k(z,y) = k(z,y)Ic,
where I¢ is the identity on C, defines an operator-valued kernel.

Let 2,y € X, we have k(y,z)* = k(y, x) x)Ip = k(z,y)lec = k(x,y). For the positivity, take x € X",
ceC", we get

n n
D (k(xixj)eg,ei)e = Y k(xi,x;){cj, ci)e > 0.
5,5=1 4,j=1
since k is a scalar-valued kernel.
As in the scalar-valued case, an operator-valued kernel induces a vector-valued RKHS. The

construction is explicit and similar to the scalar-valued case. To get some intuition of how this
construction should be, we state the following proposition.

Proposition 2.3.7. Let G be a C-valued RKHS on a set X with kernel k. The set span{E’c : (z,c) €
X x C} is dense in G.

Proof. Call D := span{E}c : (r,c) € X x C} and let f € D*. Then 0 = (f, Eic)g = (E.f,c)c =
(f(x),c)¢ for all ¢ € C. As this holds for all (x,¢) € X x C, we conclude that f = 0 and hence that D
is dense in G. O

Lemma 2.3.8 (Moore’s vector-valued theorem for RKHS). Let C be a Hilbert space and let k :
X x X — L(C) be an operator-valued kernel. There exists a Hilbert space G C F(X,C) of C valued
functions such that

o [kyc](+) :=k(-,x)c e G for any x € X, c € C,

o (f kyc)g = (f(x),c)c for any f € G and c € C.
We will also call this Hilbert space Gj.

Proof. Let x € X and ¢ € C, define k; : C — F(X,C) as [kyc](-) := k(-,z)c. Let Gpre := span{kyc : €
X,ceC}. Let f = Z;‘:l kx,vjand g = 31" | ky,w;, where X,y € X" and v,w € C", be elements of
Gpre- We may assume w.l.o.g. that f and g have an equal number of terms. Define the map

() Gpre  Gpre X Gpre = C,
n
() e (19) = (2 9) G = D, k(i %)V, Wie

,j=1
It is straightforward to check that (-,-)q,,. is linear in the first component and conjugate linear in
the second component. We have that (f, f)g,.. > 0, since k is an operator-valued kernel. Suppose
that f = 0, meaning that f(z) = 0 for all ¥ € X. Then, (f, f)c,. = D1 j=1(k(Xi, X)) vj, Vi)e =
Yo (f(x), vi)e = 2 i—1(0,vi)e = 0. Conversely, suppose that (f, f)a,.. = ||f|%]pre = 0. Then, by the
Cauchy-Schwarz inequality for quasi products we get |(f, k)| < [|fllcpellPllGpe = 0 for any h € Gpre.
Let h = kyc for some y € X and ¢ € C, then 0 = (f,kyc)c,,.. = (i1 k(y,x5)vj c)c = (f(y), w)c.
Since w is arbitrary, we conclude that f(y) = 0 for any y € X and f is the zero function. The Hilbert
space G is the completion of the inner product space (Gpre, (-, ) Gpre)- O
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It is not difficult to see that then G, from Lemma 2.3.8 is a vector-valued RKHS.

Corollary 2.3.9. The Hilbert space G from Lemma 2.3.8 is a vector-valued RKHS. The evaluation
functional E; = k}, the adjoint of the map k, € L£(C,Gy) for z € X.

Proof. Let x € X and ¢ € C. It is clear that k, : C — Gy, is linear, using Cauchy-Schwarz HkaHQGk =
[(k(z,z)e,c)e| < ||k(z,z)| g llcllz and we conclude that [|k.||zc.qp) < Hk(:c,x)”lﬁ/é) Since k, is a
bounded linear map between Hilbert spaces, the adjoint exists. Let f € Gy, the property (f, kzc)q, =

(f(x),c)c, we conclude that E,(f) = f(x) = kj(f). It follows that k(x,y) = kjk,, for z,y € X. Since
the evaluation map is bounded, we conclude that G}, is a vector-valued RKHS. O

Proposition 2.3.10. Let G; and G2 be a C-valued RKHSs on a set X'. Suppose that k1 = ko, then
G1 = Gy as sets, and || fllay = || fllcy-

Proof. Since both k;(x,y) = Eg(f)Eg(f)* with z,y € X and ¢ = 1,2 are kernels for G;, it follows from
Proposition 2.3.7 that D; := span{Eg(f)*c . (x,¢) € X x C} is dense in G;. Since EM* = E?* we
have G1 = Dy = Dy = G». Let f € Gy, then f = Z;’il E,((li)*ci for x € X" and ¢ € C™ and k1 = ko we
have,

n

HfH%;l hm HZE& CZH2— hm Z xt)*cz,E,% c;) = lim (E,(C?E,(é)*ci,c]-),

n—oo
3,j=1 3,j=1
- - —(2) (2)
. 2 2)*
= Jim ) <k1(xl’xj)cl?cj>_nh_g)loZ<k2(xl?xj)chcj>_nh_)IgOZ<EXj Exici¢j),
,j=1 ,j=1 ,j=1
n n
. 2 2 . 2)%
= Jim, DB e Bes) =l I3 Bl = 11,
1,]= =

O]

An operator-valued kernel gives rise to a vector-valued RKHS. In the scalar-valued case, the
existence of a reproducing kernel in an abstract RKHS is guaranteed, by Riesz-Fréchet . However,
using Corollary 2.3.9, an operator-valued kernel can always be constructed from an abstract vector-
valued RKHS from Definition 2.3.1.

Proposition 2.3.11. Let C be a Hilbert space Let G be a C valued RKHS on a set X. Then
k(z,y) := E,E} is an operator-valued kernel.

Proof. Let x € X™ and ¢ € C", we get

n n n n
> (k(xixj)ci,cide = Y (B By cj cide = »_ (Bicj, Bxcide = 1> Bx.cillé > 0.
ij=1 Q=1 ij=1 i=1

O

With Proposition 2.3.11, let us have a look how this definition breaks down in the case C = C. Let
G be a C valued RKHS on a set X. If E, E} = k(x,y), then we expect E = k(z, ).
The kernel k(x,y) is an element of £(C), and not of C. However, there is a natural isomorphism
between these two spaces by identifying linear maps 7' € £(C) with the complex number T'(1) € C.
Furthermore, the element k(x,-) € £(C, H) and not an element of H. Similarly, one can identify
linear maps in £(C, H) with elements of H uniquely. This can be done by mapping S € L(C, H) to
S(1) € H, which is one-to-one.
To see how the adjoint map E} : C — H acts on o € C, we let f € H and z € X, then

(f, Ez(a)m = (Ex(f), )e = {f(2),a)c = a(f, k(x,))m = (f,ak(z, ) n
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We see that Ef(a) = ak(z,-) and that EX(1) is naturally identified with k(x,-). The operator
E,E}(1) € L(C) boils down to

EyE;(1) = Ey(k(z,-) = k(z,y).

With this identification, we can revisit Example 2.3.2, where we looked at copies of existing scalar-
valued RKHSs. Using Proposition 2.3.11, we can find the kernel for this C" valued RKHS.

Example 2.3.12 (Example 6.4 from | ). From Example 2.3.2, we have seen that (H", (-, )mn)
is a C" valued RKHS. Let 2,y € X, we will work out the kernel k(z,y) = E,E*. The kernel for
H will be denoted as k. The bounded linear maps £(C") can be identified with the space C"*", by
letting the linear maps acting on standard basis vector and constructing the matrix representation.
Let f € H", with abuse of notation we will write f(x) instead of (Lf)(x) as in Example 2.3.2. Let
a e C", we get

n

<f7 E;(a»H" = <f(x)a a>C” - Z fl(x)le - Z(f: aik(xa ))H = <f7 (alk($7 ')7 cee ank(:r, ))>H"
i=1 i=1

We see that E*(a) = (ajk(z,-),...,a.k(z,)). Observe that E*(e;) is the vector k(z,-) in the i-th
component and zeroes elsewhere. As we can identify k € L(C™) with complex square matrices of size
n X n, we evaluate the (i,j) component of k,

g Tk % % k T,y i = j’
(k(z,y)ei, ej)en = (EyErei, ej)on = <Exei,Eyej)Hn = {0( ) i

Therefore, the kernel function l;(ac,y) can be written as a product with the identity matrix I, as
follows

E(x,y) 0 ... 0
- 0 :
k(zy) =1 = k(z, y)In.
: . 0
0 oo 0 K(z,y)

Example 2.3.12 can be extended to the infinite dimensional case.

Example 2.3.13 (6.5 from [ ). Let H be RKHS on a set X’ that admits kernel k. Define the set

C(H) = {(fa)nen : fo € HVYn € N, Y |IfillFr < o0}

i=1
and the map
(Ve : C(H) x 2(H) — C,
(fs9) = ([, 9em) = Z<fi,gi>H~
i=1

Using Cauchy-Schwarz, we see that the sum always converges
o o o0 oo
[ <D Wignml < D I fillallglla <Y max(filld llgillF) < DI filld + llgillE < oo
i=1 i=1 i=1 i=1

Using that (-,-)g is an inner product, it is not hard to show that this map defines an inner product
on ¢2(H). By defining pointwise limits, it follows that (¢2(H), (-, e2(my 1s in fact a Hilbert space.
Similar to the identification in Example 2.3.2, one can identify ¢?(H) with ¢?-valued functions. For
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f € /2(H) and = € X, write with abuse of notation, f(x) = (fi(z), f2(z),...) . One can show that
f() has finite £2-norm

1E(DN7 = 1 @) =D f@)P =YWk, NP <Y I fillalk, I < oo
i=1 i=1 =1

Since E, : H — ¢% is bounded, the space /2(H) is an ¢? valued RKHS. Let a = (ay)nen be an ¢2
sequence, then

(f,Ex(a) e = (f(@),a)e =Y _ filz)a@ =Y _(fraik(@, e = (f, (ank(@, Jnen) e (2.16)
=1 =1

Let y € X the inner product between the kernel and the canonical basis vectors for £2, e; and e;

* * * k x)y ,L = j’
(By i ei) = (Bien By = (G Jei, ky, Jed)eay = {0< Y

Hence, the operator-valued kernel for ¢2(H) is given by k(z,y) = k(x,y)I,2, where Ip2 is the identity
operator on £2.

Finally, one can bound any f(z) € C by the norm of f and the operator norm of k(x,x).
Proposition 2.3.14. Let G be a C-valued RKHS on a set A with kernel k£ and let x € X™. Then
1f@)le < Ik, 2)I| o1 Fll -

Proof. Using Cauchy-Schwarz and the fact that f(z) = kX(f)
LF@IE = [(F@), F@el = [ F K el = [0 Bk flel < Ik flloll
< Nkakill e | FIIE = 1K ka Nl ey 1 = k(@ 2) eI I

2.4 Results for learning theory

We present two key abstract results with profound implications in learning theory. The first is the
representer theorem, which is essential for deriving closed-form solutions when optimizing over a
RKHS. This theorem leads to an optimal way of recovering a function that matches a set of data
points. We show that a projection onto a finite-dimensional subspace of a RKHS can be viewed as a
regression problem. The second result describes how elements in a specific vector-valued RKHS can
be evaluated in terms of a Hilbert-Schmidt operator. Both of these results are used in addressing the
estimation of the Koopman operator from snapshot data, which will be introduced in Chapter 4.

2.4.1 Representer theorem

Theorem 2.4.1 (Representer theorem). Let k be a kernel with values in R on a set & and let H its
associated RKHS. Fix x € X" and let 7 : C" — R>0 and ¢ : R>o — R where ( is nondecreasing and
7 depends on f only through f(x1),..., f(xy). If the minimization problem

?gET(f(xl)v'”vf(xn) + ([ f1m) (2.17)

has a solution, it can be written as
n
O ="l kxi,), (2.18)
i=1

with ¢/” € R™. If ¢ is strictly increasing, then every solution is of the form (2.18).
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Proof. Let S := span{k(x;,-) : 1 < i < n}, which is a finite dimensional subspace of H and thus
closed. Therefore, we may decompose H = S @ S+ and any minimizer f* = fg + f, evaluated at a
data point x; results in,

Fr(xi) = (f k(% -)) = (fs, k(xi, ) + (fL, k(xi, ) = fs(xi).

