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Chapter 1

Introduction

The objective of statistical inference is to infer a quantity from observations. A
‘useful” inference procedure should disclose a certain truth. Intuitively, it sounds
reasonable to wish that, given the existence of a (fixed) underlying truth, the infer-
ence procedure produces approximations closer to the truth, when more informa-
tion is available. Following this intuition, a rigorous theory has been well developed
in the twentieth century, which is now known as the field of asymptotic theory (al-
ternatively, large sample theory). To reflect realistic observational processes, it is
customary to number observations by the natural number N = {1,2,3,---}. In
the asymptotic framework, the performance of inferences is studied using various
criteria measuring the ‘accuracy’ of an estimation, when the sample size n tends to
infinity. The behaviour of an inferential procedure by taking the limit as n — oo
is called asymptotics.

The idea in the previous paragraph can be formulated in mathematical lan-
guage as follows. Given a measurable space (X, Z"), i.e. the sample space, an
experiment & is a set {Py : 0 € O} of probability distributions indexed by a pa-
rameter family ©. In practice, the indexation is guided by a model that generates
a probability distribution {Py} for each 6 € ©. In this situation, the experiment
is also called a statistical model. For each n € N, the nth observation X" is a
random element whose distribution IP’én) is from an experiment &, = {Pé")}ge(_).
The term sample and observation are used interchangeably for {X (")}. Notice
that the experiments are not necessarily identical (as they depend on n), but they
are indexed with the same parameter space, and additionally, each sample X (™)
encodes some information on the same parameter 6. Statistical inference is to
propose an estimate! #, which only depends on the observations, that is a sensible
approximation to the true parameter 6.

In the general asymptotic framework, the following components are decisive
to the formulation of asymptotics: the parameter space ©, the experiment &,
and the methodology guiding the inferential process. In this thesis, we will study
the asymptotics of Bayesian nonparametric inference for Gaussian linear models

11n literature, statistical inference is often categorised into estimation and hypothesis testing.
However, we use inference and estimation interchangeably, as hypothesis testing is not touched
in this thesis.
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(GLMs). Admittedly confusing, the term ‘Nonparametric’ actually refers to the
fact that the dimension of the parameter space © is infinite. In order to handle
statistical analysis in infinite-dimensional space, a set of mathematical tools, which
differs from the tools used in parametric statistics, is desired. We will provide a
short survey in Chapter 2. The statistical model considered is the Gaussian linear
model (GLM). To be precise, we will study several models, varying in the level of
abstraction and generality, all of which fall into the class of GLMs. The phrase
‘Bayesian’ refers to the methodology that is based on Bayes’ rule. In Chapter 3,
the general framework of GLMs will be outlined and a Bayesian asymptotic result
coping with GLM will also be given.

The rest of the chapter is arranged as follows. First we sketch the character-
istics of parameter spaces used in nonparametric statistics in Section 1.1. Then,
the statistical model considered in this thesis is introduced in Section 1.2. The
Bayesian approach to statistical inference is briefly reviewed in Section 1.3. Af-
ter specifying all the necessary components to formulate a feasible asymptotic
study, we provide in Section 1.4 an overview of the main topics covered in this
thesis. We conclude this chapter with a summary of notation in Section 1.5, and
supplementary notes with references in Section 1.6.

1.1 Infinite-Dimensional Parameter Spaces

To accommodate complex stochastic phenomena, many advanced probabilistic
models have been naturally developed in infinite-dimensional spaces. Meanwhile,
due to the growing capacity of computation and the increasing volume of data
storage, it is also practical to consider inference for models of infinite-dimensional
nature, which leads to the study of nonparametric estimation. The parameter
spaces in parametric inference are essentially finite-dimensional vector spaces, i.e.
Euclidean spaces. Due to its plain structure, it does not raise any concerns that the
chosen space may give rise to complications in the estimation. On the contrary, in
nonparametric statistics, the basic assumption is that the true parameter belongs
to an infinite-dimensional space ©, whose structure is more involved. For exam-
ple, Lebesgue measure does not extend to infinite-dimensional spaces; closed and
bounded sets are not necessarily compact, etc. Therefore, infinite-dimensional
spaces require more careful examination. In this section, we will introduce the
fundamental concept of smoothness of Holder and Sobolev types. Other related
notions separability, approximation property and compactness are also important
criteria of nonparametric parameter spaces. A detailed discussion with the em-
phasis on Hilbert spaces can be found in Chapter 2.

In nonparametric statistics, the infinite-dimensional parameter space © is often
postulated to be a complete space, i.e. a Banach space. Sometimes, it is also
hypothesised that the space © possesses an inner product structure, and hence
© is a Hilbert space. The Hilbertian assumption is often driven by underlying
(physical) models, such as the postulates of quantum mechanics. We consider the
following two canonical examples of parameter spaces: on T = [0,1] C R, the
space C10, 1] of continuous functions, and the space L?[0,1] of square integrable
functions, which has an inner product structure.
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With the index n indicating the growth of information, for a sequence {én}
of estimates for the parameter 6, it is desirable that d(@,,e) converges to zero
in probability as n tends to infinity. If the convergence is true for all possible
parameters, then the statistical procedure is (asymptotically) consistent. Without
further assumptions, the convergence rate may be arbitrarily slow, which is not so
useful in practice.

To obtain a reasonable convergence rate, e.g. the polynomial rate n=? with
B € R, the logarithmic rate logn, etc., a smoothness (or regularity) condition
is required. Briefly, a set {O; : s € S} of subspaces of a parameter space O is
called a smoothness class, if a reasonable convergence rate can be obtained for
certain statistical models, when the parameter is known to belong to ©,. The
index s in ©4 symbolises the ‘smoothness’. To illustrate this concept, we use the
two previously mentioned examples C[0, 1] and L?[0, 1].

Hoélder Smoothness

Recall that C[0,1] is the space of continuous functions. For k € N, let C*[0,1]
be the space of k-times differentiable (in the classical sense) continuous functions
and C°[0,1] = C0,1]. For a non-integer s, define

Ls] _ frls]
o1 i= et = sup SO LW F
m,y€7’[£0.,1]: |z —y|s—Ls
T7Y

where |s| is the largest integer strictly smaller than s and fl*) is the |s|-th
derivative. The spaces C*,s € Rg are Holder spaces, which is the canonical
smoothness class for continuous functions.

Continuity plays an important role in the study of inference. The standard
estimator for a Holder class, the kernel estimator, is constructed by utilising the
continuity property, and consequently the convergence rate also depends on the
Holder smoothness.

Sobolev Smoothness
Sobolev smoothness is directly related to the concept of (weak) differentiability.
Let © be a bounded domain in Euclidean space R?. With k € N, the Sobolev
spaces Hy (D), containing the L?(®) functions whose L2-weak derivatives exist up
to the order k, were first introduced to study partial differential equations (PDEs).
Soon it evolved into an important (sub)field in the theory of function spaces, while
maintaining an intimate connection to PDEs. One discovery of great importance is
that the integer indexed Sobolev spaces, in many situations, e.g. certain boundary
conditions being satisfied, can be identified with the domains of the integer powers
of a differential operator that is densely defined, strictly positive, and self-adjoint.
Subsequently, fractional Sobolev spaces can be defined using spectral theory.
With the standard result that the Fourier basis is the eigenbasis of the second
order differential operator on L?[0,1] with the periodic boundary condition, a
spectral argument leads to the well known Statistician’s Sobolev spaces as follows.
The projection mapping from a function f in L?[0,1] to its Fourier coefficients
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{f;};en is an isometric isomorphism from L? to the space ¢? of square summable
sequences. In addition, with the singular values {j : j € N} of the second order
differential operator, for s € R, the Sobolev norms admits a form of weighted ¢2

norms, i.e.
IF15 =517,
JEN

in particular, |[fll, = || £

In the example L2[0,1], the Sobolev smoothness is directly linked to an un-
bounded operator (the second differential operator), which induces a scale of Hilbert
spaces with duality relations (see related sections in Chapter 2). Due to the Hilbert
space structure, the typical estimators constructed for L? are commonly based on
projections. Similar to Holder class, the achieved convergence rate depends on the
Sobolev smoothness.

In Hélder smoothness and the example of Sobolev smoothness, the index set is
¥ = [0, 1] for simplicity. As seen in the general description on Sobolev smoothness,
it is often possible to be replaced by a more general setting, e.g. compact metric
spaces, and in particular, closed and bounded domains in Euclidean spaces. When
the domain T C R¢ but not bounded, e.g. T = [0,00)d, the spaces defined on
T become too ‘big’ to recover the parameter. This difficulty is usually removed
by introducing additional properties to the parameter, for example, periodicity or
tail conditions.

Although having been mentioned separately in the related paragraphs, we want
to stress a fundamental difference between Holder and Sobolev smoothness. In the
Holder case, the smoothness is characterised by the local properties of paths of a
function, and the index set may directly influence the properties of functions.
In statistics, Holder smoothness is usually chosen for the recovery of stochastic
processes whose index sets have straightforward interpretations, such as time,
spatial domains, etc. On the other hand, Sobolev smoothness directly relates to the
duality structure, as in the previous example via weak differentiability, or in general
via an (unbounded) operator. Since probability measures on infinite-dimensional
spaces are usually (if not always) characterised via the topological duals, Sobolev
smoothness serves as a natural stage for studying statistical problems in infinite-
dimensional spaces. In particular, if the underlying space is a Hilbert space,
the full scale of the induced dual spaces admits explicit representations, which
significantly remedies the technicality involved in the development of the theory.
A well known case is the L? theory in PDEs. In this thesis, we exclusively focus on
the estimation in the smoothness of Hilbertian Sobolev type, i.e. Sobolev spaces
that are also Hilbert spaces.

1.2 Gaussian Linear Models

Arguably, the Gaussian linear model has occupied a central role since the birth
of statistics. Its importance cannot be exaggerated. In this section, we heuristi-
cally introduce a general (nonparametric) Gaussian linear model in Hilbert space
setting. This model provides a common ground for the (more concrete) models

4



1.2. Gaussian Linear Models

studied in the subsequent chapters. We will systematically examine the model in
Chapter 3.
Formally, the model can be represented as a very simple additive model,

XM = AMg 4 g, (1.1)

The parameter of interest is the signal 6. In practice, however, it is often the case
that only a transform of the original signal is observable, because of e.g. the ex-
perimental set-up, etc. A bounded operator A, from the parameter space © to
another Hilbert space X, is used to characterise the transform (alternatively, for-
ward mapping). The randomness arising in the observational process is modelled
by a stochastic noise £ with a structure of Gaussian type.

The model consists of three components: the signal 6, the forward mappings
A and the noise £(™. Throughout this thesis, the parameter 6 is understood
as an infinitely-dimensional object, while the features of A" and ¢ depend on
observation schemes.

Continuous observation

Continuous observation is often an idealization of experiments. The observation
X (™) is ‘complete’: for example, the entire trajectory of a process, all functionals
on the parameter space, etc. Although in most cases the observation scheme is
unrealistic, the model is fruitful for gaining insight. In this situation, the forward
mapping is set to A™ = A, see Section 1.2.1 for more information. The noise
structure is more involved, see the subsequent section Section 1.2.2.

Discrete observation

Discrete observation reflects a more realistic situation. We consider the concrete
situation that the image A(©) is contained in a function space defined on a domain
®, and noisy samples of the unknown function Af at a finite number of locations,
called design points, in its domain are recorded. The observation Y (") is a random
vector (Y;)i<, in R™, with the coordinates given by

Y;:Af('rz)+zm i:1,~~,n,

where (z;)i<n is often assumed to be standard Gaussian in R™. As a consequence,
the forward mappings are A = £ A where £ is the evaluation operator at
(deterministic) design points. Alternatively, discrete observation may also refer to
noisy finite-dimensional projections of the signal Af. We do not pursue this direc-
tion. In fact, under mild conditions, the discrete observation on design points can
be translated to finite-dimensional projections, see the relevant chapter Chapter 8.

We are going to describe the forward mapping and the noise below. After that,
we also briefly mention the models that will be investigated in later chapters.

1.2.1 Forward Mapping A

Since our goal is to recover the parameter 6, a procedure to reconstruct 6 from
the image Af is desired, i.e. to ‘invert’ the forward operator A(). The methods
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working with noiseless observations (i.e. £ (") = 0 almost surely) do not necessarily
remain valid for noisy observations. In fact, most of them break down and modi-
fications are needed. The recovery of # depends on the following components: the
transform A and the structure of the noise £(™). Heuristically, the idea for the
recovery is described as follows. For clarity, the superscript (n) is omitted. The
structure of ¢ will determine whether the observations realise in the space X or
are actually certain ‘generalised’ processes over X. An approximate ‘inverse’? Af
of A would help to recover f. Assuming that A’ is available, formally applying
At to X, we obtain the sum of AfA0 and Af¢. AT would be acceptable if Af.A0
is a reasonable approximation of 6, while the spread of A¢ is under control. It is
worth noticing that A" interplays with £. Precisely, if A" is linear, the A'¢ has
the covariance® AT¥(A")*. A desirable ‘inverse’ A" should not amplify the noise
too much. From the heuristics above, we conclude that the combination of the
transform and the noise to a large extent determines the inferential procedure.

1.2.2 Gaussian noise

As already mentioned at the beginning of this section, the noise £ is directly
related to the observation scheme adopted. For discrete observation, the standard
Gaussian on Euclidean space is well-known and it does not need explanation. On
the other hand, for continuous observation, the noise deserves a closer look.

Consider the case that ¢ is a Gaussian random element that lives ‘around’
X. There are two interpretations to characterise a Gaussian element. When the
underlying space X contains the functions on a domain ®, the noise £ can be
treated as a Gaussian process on the same domain. Alternatively, £ can also be
viewed as a random element whose law is given by a Gaussian measure on X.
In many situations, they are equivalent and can be translated from one to the
other. Since a large class of the functionals of Wiener process are continuous, it is
customary to consider the process version when Holder smoothness is considered.
On the other hand, due to the intrinsic Hilbert structure (i.e. reproducing kernel
Hilbert space, alias RKHS), Gaussian measure version is often adopted for Sobolev
smoothness. More details regarding the features of Gaussian elements are given
in Chapter 3.

A Gaussian element £ in a Hilbert space X is fully characterised by a mean
vector and a covariance operator ¥ on X. Similar to real-valued Gaussian variables,
the mean and the covariance operator specify, respectively, the location and the
‘spread’ of the distribution. The noise £ will always be zero mean in this study.
If ¥ is an operator of trace class, the noise £ is a proper random element in X,
i.e. & € X almost surely. Otherwise, £ is a generalised random element over X,
that means, £ takes values in an extension of X. One noteworthy example of a
generalised random element is white noise, i.e. 3 = id, where id is the identity
operator on an infinite-dimensional Hilbert space X.

2Precisely, it is the psudoinverse. This concept is only used in this section for heuristics, and
hence we refer to [29] for the detailed treatment.

3 A* is the adjoint of A, see Definition A.1.

4As we do not specify if ¢ takes values in X almost surely.



1.2. Gaussian Linear Models

1.2.3 Concrete Models

We will examine two types of Gaussian linear models in this thesis. Although the
two types are not completely disjoint from each other and have some overlap, each
of them has its own flavour and interest.

Inverse Problems

We only consider the linear case, i.e. A being a linear operator. When A has
no bounded inverse, which frequently occurs when 4 has a ‘smoothing’ property,
the (unbounded) A amplifies the noise £&. The situation is ill-posed, as small
perturbations (modelled by stochastic noise) in the observation result in a poor
reconstruction, dominated by the noise A¢ magnified by the unbounded Af. As
a consequence, regularization techniques need to be developed to handle the ill-
posedness of A". The models satisfying the description above are customarily
considered inverse problems, and the ill-posedness is also known as inverse nature.
To focus on examining the ramifications of ill-posedness, the noise structure is
selected to be a simple form, white noise, which has been widely accepted as a
reasonable choice for nonparametric models, see e.g. [36].
The inverse problem is the main theme of Part II.

Evolution Equations

Stochastic partial differential equations (SPDEs) are broadly applied to model
stochastic (differential) dynamical systems, time dependent processes whose dy-
namics possess differential structures. Due to the involvement of time, they are
also known as evolution equations. A typical form of linear evolution equations is
dX(t) = [LX(t) + f(t)] dt + BdW (1), (1.2)

X(0)=u '

where L is a differential operator, f is a source term representing the drift, B is
a linear operator, and dW is the differential of a Wiener process. We highlight
the following facts. The state space of X (¢) is an infinite-dimensional space; the
process W is as well an infinite-dimensional object, i.e. a vector-valued process;
the drift f is a deterministic driving force of the dynamics; and B dW shapes a
stochastic driving force, which is a well-defined object shown with a vector-valued
stochastic integration theory.

The solution of (1.2) is given by a stochastic version of the variation of param-
eters formula,

X(t):S(t)qu/O S(t—s)f(s)der/O S(t — s)BdW (s), (1.3)

where S(t) is the semigroup generated by the differential operator L.

It is noteworthy that in (1.3), the stochastic noise is still Gaussian (from the
theorem that integration of a deterministic process with respect to a Wiener pro-
cess is a Gaussian process), but no longer ‘white’. The parameters of interest
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in the model (1.2) are the initial condition w and the drift f. The structures of

these two parameters have different levels of similarity to the noise pattern. Hence,

depending on the parameter to estimate, different approaches are more preferable.
The inference for evolution equations is the main subject of Part III.

1.3 Bayesian Methodology

In short, Bayesian methods utilize Bayes’ rule to achieve the goal of inference.
The term Bayesian nonparametrics refers to the Bayesian methods for infinite-
dimensional models. In the Bayesian framework, a prior distribution (a probability
measure) IT is assigned to the parameter §. As a consequence, the prior induces
a probability measure on the statistical model {Py : § € O}, where Py is the law
of X given 6. The posterior distribution is the conditional distribution of 8 given
X. The Bayesian procedure is identical for both parametric and nonparametric
cases. However, the subtlety of Bayesian nonparametrics is higher, because of
measurability concerns, and it will be considered in a subsequent chapter.

Our perspective on the Bayesian framework is that it offers a universal ap-
proach for nonparametric inference, while there are several issues necessary to ad-
dress in order to obtain reasonable asymptotic results. Since we treat the Bayesian
framework as a methodological device, and we are interested in the asymptotics
of Posterior distributions, our standing is still in the frequentist regime. In other
words, we want to understand the asymptotic performance of Bayesian methods
from a frequentist perspective. In this thesis we solely focus on the goal just men-
tioned, and we have no intention to go further towards the long lasting disputation
about the two regimes of frequentist and Bayesian at the philosophical level.

A more detailed review on Bayesian nonparametrics is given in Chapter 4.

1.4 Overview

This thesis is organized as follows.

In Part I, we prepare the basic elements that will serve as the building blocks
for the later study on Bayesian inference for Gaussian linear models. Chapter 2
deals with the smoothness classes that will be used as the parameter spaces for
the statistical study in the later chapters. Chapter 3 treats Gaussian measures on
Banach spaces, which is the noise structure in all the models considered in this
thesis. Chapter 4 presents the Bayesian nonparametric framework. We explore
the noise structure of Gaussian linear models, with continuous and discrete obser-
vations, using the results from Chapter 3. In particular, we develop a posterior
contraction theorem suitable for Gaussian linear models.

In Part II, we study Bayesian inference for linear inverse problems with Gaus-
sian noise. We consider two types of problems, distinguished by their observation
schemes: continuous and discrete observations, corresponding to the white noise
model and regression model with transformed signals. In Chapter 5, we formally
formulate the smoothing property of the forward operator A, or equivalently, the
ill-posedness of its inverse A', in the framework introduced in Chapter 2. In
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Chapter 6, we systematically investigate the inverse problem with continuous ob-
servations. For the inverse problem with discrete observations, it is studied with
two approaches. First, in Chapter 7, the inverse problem is studied in a concrete
setting, by levering the Gaussian conjugacy in linear models. Then, in Chapter 8,
we generalise the methodology developed in Chapter 6 to study the regression
model.

In Part III, we study the inference for evolution equations. In Chapter 9, we
present the semigroup approach to SPDEs, and as well introduce the additional
structure suitable for statistical study. Subsequently, in Chapter 10 the Bayesian
approach for the recovery of the parameters of evolution equations is examined.