We may bound the objective from below by,
T(f* (@), [ (an) + LD

(fs(@1), -, fs(zn) + CULD,
(fs(x1),---, fs(zn) + C( fs]])- (2.19)

The bound follows since || f*||? = ||fs|* + || fL|* and ¢ is nondecreasing. If f* minimizes (2.17), then
so does fg, which is of the form in (2.18). If ( is strictly increasing, we get a strict inequality in
equation (2.19) and we conclude that f* must be of the form (2.18). O

T
T

Y

Example 2.4.2 (Regression in a RKHS). Let k be a real kernel on X’ and the data (x,y) € (X x R)".
Consider the problem

}ggﬂ\fHHk st. f(xi)=yi, 1 <i<N.

By the representer theorem, the solution lies in in the finite dimensional subspace of Hj spanned by
the canonical feature maps centered at the points x;. Imposing the constraint results in

n
fr(x5) = Zc{ k(x;,x;) =yj, 1<j<N.
i=1

We see that the coefficients ¢/” = K~'y € RV, where Ki; = k(xi,x;) for indices 1 < 4,5 < N and
y € RV,

Example 2.4.3 (Projection on finite dimensional subspace of a RKHS). Let x € XV, let k be a
kernel on X and assume that ¢ € Hji. Let Vi be the subspace spanned by the functions
span{k(x1,-),...,k(xn,-)} C Hg. Finding the best approximation of f € Hj in the subspace Vi
results in the regression problem

. 2
minflg — 17, -
It is clear that f := Py, g, the projection onto the closed linear subspace Vi solves the problem. It is

a standard result from Hilbert space theory that for f = Py, g we have g — f L Vi. Thus,

0= (9~ f k(xi,")m,, 1<i<N.

By the reproducing property, this is equivalent to g¢g(x;) = f(x;) for 1 < ¢ < N. Let
gx = (9(x1),...,9(xn))T € RV*! and since fx = gx we get the formula for the projection map
PVX : Hk — Vx,
N
FO) = [P fIC) =D (K f)ik(xi, ).
i=1

Observe that the coeflicients of the optimal solution to our regression problem in Example 2.4.2 is
equivalent to the projection, with gx = y. Thus, the regression problem in a RKHS can be viewed as
a projection onto the subspace V.

Example 2.4.4 (Regression in RKHS with a penalty term). Let & be a real kernel on X’ and the data
{xi,yi}}¥, € X x R. Consider the problem

1 N

. 2 2
min ;(Y'L’ = f(x)" + Al fll 5,
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for some A > 0. This optimization problem is of the form described in the representer theorem. Thus,
the solution f* is of the form (2.18). Observe that

N N
1, = O el ki), D> el k(xy,)) = (/)K"
i=1 j=1
Evaluating f* at x; results in
n
Frx) =Y el k(xi,xj) = el Kel".
i=1
Substituting this into the original problem results in an equivalent convex optimization problem
1 * * * 1 * * * *
i v — Kef 112 MK = min —(v — K\ (v — Kef MTKe!
ﬁﬁﬁw]\f”y Kc! |lgy + (¢ )" Ke cfrpelngNN(y Kc )" (y = Kc/ )+ A(c! ) K/,

1 2 * 1 * * * *
= cfr*nei]%N NyTy - NyTch + N(cf TKTKe! + M/ )TKe,

—Cfrpel]%NNy Y+N(C )" (K* 4+ ANK)c -y Kc' .

Taking the gradient with respect to ¢/” and setting equal to zero results in
2 * * 2
— K% +20Ke/ - —Ky =0
N c’ + ¢ N y ,
K(K + ANI)c/" = Ky.
Solving for ¢/” yields the coefficients

" = (K+ANI) 1y,

2.4.2 Hilbert-Schmidt operators and vector-valued RKHS

We will show that the tensor product of two real separable Hilbert spaces H; and Hj, denoted
H, ® Hs, is isometrically isomorphic to the class of Hilbert-Schmidt operators from Hs to Hy, denoted
HS(Hy, Hy). We write =z to denote that two spaces are isometrically isomorphic under the map =.
To do so, we briefly introduce the concept of tensor products of Hilbert spaces. Let v € H; and
e € Hs, define the bilinear map

’01®€21(H1 XHQ)*)R,

(v2,e2) = [v1 ® eq](v2, e2) = (v1,v2) 1, (€1, €2) H, -

Let £ :=span{v®e : (v,e) € H; x Ha}, the set of all finite linear combinations of such bilinear
maps. We equip this space with the inner product

(v1 ®e1,v2 ® e2)g = (V1,V2) H, (€1, €2) Hy-

One can readily check that this is in fact an inner product by using the properties of (-, )y, and
(,)i,- The completion of £ with respect to the inner product (-,-)g is called the tensor product of
the Hilbert spaces H; and Hs, denoted (Hy ® Ha, (-, ), @m,). Since both H; and Hy are separable,
it is not surprising that the tensor product is separable too, with a predictable basis.

Lemma 2.4.5 (Basis for tensor product). Let H; and Hs be two separable real Hilbert spaces with
bases (v;)72; and (e;)72,, respectively. Then, the basis for the tensor product Hy ® H, is given by
(vj ® 6]‘)‘;‘;1.
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Proof. Define B := (v; ® ej);?‘;l and observe that for any a € R and f ® g € H; ® Hy we get
a(feg)=a) 2 viQe =2 (av;) e; = (af) ®g. Thus, an arbitrary element in H; ® Ha may be
written as f®g. Define AL := Y"1 (f,v;)v; and h2 := > (g, e;)e; and note that h} @ h? € span{B}.
To show that B is fundamental in Hq ® Hy we compute

If ©g—hn®hillinom, = If = hallfnllg = RallE, =0 (n— o0).
O

Theorem 2.4.6 (H; ® Hy = HS(Hj, Hy)). Let H; and Hy be separable Hilbert spaces. Then H; ® Hy
is isometrically isomorphic to HS(Ha, Hy).

Proof. Let (v;)72, and (ej);?‘;l be ONB for H; and H, respectively, and Let B € H; ® H, be arbitrary.
Then, B can be written as B =Y .2 f;®g; with f; € Hy and g; € Hp for i > 1 and co > ||B\|12q1®H2 —
132521 fi © il em, = 2ici | fill7r, l9il1 7, - Define the map

E: H ® Hy — L(Hy, Hy),

Y Fi0g=E0  fi®g)() =Y (59 mfi
i—1 i=1 i—1

The linearity is clear, let h € Hy and use Cauchy-Schwarz to show the boundedness
o o0 oo

IEBIWNF, = 1D g ms fillin, < Whllde Y I fill loilli, = IR fi © illin e, = 17171 Bllinsm,
i=1 i=1 i=1

By definition of the operator norms on £(Hs, H1) and L(H; ® Ha, L(Ha, H1)), we conclude that
||E(B)||L(H2,H1) < HB||H1®H2, and ||E||L(H1®H2,L(H2,H1)) <1

We claim that = maps into HS(Hs, Hy), by expressing g; as a linear combination of basis elements,
consider

HE‘(B)H%TS(HQ,Hl) ZH [E(B)](e; HH1 ZHZ €js Gi Hgfz”Hla

8

]:1 2:1 =1
0 oo oo
= Z”ZZ glaek Ho 6]7€k>H2fZ”H17
J=1 =1 k=1
00 00
=D g e mfilli, (G =k),
=1 k=1

o
< lefillir1 > i en)ml,
1=1 k=1
o0
= > IillE lgili,
i=1

o0
= 1> fi ® gillinom, = I1Blfen, < oo
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We conclude that = maps into HS(Hz, H1) with (|2 z(m, @ ., m55(H,,m)) < 1. On the other hand, by
evaluating = on v; ® e; € Hy ® Ho we get

—_2 — 2 - 2

= = sup ||BE(B > 12(v; ® e

” ”E(H1®H2,HS(H2,H1)) B|€}I|1|®H2|| ( )HHS(HQ,Hl) H ( 7 ])”HS(HQ,Hl))
BJ|IL1

o
= e e)vill
k=1

= |lvillZ, = 1.

We conclude that = is an isometry. To show that = is surjective, it suffices to show that the range
maps into a dense subset of HS(Hs, H1). From Proposition 2.2.3 any D € HS(Hj, Hy) is compact
and hence finitely approximable, since H; is a Hilbert space. Hence, the set of finite rank operators
between Hy and H; is dense in HS(Ha, Hy). Any bounded finite rank operator D : Hy — H; with
rank n can be Written as D(-) = >0 ( ,elD> vP| for specific (vP), € Hy and (eP)™, € Hs. Choose
2P =3" wP®eP € Hy® Hy, then Z(2P) = D and Z is surjective as it maps in a dense set. Since =
is isometric and surjective, we conclude that H; ® Hs is isometrically isomorphic to HS(Hs, H1) under

=
= O
=.

Let k be a real-valued kernel on a set X and F' be real-valued separable Hilbert space. From
Example 2.3.6 we have seen that I'(z,y) = k(z,y)Ir defines an operator-valued kernel. The next
theorem allows us to make the connection between the tensor product of a RKHS and a vector-valued
RKHS. This theorem is a slight generalization of the case studied by Carmeli et. al. in [ ,
Example 3.6(i)] where the F' is replaced with Hj. Keep in mind that for the remainder of this thesis,
we will assume (1- 2).

Theorem 2.4.7 (G = F ® Hy, ). Let (F,(-,-)F be a real-valued separable Hilbert space and k a
continuous real scalar-valued kernel on a compact topological space X. Let G be the F' valued RKHS
with kernel I'(z,y) := k(z,y)Ip. Then F ® Hy and G are isometrically isomorphic.

Proof. Define

T:F®H, — G,

Zﬁ@h »—>TZf2®h Z(hz,k ) fi = Zh

=1

The linearity of T is clear and the boundedness follows readily from the Cauchy-Schwarz and the fact
that Z;’ilﬂflﬂ%ﬂhlﬂﬂk < oo. The sets {f : f € F} and {k(z,:) : * € X} are fundamental in F
and Hy, respectively. It follows from proposition 2.4.5 that Gy == {f @ k(z,) : f € F,x € X} is
fundamental in ' ® Hj. The isometry follows since

IT(f @ k(z, )& = (k(z, ) fok(z, ) fla = (Esf, Exf)a = (Eo(E}) f, f)r,
= (k(z,2)Irf, f)r = k(z,2)(f, f)r = (k(z,), k(z, ), (f, f)F,
=(f@k(z,-), f @ k(x,") Fom,,
= [If @ k(z, M Fom,-

The isometry of T can be extended via linearity and continuity to F' ® Hy. What is left to show is
that T is surjective. Consider the closure of the image of Gg

Y(Go) =span{k(x,)f : fe F,x € X} =span{E,f : f€ F,z € X}.

by proposition 2.3.7, it follows that span{E}f : f € F, x € X'} = G, which means that Y is surjective.
We conclude, as T is an isometry and bijective. O
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F®Hk

[1]

G > HS(Hk,F)

oY1

Figure 2.1: Chain of isomorphisms that shows G gz y-1 HS(Hg, F).

Combining Theorem 2.4.6 and 2.4.7 result in the isometry G =y F ® Hy == HS(Hy, F'), which
schematically can be seen as

Any element in G can be uniquely represented by a Hilbert-Schmidt operator. This viewpoint will
be very useful in learning operators in a vector-valued RKHS. It states that any element of the vector-
valued RKHS can be thought of as a Hilbert-Schmidt operator evaluated at the canonical feature map.
The case where the isomorphism G = HS(Hy, Hy) is considered is Corollary 4.5 in | ], here we
present the extension where the image may be chosen freely as a real-valued separable Hilbert space.

Corollary 2.4.8 (“Operator reproducing property”). For every g € G, there exists an operator
A:=[207Y7Y(g) € HS(Hy, F) such that

9(z) = A[k:(a;, .)]7 (2.20)

for all z € X and ||F|l¢ = ||Allus(a,,r)- Conversely, for any pair g € G and A € HS(Hy, ) satisfying
Equation 2.20 we have A = (2o Y 1)(g).

Proof. The first claim can be obtained via a direct computation using the isometries = and T from
Theorems 2.4.6 and 2.4.7, respectively. Since span{E}f : f € F,x € X} = G we may express

g9() = X1 k(i) fi- Applying Y71 to g, we get T™'(g) = 3272, fi ® k(xi,), applying E and
evaluating at k(z,-) for some x € X results in

Akt 1) == [i fo b, ->] (k0. 0) = S0k D = 3 o) = 90

Conversely, assume that B € HS(Hy, F') is any operator satisfying Equation 2.20. Then A and B
must be equal as operators, since they agree on the fundamental set {k(z,-) : = € X'}. O

Furthermore, Corollary 2.4.8 enables the explicit construction of the F-valued RKHS G, defined
by the kernel I'(z,y) = k(z,y)Ip, through the space of Hilbert-Schmidt operators HS(Hy, F'). This
construction is established via the chain of isomorphisms shown in Figure 2.1. Specifically, we have:

G={g: X > F:g()= A[k(:c, -)}, A € HS(Hy, F)}.



29

Chapter 3

The Koopman operator on the Banach
space C'(K)

3.1 Preliminaries

3.1.1 Topological aspects
The powerset of a set X', denoted P(X), is the set containing all subsets of X'.

Definition 3.1.1 (Topological space). Let X be a set. A topology O on X is a subset O C P(X)
satisfying

1. D e © and X € O.
2. FUV €O, then UNV € O.

3. Let A be an index set, which is a set whose elements are used as indices. Given U, € O, then
Uaca Ua € O.

Any set U € O is called an open set. A set C'is closed if X \ C is open. The pair (X, Q) is called a
topological space.

Example 3.1.2 (Examples of topologies). Let X be a set, we state several topologies on can define
on X.

e The discrete topology, O := P(X).
e The chaotic topology, O := {0, X}.

e Let d be a metric on X, and define the open ball of radius € > 0 centered at z € X as
B.(z) :={y € X : d(z,y) < €}. The standard topology is defined as Os :={U C X : Vx € U :
de>0: B(x) CU}.

Example 3.1.3 (Subspace topology). A subset J C X of a topological space (X, Q) is also called a
subspace. One can canonically define a topology on ) called the subspace topology, as O| y = {UNY :
U € O}. Tt is straightforward to verify that (), 0|y,) is a topological space.

Definition 3.1.4 (Hausdorff and normal). A topological space (X, Q) is said to be

o Hausdorff if for any z,y € X, x # y, there exists disjoint open sets U,V € O such that x € U
and y € V.

e normal if any disjoint two closed sets can be separated by disjoint open sets. That is, let C, D
be disjoint closed sets. Then, there exist disjoint U,V € O such that C CU, D C V.
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Definition 3.1.5 (Topological convergence). A sequence (x,)penw C X is said to converge in a
topological space (X,0) to some z € X if for every U € O with € U there exists an N € IN such
that for all n > N we have z,, € U.

Example 3.1.6 (Convergence with respect to different topologies). We will discuss convergence of a
sequence in topological spaces from Example 3.1.2.

e In the chaotic topology, any sequence (x,)nen in X' converges against any point z € X. Since
X is the only non-empty open set and x,, € X for all n € IN.

e Sequences in the discrete topology only converge if they are eventually constant.

e In the standard topology, a sequence (x,)neN converges to a limit point z if for any € > 0, there
exists an N € IN such that d(z,,z) < e.

A desirable property to have is that limit points are unique. This is guaranteed to happen in
Hausdorff topological spaces. Suppose on the contrary that a sequence (zj)new in a Hausdorff
topological space (X, Q) has distinct limit points x,y € X. By the Hausdorff property, there exists
disjoint open sets U,V € O that contain x,y, respectively. There exist N, M € IN such that x, € U
for all n > N and z, € V for all n > M. However, z, € UNV = () for n > max(N,M), a
contradiction. A standard example of a topological space that is not Hausdorff is (IN,O), the
natural numbers equipped with the cofinite topology. That is
O = {U C N : U = (orIN\U is finite}. Suppose the cofinite topology has the Hausdorff
property, then for distinct x,y € IN there exists disjoint open sets U,V that containing = and y,
respectively. However, we have U C V¢ which cannot happen as V¢ is either the empty set or
contains finitely many points. A similar argument shows that (IN, O,) is not normal either. Let A
be an index set, C' = (Us)aca covers X if X C (J,c 4 Ua-

Definition 3.1.7 (Compactness). A topological space (X, Q) is compact if every open cover of X has
a finite subcover. That is, for every collection C' of open subsets of X such that

xc|Ju
veC
there exists a finite collection I = {Uj,...,U,} C C such that
X C U U.
Uel

A subset Y C X is compact if it is compact as a subspace with respect to the subspace topology. We
call YV a compact subset of X.

Further, we can prove that compact Hausdorff topological spaces are normal, to do so we need a
small proposition.

Proposition 3.1.8. Let (X,0) be a Hausdorff topological space. Let x € & and ) be a compact
subset of X. Then there exists disjoint open sets U,V € O such that z € U and Y C V.

Proof. For every y € ), there exists disjoint open sets V,, and U, , containing y and x, respectively.
We have that Uyey V), is an open cover for ), whereas U, , contains x for all y € ). Since ) is compact,
there exists a finite subcover UV}, of J. Then

are such that x € U and ) C V. Suppose that there exists z € U NV, then z € U, , for all i and
z € Vj for some j, where 1 <1, j < n. However, Uy, , NV, = 0 for all i, and we conclude that U and
V' are disjoint. O
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Let (X, 0) be a compact topological space and let ) be closed. If C' be a cover of ), then C'U )¢
is an open cover of X and there exists a finite subcover {Ci,...,Cp} U Y° of X. Since
F C X CUL,C;UYeit follows that U, C; is a finite subcover of . Thus, we have shown that a
closed subset of a compact topological space is in turn compact with respect to the subspace
topology.

Lemma 3.1.9. A compact Hausdorff topological space (X, Q) is normal.

Proof. Let A and B be disjoint closed sets in X'. By Proposition 3.1.8 we have that for any a € A
there exists disjoint open sets U, and V, such that a € U, and B C V,. Since B is a closed in a
compact topological space, it is itself compact. Hence, there exists a finite subcover for B C U} ; V.
Then

n n
U= Va» V=V,
i=1 i=1
are disjoint open sets containing A and B, respectively. O

Lemma 3.1.10. Let (X, O) be a topological space. Then (X, Q) is normal if and only if for any open
U and any closed set C' C U there exists an open set V' such that

CCVCVCU.

Proof. Assume that (X, Q) is normal and let C,U be a closed and open set, respectively, such that
C C U. Since C and U€ are disjoint closed sets, there exists, by assumption, disjoint V, W € O such
that C C V and U¢ C W. Because V, W are disjoint and W¢ C U, we conclude V C W° C U. We
conclude by observing that W€ is closed, C' C U and taking the closure in VC W¢ C U.
On the other hand, let A, B be disjoint closed sets. Since A C B¢, there exists, by assumption, an
open set D such that A C D C D C B°. From D C B° we get B C DF. Since D C D we conclude
DN D’ = 0. We have found disjoint open sets U := D and V := D such that A C U and B C V.
We conclude that (X, O) is normal.

O

Definition 3.1.11 (Base of a topology). Let (X', O) be a topological space. A collection of sets B C O
is called a base if each set in O can be written as a union of sets in 8. That is

VUeo:31:U=JV; VieB.
i€l
where [ is a countable index set.

Definition 3.1.12 (Continuity). Let (M, Ojr) and (IV, On) be topological spaces. A map f: M — N
is called continuous if
VV € On : preimy(V) € Oy,

where

preim (V) :={me M : f(m) € V}
is the preimage of the set V with respect to the map f. One also writes f~1(V) := preim (V).
The set of all C valued continuous functions on a topological space (X, Q) is denoted by C(X).

Definition 3.1.13 (Homeomorphism). Let (M, Oys) and (NV,Op) be topological spaces. A map
f: M — N is called a homeomorphism if f is bijective and both f and f~! are continuous.

Proposition 3.1.14 (Preimage of the union is the union of the preimage). Let X,Y be sets and
f:X — Y be amap. Let (Y;);er be a collection of subsets of Y over a countable index set I. We

have
preim (U Yz> = U preim (Y;)

el el
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Proof. By definition of the preimage and the union, we get

preim (UY;) dof {x eX: f(x)e UY’L}’

el i€l
:{xeX L diel st f(:c)eYi},

def {{L‘EX : f(x)EE},
icl

def U preim; (Y;).
icl

O

We end this section with several statements that we need later on. We do not give proofs of these
statements, we refer the reader to any popular textbook on topology.

Proposition 3.1.15. Let (Q,0), (',0’) be a compact spaces. If f : Q — ' is continuous and &'

is Hausdorff, then f(A) = f(A) is compact for every A C Q. If in addition f is bijective, then f is a
homeomorphism.

Lemma 3.1.16 (Urysohn). Let (X,O) be a topological space. Then (X, ) is normal if and only
if for any two non-empty closed disjoint subsets A and B of X, there exists a continuous function
f: & —10,1] such that f|, =0 and f|z =1.

Urysohn’s lemma tells that C(X) separates the points of X since singletons {z} are closed.
The original version of Tietze states the result for a normal topological space. The spaces we consider
are Hausdorff and compact. In Lemma 3.1.9, we have shown that such spaces are normal and therefore
Tietze applies to our context.

Theorem 3.1.17 (Tietze). Let (X, O) be a normal topological space and J C X a closed subset.
Then, for f € C(Y), there is a g € C(&) such that gy, = f.

3.1.2 Algebraic aspects

Definition 3.1.18 (Group). Let S be a set and let x : S x .S — S be a map that satisfies the following
properties

1. (Associative) Vs, t,u € S : s* (txu) = (s xt) x u.

2. (Neutral element) ey € S : Vs € S : ey xs =sxey = s. We call ey the identity element.

3. (Inverse element) Vs € S : 3t € S : sxt =txs =e;. We denote t := s~ !, the inverse of s.
Then, the tuple (S, ) is called a group. If in addition the map * is associative, i.e.

Vs,t €8S : sxt=1t%s

we call (9, %) an abelian or commutative group.

Definition 3.1.19 (Field). An (algebraic) field is a triple (IK,H, ), where K is a set and H, [ are
maps satisfying K x K — IK satisfying the following axioms

e (KK,H) is an abelian group.
o (K* ), where K* = K \ {0}, is an abelian group.

e The maps H and [ satisfy the distributive property
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1. Va,b,ce K : (aBb)Bc=amcBbmec.

Definition 3.1.20 (Vector space). Let (IK,H, 1) be a field. A K-vector space, or vector space over
K is a triple (V,®,®), where V is a set and

D:VxV =V,
O0:KxV >V

are maps satisfying
1. (V,®) is an abelian group.
2. The map © acts on (V,®):
e VA eK :YWweV  ABvdw) = ABuvdADw;
e VApueK :VoeV: ABp)Ov=AEBvduEuv;

eV pueK : YoeV:ABp)ov=A0(noOv);
e Vv eV : 1®v=uw, where 1 denotes the unit element of the abelian group (K \ {0}, @).

Example 3.1.21 (C as a vector space over R). The complex numbers C together with the standard
addition and multiplication can be viewed as a vector space over the real numbers R. To be complete,
we write (C,+,-), where +: Cx C —- Cand - : R x C — C.