1.5 Notations

We outline our conventions on the notations used in this work.

e The sets of Natural numbers, real numbers and complex numbers are N =
{1,2,3,---} R and C, respectively. The imaginary unit is denoted by i.
Special subsets are Ng = {0} UN, R* = (0,00) and R{ = [0,00). Other
similar notations are defined accordingly.

e R? vectors and N¢ multi-indices are denoted by k = (k1,---,kq). When a
multi-index has identical entries, the following convention is adopted: B =
(B,--,B8) € RL. For p € (0,00], the canonical p-norm (quasi-norm when
p < 1) is defined as |k|,:= (Z?Zl kP)1/P with the usual modification for the
case p = 0o. When p = 2, the norm is the standard Euclidean norm on R?.
In this situation, the subscript is often omitted and we simply use |-|. The
following convention® is also used k® = (kf,--. kP4). Partial orders are
denoted by <,>,---. For example, j < k is understood as j; < k;, for all
i=1,---.d.

e Constants are usually designated by capital letters I, J, M, N, etc. Index
sets, domains in R?, are denoted by Fraktur letters J,J, D, etc.

e Real vector spaces are normally denoted by capital letters H, G, XY, etc.,
and their elements by small letters h, g, x, y, etc. Less often, blackboard bold
is also used to designate spaces in the following situations. First, the elements
in the space are customarily denoted by capital letters. One example is the
sample space X, which contains the observations customarily denoted by
X. The other situation is when the letter indicates a particular space, for
example, the reproducing kernel Hilbert space H of a Gaussian measure.

e The symbols <, >, ~ mean <, >, = up to a positive multiple independent of

n (or another asymptotic parameter). The constant may be stated explicitly
in subscripts, and e.g. <y means that it depends on f.

e For a normed space (E, ||-||), the closed unit ball is denoted by U(E) =
{z € E : ||z||< 1}. Given the topological dual E* of E, the duality pair

5Notice its difference with the notation k® = Hle kf i sometimes appeared in literature.
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1. INTRODUCTION

is denoted by by (-,-) : E* x E — R. The same notation is as well used
for inner products on Hilbert spaces. The notation is consistent, since for
real spaces sesquilinear form reduces to bilinear form. If there is a danger of
confusion, subscripts are used.

Consider function spaces consisting of the functions with domain © and
codomain a vector space H. The function spaces are denoted similarly as
for the real-valued case, e.g L?(D; H) the space of square integrable H-valued
functions, i.e.

/Ilf\lfqdﬂf < .
53]

For R%-valued function spaces, the codomain is often omitted.

e General operators are designated by capital calligraphic letters A, T, - - - and
Greek letters A, @, - - -, while there are exceptional cases, e.g. the expectation
operator E, identity mapping id, embedding ¢, etc.

e Let pand v be two measures. If i is dominated by (i.e. absolutely continuous
to) v, then it is denoted as p < v. If 4 < v and v < p, i.e. they are
equivalent measures, then we write u ~ v. Mutual singularity is denoted by
wl v

e The following abbreviations are used in this thesis.

almost everywhere | a.e.
almost sure a.s.

1.6 Notes

Asymptotic statistics, function spaces, are well established research fields and there
exist numerous outstanding references. We only list a very small collection here,
which by no means intends to be complete or exclusive. It is merely based on the
author’s familiarity.

Asymptotic Statistics

While written in 1940s, Crameér’s book [22] still in large captures the essence of
asymptotic theory, and additionally it well reflects the development of asymptotic
theory at the early stage. Le Cam’s noted treatise [66] largely presents the whole
picture of asymptotic methods up to 1980s. Van der Vaart’s textbook [97] is
another standard reference in asymptotic theory, which provides a comprehensive
introduction on the subject and also includes the new developments in 1990s.
The more recent monograph [36] systematically depicts the asymptotic theory in
nonparametric statistics. For the more detailed literature review, we refer to [66]
for results up to 1980s and [36] for nonparametric asymptotics.

10
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Function Spaces

Functions and function spaces serve as the fundamental element for many mathe-
matical studies, and its own study has become a independent field long time ago.
In this thesis, we do not use any advanced function spaces. Many classical results
of the modern theory of function spaces can be found in [90]. The more recent
contributions are largely collected in the sequel [91, 92, 93, 94| from the same
author.

Separability

One fact which has been less addressed is the separability of parameter space ©.
A topological space is called separable if it contains a countable, dense subset. The
previous examples of function spaces C[0,1] and L?[0, 1] are both separable. To
begin with, separability is important in terms of approximation. Since separability
imposes the existence of a countable dense subset, many approximation results
can be stated and proved using induction, without invoking axiom of choice (or
equivalently, Zorn’s lemma). In other words, the induction arguments can be
translated into implementable numerical algorithms. If the underlying space is
nonseparable, it is no longer necessarily true. Additionally, since separability is
one of the fundamental assumptions for the development of probability theory in
Banach spaces (see [67]), it is appropriate to adopt the same notion.

For a separable Hilbert space, there always exists a countable orthonormal
basis. It serves as the a cornerstone for the development of L? estimation theory.
In general, for an arbitrary separable Hilbert space H, an isometric isomorphism
can be established between H and ¢? using projection (see Sobolev smoothness
for example). The separability in Banach spaces is more involved. A separable
Banach space does not necessarily have a (Schauder) basis, while a Banach space
with a Schauder basis is necessarily separable. More importantly, Banach spaces
with Schauder bases also possess approzrimation property, which roughly means
that elements in the space can be approximated by finite-dimensional subjects.

Bayesian Methodology

The monograph [35] published in 2017 provides an extensive and thoroughly sur-
vey, covering almost all aspects, on the development of Bayesian nonparametrics
up to the publication date. In addition, very comprehensive literature reviews are
given in many places in the book. Therefore, here we simply refer to it for the
reference on Bayesian nonparametrics.
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Part I

Foundations






In Part I, we prepare the material essential to the statistical inference for
Gaussian linear models, which can be represented in the following form

XM = AMg 4 g, (1.1)

Most of the content are established subjects or relatively recent results but
known by researchers working in the relevant fields. The readers familiar with the
content may skip this part.

In Chapter 2, we survey a Sobolev type of regularity scales that characterises
the smoothness used in this thesis.

In Chapter 3, Gaussian measures on Banach spaces are introduced. Especially,
we collect the properties of Gaussian measures relevant to the statistical study of
Gaussian linear models.

In Chapter 4, we present the framework of Bayesian nonparametric inference.
In particular, we demonstrate a general contraction theorem tailored to Gaussian
linear models with transformed signals.
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Chapter 2

Smoothness Class

Smoothness, also known as regularity, characterises how ‘well” a function behaves.
A set of function spaces, each of which consists of functions with the same smooth-
ness property, is called a smoothness class. We introduce a scale of smoothness
classes, i.e. smoothness classes that are indexed by an ordered set, that is partic-
ularly suitable for studying Gaussian linear models in Hilbert space framework.

While most of the statements in this chapter are given in a general Hilbert space
setting, they can always be translated to a concrete L? function space L*(D, i),
square integrable functions on a domain ® with respect to measure p. When the
underlying domain ® is one-dimensional, the smoothness is naturally considered
to be a scalar. In the higher dimensional case, i.e. the dimension of ® being
d > 1, a function f € L?(D, 1) does not necessarily behave identically along each
coordinate direction. Hence, the scalar smoothness should as well adapt to the
multi-dimensional nature. In this chapter, we first present the isotropic scale,
that is a class of spaces parametrised by scalar-valued indices. Subsequently, the
concept is generalised to the anisotropic scale, with R?-valued indices. Studied
later in Part II, the inverse problems are placed in isotropic scales. In contrast,
for evolution equations examined in Part III, it is more adequate to consider the
spatial and temporal regularity of functions separately, and as a consequence,
anisotropic scales are used.

In this chapter, we define smoothness scales, introduce important examples
that will be used as underlying parameter spaces for the later statistical study,
and examine their properties, especially those important for establishing approx-
imation error estimate.

2.1 Smoothness scales

The parameter 6 of interest in the Gaussian linear model (I.1) is assumed to be
an element of a Hilbert space H. We embed this space as the space H = Hy in a
‘scale of smoothness classes’, defined as follows.

Definition 2.1 (Smoothness scale). For every s € R the space H is an infinite-
dimensional, separable Hilbert space, with inner product (-, -)s and induced norm
[Ills- The spaces (H;)ser satisfy the following conditions:
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2. SMOOTHNESS CLASS

(i) For s < t the space H; is a dense subspace of Hs and || f||s< || fl|+, for f € H,.

(ii) For s > 0 and f € Hy viewed as element of H_g D H,
Ifll-s= sup (f.g)o, [ € Ho. (2.1)

lglls<1

The notion of scales of smoothness classes is standard in the literature. In the
preceding definition we have stripped it to the bare essentials needed in our gen-
eral result on posterior contraction. Concrete examples, as well as more involved
structures such as Hilbert scales, are introduced in the subsequent section.

Remark 2.2 (Norm duality). The norm duality (2.1) is implied if, for s > 0, the
space H_; can be identified with the dual space H; of H; and the embedding
¢ : Hy — H_g is the adjoint of the embedding ¢ : Hy — Hj, after the usual
identification of Hy and its dual space Hf. (The three nested spaces H_4 D Hy D
Hj then form a ‘Gelfand triple’.) Indeed, by definition the image ¢*f of f € Hy =
H{ under the adjoint ¢* : Hy — H} is the map g — (¢*f)(g) = (¢g, f)o = (g, [)o
from Hs — R. The norm of this map as an element of H is supjg, <1 (¢*f)(9)-
The norm duality follows if +* f is identified with the element f € Hy C H_;.

Since every H, is a Hilbert space, one can also identify H} with itself in the
usual way, but this involves the inner product in H,, and is different from the
identification of H} with the ‘bigger space’ H_;.

We assume that the smoothness scale allows good finite-dimensional approxi-
mations, as in the following condition.

Assumption 2.3 (Approximation property). For every j € N and s € (0, 5), for
some S > 0, there exists a (j — 1)-dimensional linear subspace V; C Hy and a
number §(j, s) such that §(j,s) — 0 as j — oo, and such that

1 — ol < 8 . 2.2
Elf =gl < 8G.5) 1] (2.2)

1
< :
Iolls S gy oo, Vo € Vs (23)

This assumption is also common in the literature on numerical analysis, ap-
proximation theory, and inverse problems, etc. The two inequalities (2.2) and
(2.3) are known as of Jackson and Bernstein type, respectively, see, e.g., [12]. The
approximation property (2.2) shows that ‘smooth elements’ f € H, are well ap-
proximated in [|-||o by their projection onto a finite-dimensional space V;, with
approximation error tending to zero as the dimension of V; tends to infinity. Nat-
urally one expects the numbers (4, s) that control the approximation to be de-
creasing in both j and s. In our examples we shall mostly have polynomial depen-
dence 6(j,s) = j~*/%, in the case that Hy consists of functions on a d-dimensional
domain. The stability property (2.3) quantifies the smoothness norm of the pro-
jections in terms of the approximation numbers. Both conditions are assumed up
to a maximal order of smoothness S > 0, and it follows from (2.3) that V; must
be contained in the space Hg.

The following estimates derived from the approximation property are conve-
nient for the later study.
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2.1. Smoothness scales

Lemma 2.4. If V; is a finite-dimensional space as in Assumption 2.3 such that
(2.2) and (2.3) hold, then, for P; : Hy — V; the orthogonal projection onto Vj,
and 0 < s,t < S,

If = Bifll-e $ 60, 0)00, ) flls;  f € Ho, (2.4)

1
I _ ;. 2.

Proof. By the dual norm relation in (ii) of Definition 2.1, and the orthogonality
of f—P;f toV},

\f = Pifll—¢ = sup (f = Pjf,9)0= sup (f —P;f,g— P;g)o
llglle<1 llglle <1

<|lf = Pjfllo sup [lg — Pjgllo,
llgll:<1

by the Cauchy-Schwarz inequality. Here || f —P; fllo< 6(4, s)[| f|ls and [[g— Pjgllo<
5(4,t)|lgll+, both by (2.2). Inequality (2.4) follows.
For the second inequality we have, for g € V},

lgllo=" sup (g, f)oS sup  gll—cllflls
Feviilifllo<i FeVilifllo<t

again by the dual norm relation. Here we can bound ||f||: by || fllo/0(4,t), with
the help of (2.3). We obtain (2.5) by first bounding ||g||s with the help of (2.3)
and next using the preceding display. U

The approximation property (2.2) can also be stated in terms of the ‘approxi-
mation numbers’ of the canonical embedding ¢ : H; — Hy. The jth approzimation
number of a general bounded linear operator T : G — H between normed spaces
is defined as

(T:G— H)= inf T-U 2.6
a;(T: G — H) U:R;gwqf:”?ﬁgélll( )l (2.6)

where the infimum is taken over all linear operators U : G — H of rank less than j.
It is immediate from the definitions that the numbers §(j, ) in (2.2) can be taken
equal to the approximation numbers a;(: : Hy — Hp). The set of approximation
numbers a;(¢ : He1y — Hy) of the canonical embedding describes many charac-
teristics of the smoothness scale (H)ser. In particular, Assumption 2.3 implies
that the canonical embedding ¢ : Hy — Hj is a limit of a sequence of finite rank
operators, and hence is compact. Later we give a brief discussion in Section 2.4.

Example 2.5 (Sobolev classes). The most important examples of smoothness classes
satisfying Definition 2.1 are fractional Sobolev spaces on a bounded domain ® C
R?. For a natural number s € N the Sobolev space of order s can be defined by

Hy(D) = W*3(D) = {f € /@) : |fllsi= >_ ID*fllz2(o)< o0}

lal<s
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2. SMOOTHNESS CLASS

Here 2'(D) is the space of generalized functions on @ (distributions), i.e. the
topological dual space of the space C2°(®D) of infinitely differentiable functions with
compact support in ©; the sum ranges over the multi-indices o = (aq,--+,aq) €
({0} UN)? with |a:= Y7 a; < s; and D* is the differential operator

0%10%2 .. 0%
D® = .
a1 .02 g
Ozt x5? - - - 0x

The definition can be extended to s € R\N in several ways. All constructions are
equivalent to the Besov space B3 (D), see [92, 93].

It is well known that the approximation numbers of the scale of Sobolev spaces
satisfy Assumption 2.3 with §(j,t) = j~4/¢, see [45].

Example 2.6 (Sequence spaces). Suppose (¢;);en is a given orthonormal sequence
in a given Hilbert space H, and 1 < b; T oo is a given sequence of numbers. For
s >0, define H, as the set of all elements f = >, fi¢i € H with Y, b?* f? <
o0, equipped with the norm

7= (S bes2)

i€N

Then Hy = H is embedded in H,, for every s > 0, and the norms | f||s are
increasing in s. Every space Hy is a Hilbert space; in fact H, is isometric to
Hy under the map (f;) — (f;b5), where we have identified the series with their
coefficients for simplicity of notation.

For s < 0, we equip the elements f = )7, fi¢;i of H, where (f;) € 3, with
the norm as in the display, which is now automatically finite, and next define H
as the metric completion of H under this norm. The space H is isometric to the
set of all sequences (f;)ien With ;o f2b7* < 0o equipped with the norm given
on the right hand side of the preceding display, but the series ), _ fi¢; may not
possess a concrete meaning, for instance as a function if H is a function space.

By Parseval’s identity the inner product on H = Hy is given by (f, g)o =
> ien figi, and the norm duality (2.1) follows with the help of the Cauchy-Schwarz
inequality.

The natural approximation spaces for use in Assumption 2.3 are V; = Span(¢; :
i < j). Inequalities are satisfied with the approximation numbers taken equal to
8(j,t) = by

2.2 Hilbert Scale

As we are going to show in this section, two Hilbert spaces such that one is dense
in the other, naturally define a smoothness scale with additional structure, which
is called Hilbert scale. In many applications, the smoothness scales turn out to be
Hilbert scales.

A Hilbert scale is generated by a densely defined unbounded self-adjoint strictly
positive operator A : Dom(A) C Hy — Hy, with domain Dom(A) such that

(a) Dom(A) is dense in Hp, (i.e. ‘A is densely defined’),
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(b) Dom(A) = Dom(A*),
(¢) (Az,y) = (z,Ay) for all z,y € Dom(A), (i.e. ‘A is symmetric’),
(d) (Az,x) > k|z||?, for all z € Dom(A), and some x > 0.

The set Dom(A*) in (b) is the domain of the adjoint A* of A, which is defined as the
set of all y € H such that the map z — (Ax,y) from Dom(A) to R is continuous (see
Appendix A). Note that this depends on the domain Dom(L), which is considered
part of the definition of A and is restricted by (a) only. Together, requirements
(b) and (c) are equivalent to the requirement that A be self-adjoint.

The domain of the k-th power of the operator A is defined, by induction for
k=2,3,..., as (with Al = A)

Dom(A*) = {f € Dom(A*1) : Af € Dom(A)}, k> 1.
All powers A¥, for k € N, are defined on

Hy = ) Dom(A). (2.7)
keN

It can be shown that Ho, is dense in Hy (Lemma 8.17 in [29]). Next, using spectral
theory, fractional powers A® can be defined as well on the domain H,, for every
s € R, through integration with respect to the spectral family (E)) of A, i.e.

A° ::/)\SdEA:/ AN dE),.
R K

This allows to define an inner product on H, by, for h,g € Hy, and s € R,
(h,g)s == (A°h,A°g). (2.8)

Definition 2.7 (Hilbert scale). The Hilbert space Hy is the completion of Ho, with
respect to the norm induced by the inner product (-,-)s defined in (2.8). The
family (Hj)ser is called the Hilbert scale generated by A.

The following proposition, adapted from Proposition 8.19 in [29], lists basic
properties of Hilbert scales.

Proposition 2.8. Let A be a densely defined unbounded operator satisfying (a)—(d).
Then the Hilbert scale (Hg)secr s a smoothness scale in the sense of Definition 2.1,
with || flls< &7 flle, for f € Hy, and s < t.

In addition, a Hilbert scale possesses the following properties.

(i) If s > 0, then Hs = Dom(A®), and H_ is the dual space of Hs, i.e.
H_s = (H,)"
(i) The following interpolation inequality holds. If f € Hy,
IFIls< IFIRIANE ™, with A= (t =)/ (t =), (2.9)

for —co <r<s<t<oo.
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2. SMOOTHNESS CLASS

Furthermore, for any s,t € R the operator A'™% has a unique extension from H.,
to a bounded, self-adjoint operator A*=° : H, — H,, satisfying

(i) A= Fl= 1 f e, for € Hi.
(iv) A*=5 = AtA~.
() (%)t = A,

Somewhat abusing notation, we have denoted the extension of A!~* in the
proposition using the same symbol A*~¢. Taking s = 0 or ¢t = 0, we see that
A® . H;, — Hy and A® : H) — H_; are norm isomorphisms, for every s € R. In
particular, the unbounded densely defined operator A : D(A) C Hy — Hj that
generates the scale can be extended to a bounded operator A : Hy — Hg, by
strengthening the norm on its domain, and also to a bounded operator A : Hy —
H_4, by extending its range space and weakening the norm of its range space.
Moreover, the inverse map is a norm isomorphism A~! : Hy — Hi, and hence is
certainly bounded as an operator A~ : Hy — Hj.

The eigenvalues of A~! are closely connected to the approximation property
in Assumption 2.3.

Proposition 2.9. If A=! : Hy — Hy is compact with eigenvalues A; L0, then
Assumption 2.3 is satisfied in the Hilbert scale (Hs)ser generated by A, with
0(4,t) ~ /\§- and S = 0o. In fact, there exist linear spaces V; of dimension j — 1
such that, for s >0 and t € R,

inf [|f —glle <00, ) [fls+e, (2.10)
g€evV;

1
Igllsve S 5y ol Vo € Vi (211)

Proof. Because A~' : Hy — Hy is compact, there exists an orthonormal basis
(¢i)ien of eigenfunctions in Hy. It may be checked that f =,y fi¢; has L f =
Sien fidi *¢i, and square norm || f[|2= 3°,cn f2A; %%, provided the latter series
converges. Take V; equal to the linear span of the first j — 1 eigenfunctions. Then
F=Pif = 3s; fids and hence || =Py fllf= Yo ; FEN* S AP Ei0; JIN 272 <
A fl121,, for s, > 0, and for f € V; we have |[f[|I2,,= Y, fEA>7% <

NS P = A 11R O

The sequence spaces of Example 2.6 are one class of examples of Hilbert scales,
generated by the operator L : (f;) — (f;b;). More intricate Hilbert scales arise
from (elliptic) differential operators. These are useful in that they can incorporate
boundary conditions, which are then automatically inherited by a Gaussian prior
attached to such a scale. The following one-dimensional example is simplistic, but
illustrative.