Example 3.1.22 (C(X) as a vector space over C). Let (X,O) be a compact Hausdorff topological
space. With C(X) we denote all continuous C-valued functions on X. Together with the standard
pointwise addition and multiplication, the triple (C(X),®,®) is a vector space over C. That is, for
any f,g € C(K), A € C and x € X we have,

(fog)(x) = flx)+g(x), (Ao [f)@):=A f(z).

Definition 3.1.23 (Vector subspace). Let (V,®,®) be a vector space over K and let U C V be
nonempty. The triple (U, @[y, Olkxy) is & vector subspace if it is a vector space itself.

We will define an algebra as a unital algebra. All the algebras we will encounter will be algebras
that contain a unit element.

Definition 3.1.24 (Algebra). Let (V,®,®) be a vector space. Let - : V x V — V be a bilinear
map. The quadruple (V,®,®, ) is called an algebra. The bilinear map is called multiplication and a
distinguished element e € A satisfying,

vee=e-v=v, YweEV

is called the unit element. If the multiplication is commutative, v-u = u - v for all u,v € V, we call
(V,®,0®,-) a commutative (unital) algebra.

Example 3.1.25 (C(X) as an algebra). Recall Example 3.1.22 and add O : C(X) x C(X) — C(&X),
which is defined as the pointwise multiplication. That is, for f,g € C(X) and z € K,

(f(O9() = f(2)-g(x).
The quadruple (C(X),®,®,(©) is an algebra.

From an abstract point of view, we can view C as an algebra. This is overkill, but it does allow
for good generalizations later on.
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Example 3.1.26 (C as an algebra). Recall that from Example 3.1.21 that we can view C as a vector
space over R. Now, we will make a distinction between ‘g : R x C = C and ¢ : C x C — C, which
denotes the standard multiplication between the complex numbers. Then the quadruple (C, +, ‘g, -¢)
is a (commutative) algebra.

Definition 3.1.27 (Algebra homomorphism). A linear map 7' : A — B between two algebras
(A, ®4,04,-4), (B,®p,Op, B) is called multiplicative if

T(a-ab)=T(a)-pT(b), Va,be A
and an algebra homomorphism if in addition T'(e4) = ep.

Definition 3.1.28 (Algebra isomorphism). An algebra homomorphism T : A — B is an algebra
isomorphism if 7" is bijective.

Definition 3.1.29 (Subalgebra). Let (V,®,®) be a vector space, and n: V x V — V be a map. The
quadruple (V,®,®,n) is called a subalgebra.

Definition 3.1.30 (Banach algebra). Let (V,®,®, ) be an algebra and ||-|| be a norm on V such that
(V,®,®, |||l is a Banach space. If

Va,b eV : [la-bl < lal[|b]
we call the quintuple (V,®,®,, [|-||) a Banach algebra.

Example 3.1.31 (C(X) as a Banach algebra). One can define the supremum norm ||-||oc on C(&X),
defined as

[flloc = sup|f ()|
zeK

for f € C(X). Adding the supremum norm to the algebra from Example 3.1.25 results in a Banach
algebra.

Definition 3.1.32 (Ideal). Let (V,®,®, -, ||||) be a commutative Banach algebra. An (algebra) ideal
of V is a vector subspace I C V satisfying

fel,geV = f-gel.
We say that I is closed if it is closed with respect to the norm |-||.
Observation 3.1.33. Since multiplication is continuous, the closure of an ideal is still an ideal.

Definition 3.1.34 (Proper). Let I be an ideal of a commutative Banach algebra (V,®,®, -, ||-||). The
ideal I is called proper if I # V.

Lemma 3.1.35. An ideal I of a commutative Banach algebra (V,®,®,-, ||-||) is proper if and only if
e¢l.

Proof. Suppose that I is a proper ideal of V' and that e € I. Take any f € V, then e- f = f € I which
shows that I = V| a contradiction. On the other hand, let I be an ideal of V' so that e ¢ I, then it is
clear that I # V. O

Definition 3.1.36 (Maximal). A proper ideal I of a commutative Banach algebra (V,®,®, -, ||-||) is
called mazximal if

ICJCV = J=TITor J=V.

Definition 3.1.37 (Linear map). Let (A,®4,®4), (B,®p,®R), be vector spaces over the same field
K, and £ : A — B a map. The map £ is called linear if

VAEK :Va,be A : E(AOaad®ab) = \Og(a) Bp (D).
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Definition 3.1.38 (Involution). An involution on a complex (the field over which is vector space is
is C) Banach algebra (V,®,®, -, ||-||) is a map
x:V =V, (3.1)
x— x(x) =" (3.2)
satisfying B
(@) ==z, (z+y)=z"+y", () =", (2y)" =y'a"
for all z,y € V and A € C.

Definition 3.1.39 (C*-algebra). Let (V,®,®,, [|-||) be a Banach algebra over C and * be an involution
defined on V. If

lz* - 2|l = ||| VeV,
we call the sextuple (V,®,®, -, |||, *) a C*-algebra.
It follows that in a C*-algebra ||z*|| = ||z|| and |le| = 1.

Example 3.1.40 (C(&X') as a C*-algebra). Observe that taking elementwise complex conjugates is an
involution. Adding this operation to the Banach algebra of Example 3.1.31 results in a C*-algebra.

Now we will make a remark on the notation. From now on, we will suppress the long notation for
algebras, vector spaces and so on and instead just write the name of the set. That is, with “The
Banach algebra A is ...”, we actually mean “The Banach algebra (A,®,®, -, ||-||) is ...”. The explicit
use of ® and - is clear from the context, a difference between these operations will be made when
necessary.

3.2 The (C*-algebra C(K) and the Koopman operator

For notational convenience, we shall from now use K to be a compact Hausdorff topological space,
instead of (X, Q). In this chapter we will define a dynamical system and lay out its relation to the
Koopman operator when acting on C(K).

Definition 3.2.1 (Topological dynamical system). Let (X,O) be a compact topological space and
@ : X = p(X) C X be continuous. The pair (X, ) is called a topological (dynamical) system (TDS).
A topological system is surjective if ¢ is surjective, and the system is invertible if ¢ is invertible, i.e.,
a homeomorphism.

Instead of studying ¢ : K — K, we study its Koopman operator 7' := T, defined by
Tapf = fop

for f € C(K). Thus, the Koopman operator is nothing more than the composition operator between

f and ¢.
The Koopman operator 1" commutes with each operation defined on the algebra C(K). That is, for
any f,g € C(K) and A € C we have

T(f+9)=Tf+Tg, TA\f)=XTf),
T(fg) = (Tf)(Tg), Tf=Tf, [Tfl=TIfl.
Since ¢ is continuous, the Koopman operator is continuous if f is continuous. The goal of this
chapter is to show that the Koopman operator T, contains all information about ¢. In other words,

we can uniquely determine ¢ from given a Koopman operator. To do so, we need to study C(K) as a
C*-algebra.
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3.2.1 The space C(K) as a Commutative C*-Algebra

In certain applications, it suffices to view C(K) as a vector space with pointwise addition and scalar
multiplication. We have seen from Example 3.1.40 that C(K) can be viewed as a C*-algebra. The
key point of viewing C(K) as a C*-algebra, is that we can define ideals. We will show that the closed
ideals of C(K) can easily be characterized. The maximal ideals can easily be spotted.

For a closed subset ' C K we define

Ir:={feC(K): f=0on F}.
It is clear that I is an ideal, since
Vee K :Vfelp :VgeCK) : (f-g)(z) = f(z) g(z)=0.

The one function 1x € I if and only if F' is empty, hence I is a proper ideal if and only if F' # 0.
Furthermore, I is a closed ideal. To see this, let (f,,)nenw be a sequence in I converging to f € C(K)
and x € F. By the triangle inequality

[f (@) < 1f(@) = fu(@)| + [fa(@)] < |f = falle =0 =0 (n— o0),

which shows f is zero on F'.

Next is an interesting result. It states that for all closed ideals of C(K), there exists a closed set
F C K such that I = Ir. Thus, if we are have a closed ideal of C(K), we know what it “looks” like.
The outline of the proof is as follows. It easily follows that I C Ir. To show that Ir C I we apply the
following strategy. We choose an f € I, construct a sequence (gn)nen in I and show that g, — f
as n — oo. Since [ is closed, it must be that f € I which implies that Ip C I, which completes the
proof.

Lemma 3.2.2. Let I C C(K) be a closed algebra ideal. Then, there is a closed subset F' C K such
that I = IF

Proof. Define

F:={zeK : f(z) =0 for all feI}:ﬂ[fzo]:ﬂ{xEK:f(x):O}.

fel g€l

It can be shown that F is closed, since the functions in I C C(K) are continuous. We have I C I, as
I contains all functions f € C(K) that are zero on F. Fix f € Ip, £ > 0 and define F; := [|f| > ¢].
We have FN F, = () and therefore F. C F°. Let (z,)nenw € F: be a sequence converging to x € K.
By the continuity of f

|[f(@)] = lim |f(zn)| > lim € =e¢,

which shows that =z € F.. Hence F; is a closed subset of a compact set K and thus compact. For
each z € F, we can find f, € I such that f,(z) # 0. Since C(K) is conjugation invariant, we have
fr € C(K) and f, - fp € I, as I is an ideal. By multiplying with a suitable constant, we may assume
w.l.o.g., that f, > 0 and f,(xz) > 1. We have the following open cover

F.c | JyeK: uy)>13=JIf. > 1.

zeF, zeF.

By the compactness of Fy, there exists a finite subcover F, C [f; > 1] U... U [fx > 1]. Define
g:=fi+...4+ fr € I. Since each f; > 0, we have that g > 0. For any = € F;, we have x € [f; > 1]
for 1 < j < k. Therefore, we have the inclusion F. = [|f| > €] C [g > 1]'. Define

AL
Gn = 1+ ng g

IThis is a trivial inclusion.
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We have g, € I, since g € I, fn € C(K) and (1 +ng)~! € C(K), as (1 + ng) has no zeroes. Then,

nfg _f—fm” |f] Smw{gﬂﬁm}_

’gn_f‘:’1+ng 1+ng - "14n

1+ ng

Hence, ||f — gnlloc < € as n — oco. Because ¢ was arbitrary and [ is closed, f € I and Ir C I. Since
I C Ir and Ir C I, we conclude that I = Ip. O

Using Lemma 3.2.2, we can show that the maximal ideals of C(K) have a special structure.
Lemma 3.2.3. An ideal I of C(K) is maximal if and only if I = I, for some z € K.

Proof. Suppose that I is a maximal ideal. We claim that it suffices to show that I is closed. By
Lemma 3.2.2, there exists a closed set F' such that I = Ir. Suppose there exists a closed set H C F,
then I'r C Iy C C(K) and Ir would not be maximal. Hence, such set H cannot exist and we conclude
that F = {z} for some x € K. If I is closed, then I = I and we are done. The other case is that
I = C(K), then we can find a sequence (f,)nen in I that converges to 1 € C(K). Therefore, we can
find a function f such that |1 — f|lc < &. Then, f =1 — (1 — f) has no zeroes and % € C(K). Since
I is an ideal, f - % =1 € I, from Lemma 3.1.35 we conclude that I = C(K). This is a contradiction,
as we assumed that I is maximal. Therefore, I is closed and the assertion follows as discussed above.
Now suppose that I = Iy, for some z € K, and suppose that I{,} is not maximal. Then there exists
an ideal J such that
Iy € J C C(K)

such that I # J and C(K) # J. Take any f € J with f ¢ I;,,. It must be that f(x) # 0 for all z € K.

Then, since f has no zeroes, % €eC(K)and1=f % € J. However, since J contains the identity, we
have that J = C(K), a contradiction. We conclude that Iy, is maximal. O

Using Lemmas 3.2.3 and 3.2.2, we can show that the linear functionals on C(K) are multiplicative
if and only if they equal some evaluation functional.

Lemma 3.2.4. A nonzero linear functional ¢ : C(K) — C is multiplicative if and only if ¢ = 4, for
some z € K

Proof. If ¢ = §, for some z € K, it is clear that ¢ then is multiplicative. Suppose that v : C(K) — C
is a nonzero multiplicative linear functional. Take f € C(K), then v(f) = a for some a € C. By the

linearity of v, we see that f/a € C(K) is such that v(f/a) = 1. After rescaling, we may assume that
~v(f) = 1. We see that

multipl.

L=~(f)=~(f-1) Y(f)v(1) =~(1).

The identity element of C(K), 1, is mapped to the identity element of C, 1. Therefore, ~ is an algebra
homomorphism. Define I = ker(7), it follows from the multiplicativity of v that I is an ideal,

Vgel:VheCEK): v(g h) ™ y(g)y(h) =0y(h) =0 = g-hel.

Since v is a nonzero mapping, I is a proper ideal. Moreover, we claim that [ is maximal. Suppose it
is not, then there exists an ideal J such that I C J C C(K) and J # I and J # C(K). Take g € J
such that g ¢ I, thus v(g) # 0. Then we may assume that v(g) = ¢ € C. By linearity, we may assume
that v(¢g) = 1 and it follows that g = 1. Since 1 € J we have J = C(K), a contradiction. Therefore,
I is maximal.

By Lemma 3.2.3, there exists an x € K such that ker(y) = I;,; = {z € K : f(z) = 0} = ker(dz).
Since y(f) =1 and v(1) = 1, we have

0=(f) =) =4(f) —v(NHD) Z A(f =~ (D).

Therefore, f —~(f)1 € ker(y) = ker(d,,). Since f—~(f)1 € ker(d,.), we have v(f) = f(x) = 6.(f) Vf €
C(K). Since f was arbitrary, we conclude that there exists an € K such that v = 0. O]
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Theorem 3.2.5 (Collection of results). Let K be a compact space, and let
I'(C(K)) :={y € C(K)' : v algebra homomorphism} .
Then the map

d: K - T'(C(K)),
T Oy

is a homeomorphism, where I'(C(K)) is endowed with the weak*-topology as a subset of C(K)'.

Proof. Since the weak*-topology is Hausdorff, it follows from Proposition 3.1.15 that § is a
homeomorphism if it is continuous and bijective. Since T'(C(K)) is equipped with the
weak*-topology it follows by definition that ¢ is continuous. Take any z,y € K and suppose that
0z = 0y, which means that

Vf e CK) : f(z) =0.(f) = 0y(f) = f(y)

Since C(K) separates the points of K, there exists a function h € C(K) such that h(z) # h(y), which
implies that z = y. We conclude that ¢ is injective. Suppose that v € I'(C(K)) is nonzero, by Lemma
3.2.4, it follows that there exists an x € K such that v = §,. Therefore, the map § : K — I'(C(K)) is

surjective. We have shown that J is injective and surjective, hence a homeomorphism.
O

3.2.2 Koopman Operator

We return to the original setting of a topological dynamical system (K, ¢) with its Koopman operator
T =T, defined as

T, : C(K) = C(K),
f=Tof=foe.
But first, we will look at a slightly more general case, for a map ¢ : L — K, where we only assume
that K is compact and L is any topological space. We will show that ¢ is continuous if and only if
foyp e C(L) for any f € C(K), i.e. T,(C(K)) € C(L). One implication is clear, the idea behind
the other one is to show that |J,c; preimy, (V') form a base of the topology of K for some countable

collection of continuous functions I.

Lemma 3.2.6. Let K be a compact space, €2 a topological space, and let ¢ : 2 — K be a map. Then
¢ is continuous if and only if f o ¢ is continuous for all f € C(K).

Proof. Suppose that f € C(K) and ¢ is continuous, then f o ¢ is also continuous. On the other
hand, suppose that f o ¢ is continuous. Assume that C is equipped with the standard topology, then
V = (0,00), once canonically embedded into C, is open. The map |f o ¢| is continuous since f o ¢ is
continuous, therefore the set preim, s, (V) is open in  for every f € C(K). We may rewrite

preim o (V) ={y € @ : [(fop)(y)| €V},
= {y €EN:pe preim|f|(V)} ,
def preim,, (preim|f‘(V)) )

and note that this set is open in Q for any f € C(K). Suppose that the sets of the form preim,z (V)
form a base for the topology on K. This means that for any open set U of K, we can find a countable
collection of functions I such that U = J;,<; preimy, (V). From Lemma 3.1.14, we conclude

preim,, (U) = preim,, (U preim|h|(V)> = U preim,, (preim|h|(V)) .

hel hel

open in 2
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A countable union of open sets is again open 2. Since U was an arbitrary open set in K, we conclude
that ¢ is continuous since we showed that preim,, (U) is open in €. Next we will construct an open
cover for an open set U C K from sets of the form preimj (V).

Let V' = (0,00), as before, from the continuity of f it follows that preim, f‘(V) is open in K. Let
U C K be a nonempty open set and choose x € U. The sets {x} and U® are closed and disjoint, it
follows from Urysohn that there exists a function f € C(K) such that

FrE=01], fl,=1 fl.=0

UC

Since f(z) =1, we have z € preimm(V) C U. Hence, for every z € U, we can find a function h,, that
depends on z, such that = € preim;, (V') C U. Then, we have the open cover

U C U preim;, (V).
zcU

Because each preim,, (V) C U we conclude that U = J,c; preimy, (V). Since U is arbitrary we have
found a base for the topology on K.
O

We now return to when K and L are compact spaces. If ¢ is continuous, we are ensured that
T,f = foy maps into C(L). Hence the operator T, is an algebra homomorphism between C(K') and
C(L) when ¢ is continuous. The next result states that every algebra homomorphism between C(K)
and C(L) is such a Koopman operator. In other words, for any algebra homomorphism 7' : C(K) —
C(L), there exists a continuous function ¢ : L — K such that T'= T,,. This is stated in the following
theorem.

Theorem 3.2.7. Let K, L be (nonempty) compact spaces and let T': C(K) — C(L) be linear. Then,
the following assertions are equivalent:

(i) T is an algebra homomorphism.

(ii) There is a continuous mapping ¢ : L — K such that T'=T,,.
In this case, ¢ in (ii) is uniquely determined and the operator has norm ||T'|| = 1.
Proof. Let T : C(K) — C(L) be an algebra homomorphism. Let y € L and define

Ny :=0yoT :C(K)— C,
fr= (0y 0 T)(f) = 0, (T(f)) = (Tf)(y)-

By a straightforward argument, it can be seen that 7, is an algebra homomorphism. By Theorem
3.2.5,

Vye L : Nz, € K : ny(f)=6z,(f).

We write 2, € K, to stress the dependency on the choice of y € L. The uniqueness of this dependency,
which we call ¢ : L — K, follows from the fact that § from Theorem 3.2.5 is a homeomorphism. To
conclude (ii), we have show is that T'f = fo and that ¢ is continuous. Apply an arbitrary f € C(K)
to both sides of 1, = d,(,), we get (T'f)(y) = (f o »)(y). Since y € L was arbitrary, we conclude
that T'f = f o ¢. Recall that T : C(K) — C(L), so that foyp =Tf € C(L) is continuous for any
f € C(K). By Lemma 3.2.6, we conclude that ¢ is continuous and we have shown that (i) implies (ii).
Conversely, let T : C(K) — C(L) be linear and suppose that there exists a continuous map ¢ : L — K
such that 7' = T,,. By definition of the Koopman operator, we have

Vfg € C(K) : T(fg) = To(fg) = To(f)To(g) = T(f)T(9)-
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The one function on K, 1, gets mapped to T'1x = T,1g = 1 o ¢ = 1. We conclude that T is an
algebra homomorphism. Let f € C(K), then

1T = Toflloo = [If o ll = sup|(f o ©)(y)| < sup|f(z)] = || /],
yeL zeK

and we have ||T'|| < 1. The lower bound is obtained by choosing f = 1k,
1T =Tk loo = 1K © ¢l = 1.
O

The implications from Theorem 3.2.7 are important, as we can study something that is highly
nonlinear, ¢, and translate it to something that is linear, T,,. We have shown that there is a 1-1
correspondence between these objects. Linear operators can be studied with our tools from linear
analysis.

We end this chapter with an example of the Koopman operator acting on a permutation map of a
finite dimensional space.

Example 3.2.8 (Permutations on a finite dimensional space). Let K = {1,2,...,n} with n € IN and
equip K with the discrete topology, i.e. @ = P(K), so that we have a compact Hausdorff topological
space. Let ¢ : K — K be a permutation on K, which is continuous since every map is continuous in
the discrete topology. Let f € C(K), i € K and let the Koopman operator T;, : C(K) — C(K) act on

f
(T f)(@) = (F o @)(@) = f(p(d))-

We observe that the Koopman operator T, is the permutation matrix induced by the permutation ¢.
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Chapter 4

The Koopman operator between
RKHS

This chapter aims to provide a general framework in which we compare several recent developments in
the field of estimating the Koopman operator from data using the theory of RKHS. In Section 4.1, we
explain the Koopman paradigm for estimating a dynamical system through observed snapshot data.
We introduce the general Dynamic Mode Decomposition (DMD) and conclude with kernel Extended
Dynamic Mode Decomposition (KEDMD) in Section 4.2. We cover a recent method, kernel ridge
regression, which is used to approximate the Koopman operator and compare it with kEDMD. Lastly,
we discuss the boundedness of the Koopman operator and limit the dynamics for which this is feasible
for specific RKHSs.

4.1 The Koopman operator and dynamical systems

The setting of this chapter is as follows, the goal is to approximate an unknown topological dynamical
system (¢, X). Recall that this means that ¢ is a continuous map between a compact topological
space X. For simplicity we assume that X ¢ R?. We are given observed snapshot data

{xiyi = ‘P(Xi)}i]\il

such that ¢(x;) = y; for 1 <i < N. The map ¢ encapsulates the evolution of the data. We will say
that ¢(x;) = y; is an observed discrete time dynamical system. We will store these data in matrices,

X =[x1,...,xy] and Y =[y,...,yn] € RV, (4.1)

Instead of studying the observed data directly, we will study measurements of these states.
Koopman operators are precisely the tool that allows us to do so. To define the Koopman operator
we need a dynamical system (X, ) and a Banach space of functions F : X — R so that we can
define the Koopman operator T' on a domain D(T,,) C F such that,

T, : D(T,) — F,
9() = [Te (@) = (90 9)() = 9(())-

We assume that the Koopman operator is bounded, an assumption we shall make some remarks
on in Section 4.4. Elements of this Banach space F are called observables, so that g(x) is a measure
of the state © € &X', for some g € F. The underlying dynamical system from which we have observed
snapshot data does not define the Koopman operator uniquely. Rather, it depends on the choice of
observables F together with the dynamical system. A canonical choice in the literature for F is the
Hilbert space L2(X,w) for some measure w. The measure w is positive and the space is equipped with
the standard inner product (g1, g2) = [, g1()g2(x)dw(z). To ensure that the Koopman operator is
well defined on L?(X,w), we need to check that T, does not depend on the chosen representative
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in the equivalence classes of functions that are equal w-almost everywhere. That is, if g1(-) = g2(-)
w-almost everywhere, then we need that g;(p(-)) = g2(¢(+)) w-almost everywhere, too. Assuming that
© is non-singular with respect to w is sufficient, which means that,

VX CX:wX)=0 = wle X)) =w({recd : ¢x)ecX})=0.
Letting the Koopman operator act on our observed data results in,

ng(xn) = g9(v(xn)) = 9(Xn+1),

which is the measurement of the next time step. The trade-off that is made in studying dynamical
systems through the Koopman operator is that we gained linearity at the cost of the finite
dimensionality of the data, as shown in Figure 4.1.

g(x1) g(x2) g(x3) g(x4) g(xn) o ) )
Linear e e 4@ o e [nfinite-dimensional
Tw,_.-""' Tw__,-""" Tvz....-'”'
Nonlinear e= >e = >0 = 3 Y > @ Finite-dimensional
X1 LP X9 w X3 4 X3 XN

Figure 4.1: The concept of Koopman operators: By mapping the system to a space of observables, a
nonlinear finite-dimensional system is transformed into a linear infinite-dimensional system.