Example 2.10 (Sobolev scales). Consider the one-dimensional negative Laplacian

A=z
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as an operator on the space C2°(0,1) of infinitely often differentiable functions
with compact support in (0,1), viewed as subset of L?(0,1), with range space
L?(0,1). On this domain this operator is not self-adjoint, but it has a self-adjoint
extension (with differentiation interpreted in the sense of distributions) to the
space of all functions f € W22(0,1) satisfying the Dirichlet boundary condition

f(0)=0=f(1). (2.12)

(See Theorem 4.23 in [41].) The eigenfunctions of the Laplacian under the Dirichlet
boundary condition are the functions x — sin(jmx), for j € N, with eigenvalues of
the order b; < j~'. The corresponding Hilbert scale can also be described as the
sequence space generated by this orthogonal basis.

Because the Laplacian is a second derivative it is natural to half the scale
parameter, or equivalently use the root negative Laplacian A := v/—A as the gen-
erator of the scale (where the root is defined through the spectral decomposition).

The boundary conditions play an important role in defining the scale. Tech-
nically they are needed to create a domain on which the operator is self-adjoint.
An alternative choice to the Dirichlet is the Cauchy boundary condition

f1(0)=0=f(1).

This leads to the sequence scale generated by the eigenfunctions x +— cos((j —
1/2)mx), for j € N, and is different from the Dirichlet scale. Again the eigenvalues
of A=1 are of the order j~'.

Incidentally, it is shown in 73] that the full Sobolev scale (s € R) of Exam-
ple 2.5 is not a Hilbert scale for any generating operator A. Also in that sense the

boundary conditions are essential.

Until now, the Hilbert scales have been constructed from Hy with the help of
a generating operator (A, Dom(A)). Alternatively, given a dense subset G of H,
the existence of a generating operator A with Dom A = G is guaranteed, as shown
in the following theorem.

Theorem 2.11. Let G and H be two Hilbert spaces such that G is densely and
continuously embedded into H such that ||g|lu< ||g|lc for all g € G. Then there
exists a unique operator A, which is positive-definite and self-adjoint, and generates

a Hilbert scale (Hg)ser such that Hy = G and Hy = H.

Proof. The A is constructed using Lemma A.8. The rest is to check that A satisfies
the properties of a generating operator. O

In Proposition 2.8, a natural duality structure is possessed by Hilbert scales,
ie. H_s = (H,)*, given s > 0. Now we are going to have a closer look at the norm
duality mentioned in Remark 2.2 and its connection to Hilbert scales. First let us
recall a noted duality structure.

Definition 2.12. Let G and H be two Hilbert spaces such that G is a dense subset
of H and the canonical embedding G — H is continuous. The triplet

GCH=H"CG*

is a Gelfand triple, where the subsets are dense in all bigger spaces.
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2. SMOOTHNESS CLASS

Remark 2.13. The Gelfand triple is a well-defined object, see Lemma A.7. Its
general version is that the pivot space H is a Hilbert space and the dense space
G is a reflexive Banach space, but for this thesis it is sufficient to only work with
Hilbert spaces.

We further elaborate on how to identify dual spaces with the spaces with
negative indices in Hilbert scales.

Lemma 2.14. Let {H;}ser be a Hilbert scale. For any fized t > 0 and f € H_q,
the mapping,

JH_y — (Hy)",
(T)9) = (Af.9)p, (2.13)

with the generating operator A of {Hs}scr, is an isometric isomorphism between
H—t and (Ht)*

Proof. It is convenient to recall that A* : H,,; — H, is an isometric isomorphism.

For f € H_y, the map g — (f,g) , is a bounded linear functional on H;, and
therefore by the Riesz representation theorem, there is a unique gy € H; such that
for all g € Hy,

(fs 9>H_t = <A_tfaA_t9>H0 = <A_2tf> 9>H0 = <AtA_4tfa At9>H0 = <9f79>H,,7
where g; = A= f. Consequently, for any f € H_; and g € Hy,
(T = A" f.g)y, = (A f,9)m,

Conversely, if ¢ € H} is a bounded linear functional on Hy, then again by the
Riesz representation theorem, there is a unique hy € Hy such that

0(h) = (he,h) gy, = (N fo,h) g,

where f; = A**hy € H_;. Furthermore, since || f¢|lg_,= ||hel m,,

\T(fo)(P)|= [ER)[< el o, Bl = [ fell 1Pl .

which implies [|€[|g; < || fe|lz_,. On the other hand,

CAT? fo) = (he, A2 fa) g, = (A" fo, A" fo) gy = | fellr_,-

Because || fi||zz_,= |||z, , the preceding equation implies ||€||> || fellm_, -
Combining the results above, we conclude that J : H_; — (H;)* is an isometric
isomorphism. O

The connection between Gelfand triples and Hilbert scales is stated in the
following result.

Theorem 2.15. Let (Hy)ser be a Hilbert scale. Then, (Hsit, Hs, Hs—t) is a Gelfand
triple. Conversely, for any Gelfand triple (G, H,G*), there exists a unique Hilbert
scale (Hg)ser such that Hy = G,Hy = H, and H_; = G*.
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2.2. Hilbert Scale

Proof. Identify the dual space (H)* of H, with itself. the first statement follows
the same argument from Lemma 2.14 with

J:Hey — (Hepy)",
(THg) = (A f,9) .-

The second part is a corollary of Theorem 2.11. O

2.2.1 Relation to Boundary Conditions

Boundary conditions play an important role in the formulation of multi-dimensional
problems, and Hilbert scales naturally cope with this issue. While for functions
with domain an interval of the real line a boundary condition just concerns the val-
ues at the two endpoints of the interval, on multi-dimensional domains boundary
conditions are a subtle issue. In the latter case the boundary is itself a continu-
ous, possibly multi-dimensional, domain, and the boundary condition will involve
a space of functions defined on the boundary, an infinite-dimensional space. Gen-
erally speaking, Hilbert scales are useful in the sense that the functions in the
Hilbert scale automatically satisfy the boundary condition if L is chosen properly.
It is tightly connected to the Hilbert (L?) theory of elliptic equations.
To see this in more detail, consider the case of a partial differential equation

Lu = f, (2.14)

where £ is a second order elliptic differential operator, and u, f : ® — R are
functions on a bounded domain ® C RY with sufficiently regular boundary (so
that trace operators are well-defined). Given f € L2?(®), different choices of
the domain Dom(L) of the operator L lead to different realizations of solution
spaces. The closure of £|ce(p) as an operator in L?(D) is known as the minimal
realization associated with £, denoted L., (c.f., Definition 4.2 in [41]). On
the other hand, the maximal realization, denoted L, 4., has domain of definition
{u € L3(®) : 3f € L*(D) such that Lu = f weakly} (see Definition 4.1 in [41]).
In the one-dimensional case when ® is a bounded interval in R, the domains
Dom (L) and Dom(L 4. ) of the two operators differ only by a two-dimensional
space, but when d > 2 the difference is an infinite-dimensional space. Moreover,
the domain Dom( L4, ) of the maximal realization can be larger than the canonical
Sobolev space W22(D), see Example 2.5 for the definition. In this section we also
use

WD) = {f € WF2(D) : D flon=0, |a|< k — 1}, E=1,2,---,

which is the closure of C°(®) under W*2-norm.

In the definition of a Hilbert scale it is assumed that £ is self-adjoint, which
requires both the structural property (Lxz,y) = (x, Ly) and that the domains of £
and its adjoint £* be identical. The domain of L* is determined by the domain of
L (see Appendix A) and hence the latter must be chosen carefully.

As an example, consider the operator £ = —A, where A is the d-dimensional
Laplacian. Given Dom(Lin) = Wg* (D) (see Theorem 10.19 in [84]), L,nin is too
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2. SMOOTHNESS CLASS

small to be self-adjoint. Indeed, by the Green’s identity (only real functions for
simplicity)

/@(Au)vdx_/gu((A)Tv)der/ ud,v — (,u)vdo,

0D

where (—A)T is the formal adjoint and 9, is the directional derivative in the
direction of outward pointing normal v to the surface element do. This implies that
D(—AY) D W22(@) N W, (D) 2 W*(®). On the other hand, Dom(Lye.) O
W?22(D) is too big (see Exercise 11.10 in [84] for example). There are several
self-adjoint extensions £ of the minimal operator L£,,;, that represent boundary
conditions. For example, £ = —A with Dom (L) = Wi (D) has a self-adjoint
extension —Ap with Dom(—Agp) = W22(D) N W, (D), corresponding to the
Dirichlet condition f|so= 0 (Theorem 10.19, [84]). For the Neumann condition
% |lao= 0, one may use the variational form of —Awu = f (see Section 10.6.2, [84]),
to show that there exists a self-adjoint extension —A n with domain Dom(—Ay) =
W12(D) (Theorem 10.20, [84]).

In the situations given above, v/—A can be defined using the spectral mea-
sure of the self-adjoint extension of —A. Consequently, the Hilbert scale (Hy)qcr
generated by v/—A (see Definition 2.7) is the scale of Sobolev spaces W‘S’Q(@)
of (generalized) functions u € W*2(D) that satisfy the corresponding boundary
condition. More advanced techniques, such as the pseudo-differential method, are
necessary for more sophisticated boundary conditions, see [41, 55].

It is reasonable to consider Sobolev scales of functions that satisfy bound-
ary conditions, since the existence and uniqueness of the solution of the forward
problem (2.14) is proved by establishing the fact that £ is isomorphism between
Sobolev spaces satisfying boundary conditions, see [55]. As an immediate conse-
quence, the isomorphism of the forward operator A = £7! is clear in the context
of the corresponding inverse problem in form (I.1).

2.3 Smoothness in Higher Dimensions

In this section, we briefly review how to construct Hilbert spaces of functions on
higher dimensional domains. We adopt the convention of notations for multidi-
mensional vectors and multi-indices from Section 1.5.

First we recall some facts about tensor products. Let Hy, Ho be two real
separable Hilbert spaces. For each f; € Hy, fo € Ha, define a bilinear form f; ® fo
acting on H; x Hs such as

fr® fa(ha, ha) i= (fi,ha) g, (f2, ho) gy, -

On the set .7 of finite linear combinations of the bilinear forms defined above, one
can define an inner product

(f1® f2..01 ®92) 7 = (f1,91) 11, (f2: 92) 1, - (2.15)

The tensor product of Hy and Hs is the completion of . under the inner product
defined in (2.15), denoted by H; ® Hs. A tensor product space inherits a base
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2.3. Smoothness in Higher Dimensions

from the original spaces. That is, if {¢;} and {9;} are orthonormal bases for H;
and Ho, then {¢; ® ¢;}; ; is an orthonormal basis for H; ® Hs.

We are only interested in the case that H; and Hy are L? spaces on Euclidean
domains. The results needed are summarised in the following theorem.

Theorem 2.16 (Theorem I1.10, [81]). For i = 1,2, let (D;, ;) be measure spaces
such that L*(D;, ;) are separable. Then, the following statements hold.

(i) There is a unique isomorphism from L*(D1,u1) ® L?(Da, u2) to L?* (D1 ®
Do, p1 Q p2) such that
feg—fg.

(i) Let Hbea separable Hilbert space. Then there is a unique isomorphism from
L?(D1, 1) ® H to L*(D1, u1; H) such that

f(z)®@ h— f(z)h.

(iii) In particular, there is a unique isomorphism from L?(D1 @ Da, 1 ® o) to
L?(D1; L*(Da, pa)) such that

f(xay) — (LU — f(l’7))7
and
/ )P dedy = [ £ )20, 0 do
D1 XDo D1

2.3.1 Multi-dimensional Smoothness

Sobolev spaces on multi-dimensional domains are defined using the general state-
ment from the previous subsection. Throughout this subsection, we assume that
D is a bounded domain in R¢ with sufficiently regular boundary, e.g C* with k € N
larger than the order of £ as in Section 2.2.1.

Let Hy be L*([0,T]; R) and Hy be L?(D;R) We will omit the codomain if it is
the real space R. Following from Theorem 2.16,

L2([0,T]; L*(9)) = L*([0, T] x @) = L*(®) ® L*([0,T]) = L*([0,T]) ® L*(D),

Moreover, by Theorem 2.16, if there exist orthonormal bases {(;};cne for L?(D)
and {¢;}ien for L*([0,T]), the tensor orthonormal basis {@; ® 9;}(; jjena+ is
an orthonormal basis for L?(D) ® L2([0,T]). In particular, there exists a unique
isomorphism from H ® L2([0,T]) to L?([0,T]; L*(D)) so that ¢ @ f(t) — @f(t).
As a consequence, for any element f € L*([0,T]; L*(D)), it admits the following
representation

flat)y= > fopei@bit)= > fapnei(x);(t),

(4,5) ENF1 (4,4)ENd+L

with

fag) = (f(2,1), 08 @ V) L2(daxar) = ]/@f(ﬂﬂ,t)%(l’) dz 1;(t) dt.

[0,T
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2. SMOOTHNESS CLASS

Introduce ®7 := ® x [0,T]. The tensor space is isomorphic to the ordinary
space L?(D7), by the isomorphism statement above. On the other hand, the
series representation above sheds light on how to obtain concrete smoothness scales
centred at L?(Dr).

Consider an arbitrary L? space L? (35) with a bounded domain ® ¢ R™,m € N.
Since it is a separable Hilbert space, there exists an orthonormal basis {¢f }renm .
By abstract Parseval’s identity, any function f in L2(5) admits a series expansion
such that f =", fupr in L? sense. With a multi-index 8 = (81, -+, Bm) € R,

an anisotropic smoothness class is defined to be the completion of

F=Y" frex

keNm™

) 1/2
£l 1= (Z ‘/\f) f;f) <oy, (2.16)

keNm™

where A = (Mg, -+, Ag,,,) for k € N™, and
1/2
28;
-, (5

i<m

Similarly, the type of smoothness classes above can be introduced to sequence
spaces. Let ¢?(N™) with m € N be the m-dimensional square integrable sequence
space, i.e. for any f = {f}renn € £2(N™),

1/2
[ fllez= ( > f/?) < 0.

keNm

The anisotropic ellipsoid kg with 8 € R7 is the completion of the set f € £*(N™)
such that, with same {Ag }x,

1/2
[ fllne= ( > |>\§|2f;3> <00 (217)

keN™

under the norm ||-||;,,.
The Sequence space is convenient as we often deal with the coefficients. Once
the basis {¢k}renm is fixed, given f =", frer and f = {fi}renm, we have the

isometry, _ _
Ifll2= [ fllezs  [[f1lze= Ilfllns-

Remark 2.17. Tt is worth noting that so far we only assume that {¢x} is an
orthonormal basis of L?(®) and the smoothness is characterised by weighted ¢2
norms of the coefficients. In order to establish the connection to canonical Sobolev
spaces, additional requirements are necessary, see the upcoming subsections.

Different types of smoothness might be more suitable for various problems. As
we will see in the study of the inference for evolution equations in Part III, for the
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2.3. Smoothness in Higher Dimensions

recovery of an initial condition, a type of spatial smoothness classes is expected,
while for the recovery of a drift term, we need to introduce a proper smoothness
class to describe the space-time regularity. To distinguish the different types of
smoothness, we call a smoothness class isotropic when the smoothness index 3
satisfies 3; = B; for all 7, j < m, or otherwise anisotropic.

It is also convenient to introduce the harmonic mean, which will be used to de-
scribe the ‘balanced’ smoothness of anisotropic Sobolev spaces (see Section 10.4).
For a multi-index § € R, the harmonic mean is defined as

s (1/Bi)

Below we collect some elementary but useful lemmas related to the harmonic
mean, which will be used mainly in Part III. We restrict to the case that \;, ~
ki,i=1,---,m, in (2.16).

H(B) = (2.18)

Lemma 2.18. Given a multi-inder o = (a1,---,ap) € R, if H(a) > m/2, then
> e [k 72 s finite.

Proof. Since |k%|?= Dicm k2 > L [licm kfai/m7
S e 3 Tk
keNm EEN™ i<m
Introduce the hypercubes
Con={keN":k < nH(a)/a¢7 i=1,---,m},

where the constants are independent from m,i and n. The number of points in
N™ covered by C,, is #C,, ~ n™, and consequently #[C,\C,,_1] ~ n™~1. Hence,
the summation can be estimated as,

Z Z H ki—QOéi/m ~ Z nm71n72’H(a)'

nENkE[C,\Cr_1]i<m neN
The result immediately follows. O

The following elementary lemma entitles us the freedom to choose between
equivalent norms.

Lemma 2.19. Let B = (B1,---,Pm) € R and k = (ky1,---, k) be a multi-index.
Then, with a constant only dependent on m,

m m 2
KPPR= "k~ (Zk6> :
i=1 i=1
In particular, if b1 =+ = Bm = B > 0, for any q € [0, 0],
B~ B
[ P

where the constant is between 1 and m.
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2. SMOOTHNESS CLASS

Proof. The first equivalence is elementary. The second one is argued as follows.
Recall ||, is the p-norm on R?. From power mean inequality one can derive
[v|,< |v|,< d/"=Y/P|y|, for 0 < r < p. The proof is concluded by applying the
inequality to k% with 8= (3,---,8) € }R‘j_. O

The following lemma provides an error estimate on the truncation of a sequence
in an anisotropic Sobolev ellipsoid, which can be easily translated to the projection
in a Sobolev space.

Lemma 2.20. Let Py be the projection of a sequence to the coordinates
{k<N:ki<Ni, zgm}
with N = (N1,---,Np,). For f € hg with Ay, ~k;,i=1,---,m,

IPnf = i< | D0 N2 IR,

i<m

In particular, when N; ~ n™®B)/Bim) e have [] ~n and

z<m

1PN f = flleeSm n—”’“‘@/mnfllhﬁ-
Proof.

IPxf=FlE< Y| D D ] =D S

i<m | k>N, kjEN: i<m
j<m
J#i
The items S; can be bounded from above by,

KP _
T Z' <N,

ki>N; kjeEN:
j<m
J#i

O

Using the lemmas above, one can show that the anisotropic smoothness class
is a multi-dimensional version of a smoothness class.

Corollary 2.21. Consider an anisotropic smoothness class defined in (2.16) with
Me; = kiyi = 1,--+,m, then it is a (multi-dimensional) smoothness scale in the
following sense.

(i) For s <t,i.e s; <t; foralli <m and s; < t; for at least one i < m, the
space Hy is a dense subspace of Hg and || fl|sS || flle, for f € He.

(i) For s > 0, i.e. s; >0 for alli < m, f € Hy can be viewed as element of
H_ ;D Ho,

[fll-s= sup (f,g9)o,  f € Ho. (2.19)
”gl‘sgl

Furthermore, Assumption 2.3 is satisfied with 6(j,s) ~ j~H)/m,
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2.4 Approximation Number and Metric Entropy

The jth approximation number of a bounded linear operator T : G — H between
normed spaces is defined as

a;(T:G—H)= U:R;EEU<;‘”T —Ullg>m, (2.20)

where the infimum is taken over all linear operators U : G — H of rank (i.e.,
dimension of the range space) strictly less than j, and the norm on the right is the
operator norm || =U||lg—u= sup s, o<1 (= U) f|| . The approximation num-
bers measure the possibility of approximating an operator by simpler operators
of finite-dimensional rank. There is a rich literature on approximation numbers.
The main purpose of the present section is to note their relationship to singu-
lar values and to metric entropy. Metric entropy plays an important role in the
characterization of contraction rates of Bayesian posterior distributions.

If G C H, we can take T equal to the embedding ¢ : G — H, and then by
linearity we see that there exists an operator U of rank smaller than j such that

If =Uflas a;j(e: G = H)||fla,  Yfed.

If H is a Hilbert space, then the minimizing finite-rank operator U is of course
the orthogonal projection P; on V;. However, the approximation numbers also
‘search’ an optimal projection space. If we take G = Hg and H = Hj, then the
range space V; of U satisfies the approximation property (2.2), with the numbers
d(j, s) taken equal to the approximation numbers a; (¢ : Hy — Hp).