Fix the Hilbert space F = L?(X,w) and suppose that g € L?(X,w) is an eigenfunction of T, with
eigenvalue \ € C, then evaluating g on our observed data point x,, results in,

9(xn) = T79(x0) = A"g(x0).

Thus, the observable evaluated at the data point x,, is a growth or decay by parameter A multiplied by
the value of the observable on xg. The spectrum of the Koopman operator encapsulates information
about the underlying dynamical system [ ;1 I; 1 ]. The eigenvalues of an operator
generalize to the notion of its spectrum,

o(T,) == (AeC : (T, — \)is not invertible) C C,

where I denotes the identity operator. It is not difficult to show that the set of approximate eigenvalues,
denoted o (T}, )ap, is contained in the spectrum,

o(Tp)op = { A € €.t H(fdnew € LAX,w), Ifull = 10 € N, lim |Tpfu = AMall = 0} C o(Z,) € €.
The approximate pseudoeigenvalues for £ > 0 are given by,
O(Tp)ape = {A € €, Hfuhnen CLAX,w), [full = 1V €N, lim [Tofy = Mall < 2} € 0(Tp)up © €.

An observable g € L%(X,w) with |g|| = 1 and ||T,g — Ag|| < ¢ is called a pseudoeigenfunction. By the
structure of the Koopman operator, for n € IN we get,

1Tg9 — A"gll = O(ne).

It is more challenging to approximate the spectral properties of an infinite dimensional operator, T,
compared to a finite dimensional system. Dynamic Mode Decomposition (DMD) and the various
extensions thereof aim to approximate spectral properties of T;, and has numerous variants. We will
introduce exact DMD, Extended DMD (EDMD) and kernel EDMD (kEDMD). For extensive overview
of these methods, we refer to | ;[ ;[ |, respectively. A review of the applications
of the Koopman operator and what various other variants can be found in, e.g., | ;1 ].
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4.2 Dynamic Mode Decomposition and its variants

4.2.1 Exact DMD

We will explain the original DMD algorithm, introduced by Schmidt | ]. To fit to the Koopman
paradigm, we need a dynamical system (X, ) and a Banach space of functions F. The dynamical
system we consider is a discrete time dynamical system given by the observation data in equation (4.1).
Having a finite amount of data results in that we cannot evaluate our data on an unobserved point.
A way to resemble this in the choice of the domain of the Koopman operator is to equip the space of
square integrable functions on X with the empirical point measure wy := % ZZJ\L 1 0x;- One can check
that this choice of measure is nonsingular with respect to ¢. The observable function g € L2(X,wy)
is taken to be the identity function, also called a full state observable. Given the snapshot data
X, Y € RN from equation (4.1), we aim to find a matrix Kpyp such that Y ~ KpypX. The best
fit that best describes the linear dynamics may be formulated as,

KDMD = arg min ”Y— KDMDXH (42)

Kpwmp €Ca*4

It is well known that Kpyp = YX' € C%?, where 1 denotes the pseudo-inverse. The objective of
the DMD algorithm is to approximate the leading spectral decomposition of the matrix Kpuvp. In
doing so, the Kpup is never explicitly computed. The dimension of the data is typically much larger
than the number of observations points, that is d > N. The large size of the dimension d makes it
intractable to compute the full spectrum. In exact DMD, devoloped by Tu et. al. | ], the SVD
of rank r € IN of X is used to compute the pseudo-inverse of X. The rank-r SVD of X is denoted as
U, 3,V where the columns of U, and V, are orthonormal and ¥, is diagonal. Tu et. al showed
that the following procedure covers all of the nonzero eigenvalues of Kpyp.

Algorithm 1 Exact DMD Algorithm | ]

Require: Snapshot data matrices X € C™>*M and Y € C*N| rank r € IN.
1: Compute the truncated singular value decomposition (SVD) of X: X ~ U, X, V}, where U, €
C>r ¥, € R™ " is diagonal, and V, € CN*".
2: Compute the low-dimensional compression: f pvp = UXYV, 21 e 077,
3: Perform the eigendecomposition of RDMD,T: KDMD,TW = WA, where W contains eigenvectors
and A is a diagonal matrix of eigenvalues.
4: Compute the DMD modes: ® = YV, X 'W.
Ensure: Eigenvalues A and modes ® € C9*",

If the SVD in Algorit~hm 1 is exact, then the result should compute the eigenvalues of KDMD. In
this case, we may write Kpyp = YVE1U*, we get,

Kpyp® = YVET'U'YVET'W = [YVET'W]A = ®A.
N————

=Kpwmp

The spectrum of Kpup , or an approximation thereof, encapsulates information of the dynamical
system ¢. This may appear odd, as the approximation in (4.2) assumes a linear case, whereas the
dynamics are in practice often complex and nonlinear. For complicated systems, the spectrum of such
linear methods can be too restricted. Imposing a prior nonlinear belief on the data can overcome this
issue.

4.2.2 Extended Dynamic Mode Decomposition (EDMD)

A limitation of DMD is that it implicitly assumes the observables in L2(X,wy) are full state
observables, i.e. , g(z) = x. This restricts the approximation Kpyp of the Koopman operator to the
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subspace of the direct measurements X. Thus, DMD is limited in its extrapolation. To address this
issue, Williams et al. | | designed an extended version of DMD that allows a prior belief
about the underlying dynamics to be imposed, dubbed the Fxtended Dynamic Mode Decomposition
(EDMD). A predefined set of observable functions {11, ...,%y} in L?(X,w) is selected. A common
name for this set of functions is a dictionary, and we define Vj; = span{t,...,¢¥p}. For any
collection of points Z = (zi)f;l in X and P € IN, we introduce the notation,

W (z1)
(z;) = [1(zi), ..., ur(z)] € CM, Wy = | 0 | e R
\I’(ZP)

Using this notation, any function in g € Vj; evaluated at x € X may be written as,

M
x) = Zc?zﬁi(aj) = W(z)c?
i=1

for coordinates ¢ € CM*!, The aim of EDMD is to find a finite dimensional approximation of T,
restricted to the subspace Vjs, that we call KEDMD For a given g € Vj;, we are after KEDMDIRM A
such that,

M
Tpg =~ Z (Kepmpc?); ¥
i=1
This approximation can only be exact if T, is V), invariant. Thus, we seek to minimize the following
error term R(g, z),

[Tegl(x) = (g0 ¢)(x) = ¥(p(2))c? = ¥(2)Kepupe’ + ¥ (p(z))c? — ¥(2z)Krpupe?,
M

= ‘I’(.%')KEDMDCQ + (Z wz(go(a:))cf — ‘I’(l‘)KEDMDCg) .

i=1

:=R(g,z)

Again, R(g,x) can only equal zero if T, is Vs invariant. However, this is generally not the case
for our chosen dictionary. From the observation data, the optimization problem becomes term to be
minimized may be rewritten as,

Kgpump :=  argmin Z!‘I’ ¥ (x;)Kgpmpe! |,
KEDNIDEC]WXIW
= arg min Z| XZ)KEDMD) Cg’
KEDI\IDGC]WX]\[

Approximating via the quadrature rule with nodes X and appropriate weights (w;)¥ , this least
squares problem may be solved uniquely by Kgpup := GTA, where,

N N
G=> w¥(x)"¥(x;) € C"M A= w¥(x;)"¥(y;) € CM (4.3)

where * denotes the complex transpose. Let D = diag(ﬁ,...,ﬁ), for entries 1 < ¢ < N and
1 <7 < M of we may write,

1 N

Gij = [‘I’*XD‘I’ﬂ TN kZ%(Xk)%(Xk) = (¥, i) L2(x ) (4.4)
=1
1 N

Ajj = [‘I’*XD‘I’Y} 3TN D i) (vk) = (T, ¥i) 122 wn)- (4.5)

e
I

1
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Algorithmically, we have

Algorithm 2 EDMD Algorithm | ]

Require: Snapshot data matrices X € C™V and Y € €9V, quadrature weights {w;}¥,, and a
dictionary of functions {¢,,}M

m=1"*

1: Compute the matrices ¥y, ¥y and D = diag(w1, ..., w).
2: Compute the matrices G and A according to equations (4.4) and (4.5), respectively.
3: Compute the EDMD matrix Kgpup : GTA € ¢MxM
4: Perform the eigendecomposition of Kepvp : KepyvpV = VA, where V contains eigenvector
coefficients and A is a diagonal matrix of eigenvalues.
Ensure: Eigenvalues A and eigenvector coefficients V€ CM*M

Forming the matrices G and G both take O(NM?) and computing the eigendecomposition of
KEDMD is O(M 3). For dictionaries with a large amount of functions, computations swiftly become
intractible. The type of functions inside the dictionary are vital to a high quality approximation the
Koopman operator. By choosing linear functions as observables, this algorithm is equivalent to
standard DMD, developed by Tu et. al. except that in this particular choice of dictionary, we have
KEDMD = KDMD Hence, the name extended DMD is in place. Often it is the case that the size of
the dictionary scales with the dimension of the state space RY. For example, suppose we are given
dynamics in R? from which we belief that the eigenfunctions of the Koopman operator are analytic.
Then, we may choose all polynomials up to some degree, say 30. From Example 2.1.14, the set of all
polynomials would have size (2'530) = 496, which makes computations feasible. However, suppose we
now have a dynamical system in R'®, then the set of all polynomials up to degree 30 is
(12%30) = 0(10%?). Scaling poorly with the dimension of the state space is also referred to as the
curse of dimensionality. To address this issue, one requires an algorithm where the size of the

dictionary does not scale problematically with respect to the dimension d.

4.2.3 Kernel Extended Mode Decomposition (kEDMD)

Suppose we are given a real-valued kernel k over R? and snapshot data X and Y. Then, a canonical
data-driven approach to choose a dictionary is the set {k(x1,:),...,k(xn,")}. Call
Vx = span{k(x1,),...,k(xn,-)} and define V5 analogously. We see that the size of the dictionary
equals the number of observation points, M = N. A suitable kernel function is the only choice to
make. When the dictionary contains the canonical feature maps of a kernel, we will call EDMD with
this specific dictionary kernel EDMD (kEDMD). We will make a distinction for kKEDMD with one
and two dictionaries. First, we will cover the case where V is the dictionary present. Hereafter, we
present a different version of EDMD with two dictionaries, Vg and Vy.

Before we continue, we introduce some notation. Let L, P € IN, for sets of points (Zi)le C R? and
(wj)le C RP, we define the kernel matrices K,w € REXP componentwise as (Kzw)ij = k(zi, wj)
where 1 <i< L and 1 <j < P. Let h € V4 and define h, := (h(zl),...,zL)T € REXL, Since h € Vi,
we can write h = ng L clk(w;,-) and we call the element ¢ € RP*! the coordinates of h, with
respect to the canonical basis of V4. It turns out that Kz,wch consists of the function h, evaluated

at the points of z, for 1 <7 < N we have,

We have that Kz,wch = hy.
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Suppose that we choose only one dictionary, V. This is a special case of EDMD where the
dictionary is the set of kernel functions centered at the data X. For a given g € Vx with coordinates

c9, the matrix Kygpyp aims to approximate,

N
(To)() =Y (KkEDMDCg) k(xi, ).

; i
=1

We read off the matrix Kygpwmp immediately from Equations (4.4) and (4.5) to see that
KkEDMD = K_lKX’Y. We immediately see that the kernel trick can be used for a computationally
efficient construction of the matrices G and A, respectively. By being able to compute the inner
product through a kernel evaluation, G and A can be computed in O(N?M), an improvement from
O(N M?) if the size of the dictionary M is large.