The approximation number is an example of an s-number, as introduced in
[76]. In general s-numbers are defined as maps 1" — (s; (1)) oy, attaching to every
operator T a sequence of nonnegative numbers s;(T), satistying certain axiomatic
properties. In general, approximation numbers attached to operators T': H —» H
are the ‘largest’ possible s-numbers, but on Hilbert spaces there is only one s-
number: all s-numbers are the same (see 2.11.9 in [77]). Because the singular
values are also s-numbers, the latter unicity yields the important relation that the
approximation numbers of operators on Hilbert spaces are equal to their singular
values. Recall here that the singular values of a compact operator T': G — H are
the roots of the eigenvalues of the self-adjoint operator 7*T : G — G.

The finite-rank approximations U that (nearly) achieve the infimum in the
definition of the approximation numbers for different j are not a-priori ordered.
However, in many cases there exists a basis (¢;);en such that the projections on
the linear span of the first j — 1 basis elements achieve the infimum. For Sobolev
spaces e.g. spline bases, the Fourier basis, or wavelet bases are all ‘optimal’ in
this sense (see [18, 79]).

Approximation numbers are strongly connected to metric entropy. In the lit-
erature the connection is usually made through the notion of ‘entropy numbers’,
which are defined as follows. The j-th entropy number e;(T) of an operator
T : G — H is defined as the infimum of the numbers € > 0 so that the image
T(Ug) C H of the unit ball Ug in G can be covered by 27=1 balls of radius ¢ in
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2. SMOOTHNESS CLASS

H; or more formally, with Uy the unit ball in H,
e;(T) = mf{e >0:T(Ug) C U (h; +eUpg), for some hy,..., hgi_1 € H}

The function j +— e;(T) is roughly the inverse function of the metric entropy of
T (Ug) relative to the metric induced by ||-||z. Recall that the metric entropy of a
metric space (U, d) is the logarithm of the covering number N (g, U, d), which is the
minimal number of d-balls of radius € > 0 needed to cover the space U. Presently
we consider the metric entropy H(e,T) = log N(e,T(Ug), |||lzr) of T(Ug) under
the metric of H. Roughly we have that

N(e, TUe), l'lm) =271, if (7)) ~e.

If we use the logarithm at base 2, then the map ¢ — H(e,T) is approximately
inverse to the map j — e;(T).

Now it is proved in [26] that for any operator T : G — H between Hilbert
spaces with infinite-dimensional ranges:

ej1(T) < 2a541(T) < 2v2e;.5(T),

for any natural numbers j, J satisfying:

J
. 3a;(T)
jlog2 > 2 log ————.
; ay+1(T)
As shown in [26] this relationship between entropy numbers and approximation
numbers may be solved to derive the entropy number from the approximation
numbers in many cases.
The following lemma gives one example, important to the present thesis.

Lemma 2.22 (Metric entropy). For a smoothness scale (Hs)ser satisfying (2.2)
with 6(j,8) = j7°/¢, and s > 0 and t > 0,

log N(e, {f € Hy : || flls< 1}, ||| o) ~ e= ¥/ CH0. (2.21)

Proof. By (2.5) the approximation number a;(¢ : Hy — H_;) is of the order
5(4,8)8(j,t) = j~*+8/4 It is shown in [26] that the entropy numbers e;( : Hg —
H_;) are of the order j~(*+9)/4_ By the preceding reasoning this can be inverted
to obtain the order of the metric entropy of the image of the unit ball in H_;. [

Similarly, the results attained above can be extended to the multi-dimensional
scale as follows.

Lemma 2.23. Let hg(N™) be a Sobolev ellipsoid given in (2.17). When 3 > 0,
i.e. B; >0, for all 1 < i < m, then both the approrimation number and entropy
number of the canonical embedding v : hg(N™) — ¢2(N™) are of the order

aj(t:hg — 2) =~ ej(L: hg — £2) o j7HO/m,
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Proof. Let Py be the truncation of a sequence to {k < N : k; < N;, i < m} with
N = (Ni,--+,Np,). From Lemma 2.20, for the truncation at n coefficients, i.e.
HKm N; ~ n, the minimal projection error

1P fo = follez Sa 0™ ™ £l

is achieved when N; are balanced, i.e. N; ~ n*®B)/(Bim) for all i+ < m. This
estimate leads to the upper bound of the approximation number

an(t: hg — £2) Sgn HB/m,

Taking a sequence whose only nonzero entry is 1 and its multi-index satisfies
k; ~ nMB)/(Bim) for 1 < i < d, it is also straightforward to show that

an(t:hg — 62) pe n~HB/m

Then by the uniqueness of s-number on Hilbert spaces, we conclude that the
entropy number is of the same order as the approximation number. O

Corollary 2.24 (Metric entropy). Under the same assumption in Lemma 2.23, the
metric entropy is given by, ase |0,

H(g,) = 10gN<5, {f€ehg:|fllns< 1}, |.||€2> ~ oM/ HB)

Proof. The proof is same as Lemma 2.22 and hence is omitted. O

In a similar way it is possible to invert approximation numbers that are not of
the polynomial form j /4. There are many examples of this type, for instance,
involving additional logarithmic terms, or exponentially decreasing rates. We defer
the related discussion until Chapter 10 in Part III.

2.5 Notes

Hilbert scales

Hilbert scales and the relate concepts such as Gelfand triples have been studied be
many authors from various fields with different motivations. The Gelfand triples
were introduced in [32] to study the theory of generalised functions'. The idea
of scales of function spaces can be traced back to Krein’s work, [62, 63|, whose
main focus was on the interpolation theory of linear operators. In [28], rigged
Hilbert space was studied under another name ‘Sobolev towers’ in the context of
operator semigroups. In the field of stochastic analysis, Hilbert scales can be found
in Hida’s analysis of white noise functionals (as known as generalised stochastic
processes) [47], and it is also used to construct the solution spaces in some studies
of stochastic partial differential equations [48, 85]. Its application in regularization
theory can be found e.g. in Chapter 8 of [29]. For the application in physics, we
refer to the survey paper [31].

1'We would like to point out that [32] contains a flaw as addressed by the translator. On the
bottom of page 122, the translator raised a concern on the proof of spectral theorem of normal
operators in rigged Hilbert spaces. The correct proof is given in [40].
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Compactness

Compared to separable spaces mentioned in the Section 1.6, the elements in a
compact space can be estimated by a finite dimensional approximation but yet
retaining reasonable accuracy. This property is important for any estimation pro-
cedure. [50] systematically describes the connections between compactness and
statistical estimation. Applications can be found in [51, 52], which are also re-
lated to Part III of this thesis.
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Chapter 3

(Gaussian Analysis

The study of Gaussian distributions has been an active field since the first invention
of the normal distribution by Gauss in the nineteenth century. By generalizing
the elementary concepts of mean and covariance of a Gaussian distribution to
vector spaces, it leads to the study of Gaussian measure on vector spaces. The
importance of Gaussian measure cannot be overstated. One classical example is
Brownian motion, investigated by Wiener in the first half of the twentieth century,
which is the central achievement in the development of stochastic processes. In
1940s and 1950s, several attempts to develop stochastic integration theory with
Brownian motion as the integrator resulted in the well known Ito and Stratonovich
calculus, which were later generalized to more general integrators such as Lévy
process. In seventies, Malliavin in his celebrated seminal work established the
stochastic version of the calculus of variation, now known as Malliavin calculus.

Gaussian analysis is also of great importance in applications. In 1973, Black
and Scholes published the famous Black-Scholes formula, which revived the math-
ematical study of financial market using Gaussian models, which can be traced
back to Bachelier’s work in 1900. Since then, the stochastic differential equation
driven by Wiener process has been a fundamental tool to construct many market
models, see e.g. [86].

First, in Section 3.1 we give an overview on measures on Banach spaces. Gaus-
sian measures are introduced in Section 3.2. We also briefly discuss how to radonify
cylindrical Gaussian measures in Section 3.3.

In this chapter, we always consider the following situation, unless explicitly
stating otherwise. Let (E, ||-||) be a separable Banach space. Denote its (topologi-
cal) dual space by E* with the (canonical) duality pair by (-,-) : E* x E — R, i.e.
(z*, ) := z*(x), and its Borel o-algebra by #(FE) (or simply £).

3.1 Probability Measures on Banach Spaces

A Gaussian measure can be defined at different levels of generality. While it is
standard to consider locally convex topological space as the working space when
studying Gaussian measures, it is sufficient for us to only consider Gaussian mea-
sure on separable Banach spaces. Actually, we even only use the results of Gaussian
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measures on Hilbert spaces, but it does not require many extra efforts to state the
theory in Banach spaces. Since completeness is standard, we explain in short the
reason for imposing separability. First, since the parameter space © is separable
and the transform operator A is bounded, A(©) is necessarily separable, because
separability is topologically invariant. Therefore, it is reasonable to only consider
the case that A(©) embeds in another separable space. Consequently, it is suffi-
cient to define the Gaussian noise in a separable space. Second, when introducing
Gaussian priors, the parameter space O is also assumed to be separable. Hence,
separable Banach spaces are sufficient to serve our purposes.

We first consider some properties of general probability measures on vector
spaces. The following type of probability measures is of special interest to us, as
many theorems below use it as a premise.

Definition 3.1 (Radon measure). A finite Borel measure p on a Hausdorff topo-
logical space E is a Radon measure if

w(B) =sup{u(K): K C B, K compact},
for each B € A(F).
Due to the following result, we will always deal with Radon measures.

Theorem 3.2 (Theorem 3.1, Chapter II, [96]). Every Borel probability measure on
a Polish space, i.e. a complete separable metric space, is a Radon measure.

When considering a probability measure, the o-algebra has great influence on
the properties of the probability. The following remark explains why it is always
sufficient to consider Borel o-algebra.

Remark 3.3 (Choice of o-algebra). Strictly speaking, probability measures on a
vector space E are defined with the cylindrical o-algebra € (F) generated by
the cylindrical sets of E (see Section 3.3), the smallest o-algebra such that all
continuous functionals in E* are measurable. However, for a Féchet space F,
€ (F) = #(F). Since all separable Banach spaces are Féchet, there is no need to
distinguish ¢ and % in our setting. See Appendix A.3 in [8].

Fourier transform is a useful tool for showing the uniqueness of measures.

Lemma 3.4 (Uniqueness of measures by Fourier transform (Lemma 7.13.5, [9])).
For a measure p on (E, %), its Fourier transform, also known as characteristic
functional, 1 is defined by

piE S A= [ 1 (o).
E
Two measures on ¢ are identical, if they have same Fourier transform. In partic-

ular, it is true for Radon measures.

For a random element in an infinite-dimensional Banach space E, the most
fundamental concepts, mean and covariance, are defined as linear actions on the
dual space E*. While, topological support is also important for measures on vector
spaces, on the contrary to measures on Fuclidean spaces.
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Definition 3.5. Let y be a probability measure on (FE, %) such that E* C L?(p).
The mean is an element a, in the algebraic dual (E*)’ of E* satisfying

anf = /E 1(@) p(de).

The covariance operator C,, : E* — (E*) is given by
Cu(H)(g) = /E [f(2) = au(Hl9(x) — an(9)] u(de). (3.1)

The topological support of 1 is the smallest closed set S, € E such that

H(E\S,) = 0.

Remark 3.6. The general definition of mean and covariance is given by replacing
FE by a locally convex topological space and % by the o-algebra generated by
cylindrical sets, see Section I1.3 and IIL.2 in [96].

Similar to the finite-dimensional case, the existence of mean and covariance
relies on certain moment conditions. Let the law of X be y on E. The pth-weak
moment of X is given by

my(X) = s /E s (3.2)

fevu(e~

where U(E*) is the unit ball of E*, and E| X||” is the pth-strong moment. The
criteria for the existence of mean and covariance are given as follows.

Lemma 3.7. Let X be a random element on E with distribution .
(i) If u is Borel measurable and E|| X | < oo, then a, is an element of X.
(i1) If p is Radon and ma(X) < oo, then C,,(E*) C E.

(iii) If  is Radon and E||X|* < oo, then in addition to (ii), C.:E*—= FEis
nuclear, i.e. it admits the representation,
Cuf = K (fra5) by,
JEN
where {a;},{b;} are sequences in E such that ||a;||=||bj||=1 for j € N, and
{x;} is a real sequence such that |k |< oco.
Proof. The statement (i) is Lemma 2.1 in [100], and the rest are Theorem 2.1 and
2.3 in chapter III, [96]. O

Some properties of the covariance operator C,, are summarised in the following
lemma.
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3. (GAUSSIAN ANALYSIS

Lemma 3.8 (Factorization of covariance operators.). Let u be a Radon probability
measure with finite second order strong moment. The covariance operator C,
E* — E, given by

Cov(f(X),9(X)) = (f.Cug), [.g€FE,
is symmetric, i.e.
<fvcug>:<g7cuf>’ f,gEE*,
positive!, i.e. Var f = (f,C.f) >0 for all f € E*.

In addition, there exists a Hilbert space H and a bounded linear operator S :
E* — H with its dual S* : H — (E*)*, whose range is S*(H) C E, such that the
following factorization holds,

C,=S"S.
In particular, C,(E*) = 8*(H).

Proof. The factorization is Lemma 1.1 and 1.2 in chapter III, [96]. The rest are
immediate consequences from the definition. O

In Lemma 3.8, the factorization is not unique in the following sense. If there
exists another Hilbert space H and an isometry U : H — H, then C,, can as well

be factorized as C,, = S*S with
S=US:E*—>H and S =8U"':H— E*

We will see in the next Section 3.2, that for Gaussian measures there is a natural
choice of H. However, the factorization offers additional flexibility in terms of
calculation, see also Section 3.3.

3.2 Gaussian Measures

The Gaussianity of a random element on Banach space E is characterised by
the continuous functionals in E*. Due to Remark 3.6, it is sufficient to consider
measures on .

Definition 3.9 (Gaussian measure). A probability measure v on (E, %) is called
Gaussian if, for any f € E*, the induced measure yo f~! is a Gaussian distribution
on R. A random element X in F is Gaussian if its law is Gaussian.

Directly from the definition, the quantity E||X||? is finite for p = 1,2. Conse-
quently mo(X) also exists. Because of Lemma 3.7, for X, its mean a, of X is an
element of E' and the mapping a, : E* — E is bounded. If a, = 0, we say it is a
centred (i.e. zero mean) Gaussian measure. In addition, the covariance operator
is given by a symmetric positive nuclear operator C, : E* — E.

As an analogy to finite-dimensional Gaussian distributions, one may conjecture
that the Gaussian measures on vector spaces are as well uniquely determined by
its mean and covariance. It turns out to be true due to the lemma below, taken
from Proposition 2.8, Chapter IV, [96].

1To be precise, it is positive semi-definite or nonnegative definite. However, we use the term
‘positive’ for brevity, and strictly positive if (f,C, f) > 0 for any f # 0.
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3.2. Gaussian Measures

Lemma 3.10 (Fourier transform and uniqueness of Gaussian measures). For a
Gaussian measure v on E with mean a, and covariance operator C, its Fourier
transform is given by

A7) = expli f(ay) — 5 (£:C ).

As shown in Lemma 3.10, the Fourier transform of Gaussian measures only
involves the pair (a,,C,). Then by Lemma 3.4, Gaussian measures are completely
determined by its mean and covariance. Henceforth, we will use the notation
NE(ay,Cy) to denote a Gaussian measure on E with mean a, and covariance
operator C,. In addition, the following corollary is an immediate consequence of
Lemma 3.10.

Before starting investigating fine properties of the covariance structure, we
collect two celebrated inequalities demonstrating the fundamental properties of
Gaussian measures, i.e. isoperimetric inequality and exponential tail property.
For the detailed discussion, we refer to Section 3.1 in [67].

Lemma 3.11. Let the law of X be a Gaussian measure v on a separable Banach
space E.

(i) Borell’s inequality. With o = ma(X) given in (3.2), we have

t2
P X||-E|X t)] <2 —— 7.
([1x1-Enxn] > 0) < 2em0{ - 5 )

(ii) Ezponential tail (Fernique). There exists a positive constant « such that
/ eellell® ~v(dz) < o0.
E

3.2.1 Covariance Structure

We are going to look closely on the covariance structure of a Gaussian measure
NE(cy,Cy). The following two subspaces of E* and E respectively play an im-
portant role in shaping the Gaussian covariance structure.

From the definition, [|f||72(4) is finite for all f € E*. Hence we can introduce
the following definitions.

Definition 3.12 (Reproducing kernel Hilbert space & Cameron-Martin space). For
a Gaussian measure 7y on a separable Banach space F, define an embedding

J:E* = L*y), f~ f—a.f, (3.3)
which is continuous because of the finite moments.

(i) The reproducing kernel Hilbert space (RKHS) of the measure 7 is defined as
the closure of J(E*) in L?(7), denoted by E%, which self is a Hilbert space
equipped with L2(v) inner product.
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3. (GAUSSIAN ANALYSIS

(ii) The Cameron-Martin space is a subspace in E defined as
M, = {h €E: |hlu,< oo},

where

[Bliz,i=sup { F(h) : f € B, 1|T(Nlzay< 1} (3.4)

Remark 3.13 (Gaussian covariance operator). Consider the following extension of
the covariance operator C, to EZ,

K, : B — EC (E",
(K )(g) = /E f@g(@) - aygr(dz), fEEL geE.  (35)

Notice that, if 7 is centred, Ky is just the continuous extension to EZ by bounded
linear transform theorem (Theorem 1.7, [81]). In the case of general Gaussian
measures, for any f € E*, K,f coincides with C,(f — af) (the original one
defined in (3.1)), where f —a,f € EJ, as elements in (E*)', although f is not
necessarily in E if a, f # 0. From now on, for a Gaussian measure, y the operator
K, is understood as in the extension of C, as in (3.5).

Notice that the elements in EJ are centred by the mapping J. The following
lemma shows that in fact they are also Gaussian.

Lemma 3.14. Let the law of X be a Gaussian measure y. For arbitrary f € E7,
f(X) is a centred Gaussian random variable with variance

BUCON = [ £ =111,

Proof. Tt follows from the fact that the limit of a Gaussian sequence converging
in probability is Gaussian. For the detail, see Lemma 2.2.8, [§]. O

The usage of the term RKHS is not consistent in literature: it may refer to
both EZ and H,. But this does not really cause any troubles in practice, as in fact
EZ and H., are almost mutually replaceable, as shown in the Lemma 3.15 below.

Lemma 3.15. Let v be a Gaussian measure on a separable Banach space E. An
element h € E belongs to H if and only if h = KC,h for some functional h € E7.
In addition, R

e, = (|l L2y (3.6)

Consequently, K : E — H., is an isometric isomorphism and H, = K, (E) is a
Hilbert space equipped with the inner product

<h17h2>]1-117 = <ﬁ17ﬁ2>L2(7)7 (3.7)

where IC.YE- = hy, fori=1,2.

40



3.2. Gaussian Measures

Proof. suppose |h|g, < co. Define a linear mapping
O, E* >R, e [Tf(R).

It is well-defined, since |®p, f|< || T fl/z2(y)|h|m, from the definition (3.4), which
also implies that ®;, is continuous with respect to L?(y) norm. Then by BLT
theorem (Lemma A.4), there is a continuous extension of @5, to EZ, denoted with
the same symbol. Consequently, by Riesz representation theorem, there exists an
element h in EZ such that ®,f = (f, h>L2(’y)7 for all f € EJ. In particular, for
fekEr,

f(h) =,f = /E(Jf)ﬁcw = f(K,h).
Using the double dual norm (Lemma A.5), we conclude h = IC,YE7 and
|h|H’Y: Sup{f(h) : f € E*a ij”LQ(»y)S ].} = H/];’||L2(’y) (38)

Conversely, assume h = ICA,?L for some h € EZ. Then, for all f € E¥,

LF (D)= [T £ R oo | < 1T (Pl L2 1Bl 22

which implies [h]g < oo,
The isometry (3.6) follows from (3.8). Since isometry implies injectivity, the
claim that H, equipped with (3.7) is a Hilbert space follows from Lemma A.11. [

As its name implies, the Cameron-Martin space is indeed a Hilbert space. Due
to Lemma 3.15, we use the term RKHS for both H., and E7. In most situations, it
does not lead to confusions. Otherwise, we will explicitly specify whether RKHS
is a subspace of £ or E.

Known from Lemma 3.8, the covariance operator can be factorized with an
operator mapping E* to a Hilbert space. Again due to Lemma 3.15, a natural
choice E7 surfaces for the Gaussian measure 7.

Corollary 3.16 (Canonical factorization of Gaussian covariance operators). For a
Gaussian measure v on E, its covariance operator C, admits the following factor-
ization C, = J*J, where J is the embedding of E* to EJ defined in (3.3), and
J* =K, i.e. the extension of Cy to E given in (3.5).

The RKHS contains large information on the Gaussian measure. We present
several results with different flavours below. The proofs can be found in Section
2.4 and 3.2, [8].

Seemingly contradictory, the size of RKHS H., can be both small and big at
the same time.

Proposition 3.17. Let v be a Gaussian measure on E. If dimE = oo, then H,
only has zero measure, i.e. y(H,) = 0. On the other hand, the topological support
of v is the closure H, of H, in E. In particular, if v is a nondegenerate Gaussian
measure, i.e. the topological support of -y is the whole space E, H, is dense in E.
Furthermore, the unit ball U(H,) = {h € H,, : |h|u, < 1} is compact in E, which
implies the embedding H,

41



3. (GAUSSIAN ANALYSIS

Gaussian measures are not so relevant to the underlying space E, but rather
determined by its RKHS, shown as follows.

Proposition 3.18. Let v be a_Gaussian measure on E. If E is continuously embed-
ded another Banach space E, If v is considered to be a Gaussian measure on F,
the Cameron-Martin space is still H. Let p be another Gaussian measure on E.
If H., = H,, and |h|g, = |h|m, for all h € H., then v = p.

The absolute continuity of measures is especially important for statistical study,
since it implies a density, which is often desirable for the construction of statistics
such as likelihood ratios, etc. For Gaussian measures, this is closely related to
RKHS. Consider a Gaussian random element X with distribution +. The distri-
bution of the vector X + h with h € F is defined by

Wm(B) =~(B—h), BecHBE).

We call vy, the shift of v in the direction h. A shift is admissible if v, < . The
proposition below shows that H., is exactly the set of admissible shifts.

Proposition 3.19 (Cameron-Martin). Let v be a Gaussian measure on E and H,
be its RKHS. Consider the shifted measure v, = (- — h).
If h € H, then v ~ v, and the Radon-Nikodym density is given by

Do) = xp((le) - 3l ). 59)

where K:V/}\L = h; otherwise v 1L vp.

The density (3.9) is also known as Cameron-Martin formula. Combining the
above Proposition 3.19 with Lemma 3.10, we conclude that if h € H,, then

Gy, = ay + h.

Kullback-Leibler(KL) divergence is an important quantity used to quantify the
discrepancy between probability measures, which is defined as

Dx1 (B;Q) := / log 22 4, (3.10)
g dQ
where P and Q are two probability measures on E. KL divergence is of great
importance to Bayesian nonparametric inference, as it is used to characterise a set
around the truth, whose probability mass has a direct implication on the contrac-
tion rate of the posterior distribution (see Section 4.3). For Gaussian measures, it
can be calculated using RKHS norm, as shown in the lemma below.

Lemma 3.20 (Kullback-Leibler divergence of Gaussian measures). Let v be a cen-
tred Gaussian measure on F, and h,g be two elements from H,. Consider the
shifted measures v, = (- — h) and v, = v(- — g). The KL divergence between ~y,
and 74 1s given by

1
Dxr (Yn;7vg) = §\h —glfs,-

42



3.2. Gaussian Measures

Proof. From Lemma 3.15, K, : EJ — H, is an isometric isomorphism. Because vy
is centred, i.e. a, = 0, in particular we have

I, = 112 )= (F- K f) s -

Hence we have h = ICWE and g = K,g. Then it follows from Proposition 3.19,

dyn dyn/dy (A Lo - Lo )
—(z) = z) =exp| h(z) — =|hlf —g(x) + = .
dvg( ) dvg/dv( ) (@) = S lhla, —g(2) + 5lgla,

Consequently,

Dt (i) = [ 1o T2 dn = [ o) — gle) dn - 310l +31012
E Vg E 20 2
=ER—E§— (R payy + 508.9) 120
=S [ g, — (5K B s, + (8K o)
5 h = 5K (= 8)) e, = 1~ o

where we use [ h(z)dy, =Eh = h(h) = (h, IC{I%)E* «1, directly from the defini-
tion. U

Remark 3.21. All the results stated in Section 3.2 can be generalised to the Radon
Gaussian measures on a locally convex topological space E. See Chapter 3 in [8]
for the details. In particular, we mention that Proposition 3.19 and Lemma 3.20
remain valid with E being a locally convex topological space, e.g R.

3.2.2 Examples

We now present several examples of Gaussian elements.

Example 3.22 (Standard Gaussian measure on RY). Let +,, be the standard Gaus-
sian measures on R. Then the measure

’7:®7n

neN

is centred Gaussian on E = RY. Furthermore, EX ~ (* and H, = ¢>. For the
proof, see Example 2.3.5 in [8].

Although at the first glance, Example 3.22 seems to be quite specific, it is the
‘only’ centred Radon Gaussian measure on locally convex spaces (in particular
Banach spaces) in the sense that there always exists an isomorphism between it
and another centred Radon Gaussian measure on a Banach space (see Theorem
3.4.4, [8]).
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Example 3.23 (Gaussian measures on Hilbert spaces). Let (H, (-, -)) be a separable
Hilbert space and we identify H* with H. For simplicity, we consider the zero
mean case. Let C be an covariance operator. Then by spectral theorem of self-
adjoint compact operators, there exists an orthonormal basis ¢} diagonalising C,
ie. Cop = Krpypr. In particular, ), K, < oo, since C is nuclear. Due to the
diagonalisation, a Gaussian element X in H with distribution 4% (0,C), admits
the representation

X =) Varenée,
K

where {£;;} is a sequence of i.i.d. A%(0,1) random variables. This representation is
known as Karhunen-Loéve expansion. Conversely, the representation also defines
a Gaussian measure on H.

Now we identify the RKHS H of v using the canonical factorisation of C (see
Corollary 3.16). The closure of J(H*) follows from explicit calculations,

J(H) = Hy = {f () = ) g 1T (D)= D (Verfi)® < OO}'

k

Then, using Lemma 3.15, we obtain

H, = {heH:|h§H:zk:(;l%>2 <oo},

by applying change of variables.

Remark 3.24. A Gaussian measure on Hilbert space can be connected to a Hilbert
scale (see Section 2.2). Using the notations from the previous example, define
A = C~'/? using spectral theorem on the domain Dom A = H,, which is dense in
X. Let {Hs}ser be the Hilbert scale generated by A with Hy = H. Then, we
have H; = H, and H_, = H*. Furthermore, A= : H_; — H; is an isometric
isomorphism. In fact, A=2 is the extension K. of covariance operator C, c.f.
Lemma 3.15.

Next we consider the Gaussian measure induced by Gaussian processes. Recall
that a random process is a family { X; }+cs of random elements indexed a parameter
set T, defined on a common probability space (Q,P). A process is Gaussian if
(Xt -+, Xt,) is a R™-valued Gaussian random element, for any {¢;,---,t,} C T.
Similar to Gaussian measures, the property of Gaussian processes are completely
determined by the expectation E X;,¢ € T and covariance Cov(Xs, X;), s,t € T.

Example 3.25 (Classical Wiener measure). Wiener process Wy on [0, 1] is charac-
terised by
EW, =0, Cov(Ws,W;)=sAt,

for s,t € [0,1]. It is well know that W; is almost surely in E = C[0,1], the
Banach space of continuous functions on [0, 1], equipped with supremum norm
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| flle= supg<,<1|f(x)]. The dual space E* is the space of sign measures of finite
variation on [0, 1], with duality given by

o P e = /[O [

Consider W = W) as a random element in E. It is obvious EW = 0. In addition,

Cov({u, W), (v,W)) =E o W ()W (t) u(ds)v(dt)
:/ EW (s)W(t) p(ds)v(dt) = / s Atu(ds)v(dt) = (u, Kv),
[0.1]2 [0.1]?

where

(Kv)(s) = /[0 : sAtv(dt).

It can be shown that the operator K is indeed a covariance operator for the centred
Gaussian measure on E = C|0, 1] induced by Wiener process on [0, 1].

The result in Example 3.25 can be extended to general Gaussian processes with
continuous paths as follows. Let F = C(%;R), where T is a compact metric space,
equipped with the supremum norm. Then the dual space E* is again given by

(us Flpexp ::/Sfd'u,

where p is a signed measure with finite variation |u|(E) = ||¢.|| (see Chapter 6,
[83]). For a Gaussian process X; with EX; = a(t) and Cov(X;, X;) = k(s,t),
the distribution of X = X,y is a Gaussian measure on F with expectation a and
covariance operator

(ICI/)(S):/Zk(S,t) v(dt).

Conversely, every Gaussian measure on E induces a continuous Gaussian pro-
cess on its dual space E*.

Example 3.26 (Gaussian process induced by Gaussian measures). A Gaussian mea-
sure v on a separable Banach space F always induces a continuous Gaussian pro-
cess on the dual space E*. Since F is separable, the unit ball U(E*) of its dual is
metrizable for the weak* topology on o(E*, E) (where F is considered as a subset
of the double dual E** of E). Denote by (z;) a weak dense sequence in U(E™).
For x in E, we have ||z| = sup,|zx(z)|. Consider each f in U(E*) as a Gaussian
random variable on (FE,v). This defines a weak* continuous Gaussian process,
since for each z in F, the map f — f(z) is weak™® continuous.

As usual, the situation becomes more transparent, when the underlying space
is a Hilbert space.
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Example 3.27 (Gaussian process indexed by Hilbert space). Let X be a centred
Gaussian random element on H with covariance operator C. Denote the functional
(h,-) i by €n. The covariance

Cov ln(X)ly(X) = (h,Cg) yy = K(h, g).

Hence, {W(h) := (h,X),, h € H} is a Gaussian process indexed by H with
covariance function K(h,g) = (h,Cg). From the previous example, the process
{W(h)}ren is a (weak-)continuous Gaussian process on H.

3.3 Radonification of Cylindrical Measures

In this section we continue the study of the relations between Gaussian measures
and processes. We are interested in the following Gaussian process, which is of
great importance in statistics.

Definition 3.28 (Isonormal process). An isonormal process (also known white noise
process) {W(h) : h € H} indexed by a Hilbert space H is a stochastic process
such that:

(i) W(h1),---,W(hy,) are jointly centred Gaussian for all hy,---, h, € H;
(i) Cov(W(h), W(g)) = (h,9)p-

Analogous to Example 3.23, the isonormal process on H can be constructed
using series representation. Let {¢r} be an orthonormal basis on H and {£;} be
a sequence of i.i.d. Ag(0,1) random variables. Then the process

W(h) :=> &lox, ) (3.11)
k

is isonormal. However, it does not induce a genuine Gaussian measure as the
covariance operator C = id is not nuclear if dim H = cc.

We are going to demonstrate that the ‘measure’ induced by an isonormal pro-
cess can be extended to a larger space such that it becomes an authentic measure,
which is known as Radonification. To show this, we first introduce the following
concepts.

The cylindrical sets in a Banach space E with its dual E* has the following
form

C:{er: (fl(l'),"'7fn($))600}, fiEE*,

where Cy € Z(R"™) is a base of C. A nonnegative additive function v is a cylindrical
measure on F if for every continuous linear operator P : E — R"™, the set function

voP ' :B—uv(P'(B))

on the algebra o/ (E) of cylindrical sets is countably additive. Fourier transform
of a cylindrical measure v is defined similarly to the one of measures,

ﬁ(f):/ReitVoffl(dt), feE™
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Now we see that an isonormal process from Definition 3.28 induces a cylindrical
Gaussian measure.

Example 3.29 (Cylindrical Gaussian measure on Hilbert space). Let H be an
infinite dimensional separable Hilbert space. For all cylindrical sets C' in the form
C = P~1(Cy), where P is an orthogonal projection onto a n-dimensional subspace
E,, of E, define

v(C) = 1 (Co),
where v, is the standard Gaussian measure on E, (identified with R™). The
set function v is called the canonical cylindrical Gaussian measure on E, whose
Fourier transform is
1 2
o(f) = ezl

It is straightforward from the definition that an isonormal process induces v on
E.

We recall a general result on radonification of Gaussian measures, known as
Sazonov’s theorem (see Theorem 3.4, [13]).

Theorem 3.30 (Sazonov). Let H,G be two Hilbert space and v be the canoni-
cal cylindrical Gaussian measure on H. A bounded operator T : H — G is ~-
radonifying if the push forward voT 1 on G is a genuine Gaussian measure. We
have, T : H — G is y-radonifying if and only if T is a Hilbert-Schmidt operator.

We outline one application of Theorem 3.30 to diagonalisable operators. The
main motivation for this is to cover the white noise. A bounded operator Q :
H — H is called diagonalisable, if with an orthonormal basis {y}ren for H, for
all f € H,

Qf = arfrpr with fr = (f,0r) -

keN

Let @ : H — H be a self-adjoint, positive definite, and diagonalisable operator on
H with a basis {pg}ren. If Q is of trace class, i.e.

> (Qewsen) g = D_11QY2px 3 < oo,
keN keN

it is the covariance of a centred Gaussian measure. On the other hand, if Q is
not of trace class, i.e. ), yqx = 00, it cannot be the covariance of a Gaussian
distribution on H. However, as in Example 3.27, it defines a centred Gaussian
process {W(h) : h € H} with covariance function

Cov(W(h),W(g)) = (h, Qg) y-

Denote
H = QU () = {f = fuon: |flm= 1Q7 2 fllu< oo},
k

which is a Hilbert space with the inner product (-,-);; = (Q~Y/2., Q~1/2.) . (by
Lemma A.11). By restricting the previous process to H, the new process {W(h) :
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h € H} is isonormal on H, whose distribution is equivalent to the cylindrical
measure on H.

Notice that {ex = Q% : k € N} forms a complete orthonormal basis of H.
Introduce an inner product (-, -) y on H such that,

(ej,€x) x = wjwkdjk,

where the weights {wy. }ren satisfy ), wi < 0o and & is the Kronecker delta.
For example, any sequence of weights that converges to zero faster than a square
root rate, i.e. wy < k=12 as k goes to infinity, satisfies the previous condition of
summability. Let X be the closure of H under the norm introduced by the inner
product above. Then the embedding ¢ : H — X is Hilbert-Schmidt. Further-
more, because Q is diagonalised with {¢y}, it is easy to examine that H C X.
Consequently, by Theorem 3.30, there is a centred Gaussian measure with the
covariance operator tQc* on X, with the Cameron-Martin space H. In particular,
the technique discussed above is applicable to the white noise. Moreover, since
the identity operator is diagonalisable with any orthonormal basis, we have the
freedom to choose the most convenient one to work with.

Example 3.31 (White noise process). Let H = L?*(®D) with a bounded domain
D C Re Let £ : ® — R be a Gaussian pI‘OCGbS such that ]E{( YE(t) = d(s — 1),
where 0 is the Dirac delta function. Let (£, u) f© s) ds, where £(s)ds is
understood in the distributional sense. We have

E(€, u){€,v) = /@ /@ u(s)o(t) EE(s)E(t)] dsdt = /@ w(tyo(t) dt = (u, ),

for u,v € L*(®). Therefore, the Gaussian process ¢ is isonormal on L?(D). By
the results in this section, while ¢ is not a L?-valued Gaussian process, it can be
realised in a space G such that the embedding of L*(D) to G is Hilbert-Schmidt,
and the stochastic integral f@ &(t) f(t) dt is well-defined. In particular,

/ §(8) Lys,<ty1<i<ay ds1---dsq = Ht

i<d
and
<£ ]1{r<s}> 571{r<t} Hsz Nt
i<d
Consequently, fo s) ds is the Brownian sheet, which is often stated as white noise

is the (dlstrlbutlonal) derivative of Brownian motion. See also Section 4.1.5 in [23].

3.4 Notes

For a systematic (and more general) treatment on Gaussian measures, we refer
to [8]. Radonification of a cylindrical Gaussian measure can also be stated in the
framework of nuclear spaces, in which Minlos’ theorem is used as the major tool,
see [47]. The fields of white noise analysis, generalised stochastic processes were
originated from this approach. A closely related object is the abstract Wiener
space, see [74] for details.
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Chapter 4

Bayesian Nonparametrics for Gaussian
Linear Models

In this chapter, we survey some basic facts of Bayesian nonparametrics, retrieved
from [35]. In addition, we present a general contraction results for the Gaussian
linear model with a transformed drift.

4.1 Bayesian Nonparametrics

4.1.1 Bayes’ Rule

As mentioned in Section 1.3, Bayes’ rule on infinite-dimensional spaces requires
special care on measurability concerns. In this section, we sketch Bayes’ rule in
infinite-dimensional spaces. For more details, see Section 1.3 in [35].

The Bayesian procedure can be described in the following steps. First, the
statistician seeks for a prior distribution I to apply on the parameter space (0, .%),
where . is a g-algebra. Then, given 6, each element Py in the statistical model
{Py : & € O} becomes a regular conditional distribution on the sample space
(X, .2"). That means, the mapping © x 2" > (6, A) — Py(A) € [0,1] is a (proba-
bility) kernel from © to X i.e.

(i) with fixed 6, A +— Py(A) is a probability measure on X,
(ii) and with fixed A, 8 — Py(A) is .#-measurable.

Therefore, the pair (X, ) has a well-defined joint distribution

MXGAGG&z/P%@ﬁW)
B

on the product space (X x ©, 2" x .). Consequently, the (Bayesian) marginal
distribution of X is given by

P(A) = /PG(A) 1Y), Ae,
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and the posterior distribution, the conditional distribution of 8 given X, is
I(B| X)=PAeB|X), Bel.

Remark 4.1. The posterior distribution is always well-defined, by Kolmogorov’s
definition. That means, II(f| X) is a measurable function of X such that, for
a fixed B € . and any A € 2, E[II(A| X)1{X € A}] = P(X € A,0 € B).
However, to obtain a regular version of the conditional distribution, the size of
the space (©,.7) cannot be too big. One sufficient condition is that © is a Polish
space, i.e. a complete separable metric space, and .# is the Borel o-algebra.

It is noteworthy that the posterior distribution IT(- | X) is unique up to null sets
under the Bayesian marginal distribution. For a faithful Bayesian, this does not
cause any problems, since it is believed that the Bayesian marginal distribution
generates the data. However, in the case that the Bayesian framework is treated
as an inference method, a ‘true’ distribution Py generating the data X is not
necessary identical to the Bayesian marginal distribution, and hence they do not
have the same null sets. This phenomenon leads to indefiniteness of the posterior
distribution. The pathological circumstance above is related to misspecification
and can be excluded by the following condition,

Py < / Py dI1(0).

When the statistical model & = {Pp : § € O} is dominated by a o-finite
measure pu, the Radon-Nikodym derivative provides densities pg related to the
dominating measure p such that (x,6) — py(x) is measurable. Then, the density
version of Bayes’ formula is given by

_ Jppe(X)dII(0)

MBI X) = ) are)

(4.1)

4.1.2 Bayesian Asymptotics

For a given Bayesian inferential procedure, i.e. estimating a parameter using
the posterior distribution generated by Bayes’ rule and a prior on the parameter
space, its statistical performance can be evaluated in the asymptotic framework.
Specifically, the following frequentist concepts are used to characterise posteriors.

For a sequence of experiments & = {X(”), %(”),Pén) : 0 € O}, consider a
prior IT on the Borel-algebra %(©), and fix a version IT,,(-| X (™) of its posterior
distribution, i.e. any given choice of a regular condition distribution of 6 given
X ™) (see Remark 4.1), which is referred to as the posterior.

The asymptotic consistency for Bayesian procedures is defined as follows.
Definition 4.2 (Consistency). The posterior IL,(-| X (™) is (weakly) consistent at
(n)
0

0y € O if, for every neighbourhood U of 6y, in P, * probability,

I, (U] X™) -0, asn— oo,

and it is strongly consistent if the convergence above is Péz)-almost surely.
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4.1. Bayesian Nonparametrics

The concept of contraction is useful for quantifying the speed that the posterior
concentrates around the truth.

Definition 4.3 (Contraction rate). Suppose that the parameter space © is equipped
with a pseudo-metric d(-,-). A sequence &, is a posterior contraction rate at the
parameter g if

IL, (9 2 d(0,60) > Mye, | X(")> — 0, asn— oo,

in ]P’é?, for arbitrarily slow M, — oco.