Now we present kKEDMD with two dictionaries, Vx and Vy. The objective in this case changes
slightly. We desire the Koopman operator to map into Vi, when acting on Vy. Given g € Vy with

coordinates c9, estimate KkEDMD € RV*N guch that

N
(Tog)(-) = Z (KkEDMDCg) k(xi, ).

i—1 !

Note that on g is a linear combination of kernel functions, centered on Vy. Going through the
machinery of the EDMD procedure, we see that the formulae for the matrices G and A from Equations
(4.4) and (4.5) change as follows,

Gij = <k(xj’ ‘),k(Xi, ))7 Aij = <T<Pk(yj7 ')7 k<xi7 )>7 1< i?j < N.

For this version of KEDMD, we see that the approximation of the Koopman operator is KkEDMD =
KilKY e RV*N | Recall that, for g e VY, the matrix Kygpyp aims to approximate

N N

> (Riepane?) k(xi) = (Tog) () = 9(0()) = Y eJk(y;. ().

i=1 j=1

We claim that the matrix represents the operator PVXT@’V , the Koopman operator followed by a

projection onto Vy, restricted to V. The formula for the projection from Hy onto Vy, denoted
PVX, was explored in Example 2.4.3. Let f € Hj, then with some abuse of notation [PVXTg,f](-) =

Efil(Kilf@(X))ik(xi, -). The coordinates of PVXT‘P

. (g) with respect to the canonical basis of
Y

Vx are given by (Kilgz> Note that gy can, as we have shown in Equation (4.6), be written as

gy = KycY. Thus, the Koopman operator followed by the projection onto Vx, restricted to Vy is
given by,

N N
Pl (0)] 0 = 3 (K Rye?) ki) = 3 (Ruooe?), s ).
i=1 ‘ i=1 ’
In the same spirit, one can show that the operator that is represented in the case of only one dictionary
Vy is PVX‘VY'
It turns out that the matrix KkEDMD with one dictionary does not encapsulate any form of composition

with the dynamics ¢. Instead, it is a change of coordinates from V¥ to Vi in the form of a projection

onto the subspace VX. The matrix KkEDMD when electing two dictionaries, VX and VY does reflect
a composition in the operator that it represents.
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4.3 Kernel ridge regression

In this section, we discuss a recent “DMD-free” method by Kostic et. al | | that approximates
the Koopman operator from data. This method depends on the developed theory in Section 2.4.
The approach taken by Kostic et. al. is explained after which it will be put in the same context as
introduced in Section 4.1. Hereafter, the comparison with the kEDMD is made. Let k£ be a real-valued
continuous kernel on a compact set X', so that Assumptions (1- 2) are satisfied, and (¢, X’) an unknown
dynamical system. We assume that the Koopman operator maps T, : L?(X,w) — L?(X,w) boundedly.
Assume further that w is finite and that for any = € X" the k(x, z) < oo w almost-everywhere. It follows
that the inclusion operator S, : Hj — L?(X,w) is bounded, let f € Hy

T =([;U1x>FdW(w)::]QjQﬂkix7d>HdeW(w)EZ/;\fH%kk@%aﬂdw(x)=:HfH%kamaﬁW(ﬁﬁ

The bound above holds w-almost everywhere. It is shown in | , Theorem 4.26] that that the
adjoint of S, is the integral operator

S* o LA(X,w) — Hy,
(ﬂﬂﬁﬂw—éﬂwﬁwwm)

We see that S is Ag| Hyo where Aj, is defined as in Proposition 2.2.4. Since Aj, is Hilbert-Schmidt,
the restriction is Hilbert-Schmidt too. As the norms of an operator and its adjoint are equivalent, we
conclude that S, is a Hilbert-Schmidt operator. Since by assumption T, is bounded,the composition

Tw i=T,S, + Hy — L*(X,w),

is a Hilbert-Schmidt operator too. Thus, it is appropriate to approximate Teo by means of Hilbert-
Schmidt operators. To do so, let M € HS(Hj) and define the risk as

R(M) := Ty = SuM |lus (s, L2 (2 w))-

Our aim is to minimize the empirical risk, once we are given data. Error bounds from the risk to
the empirical risk are given in the original paper by Kostic et. al. To fit the framework presented in
Section 4.1, we assume the same snapshot data are present. To define the empirical risk, we need the
following operators.

S: H, — RY,
A 1
= S(f) = —=(f(x1),..., f(xn)).
f=5(f) \/N(f( 1), f(xN))
Since the range of S is finite dimensional and each component of S (f) can be bounded, it follows that
S € HS(Hy,RY). The adjoint can easily be computed, let f € H and a € RY,

. 1 & 1 1 & .
<Sf7 a>]RN = m;alf(xl) = ﬁ ;ai<f7k(xia )>HK = <fv \/N;aik(xiv )>Hk = <faS a>Hk'

In fact, even though it is true that S maps into Hy, we can make the stronger statement that
S* RN — Vx. The composition SS* : RY — RY is a map between finite dimensional spaces, and
thus can be represented as a matrix in RV*¥ . It turns out that this matrix is precisely the kernel

matrix Ky multiplied by 1 /N. To see this, let a € RV, since k is symmetric we get,

1 N 1 sz\il aik:(xi,xl) 1 k(Xl,Xl) k(Xl,XN) ai
=1 Zf\;l a;k(x;,xN) k(xy,x1) ... k(xn,xn)| |an
= iKXa

< oQ.
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Similarly for S*S e HS(Hy), let f € Hy we get

Z\H
Mz

S*S(f) = (fs k(i =) k(i)

-

. 1 X
S*[(f(xl,__. NZ k(xi,-)

S
Il
—

I
2|~

2 (k(xi,-) ® k(xi,—)) (f).

1

-
Il

Where we made use of the isomorphism Z defined in Theorem 2.4.6. For notational convenience, we
will omit the map =. To summarize, we have the following operators,

§ e HS(H,,RY), S(f) = \}(f(xi))gil, $8° € LRY), §S*a— %Kxa,

N
1 N
* N Q* & Qo O _ . .
S* e HS(RM, vx), Zaz (xi,-), S*SeHS(Hy), S*S(f)= N;k(x“-) ® k(xi, =) (f).
Define analogous operators on Y,
~ A A ]. * * 1
Z € Z(Hp,RN), Z(f) = ﬁ(f(yi))fil, 7z* e LRY), ZZ*a= “Eya

N
Z* e ZRN,Vy), Z*(a)= \/%Zaik()’iv ), Z*Z € Z(Hy), Z*Z(f) = %Zk()’u ) ® k(yi, —)(f)-
i1 i=1

We can read off the empirical input, output and cross covariances, which are given by S*S , AV
and S*Z , respectively. The respective empirical kernel matrices with respect to the snapshot data
are given by 5‘5’*, Z7* and ZS*. The Koopman operator that we can estimate can only be acting
between the spaces, i.e. M : Vyy — Vx, as we do not have knowledge of what is outside these data.
The Koopman can now be estimated by minimizing the empirical risk,

7AQ(M’) = HZ - SMH%IS(VY,RN)

Our optimization problem boils down to,

Given, X,Y, solve MEH;{l‘i/;RN)R(M) MeHém&;vX an Vi,-) — MYk(xi, ) m,.  (4.7)

It can be shown that the empirical risk can be written as in the right hand side in Equation 4.7,
which is connected with Conditional Mean Embeddings (CME) | ]. Within a more grounded
measure theoretical framework, one can view the Koopman operator as a conditional expectation.
Unfortunately, we can merely motivate the presence of the adjoint by mentioning that this ensures all
objects live inside the same space, namely Vi, in our framework. A connection between vvRKHS and
Hilbert-Schmidt operators was explored in Section 2.4. It turns out that the connection between least
squares regression problems and CME relies on Corollary 2.4.8, studied by Mollenhauer and Koltai in
[MK20].

Through the isometry Z o Y~! from Corollary 2.4.8, we may formulate the problem by minimizing
over Vx valued functions, instead of optimizing over for an operator M € HS(Vy, V). Recall that
optimization over functions in a scalar-valued RKHS is convenient, as a closed form solution can
be found easily by means of the representer Theorem 2.4.1. We presented a regularized regression
problem for a scalar-valued RKHS in Example 2.4.4. An analogous result holds true for regression in
vector-valued RKHS, shown by Micchelli and Pontil | ]. Let v > 0 and a Tikhonov regularization
term to Equation (4.7). The estimator M to the altered problem,

i R(M M]|? , 4.8
MGH%;VX) (M) + | HHS(VY,VX) (4.8)
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is given by M = 5’*(KX 4+~ N)*lZA , where Iy denotes the identity on RY*N. The regularized
problem in Equation (4.8) is referred to as Kernel Ridge Regression (KRR). To put KRR in the same
framework as kKEDMD, we let M act on an arbitrary element in its domain. Let Z act on some geVy
with coefficients ¢? with respect to the canonical basis. Note that evaluating an element in V§ on Vy,

which is what Z does up to a constant, is a special case of Equation (4.6). We immediately write,

_ b
VN

Thus, we see that the approximation of the Koopman operator M can be written as,

Z(9) Kyc!.

M( :S""i -17 ziN x 1 9 -
g) (FEx +7In) " Z(9) > [ (=Kx +7Iw) \/NKYC (xi,0),

We claim that, for v = 0, the matrix KKRR represents the operator PVXT“”‘V . Let f € Hp, the
Y

projection onto Vi is given by [PVXf](') = Zf\;l(Kile)ik(xi, ). Let g € Vi with coordinates ¢7.

The coordinates of g after composing with ¢ and then projecting are, with some abuse of notation,

~ilg<p(X) = Kg gy- Recall from the derivation in Equation (4.6) that this equals KilKch =

Kkrre?.
Observe that for the case v = 0 the matrices Kxrr and Kygpup coincide, in the case one chooses
two dictionaries, Vx and Vy, for kKEDMD. For v > 0, the regularization term NvIy is added.

4.4 Some caveats

We give a slightly more negative view of the approximation of the Koopman operator. As we have seen
in the case for KKRR, the Koopman operator is approximated using a finite rank operator. The idea
is that the Koopman operator is approximated more accurately when the number of sample points
increases. It is therefore natural to question the compactness of the Koopman operator. It turns out
that the compactness of the Koopman operator on L2(X,w) depends on the underlying measure w.
First, we need the notion of an atom. Let (S,3) be a measurable space and let ;1 be a measure on
that space. An measurable set A is an atom if u(A) > 0 and if for any measurable subset B C A
we have 0 € {u(B), u(A\ B}. A measure that does not contain atoms is called non-atomic. It was
shown by Singh and Kumar that no compact Koopman operators exist on L?(X, w) if w is non-atomic
[ , Corollary 2.1]. Since the Lebesgue measure is non-atomic, it follows that the standard L?(R)
space does not contain any compact Koopman operators, no matter the underlying dynamics.

The choice of underlying Banach space on which the Koopman operator reflects in its properties.
Boundedness of the Koopman operator between Banach spaces was characterized in Theorem 2.2.20.
We saw that the Koopman operator is bounded if the space is preserved which can be a simple
condition, depending on the underlying RKHS. Hence, the choice of RKHS is of great importance to
what dynamics one can have for a bounded Koopman operator. Even for popular Gaussian kernels,
the dynamics for which the Koopman operator is bounded are dramatically restricted.

4.4.1 Space preservation

We give two examples of RKHSs Hj, and dynamics ¢ such that T, maps boundedly between Hj.

Example 4.4.1 (Rotation preserves the RKHS H?(D)). Consider the Hardy space H?(D) from
Example 2.1.22 and the dynamical system (D, ), where ¢(z) = ze!™2. Let f € H*(D) and z € C.
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We immediately see that || f|| g2y = [Ty f || 2(p) and we conclude that the dynamical system preserves
the RKHS structure.