Definition 4.3 requires some clarifications. First, the sequence ¢, is a rate
rather than the rate, since any sequence decreasing slower also satisfies the defi-
nition. Certainly the fastest decaying sequence &, is of interest, but it may not
be tractable in general. Therefore, ¢, is actually an upper bound for a targeted
rate,but we will refer to it as the rate, with an abuse of terminology. In addition,
due to the inaccessibility of minimal rates, we are satisfied with the result that
the contraction rates are comparable (matching or close to) some benchmarks, for
which a frequently used example is the optimal rate in minimax sense.

For statistical models in infinite-dimensional spaces, it is often the case that
the unbounded sequence M,, can be replaced by a sufficiently large constant M,
which gives a slightly stronger result. On the other hand, for parametric models,
the unboundedness is required in order to obtain the regular rate n~/2. In this
thesis, in all chapters we consider the strong version of Definition 4.3, i.e. M being
a fixed constant, except in Chapter 7.

Some point estimators naturally emerge from the posterior distribution. An
example is the centre of the smallest ball containing at least posterior mass 1/2.
Another one is the posterior mean. For further details, see Section 8.1 in [35].

In the Bayesian approach, credible sets are used to quantify uncertainty, whose
counterpart in frequentist framework is confidence regions.

Definition 4.4 (Credible set). Fix a constant 1 —~ € (0,1). A subset C, (X)) of
O is a credible set for 6 of credibility level 1 — ~ if

M, (6 € Cu(X™)| X™) 214,
and the frequentist coverage of credible sets is given by
P, (9 € Cn(X(”))).
It is logical to consider the sets capturing most of the posterior mass while
retaining a reasonable size at the same time. For example, if the posterior is

unimodal, a ball centred at its mode can be considered as a credible set. Credibility
is not the main focus of this thesis, but we will touch it in Chapter 7.
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4.2 Gaussian Linear Models

In Section 1.2, we have already mentioned the following model,
XM = Amg 4 ),

In this section, we formally define the model, using the elements introduced in
Chapters 2 and 3.

There are two components in the model: the transformed signal A™@ and
the noise £(™, and our interest is the original signal 0. Different combinations of
A™ and €™ leads to separate models. The choice of A highly depends on the
problem under investigation. In Part II, A is a forward mapping with smoothing
property, related to inverse problems, and in Part III, two items from the solution
mapping of evolution equations are represented as A. In the present chapter, we
only assume that A : ® — G is a bounded linear operator, from the parameter
space © to another Hilbert space G, both of which are separable, and our focus is
on the interpretation of noise. We are going to discuss two types of noise related
to different observation schemes.

4.2.1 Continuous Observation

We consider the following Gaussian linear model with continuous observations.
For n € N, let

1
(") = (") = —
A A and ¢ \/ﬁf’

ie.
(n) _ L
X" = A0 + \/ﬁﬁ . (4.2)

The forward operator is independent of the experiment sequence, while the noise
£ is a fixed Gaussian element ¢ scaled by 1 /+/n, representing more information
collected as n — oco. The observation is called continuous if we record the entire
signal Af in G with noise £. Using the duality structure of Hilbert space G, the
complete signal trajectory A6 is equivalent to ((A6,g), : g € G). Concerning
the noise, the conventional framework in statistics is Gaussian processes indexed
by space G, which will be illustrated below. We conclude the discussion with a
formula of the Kullback-Leibler distance between two observations with different
signals Af.

In our measurement model the observation X (™ will be a stochastic process
(X (w) : w € G) such that

XM (w) = (Ab,w)e + %f(w), we G, (4.3)

where £ = ({(w) : w € G) is a Gaussian process defined as follows. Let Q : G — G
be a bounded self-adjoint positive-definite operator. With the inner product (-, )¢
and norm ||-||¢ on G, we consider the noise £ to be a Gaussian process indexed
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4.2. Gaussian Linear Models

by the Hilbert space G such that, for every h,g € G, £(h) is Gaussian with zero
mean, i.e. E£(h) =0, and

E¢(h)é(g) = (h, Qg) ¢ (4.4)

By abuse of notation, we also call Q the covariance operator of the Gaussian
process £.

The processes X (™ and £ are viewed as measurable maps in the sample space
RE, with its product o-field. Statistical sufficiency considerations show that the
observation can also be reduced to the vector (X (w;), X (wy),...), which
takes values in the sample space RY, for any orthonormal basis (w;);en of G. The
coordinates X (™) (w;) of this vector are random variables with normal distributions
such that

2 1
EX ™ (wi) = (A6, w))g, B(X ()" = 10" w3,

with covariance Cov(X™ (w;), X" (w;)) = (w;, Qu;), given by (4.4). If the
basis (w;);en is also orthogonal with respect to the inner product induced by Q,
ie. (w;, Qwj), = 01if i # j, then the variables {(w;),£(w2), . .. are stochastically
independent normal variables. In this case, (X ™ (w), X (wy),...) is known as
the Gaussian sequence model in statistics, albeit presently the ‘drift function’ .46
involves the operator A. See [11, 50] and references therein. In the rest of this
thesis, we will consider the following cases.

(i) In Part II, Q@ = id on G. € is an isonormal process on G and cannot be
realised as a proper element of G. However, (4.3) makes perfect sense and
(4.4) corresponds to E&(h)E(g) = (h, g), the defining equation of isonormal
process. We take G = id(G).

(ii) In Part III, Q # id on G. The covariance structure of £ is characterised by
Q. If Q is of trace class, then £ induces a centred Gaussian measure on G,
whose RKHS is G = Q'/%(G) equipped with norm |h|g= ||Q~'/2h||¢. Con-
sequently, (4.2) defines a Borel mapping X (") into G, and the interpretation
X™(g) = (XM, g),, leads to (4.3). Otherwise, if Q is not of trace class, the
same argument from the white noise case applies.

In both cases, the law of X is dominated by &/y/n is equivalent to A6 €
QY2(G@) = G. So we assume Ran.A C Ran(Q'/?). Moreover, the Kullback-
Leibler distance is given in the lemmas below. For the proper Gaussian case, it is
a direct consequence of Lemma 3.20.

Lemma 4.5. Let £ be a proper centred Gaussian on a Hilbert space G with G being
the RKHS. Let 74, ,7g, be the law of

Xi=g1+& and Xy =g2+¢

respectively. Then, we have

dvy 1 d
B oz 22| = Sl —ulls and Vary,[log 52| = o1 - gl

g2
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where the subscript g1 denotes that the integrals are calculated with respect to
measure g, -

For the white noise case, it requires more elaboration. We consider the obser-
vations in the sequence model.

Lemma 4.6. For § = (01,60,...) let Py be the distribution of the random element
(Z14 601,25+ 02,...) in R*® for Z1,Z5 ... i.i.d. mean-zero normal variables with
variance o®. If 0 € (2, then Py is absolutely continuous relative to Py with log

likelihood - -
dPy 1 1
1o X1, X0, )= — S 0:X — — Y 62
g dP ( 1, 2, ) 0_2 ; 20_2 Zz:; 7

where the first series converges almost surely and in second mean. The expectation
and variance of this variable are

dP, 1
Ey {log dPH} = > 292 and Varg [log } == 292

Proof. That the series converges in L? is clear from the fact that # € £2; the almost
sure convergence next follows from the It6-Nisio theorem. The expectation and
variance of the right side are easy to compute as limits.

Write ¥, for the right side of the display, and ¥, for the expression obtained
by replacing the infinite sums by the sums from 1 to n. Thus ¥, = X ahnost
surely. Since Ege?¥n = e2i=1 07/ is uniformly bounded in n, it follows that e*
is uniformly integrable and hence converges in mean to e*>~. In particular, the
mean of the latter variable is 1, the mean of the former variables.

It follows that the Borel measure on R* defined by B ~— Eq1g(X)e*= is a
probability measure. For every Borel set B it is the limit of Ey 15(X)e*", which
is Py(B) if B depends only on the first n coordinates, as e*» is the density of the
distribution of (Zy + 61,...,Z, + 6,,) with respect to its distribution at § = 0.
Since the Borel o-field on R* is generated by the algebra of all cylinder sets, it
follows that Py and the measure B — Eq 15(X)e™> agree. O

Recall that a bounded operator @ : H — H is called diagonalisable, if with an
orthonormal basis {¢y }ren for H, for all f € H,

of = ZQkfk-sOk with fr = (f, ox) g

keN

The last result can be easily extended to the case of diagonalisable operators.

Corollary 4.7. Let Zy in Lemma 4.6 be independent mean-zero normal variables
with variance o3 such that sup, oy, < oo. Then, the same result holds with

dP, — i
lo o8 (Xl,XQ,...):Zin—

and
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4.2.2 Discrete Observation

In practice, it is rare that complete information can be acquired from measure-
ments, and only partial observations can be gathered. It is often designated by
a natural number n, representing the amount of observations having been made.
We consider the following type of partial observation. Let G be the space L?(D)
of square integrable functions on a bounded domain ® C R? with d € N. Instead
of observing the entire trajectory of Af in G, we observe the process at the design
points, a set ©,, = {x;}i<n, C D. To formalise the description, let

AP = gMA € = (23)icn,

where £ : G — R” is the evaluation operator at design points, and (2i)i<n is
the standard Gaussian in R™. The observation X (") is a random vector (Xi)i<n
in R™, with the coordinates given by

Xi:(A@)(CCi)-i-Zi, i=1,---,n,

where z; are i.i.d standard Gaussian variables.

In literature (e.g. [42]), the majority of discrete observations refers to the afore-
mentioned type. While, less frequently, it may address the continuous observations
being truncated, e.g. only the first n entries of the infinite vector (X (wy));ey-
We do not follow this convention, but it is often equivalent to the discrete observa-
tions at design points, with regularity assumptions on the signal Af. For example,
in Section 8.1, we will also present a concrete construction that the observation at
design points implies the truncated continuous observation.

Connection to white noise model

We are going to give some heuristics to link the regression to the white noise
model. Since only the observation is relevant, the shorthand notation g = A6
is used. We assume that there exists a partition {®; : 1 < ¢ < n} of ® such
that the subdomains are mutually disjoint and of equal volume vol ®; ~ 1/n, and
furthermore each subdomain ®; contains only one design point x;.

The observations in white noise can be reduced to the projections on a or-
thonormal basis {vg }ren of L2(D). If the basis functions are continuous as well
as the drift function g, the projection can be approximated by the Riemann sum-
mation,

/ g(z)v(z) dx =~ Zg(:nz)v(a:z) vol D;.
D i=1
Recall vol®; ~ 1/n. By plugging in the noisy observations from regression, the

noise is
= v(w;) 1 2
i ~ M|0, - i 19; |.
;z p R( nZv(m) Vo )

i=1
On the other hand, from Example 3.31,

%f(v) _ %/@g(m(t) dthi@(O,i/@v(m)th)
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Both of the noises are centred and their variances are asymptotically equal.

Remark 4.8 (Continuity). It is noteworthy that the assumption on the continuity
of both drift g and the test function v is crucial. As we will see in the subsequent
Chapter 7 and Chapter 8, the drift Af needs to possess certain smoothness, which
corresponds to the minimal requirement on securing continuity.

The heuristics above shows that the regression model converges to the contin-
uous model in a certain sense, while more data are gathered. However, conversely,
the point evaluations of white noise model does not lead to a regression model.
This is because point evaluation is only defined for continuous functions, but the
while noise £ is only distribution-valued (see Example 3.31). One cannot talk
about the values of £ evaluated at points.

4.3 Bayesian Contraction for Gaussian Linear Models

In this section we present a general theorem on the posterior contraction for linear
problems in the following form. First we introduce the smoothness class. Let
(0, (,-)) be a separable Hilbert space. Given a set & in a finite dimensional
ordered space (e.g. R™, m € N), assume that there exists a smoothness scale
{Os, (-, *)s}ses with ©¢ = O, such that for s < ¢, the induced norm ||-||; is strictly
stronger than ||-||s and ©, C ©,. We consider the observation scheme as introduced
in Section 4.2.1, a transform A6 of 6 in G with Gaussian process £ indexed by G,

1
(n) —
X0 = A0+ ¢ (4.5)

Let £ be a centred Gaussian process indexed by a separable Hilbert space G with
covariance operator Q. Assume that A : ©® — G is a bounded linear operator
satisfying

Ran A C H := QY2(@),

where H is a Hilbert space equipped with the induced inner product (see Lemma A.11),
() )y = <Q—1/2., Q—1/2.>G

We will only consider the non-degenerate case, i.e. H is dense in G. To link the
spaces G and O, we introduce the following assumption.

Assumption 4.9. The family {R,, } nen of linear reconstruction operators R,, : H —
O satisfies the following properties.

(i) With j,, — o0, let {W;, }nen be a sequence of subspaces of G such that, for
alln € N,
dim an = Jn, Wj“ c W;

In+17

W

In € H7

and the kernel (i.e. the null space) of R, is WJJ-L

(ii) Let p, be a monotonically nondecreasing sequence which may go to infinity
as n — 00. R, satisfies
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(iii) For s € &, let {0(jn, $) }sez be a family of monotonically decreasing functions
such that 0(jn,s) J 0 as n — oo, for all s € &. We assume

IR A8 — 810 (i, 5)6]]. (4.7)
holds, for # € ©4, s € 6.

We form the posterior distribution II,,(- | X ™) as in (4.1), given a prior II,, on
the space © = Oy and an observation X ("), whose conditional distribution given
0 is determined by the model (4.5). We study this random distribution under the
assumption that X follows the model (4.5) for a given ‘true’ function 6 = 6y,
which we assume to be an element of ©4 in a given smoothness class (O;)sea-

The result is based on an extension of the testing approach of [35] to the
parameter inference of (4.5). The recovery problem is handled with the help of
the reconstruction family from Assumption 4.9. We note that the reconstruction
family only appears as a tool to state and derive a posterior contraction rate. In
our context it does not enter into the solution of the linear problem, which is
achieved through the Bayesian method.

Clearly the reconstructed signal (") = R,, A is an approximation to #, which
will be better for increasing n, but increasingly complex, when p,, is unbounded.
The following theorem uses p,, that balances approximation to complexity, where
the complexity is implicitly determined by a testing criterion.

Theorem 4.10. Assume 0y € ©g with 3 € R such that A©g C H.
For e, | 0 such that ne2 — oo, suppose Assumption 4.9 holds with

- 2
Jn < cney,, (4.8)
where ¢ is a positive constant. In addition, for n, > ,, assume

M 2 PnEns (4.9)
N 2 6(jn, B)- (4.10)

Let 0 denote a reconstruction estimator R, A8 to 0. Consider prior proba-
bility distributions I1 on © satisfying

(6 : A € H) = 1, (4.11)
(0 : || A0 — Abp||u< e,) > e ", (4.12)
(6 : |6 — 6]jo> nn) < e 47, (4.13)

Then the posterior distribution in the model (4.5) contracts at the rate 0, at 0o,
i.e. for a sufficiently large constant M we have IL, (6 : |0 — 0| o> Mn, | X™) = 0,
in probability under the law of X given by (4.5) with 6 = 6.

The conditions in Theorem 4.10 deserve some explanations.

The desirable structure of priors is characterised by egs. (4.11) to (4.13). Since
we only consider dominated models in Gaussian noise, (4.11) assures the validity
of the density version (4.1) of Bayes’ formula. (4.12) is the prior mass condition,
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that is, a set around the truth should have sufficient probability mass at most
exponentially decay with ne2. The last condition (4.13) states a requirement
on the prior related to the testing approach via the constructed signals. It says
that the prior mass on a set, whose elements, even without noise, cannot be
accurately reconstructed quantified by 7,,, should have prior mass upper bounded
by a negative exponential of ne2.

The final contraction rate is determined with the constraints eqgs. (4.8) to (4.10).
The first (4.8) can be interpreted as a consideration that the reconstruction should
be capped by the available information, indicated by ne?. The second constraint
(4.9) shows the cost to recover the original signal 6 from the transform A, and
the last one (4.10) simply states the fact that the rate cannot be faster than the
recovery rate for noiseless signals.

We conclude this section with proving the main theorem of this section.

Proof of Theorem 4.10. Using Lemma 4.5, Lemma 4.6, and Corollary 4.7 from
Section 4.2.1, the Kullback-Leibler divergence and variation between the distribu-
tions of X under two functions 6 and 6, are

n|| A0 — Abo||%/2 and n|l.A0 — Ab |

Therefore the neighbourhoods By, 2(6p,¢) in (8.19) of [35] contain the ball {6 €
© : | A9 — A=< }. By assumption (4.12) this has prior mass at least e~"<n.
Because the quotient of the left sides of (4.12) and (4.13) is o(e~2"<%), the
posterior probability of the set {f : |8 —0]o> 7, } tends to zero, by Theorem 8.20
in [35].
By a variation of Theorem 8.22 in [35] it is now sufficient to show the existence
of tests 7,, such that, for some M > 0,

2
Pé:) Tn — 0, sup Pén)(l —7p) < e e,
0:1]0—00lo>Mnn,
[16C) =010 <ns

Indeed, in the case that the prior mass condition (8.20) in Theorem 8.22 of
[35] can be strengthened to (8.22), as is the case in our setup in view of (4.12),
it suffices to verify (8.24) only for a single value of j. Furthermore, we can apply
Theorem 8.22 with the metrics d,(x,y) = || — y|lo€n/nm in order to reduce the
restriction d,,(0,0,.0) > Me, to |6 — 6yllo> Mn,,.

Let {ex}r<j, be an G-orthonormal basis of W, , and denote the G-orthogonal
projection onto W; by

PjnIG—)an C H.

By slight abuse of notation, define the projection P;, of process £ onto W, by

n

P& =Y &ler)er,

i<jn

where {(ey) is a zero-mean Gaussian random variable with covariance (ey, Qex) -
P;,.§ is a proper Gaussian element in the finite-dimensional space W;, , because
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each &(ey) is Gaussian. Furthermore, notice that for any u,v € H,

E(P;, & u) (P &0) =E || 3 &lex)(uen) | | D &le) (v, er)

k<jn 1<jn
= (u,er) (v, en)(en, Qer)g
kJSj'IL
:<P’nu7 QPnU>G-

Since P, = Py, P;,§ is a centred Gaussian with covariance P;, QP; . Thus, the
following expression makes sense,

1
’P]”X(n) = PJvLAe + ﬁpjnf
Besides, because of the first property in Assumption 4.9, we have

f™ =R, Af =R, 0P Af, YfecoO.

Now we claim that
1
Rno Pan(n) = ‘9(") + ﬁRn o Pjng (414>

is a well-defined Gaussian random element in ©. It suffices to sAhow the noise
Ry, oP;,€ is a proper random element in ©. Denote R,, o P;, by R,. Since

EHﬁngH?‘) = Trace(RnPj7L Q,Pjn R:L) = Trace |:(Rn7)7n Q1/2)(RWP77L Ql/z)*]

=[RuP;, Q2 Hs= Y IIRaP;, Q' 2erlP< IRall* D IPs, (" %er)|?

k<jn k<jn
Sinbi,
where we use the properties of Schatten norms (see Proposition A.19 and Proposi-
tion A.20), and the fact that ||P;, (Q'2e;)||< || QY ?ex||¢< ||Q'/?||. The preceding

inequality shows that R, X (") is indeed a proper random element in ©. In addi-
tion, the weak second moment of the variable R,¢ is

sup ]E(&ﬁnéﬁ_) = sup (0,R,P;,QP;,Rn0)¢
16]lo<1 [[0llo<1

= sup [|QV*P; Riblg= 1Q"*P;, Ry 3.
[[0]lo<1 '

=R P;, Q% |E&0= RulZ:0lPs, Q1P o3,

where the last inequality follows from the boundedness of P;, and Q2 and
Assumption 4.9. R
The first inequality shows that the first moment E[R,&||, of the variable

[Rn€llo is bounded above by \/jnpn. By Borell’s inequality (see Lemma 3.11),
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applied to the Gaussian random variable ﬁnf in ©¢, we see that there exist posi-
tive constants a and b such that, for every ¢t > 0,

P(||7/?\,n§”0> t+a jnpn) < e V00,

With t = 2/nn,, /V/b, for n,, and ¢, satisfying (4.9) and (4.10) this yields, for some
ay >0,

P(IRullo> a1y ) < e, (4.15)

We apply this to bound the error probabilities of the tests
Tn = l{HﬁTLX(n) - 90”02 MO'qn}7 (416)

where Mj is a given constant, to be determined. R
Under 6, the decomposition (4.14) is valid with § = y, and hence R, X —

Op =n~Y 273715 —I—H(()n) —60y. By the triangle inequality it follows that 7,, = 1 implies
that n=1/2|Rpll0> Mony, — ||9(()n) — Bollo- By (4.7), the assumption that fy € Hg

implies that ||0(()") — Oollo< M16(jn, B), for some My, which is further bounded by
M;in,,, by assumption (4.10). Hence the probability of an error of the first kind
satisfies

n 1 -~
2hy) 0 < P(TRatllo> (Mo — M ).

For My — My > aq, the right side is bounded by e“mei, by (4.15).

Under 6 the decomposition (4.14) gives that R XM — 0y = n~V2R € +
9™ — y. By the triangle inequality 7, = 0 implies that n=1/2||R,.&[jo> 6™ —
ollo—Mon,. For 6 such that [|@ — bglo> Mn, and [0 — 07|¢< 7, we have
00" — 6]lo> (M — 1)n,,. Hence the probability of an error of the second kind
satisfies

n 1 S
B (1= m) < B( s Ratlloz (M = 1= Mo)in),

For M — 1 — My > a1, this is bounded by 6’4”531, by (4.15).
We can first choose M large enough so that My — M; > a1, and next M large
enough so that M — 1 — My > aq, to finish the proof. O
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Part 11

Inverse Problems






In Part I, under the Bayesian framework, we study the statistical linear inverse
problem, i.e. the Gaussian linear model of the following form,

Y = A f 4 g

where the operator A has no bounded inverse. The investigation is conducted
focusing on the following aspects. First, we study the problem in a general frame-
work, which in particular covers the singular value decomposition framework!.
Second, we are interested in a unified evaluation procedure for the posterior con-
traction of priors, both conjugate and non-conjugate. Lastly, we consider the
inference of inverse problems with discrete observations.

This part is organised as follows. In Chapter 5, we formulate the inverse
problem in the smoothness scales from Chapter 2. In particular, we introduce the
Galerkin projection method, which serves as an important tool in demonstrating
posterior contractions. After the problem has been properly stated, in Chapter 6
we study the continuous model contaminated by the white noise, in which the
posterior contractions are obtained using a variant of the general testing approach
(Theorem 4.10), without invoking any conjugacy. The rest of the chapters in
this part tackle the inverse problem with discrete observations from two angles.
Chapter 7 utilises the Gaussian conjugacy in linear models to study the posterior
performance, and Chapter 8 extends the results obtained in Chapter 6 to the
regression model.

1See the discussion in Section 5.4 and the definition in Section 7.1.
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Chapter 5

Linear Inverse Problems

5.1 Introduction

In a statistical inverse problem one observes a noisy version of a transformed signal
Af and wishes to recover the unknown parameter f. In Part II, we consider linear
inverse problems with different observation schemes. The continuously observed
model is the white noise model in the given form,

Y™ = Af + ! £, (5.1)

NG
where A : H — G is a known bounded linear operator between separable Hilbert
spaces H and G, and £ is a stochastic ‘noise’ process, which is multiplied by the
scalar ‘noise level’ n=1/2. The white noise model represents a limiting case (in an
appropriate sense) of the inverse regression model

Yi=Af)(z)+2z, i=1,---,n, (5.2)

where z; are independent standard normal random variables. Insights gained in
inverse problems in the white noise model shed light on the behaviour of statistical
procedures in the inverse regression model, which is the one encountered in actual
practice, as the signal f can be typically observed only on a discrete grid of
points. Both models belong to the form of Gaussian linear models introduced
in Section 4.2,

Y = A f 4 gn)

where A = A in the white noise case and A™ = £(") A with evaluation operator
£ in the regression case (see Section 4.2.1 and Section 4.2.2). In this chapter,
we explore the structure of operator A4, and in the subsequent chapters in Part 11
we study the relevant statistical models.

The problem is to infer f from the observation Y("). To this purpose we
assume that the forward operator A is injective, but we shall be interested in
the case that the inverse A™!, defined on the range of A is not continuous (or
equivalently the range of A is not closed in G). The problem of recovering f
from Y (") is then ill-posed, and regularization methods are necessary in order to
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‘invert’ the operator \A. These consist of constructing an approximation to A~!,
with natural properties such as boundedness and whose domain includes the data
Y (™ and applying this to Y(™). By the discontinuity of the inverse A~!, the noise
present in the observation is necessarily multiplied, and regularization is focused
on balancing the error in the approximation to A~! to the size of the magnified
noise, in order to obtain a solution that is as close as possible to the true signal
f. In this article we study this through the convergence rates of the regularized
solutions to a true parameter f, as n — 0o, i.e. as the noise level tends to zero. In
particular, we consider contraction rates of posterior distributions resulting from
a Bayesian approach to the problem.

It is also possible to consider the model (5.1) with a noise variable £ that takes
its values inside the Hilbert space G. In Section 6.7 we briefly note some results
on this ‘coloured noise’ model, but our main focus is the white noise case.

The chapter is organized as follows. In Section 5.2 we introduce in greater de-
tail our setup along with the assumptions that will be used in this part. We also
present some examples for illustration. Then, an estimator, particularly suitable
for the framework of inverse problems introduced in the former section, is con-
structed in Section 5.3. We conclude this short chapter with notes and comments
in Section 5.4.

5.2 Inverse Nature

The forward operator A in the model (5.1) and (5.2) is a bounded linear operator
A : H — G between the separable Hilbert spaces H and G, and is assumed to
be smoothing. The following assumption makes this precise. This assumption is
satisfied in many examples and is common in the literature (for instance [19, 38,
71]).

Recall the concept of smoothness scales from Chapter 2. In Definition 2.1 the
space H is embedded as H = Hy in the smoothness scale (H)scr and hence has
norm ||-||o.

Assumption 5.1 (Smoothing property of A). For some v > 0 the operator A :
H_., — G is injective and bounded and, for every f € Hy,

[Af == [1£1l - (5.3)

Example 5.2 (SVD). If the operator A : H — G is compact, then the positive
self-adjoint operator A*A : H — H possesses a countable orthonormal basis of
eigenfunctions ¢;, which can be arranged so that the corresponding sequence of
eigenvalues \; decreases to zero. If A is injective, then all eigenvalues, whose roots
are known as the singular values of A, are strictly positive. Suppose that there
exists v > 0 such that

N~ i, (5.4)

If we construct the smoothness classes (Hg)secr from the basis (¢;);en and the
numbers b; = i as in Example 2.6, then (5.3) is satisfied.
Indeed, we can write A in polar decomposition as Af = U(A*A)Y/2f, for a

partial isometry U : Ran(A) — G, and then have Af = U Y, fiv/Ai¢i, so that
[AflI= 1325 fii ™ billo= 1 £l -~
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5.2. Inverse Nature

Thus constructions using the singular value decomposition of A can always be
accommodated in the more general setup described in the preceding.

For more interesting illustrations of the preceding setup, consider linear differ-
ential equations of the form

Du(x) = f(x), r€DCRY

where D is a differential operator. Under appropriate boundary conditions, the
solution w can often be expressed in terms of the Green’s function associated with
D, through a kernel operator

u(z) = /D E(x,t)f(t) dt =: Af(x). (5.5)

The operator A typically lifts a function f € L? to a Sobolev space of functions,
as in Example 2.5. The ill-posedness surfaces when one observes the state v with
noise (which deteriorates the smoothness), and tries to recover the source function
f. For illustration we include two concrete examples from the literature.

Example 5.3 (Poisson equation). The following example can be found in Sec-
tions 10.4 and 11.2 in [44]. Let (H)ser be the periodic Sobolev spaces of (gen-
eralized) functions satisfying the boundary condition f(0) = f(1) = 0. Consider
the following boundary problem,
d*u
V= — = —f, € Hy,

u A2 f ! 0
with the Dirichlet boundary condition: u(0) = u(1) = 0. The unique solution
u € Hs is given by

1
mm:Aﬂm:Akuwﬂw@

where

Ko.t) = (1-2)t, ifz>t,
"7l (1 —t)z, otherwise.

The operator A : Hy — Hj is Hilbert-Schmidt and hence compact, and therefore
has no bounded inverse. On the other hand the inverse exists as bounded operator
A=Y Hy — Hy, and is given by AL f = —f".

When 2 C R, the Sobolev norm is equivalent to || f|l2= ||fllo+I/"llo (Page
217 in [10)). Since (Af)” = f, we have |[flo< [Afla= IAFlo+I(AS)" o<
A1+ fllo, e Al [ £llo.

Since the kernel is symmetric, A is self-adjoint. Besides, A is an isomorphism
between Hy and Hj as shown above. Hence

[ Afllo=sup [(h, Af)ol= sup [(Ah, flo|~a sup |(h, flol= [If]-2,

lhllo<1 llAllo<1 llR]l2<1

by norm duality argument, for all f € Hy. This shows that (5.3) holds with v = 2.
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Example 5.4 (Symm’s equation [57]). Consider the Laplace equation Au =0 in a
bounded set 2 C R? with boundary condition « = g on the boundary 9Q. The
singular layer potential, a boundary integral

1
mm-—jég@mm—mww,xem

s
solves the boundary value problem if and only if the density h, belonging to the
space C(0f) of continuous functions on 92, solves Symm’s equation

1 h(y)Injz — y|ds(y) = g(x), =€ IN. (5.6)
T Joq

Assume the boundary 9 has a parametrization of the form {p(s), s € [0, 27|}, for

some 27-periodic analytic function p : [0, 27] — R? such that |p(s)|> 0 for all s.
Then Symm’s equation takes the following form,

Aﬂa:—iéﬁ%w@—mmﬂ@wzamm,zeme

where f(s) = h(p(s))|p(s)|. As shown in Theorem 3.18 from [57], the operator A
satisfies (5.3), with v = 1 and (Hy)ser being periodic Sobolev spaces on [0, 27].

The following example is an inverse problem in Hilbert scales (see Section 2.2).

Example 5.5 (Abel operator). For a given kernel function K : (0,1) x (0,1) = R
and « € (0, 1], consider the operator A : L2(0,1) — L?(0,1) given by

Af(z) = ﬁ /Om(x ) K (2, 5) f(s) ds.

For K = 1 this gives the classical Abel operator. Under mild smoothness conditions
on K, it is shown in [39], Theorem 1, that A is smoothing (i.e. (5.3) holds) of order
v = 1 for the Sobolev scale generated by the root negative Laplacian under the
Cauchy boundary condition, described in Example 2.10.

In the Bayesian setup we model a function through a prior. When a true
function is known to satisfy certain boundary conditions, as in many problems in-
volving differential forward operators, we can incorporate these in the by choosing
an appropriate generating operator. For an operator A defined in terms of the
Laplacian and the same boundary conditions the smoothing condition (5.3) will
be satisfied. The following is a another example of a pair of A and A.

Example 5.6 (Volterra operator). Consider the operator A : L?((0,1)?) — L?((0,1)?%)
on functions f : (0,1)?2 — R on the unit square satisfying the differential equation

32

Dm,yAf = fv Dz,y - 8$8y
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We can render the solution of the equation unique by imposing boundary condi-
tions. Two solutions are given by

At = [ ’ / " fs,tyds

1 1 1 p1
Aof(x.y) = Af(z,y) - /0 Af () di — /O Af(s,y) ds + /0 /0 Af(s,t) ds dt.

The first satisfies the boundary conditions Af(x,0) = Af(0,y) = 0, while the
second is obtained from the first by subtracting its projection on the set of all
functions of the form (x,y) — g1(z) + g2(y), which forms the kernel of the differ-
ential operator. Other boundary conditions will still give different versions of the
operator.

We claim that A4( is smoothing of order v = 1 for the Hilbert scale generated
by the root A of Dgyy with Dirichlet boundary condition, while A is smoothing
relative to the scale of L combined with Cauchy boundary condition.

The scale under the Dirichlet boundary condition is generated by the orthog-
onal system of eigenfunctions ey : (z,y) — sin(krz)sin(lry), for (k,1) € N
the tensor product of the basis of the one-dimensional Dirichlet-Laplacian as in
Example 2.10, with corresponding eigenvalues are k?[?7*. By explicit calculation

1
Aey 1 (z,y) = m[cos(kmc) cos(lmy) — cos(kmzx) — cos(lmy) + 1],
™

1
Ageri(x,y) = ) cos(kmx) cos(lmy).

The functions (z,y) + cos(krx) cos(lry), for (k,1) € (NU{0})? form an orthogonal
basis of L*((0,1)?). We conclude that for f =, | fr.i€x.;

2
I471P =3 L+Z(ZZ)+Z(ZQ;>+ (%)

)

A 2 o f]?’l ~ 2
H (]f” — k212 ||f||717
k.l
where ||-||-1 refers to the scale of A with Dirichlet boundary condition. The first

equation shows that the operator A is not smoothing in this scale, but in general
satisfies [ Af[|Z [ f]]-1.

On the other hand, the Cauchy boundary condition generates the system of
eigenfunctions (z,y) — cos((k—1/2)mx) cos((I—1/2)my), for (k,I) € N2. These can
be seen to be also the eigenfunctions of A*A, and hence the smoothing property
of A fits the SVD framework, as in Example 5.2.

The two versions A and Ag possess the same inverse operator, namely the dif-
ferential operator D, , used for their definitions. This suggests that from the point
of view of reconstructing f in the inverse problem it should not matter whether
one is provided with a noisy version of either Af or Apf as input data, seem-
ingly contradicting the fact that the operators are smoothing in different scales.
This paradox may be resolved by considering A or A as maps into the quotient
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space L2((0,1)?)/N(D,,,), where N denotes the kernel of the operator. The map
f = [Af] = [Aof] into the class of Af in this quotient space is injective and
can be shown to be appropriately smoothing (see (5.10)-(5.11)), and consequently
both scales can be used with both operators (cf. Remark 5.7).

Remark 5.7. For all our purposes the smoothing condition (5.3) can be relaxed to
(5.10)-(5.11). This relaxation covers the situation where there exists an operator
Ap that satisfies (5.3) and is a ‘version’ of A in that the two operators possess a
common inverse, such as when A and A are defined to solve a differential equation
with different boundary conditions. Lemma 5.9 shows that the relaxed version of
the smoothing condition is then satisfied by the map f — [Af] of f in the class
of Af in the quotient space G/R(A — Ap).

5.3 Galerkin Projection

In this section we collect some (well known) results on the Galerkin method.

Consider a scale of smoothness classes (H;)ser as in Definition 2.1. Let A :
H — G be an injective bounded operator between separable Hilbert spaces, and
let V; be a finite-dimensional subspace of H. The Galerkin solution f G) e V; to
the image Af of an element f is defined as the element in V} such that Af () is
equal to the orthogonal projection of Af onto the image space W; = AVj. Thus,
if @; : G — W, denotes the orthogonal projection onto Wj, then the Galerkin
solution can be written as

fY9 = R;Af, for R, = A7'Q;,

where the inverse A~! is well defined on the linear subspace W;.

If the operators R;A are uniformly bounded with respect to j, then the con-
vergence rate || fU) — f||o of the Galerkin solution to f is known to be of the same
order as the distance ||P; f — fl|o of f to its projection on V;. (See Section 3.2 and
Theorem 3.7 in [57], or the proof below.) In particular, if f € H, and V; satisfies
(2.2), then the convergence rate is given by (4, s).

In order to control the stochastic noise term ¢ in the observation schemes (5.1)
and (5.2), it is necessary also to control the norms of the operators R;. The
following lemma summarizes the properties of the Galerkin projection needed in
the proof of our main result.

Lemma 5.8. If V; is a finite-dimensional space as in Assumption 2.3 such that
(2.2) and (2.3) hold, and A : Hy — G is a bounded linear operator satisfying
I Afllo=2 || fll= for every f € Hy, then the norms of the operators R; : G — H
and RjA: Hy — Hy satisfy

1
Ri|| Sa4 ——, 5.7
[R;All Sal. (5.8)
Furthermore, for f € H, the Galerkin solution fU) € Vi to Af satisfies
1P = flloa 6G. s) IF 1. (5.9)

70
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Proof. For g € G we have R;g € V; and hence by (2.5),

1 1 1
RiglloS s IRigl -+~ s AR gllo= == 1Q;9llo;
IRs10% 5551 Ral= 50— M Rsglo= 51l
since AR;g = Q,;g. Because ||Q;9]lo< [|gllo, we conclude that | R;||< 1/6(4,7)-
By definition f) = R;Af, and R;A acts as the identity on V;. Therefore
f9 — Pjf = RjA(f — P;f), and hence

1£9 = P fllo< IR IHIACS = Pifllo= IR = Pif =< 1B; 11 60 fllos

by (2.4). By the preceding paragraph ||R;|| 6(j,v) < 1, so that the right side is
bounded above by || f||o- By the triangle inequality

IR;Afllo= IlfNo< 11£9 = Pifllo+1Pif = Fllo+ oS 11£llos

in view of the preceding display and the fact that || P;f — f|lo< || fllo. This shows
that | R;Al|S 1.
Finally, since fU) — f = (R;A— I)(f — P;f), we have that

1F9 = fllo= (B A = D)(f = Pif)llo< (IR;AI+DIS = Pifo.
Inequality (5.9) follows by the boundedness of ||R;All and (2.2). O

As is clear from the proof, the smoothing assumption || Af|=~ ||f||—, can be
relaxed to the pair of inequalities

LA S A= F LV (5.10)
JAFIZ =, f € R(R;). (5.11)

This helps to cover cases in which the smoothing condition is satisfied for a mod-
ification of the operator A, but not A itself, for example a modification taking
different boundary conditions of a differential operator into account.

We introduce a modified Galerkin solution to Af to cover such a case. Let
Ao, A : H — G be injective bounded operators between separable Hilbert spaces
that possess a common inverse in the sense of existence of a linear map B : D(B) C
G — H with domain D(B) containing the linear span of the ranges of Ay and A
such that that BAy = I = BA. For simplicity of notation, write B = A~ = Ay .
Intuitively, for the inverse problem, taking Ayf or Af as input data should be
equivalent. However, it may be that 4, is smoothing in a given scale (Hy)ser,
whereas A is not. In that case we reconstruct as follows. Assume that ® = A— Ag
has closed range, and let Py : G — G be the orthogonal projection onto this range.
Now let Q; : G — G be the orthogonal projection onto the finite-dimensional space
(I — Pp)AVj, and set

f9 = R;Af, for  R;=A"Q;(I — Py). (5.12)

Thus after removing the “irrelevant part” of Af that does not influence the inver-
sion, we project onto the finite-dimensional space (I — Py ).AV; of similarly cleaned
functions Af with f € V;, and finally invert.
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Lemma 5.9. If V; is a finite-dimensional space as in Assumption 2.3 such that
(2.2) and (2.8) hold, and Ay, A : Hy — G are bounded linear operators with
common inverse satisfying || Ao fll~ || fll- -7, for every f € Hy, then the operators
Rj: G — Hy and RjA : Hy — Hy and f9) = R, Af as in (5.12) satisfy (5.7),
(5 8) and (5.9).

Proof. The operator [A] : H — G/®(H) mapping f € H into the class of Af
in the quotient space G/®(H) is one-to-one, since [Af] = 0 implies Af € R(P)
and hence f = BAf = 0, since B® = 0. Identifying [¢] € G := G/®(H) with the
function (I — Pg)g with norm ||[g]||z= ||({ — Ps)gl|c, we see that R;Af as in (5.12)
is actually the Galerkin solution to [A]f. It suffices to show that [A] : H — G
is smoothing in the sense of (5.10). Now |[[Af]||z= [|[(I — Pa)Aof|la< |Aof|la=
| fll—y, for every f € H. Furthermore, for every f such that Aof L R(®), the
inequality is an equality. This is true for f = R,g, since AgRjg = Q;(I — Ps)g €
(I — Py)AV;. O

5.4 Notes

Statistical Inverse Problems

The study of statistical (nonparametric) linear inverse problems was initiated by
Wahba in 1970s in [101]. The 1990s paper [24] used wavelet shrinkage methods,
while around 2000, the authors of [17] investigated (5.1) in the linear partial dif-
ferential equations setting, while a systematic study of Gaussian sequence models
was presented in [16]. A review of work until 2008 is given in [15]. The con-
nection of regularization methods to the Bayesian approach was recognized early
on. However, the study of the recovery properties of posterior distributions was
started only in [59, 60]. A review of the Bayesian approach to inverse problems,
with many examples, is given in [88].