Example 4.4.2 (Sobolev space H*(R%)). Let H*(R?) with k > d/2. It is a well known result that
this space is included in the bounded continuous functions on R? which makes H*(R%) a RKHS.
Let ¢ be a k times continously differentiable diffeomorphism on R?. Then the Koopman operator T,
between H*(R?) is bounded. Let f € H*(RY), we need to show that f o € H¥(R?). We will show
that the norm of the first partial derivative is bounded, similar calculations can be done for higher
order derivatives. To show this, we will use the fact that || 8@ lloo < C for some C' > 0. We use the

symbols V and D for the gradient and the Jacobian, respectlvely By a change of variables and since
o(RY) = R? we get,

Jo

2

0
axifw(

/ Zax] 8:1:1() dz

2

d
/ Zl 6—f 6—% o (w) )| |detDe(p l(w))‘_l dw (w=p(z), so et (w) = 2),

<é / 1V £ (w)[? du,
Rd
= CIVflr2may < oo.

Here C' > 0 is some constant depending on C.

4.4.2 The Koopman operator between (Gaussian RKHS

The Gaussian kernel and its corresponding RKHS turns out to be an interesting space to study the
boundedness of the Koopman operator. The Gaussian kernel on R with parameter ¢ > 0 is denoted

ol,9) = exp (—W> .

202

Example 4.4.3 (Inclusion of Gaussian kernels [ ]). Let X be a compact subset of R, let M > 1
and define ¢ : X = X by ¢(x) := /M. Let 0 > 0 and let k, denote the Gaussian kernel, composing
ks and ¢ results in,

(& — L)Q T —y)?
(ko 0 @) (2,y) = exp ( — %) = exp ( - (2(01\5))2) = konr(z,y).
This is another Gaussian kernel with parameter oM > o > 0. From | , Corollary 6] it follows
that H,p — H, with constant v M. From Theorem 2.2.11 we have | f|g, < VM| f|#,, and
korr = Mky. In | , Corollary 7], it is shown that the inclusion is not surjective.

We generalize the Gaussian kernel to act on elements of R¢, the parameter o € R is replaced with
a PSD matrix C € R*?. With kc we denote Gaussian kernel on R¢ with parameter C' and is defined
as,
ko(x,y) = exp ([|-C7(x = y)|?).
For the special case C = ol;, where ¢ > 0 and I; is the identity on R, the kernel
kor, = exp (—[|(x —y)|*/0?).

Example 4.4.4 (Restriction on dynamics for bounded operator on Hc¢). Let ¢ : R — R? be a map.
It has been shown in | , Corollary 1] that the Koopman operator T, is bounded between H,
only if the underlying dynamics are affine, that is ¢(x) = Ax + b, where A € R?*? and b € R%.
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Corollary 4.4.5 (Proposition 3.3 in | ]). Let C1,Cy € R¥? with d > 1 be positive semidefinite.
Then H¢, can be continuously embedded in He, if and only if C? — C3 is positive semidefinite. In
this case we have for f € H¢,

det(Cy)\ /2 ,  det(Cy)
< < —>= .
||f||C2 = (det(02)> ||f||C1 anda kcl - det(CQ)kC2

It follows from Example 4.4.4 that at least the dynamics need to be affine for the Koopman
operator to be bounded between Hc. Combining this result with Corollary 4.4.5 we can impose
further restrictions on the dynamics, given that the dynamics are invertible.

Corollary 4.4.6. Let C € R%*? be a positive semidefinite matrix and ¢ be affine dynamics given
by o(x) = Ax + b for A € R™? and b € R?. Furthermore, assume that A is invertible. Then, the
Koopman operator T, is bounded between Hc if only if (CA=1)2 — 2 is positive semidefinite.

Proof. Composing the Gaussian kernel with the dynamics ¢ results in

(kc 0 @)(x,y) = exp (| -C7H((Ax +b) — (Ay + b)[*) = exp (|-(AT'C)H(x = ¥)IIP) = ka-10(x,¥).

It follows from Corollary 4.4.5 that H -1~ can be continuously embedded into H¢ if and only if
(A71C)? — C?% is PSD. O

Let us apply Corollary 4.4.6 to the special case C = ol;. We make a further assumption that
A is diagonalizable and that b = 0. This means that we may write A = PDP~!', where D =
diag(A1,..., ) € R4 P = [py,...,pg] € R™? and each p; € R*! is an eigenvector of A with
eigenvalue \;, for 1 <4 < d. Then, the condition can be simplified,

_ 1 _ _ 14 1 1
(A7'C)? - C* = (P Ydiag(A[ %, ..., )\dz)PUQId) —o’l;=P 1d1ag(a2()\—% —1),... ,02()\—3 —1))P.
We see that this matrix is PSD if and only if A\; > 1 for all 1 <7 < d. Since the elements of P form a
basis for R?, we see have that any x € R? can be written as x = Z?Zl c;p;, for some scalars ¢ € R%.

In this case, we have an expanding dynamical system,

d

lo(x)llga = [ Ax[[ge = I ciApillpa = [Ax[lga > ga-
i=1

This system may arise from a practical problem. Let z(¢,x) : [0,00) x R* — R? be continuous and let
B € R¥*?, We interpret the components of z as time and space, respectively. The partial derivative
with respect to time and the boundary condition are given by,

Oiz(t,x) = Bz(t,x), 2(0,x)=x.

The solution to this ODE is given by z(¢,x) = exp (Bt) x. For a fixed t = t( € [0, 00), the dynamical
system z(tp,x) maps an input x forward in time by o units. We get the map z(tg,x) = exp (Btg) x =
Ax = @(x).

4.4.3 Identifiability for strictly positive kernels

It is desirable that the Koopman operator can uniquely be formed from the underlying dynamical
system, a result we have seen holds true when acting between spaces of continuous functions on
compact sets in Theorem 3.2.7. We will show that the composition map induced from a densely
defined Koopman operator on a RKHS with a strictly positive kernel is injective. First, we define
what it means for the Koopman operator to be densely defined.

Definition 4.4.7 (Densely defined). Let k be a kernel and ¢ be map on X. Define D(T,,) := {g € H, :
goy € Hy}, sothat Ty, : D(T,) — Hj,. We say that T, is densely defined on Hy, if span (D(T,,)) = H.
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Densely defined Koopman operators do not need to be bounded on Hj, but they are closed.
Lemma 4.4.8. If T}, is a densely defined operator, T}, is a closed operator.

Proof. Let (fn)new be a sequence in Hy, such that || f — fn|| g, — 0 and ||g—(Ty fr)l| g, — 0 as n — oo.
To show that T, is closed, we need to show that f oy = g. Let x € X, by the reproducing property,

9(x) = (9 K@, ), = 1 (T fo b, V)i, = i fulple)) = Tim (o, K(p(2), ), = f(9(0)).

n—o0 n—0o0

Since x € X was arbitrary, we conclude that g = T, f. O

Theorem 4.4.9. Let (X, ) and (X,1) maps on X. Let k be strictly positive kernel on X'. Assume
that T, and T}, are densely defined on Hj. Then, ¢ = ¢ if and only if Ty, = T,.

Proof. Suppose that ¢ = ¢, then it is clear that T}, = T,,. Conversely, suppose that T\, = T,. Let
h € Hy, and let (fn)nen and (gn)new be sequences in D( ») and D(Ty), respectively, converging to
h. By Lemma 4.4.8, T, and T}, are closed. Therefore,

lim T, f, =hop="hot¢ = hm T¢gn

n—oo

Let x € X and use the reproducing property,

hop(x)=hot(r) <= h(y(x)) - h(e(z)) =0,
— < ’k(¢(l‘)’ )> - <ha k:(cp(x), )>Hk =0,
= (hk¥(z),) = k(e(z), ) m, =0.

By the definiteness of the inner product, we have k(v(z),-) = k(p(z),-). It follows from Lemma 2.2.8
that ¥ = ¢, as x € X was arbitrary. O
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Chapter 5

Conclusion

In this thesis, we gave an extensive overview of kernel methods combined with Koopman theory. We
started by reviewing relevant RKHS theory, ending with vector-valued RKHS. We concluded the
theory by presenting the scalar-valued representer theorem and an important isometry between a
vector-valued RKHS and the class of Hilbert-Schmidt operators. Then, we took a more theoretical
view of the Koopman operator between Banach spaces of continuous functions on compact sets.
Hereafter, we posed the problem of estimating the properties of an unknown, complex, and perhaps
chaotic dynamical system from observed snapshot data. The Koopman paradigm was introduced,
where we motivated that estimating spectral properties of the Koopman operator encapsulate
properties of the underlying dynamical system. The classic DMD algorithm, its extension EDMD,
and kernel EDMD are explained. Then kEDMD and a recent development in the estimation of the
Koopman operator through dynamical systems are put in the same framework and compared. We
have shown that the “DMD-free” method in fact coincides with kEDMD for v = 0. Lastly, we
provide examples of RKHSs where the Koopman operator is bounded. For Gaussian RKHSs, we
characterize dynamics for which it cannot be bounded and combine recently published results into a
small Corollary 4.4.6.

By providing a broad review of existing literature, we were able to comment on various aspects of
the Koopman operator. We presented the advantages of kernel methods but also laid out instances
that limit their applicability.

A limitation of this work is that a more measure-theoretic or ergodic view is missing. Studying
dynamical systems through these lenses and putting existing literature within this broadened
framework would be an interesting path for future research.
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Appendix A

Functional Analysis

A.1 Selection of results

Theorem A.1.1 (Interpolation theorem). Let H be a Hilbert space, X a non-empty set and ¢ > 0.
Consider the maps 7' : X — ran(T") C H, with T'(z) := f, and assume that span{ran(7")} = H. Then,
the following statements are equivalent

e There exists an element g € H such that ||g|| < ¢ and (fs,g9) = oy for any v € X

e For any x € X" and b € C"

Zzbzgjaxlaix] S CQZZbiBj<fx¢>ij> (Al)

i=1 j=1 i=1 j=1

Proof. If such an element g € H exists, by Cauchy-Schwarz

n n T
Zzbigjaxi@xj ZZ zfx”g fo],g szfxmg Zbgij,g

i=1 j=1 i=1 j=1

1fxlag

i

< H9H2||Zb¢fxill2,

i=1

<3S BBy fry)-

i=1 j=1

Conversely, assume that equation (A.1) holds. Define S : span(ran(T)) — C as S(>_1; bifx,) =
> i, bia;. This defines a well defined linear functional if the elements f, are linearly independent,
with norm bounded above by c. By taking the closure, this bounded linear functional can be extended
to H and we conclude by Riesz-Fréchet that there exists a unique g € H such that S(f,) = ax = (fz,9)

for any f, € ran(T).
O

Theorem A.1.2 (Direct sum of Hilbert spaces). Let (H;, {-,-)i,)*, be a sequence of Hilbert spaces.

Then, the set
M M M
@I‘[ = {h € HH’ : Z”hz”%{z < OO}
=1 =1 =1

equipped with the inner product

<fa g>®f\i1 H = Z<flagl>Hz

7
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is a Hilbert space. This Hilbert space is called the direct sum of (Hz)f‘i1

Proof. The sesquilinearity and the definiteness of the inner product (-, -) @M, H, readily follow from the
inner products on H;. Let (f),en be a Cauchy sequence in @f\il H;. Since ||||®i\i1 p, 1s stronger
than each ||-||g, we have that ( fi(n))ne]N is Cauchy in H; for 1 < ¢ < M and therefore has a limit
limy, 0 fi(n) = f;. Define f = (fz)f\ih then || f — f(n)||29%1 o limy, 00 Zf\ilﬂfi(m) - fi(n)Hl%Ii — 0.

Hence, there exists an m € IN such that ”fHEB?VilHi < 7||f - f(m)”@%‘fl o T ”f(m)H@?‘{l g, < €T
1 g, < o0 and f € B, Hi -