Much of the existing work on statistical inverse problems is based on the sin-
gular value decomposition (SVD) of the operator A; see, e.g., [15]. When A is
compact, the operator A*A, where A* is the adjoint of A, can be diagonalized
with respect to an orthonormal eigenbasis, with eigenvalues tending to zero. The
observation Y (™ can then be reduced to noisy observations on the Fourier coeffi-
cients of Af in the eigenbasis, which are multiples of the Fourier coefficients of f,
and the problem is to recover the latter. In the frequentist setup thresholding or
other regularization methods can be applied to reduce the weight of estimates on
coefficients corresponding to smaller eigenvalues, in which the noise will overpower
the signal. In the Bayesian setup one may design a prior by letting the Fourier
coefficients be (independent) random variables, with smaller variances for smaller
eigenvalues. These singular value methods have several disadvantages, as pointed
out in [19, 24]. First, the eigenbasis functions might not be easy to compute. Sec-
ond, and more importantly, these functions are directly linked to the operator A,
and need not be related to the function space (smoothness class) that is thought
to contain the true signal f. Consequently, the parameter of interest f may not
have a simple, parsimonious representation in the eigenbasis expansion, see [24].
Furthermore, it is logical to consider the series expansion of the signal f in other
bases than the eigenbasis, for instance, in the situation that one can only measure
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noisy coefficients of the signal f in a given basis expansion, due to a particular
experimental setup. See [37, 70] for further discussion.

Deterministic Inverse Problems

There is a rich literature on inverse problems. The case that the noise £ is a
bounded deterministic perturbation, has been particularly well studied, and var-
ious general procedures and methods to estimate the convergence rates of regu-
larized solutions have been proposed. See the monographs [29, 57]. The case of
stochastic noise is less studied, but is receiving increasing attention.

Inverse Problems in Scales and Bayesian Approach

A canonical example are Sobolev spaces, with the operator A being an integral
operator. This Sobolev space setup with wavelet basis was investigated in [19, 24].
In deterministic inverse problems, a more general setup, considering A that acts
along nested Hilbert spaces, Hilbert scales, was initiated by Natterer in [71] and
further developed in, amongst others, [46, 69, 70]. In the Bayesian context Hilbert
scales were used in [30], under the assumption that the noise ¢ is a proper Gaussian
element in G, and in [1], but under rather intricate assumptions. The second
question, to allow priors that are not conjugate, can also be answered under the
condition of A. In the linear inverse problem Gaussian priors are easy, as they lead
to Gaussian posterior distributions, which can be studied by direct means. Most
of the results on Bayesian inverse problems fall in this framework [1, 30, 59, 60],
exceptions being [80] and [58].

Generalized Random Elements

An alternative method to give a rigorous interpretation to white noise &, is to
embed G into a bigger space in which £ can be realized as a Borel measurable
map, or to think of £ as a cylindrical process. See e.g., [87]. For G a set of
functions on an interval, one can also realize £ as a stochastic integral relative to
Brownian motion, which takes its values in the ‘abstract Wiener space’ attached
to G.
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Chapter 6

Inverse Problems with Continuous
Observations in Smoothness Scales

6.1 Introduction

In this chapter, we study the following linear inverse problem in white noise,

() _ 1
Y\ =Af + \/ﬁf, (6.1)
where A is characterised in Section 5.2, and £ is an isonormal Gaussian process
(see Definition 3.28 and Section 4.2.1).

This chapter is organised as follows. We present a general posterior contraction
theorem in Section 6.2, which is based on a testing approach using the estima-
tor from Section 5.3. The result does not depend on any conjugacy of priors.
Then, the general theorem is applied to two examples of priors: series priors in
Section 6.3 and Gaussian priors in Section 6.4. Since the simple Gaussian prior
is not fully adaptive, we introduce Gaussian mixture priors to obtain adaptation
in Section 6.5. It is noteworthy that the priors are defined in terms of the scale,
rather than the operator. In other words, the operator and the prior are assumed
related, but only indirectly, through the scale. In this arrangement, priors can be
chosen directly related to common bases (e.g., splines or wavelets bases) and func-
tion spaces, rather than to the operator through its singular value decomposition.
Section 6.6 contains the proofs. we conclude this chapter with the discussion of
several extensions of the present work in Section 6.7.

6.2 General Result

In this section we present a general theorem on posterior contraction. We form the
posterior distribution IT,, (- | Y(™)) as in (4.1), given a prior IT on the space H = H,
and an observation Y ("), whose conditional distribution given f is determined by
the model (6.1). We study this random distribution under the assumption that
Y™ follows the model (6.1) for a given ‘true’ function f = f, which we assume
to be an element of Hg in a given smoothness scale (Hy)ser, as in Definition 2.1.
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The result is based on an extension of the testing approach of [35] to the
inverse problem (6.1). The inverse problem is handled with the help of the Galerkin
method, which is a well known strategy in numerical analysis to solve the operator
equation y = Af for f, in particular for differential and integral operators. The
Galerkin method has several variants, which are useful depending on the properties
of the operator involved. Here we use the least squares method, which is of general
application; for other variants and background, see e.g., [57]. In Section 5.3 we
have given a self-contained derivation of the necessary inequalities, exactly in our
framework. We note that the Galerkin method only appears as a tool to state
and derive a posterior contraction rate. In our context it does not enter into the
solution of the inverse problem, which is achieved through the Bayesian method.

Let W; = AV; C G be the image under A of a finite-dimensional approximation
space V; linked to the smoothness scale (H)scr as in Assumption 2.3, and let
Qj : G — W; be the orthogonal projection onto Wj. If A: H — G is injective,
then A is a bijection between the finite-dimensional vector spaces V; and W;,
and hence for every f € H there exists fU) € V; such that AfU) = QjAf. The
element fU) is called the Galerkin solution to Af in V;. By the projection theorem
in Hilbert spaces it is characterized by the property that f0) V; together with
the orthogonality relations

<Af(j),w>0 = <Af,w>0a w e Wj~ (62)

The idea of the Galerkin inversion is to project the (complex) object Af onto the
finite-dimensional space W}, and next find the inverse image f () of the projection,
in the finite-dimensional space Vj;, as in the diagram:

Hysf —25  AfedG

Qj [
A—l

Vj > f(j) — Q].Af S Wj

Clearly the Galerkin solution to an element f € Vj is f itself, but in general f ()
is an approximation to f, which will be better for increasing j, but increasingly
complex. The following theorem uses a dimension j = j, that balances approxi-
mation to complexity, where the complexity is implicitly determined by a testing
criterion.

Theorem 6.1. For smoothness classes (Hg)ser as in Definition 2.1, assume that
| Afllox= [|fl|— for some v > 0, and let f\9) denote the Galerkin solution to Af
relative to linear subspaces V; associated to (Hs)ser as in Assumption 2.3. Let
fo € Hg for some B € (0,S), and for n, > e, | 0 such that ne2 — oo, and j, € N
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6.2. General Result

such that j, — oo, and some c > 0, assume

Jn < cnsi, (6.3)
En

n 2> 6.4

g 5(]'”’7) ( )

N > 0(jn, B)- (6.5)

Consider prior probability distributions II on Hy satisfying

T(f : |Af — Afol|< £,) > e "n, (6.6)
(S : || f9) = fllo> na) < e~ 4nen. (6.7)

Then the posterior distribution in the model (6.1) contracts at the rate n,, at fo, i.e.
for a sufficiently large constant M we have IL,(f : ||f — follo> Mn, | Y™) = 0,
in probability under the law of Y™ given by (6.1) with f = fo.

Proof. The Kullback-Leibler divergence and variation between the distributions
of Y™ under two functions f and fy are given by n||Af — Afo|?/2 and twice this
quantity, respectively. (E.g., Lemma 8.30 in [35].) Therefore the neighbourhoods
By, 2(fo,€) in (8.19) of [35] contain the ball {f € Hy : || Af — Afol|< €}. By
assumption (6.6) this has prior mass at least e ="

Because the quotient of the left sides of (6.6) and (6.7) is o(e’Q”Ei), the poste-
rior probability of the set {f : || fUn) — f|o> 7.} tends to zero, by Theorem 8.20
in [35].

By a variation of Theorem 8.22 in [35] it is now sufficient to show the existence
of tests 7, such that, for some M > 0,

P}:)Tn — 0, sup P;n)(l —7n) < e~4nen,
f:Alf = follo>Mnn,
£ = Fllo<mm

Indeed, in the case that the prior mass condition (8.20) in Theorem 8.22 of [35]
can be strengthened to (8.22), as is the case in our setup in view of (6.6), it
suffices to verify (8.24) only for a single value of j. Furthermore, we can apply
Theorem 8.22 with the metrics d,,(f,9) = ||f — gllo €n/nn in order to reduce the
restriction d,,(6,0,.0) > Me,, to || f — follo> Mny,.

Fix any orthonormal basis (¢;);<; of W; = AV; and define

> ) 7 _ 1 -
Yy =D Y= ) (AL U+ =) L
<] i<j 1<J

1 -

=Q;Af + %gj’

where &; = Dic j ng)ilzi. The latter is a “standard normal vector in the finite-

dimensional space W;": because (g, )i<; are i.i.d. standard normal variables, the
variable (£, w) = >iciSu, (i, w) is N(0, ||Qjw|?)-distributed, for every w € G.

Let the operator R; : G — V; be defined as R; = A7'Q;, where A™! is

the inverse of A, which is well defined on the range W; = AV; of Q);. Then by
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6. INVERSE IN SMOOTHNESS SCALES: CONTINUOUS OBSERVATIONS

definition R;Af is equal to the Galerkin solution f () to Af. By the preceding
display R;Y} is a well-defined Gaussian random element in V}, satisfying

_ ) 1 _
R;Y; = fU) + %Rjgj. (6.8)

The variable ij_j is a Gaussian random element in V; with strong and weak
second moments

_ _ . J
E|R;Ello < IR IPEIGIP= IRIPED €2 = IRIPG - 1) S 555

= 5(4,7)

_ i 1
sup E(R;&;, f)5 = sup E(&, R} f)* = sup ||Q;R;fIP< |RIPS ———5-
Iflo<t Il Iflo<t 7 T 5(4,7)?

In both cases the inequality on || R;||= || R}|| at the far right side follows from (5.7).

The first inequality shows that the first moment E||R;&;[|, of the variable
|R;&;llo is bounded above by v/7/(j,7). By Borell’s inequality (e.g. Lemma 3.1
in [67] and subsequent discussion), applied to the Gaussian random variable Rjétj
in Hy, we see that there exist positive constants ¢ and b such that, for every ¢ > 0,

& Vi —bt28(5,7)?
Pr<||R'§< o> t+a— ) <e @7,
alo= 105655
For t = 2/nn, /v/b and n,,, €,, and j,, satisfying (6.3), (6.4) and (6.5) this yields,
for some a; > 0,

Pr(||Rjn5jn,||o> ay \/ﬁnn) < einen, (6.9)
We apply this to bound the error probabilities of the tests
7 = IR}, Y}, — follo> Mon}, (6.10)

where Mj is a given constant, to be determined. -

Under fo, the decomposition (6.8) is valid with f = fj, and hence R;Y; — fy =
n~Y 2R;¢; —1— féj ) fo- By the tr_iangle inequality it follows that 7,, = 1 implies that
n_1/2||Rjn§jn||02 Mon, — ||f(§]) — follo- By (5.9) the assumption that fo € Hg
implies that ||fé]) — follo< M16(4, B), for some M;j, which at j = j, is further
bounded by M7, by assumption (6.5). Hence the probability of an error of the
first kind satisfies

n 1 :
PR < Pr( s, &l (Mo — My, ).

For My — M; > aq, the right side is bounded by e~4"%, by (6.9).

Under f the decomposition (6.8) gives that R;Y; — fo = n~Y/2R;&; + fU) —
fo. By the triangle inequality 7, = 0 implies that n’1/2||Rjn§_jn||02 [| fUn) —
follo— Mo, For f such that | — follo> Ma, and ||f — FS[[o< n,, we have
| £Un) — fol|> (M — 1)n,. Hence the probability of an error of the second kind
satisfies

P}n)(l —Tn) < Pr(

1 _
SR, llo= (M =1 = Moy ).
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6.2. General Result

For M — 1 — My > ay, this is bounded by 6’4"51, by (6.9).
We can first choose M large enough so that My — M; > a1, and next M large
enough so that M — 1 — My > aq, to finish the proof. O

Inequality (6.6) is the usual prior mass condition for the ‘direct problem’ of
estimating Af (see [33]). It determines the rate of contraction ¢, of the posterior
distribution of Af to Afy. The rate of contraction 7, of the posterior distribution
of f is slower due to the necessity of (implicitly) inverting the operator A. The
theorem shows that the rate n,, depends on the combination of the prior, through
(6.7), and the inverse problem, through the various approximation rates.

Remark 6.2. It would be possible to obtain the theorem as a corollary of Theorem
2.1 in [58]. We would take the sets S, in the latter high-level result equal to the
sets {f : ||fUn) — fllo> nn} appearing in (6.7). To verify the conditions of [58] for
this choice, most of the preceding proof would be needed. Since the next theorem
appears not to be a consequence of this approach, and its proof uses the preceding
proof, we have given a direct proof instead.

The theorem applies to a true function fy that is ‘smooth’ of order 8 (i.e.,
fo € Hg). For a prior that is constructed to give an optimal contraction rate for
multiple values of 8 simultaneously, the theorem may not give the best result. The
following theorem refines Theorem 6.1 by considering a mixture prior of the form

Il = /HT dQ(r), (6.11)

where I is a prior on H, for every given ‘hyperparameter’ 7 running through
some measurable space, and () is a prior on this hyperparameter. The idea is to
adapt the prior to multiple smoothness levels through the hyperparameter 7.

Theorem 6.3. Consider the setup and assumptions of Theorem 6.1 with a prior of
the form (6.11). Assume that (6.3), (6.4), (6.5) and (6.6) hold, but replace (6.7)
by the pair of conditions, for numbers n,  and C > 0 and every T,

IL(f : |f — follo< 20n.r) < e 4%, V7 with 1, » > C, (6.12)
; _ 2
(f 2 1£9%) = fllo> mnr) < e *7en. (6.13)

Then the posterior distribution in the model (6.1) contracts at the rate 0, at fo, i.e.
for a sufficiently large constant M we have IL,(f : ||f — follo> Mn, | Y™) = 0,
in probability under the law of Y™ given by (6.1) with f = fo.

Proof. We take the parameter of the model as the pair (f,7), which receives the
joint prior given by f| 7 ~ I, and 7 ~ Q. With abuse of notation, we denote
this prior also by II. The likelihood still depends on f only, but the joint prior
gives rise to a posterior distribution on the pair (f,7), which we also denote by
IL,(-| Y™), by a similar abuse of notation.

By (6.11) and eqs. (6.12) and (6.13),

—4n 2
H((fv T) Mn,r > Cnnv Hf - f0||0< 27771,7) <e 4 E"a
((f,7) : [£9) = fllo> nu,r) < e~ 40,
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6. INVERSE IN SMOOTHNESS SCALES: CONTINUOUS OBSERVATIONS

In view of (6.6) and Theorem 8.20 in [35], the posterior probabilities of the two
sets in the left sides tend to zero. As in the proof of Theorem 6.1, we can apply
a variation of Theorem 8.22 in [35] to see that it is now sufficient to show the
existence of tests 7, such that, for some M > 2C),

P;:)Tn -0, sup P}”)(l — 1) < einen,
()l f=Follo>Mnn V2nn -,
£ = Fllo<mn,-

(Note that Mn, V 2n, » = Mn, if n,, < Cn, and M > 2C.) We use the tests
defined in (6.10), as in the proof of Theorem 6.1. The latter proof shows that the
tests are consistent. We adapt the bound on the power, as follows.

By the triangle inequality 7, = 0 implies that, for (f,7) with ||f — follo>
My, V 21, and ”f(j") = fllo< nn.rs

0> 1£9") = follo—Monn > |1f = follo=I1£9") = Fllo—Monn,
2 Mnn V 27’71,7 - 7777.,7' - Moﬂn Z (M/2 - MO)nn

n~'?|R;,&;,

Hence by (6.9) the probability of an error of the second kind is bounded by 6_4"Ei,
for M sufficiently large that M/2 — My > a;. O

In a typical application of the preceding theorem the priors IL; for 7 such that
Mn,» > Cny, will be the priors on ‘rough’ functions, with ‘intrinsic’ contraction rate
7, slower than 7,. These ‘bad’ priors do not destroy the overall contraction rate,
because they put little mass near the true function fo, by condition (6.12). It is
necessary to address these priors explicitly in the conditions, because they will
typically fail the approximation condition (6.7), which must be relaxed to (6.13).
A further generalization might be to allow the truncation levels j, to depend on
7, but this will not be needed for our examples.

Inspection of the proof shows that the posterior probability of the sets {7 :
Mnr 2, Cny} tends to zero. This means that the posterior correctly disposes of
the models that are ‘too rough’, for the given true function fy. In general there is
no similar protection against models that are too smooth, but this does not affect
the contraction rate.

6.3 Random Series Priors
Suppose that {¢;}icn is an orthonormal basis of H = Hj that gives optimal
approximation relative to the scale of smoothness classes (Hg)scr in the sense

that the linear spaces V; = Span{¢;};<; satisfy Assumption 2.3. Consider a prior
defined as the law of the random series

M
F=>fitn (6.14)
i=1

where M is a random variable in N independent from the independent random
variables f1, fa,...in R.
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6.3. Random Series Priors

Condition 6.4 (Random series prior). (i) The probability density function pys
of M satisfies, for some positive constants by, ba,

e Spu(k) Se™r, VkeN

(ii) The variable f; has density p(-/k;)/k;, for a given probability density p on
R and a constant k; > 0 such that, for some C' > 0 and w > 0, «, 8y > 0,

p(w) Z e, (6.15)
i~/ (log i) VY < Ky < d (6.16)

Priors of this type were studied in [4, 80], and applied to inverse problems in
the SVD framework in [80] (see Section 3.1 of the latter paper for discussion). For
Gaussian variables f; and degenerate M the series (6.14) is a Gaussian process,
and has been more widely studied, but we focus here on the non-Gaussian case.
Since the basis (¢;);cn used in the prior is linked to the smoothness class (H;)ser,
rather than to the operator A, the prior is not restricted to the SVD framework.
Of course, in the theorem below we do require the operator to be smoothing in
the same smoothness scale, thus maintaining a link between prior and operator.

The assumption on the density pp; is mild and is satisfied, for instance, by
the Poisson distribution. The assumption on the density p is mild as well, and
is satisfied by many distributions with full support in R, including the Gaussian
and Laplace distributions. The parameter 8y in (6.16) must be a lower bound on
the smoothness of the true parameter fy. Apart from this, condition (6.16) is also
very mild, and allows the scale parameters k; to tend both to zero or to infinity.

The preceding random series prior is not conjugate to the inverse problem
(6.1). In general the resulting posterior distribution will not have a closed form
expression, but must be computed using simulation, such as Markov chain Monte
Carlo, or approximated using an optimisation method, such as variational ap-
proximation. However, the contraction rate of the posterior distribution can be
established without the help of an explicit expression for the posterior distribution,
as shown in the following theorem.

Theorem 6.5 (Random Series Prior). Let (¢i)ien be an orthonormal basis of Hy
such that the spaces V; = Span{®; }i<; satisfy Assumption 2.3 with §(j,s) = j~*/4
relative to smoothness classes (Hg)scr as in Definition 2.1. Assume that || Af]|~
| fll— for some vy > 0, and let fo € Hg for some B8 € (0,S). Then, for the
random series prior defined in (6.14) and satisfying Condition 6.4 with By < 8,
and sufficiently large M > 0, for 7 = (8 +v)(1 4+ 2v/d)/ (26 + 2v + d),

P(")
Mo (£ 2 11 = follo> Mn=#/G5+27+0 log )7 | () "4 .

The rate n~8/(28+27+d) is known to be the minimax rate of estimation of a
[B-regular function on a d-dimensional domain, in an inverse problem with inverse
parameter v (see, e.g., [19]). The assumption that 6(j,s) = j~*/¢ places the setup
of the theorem in this setting, and hence the rate of contraction obtained in the
preceding theorem is the minimax rate up to a logarithmic factor. The rate is
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6. INVERSE IN SMOOTHNESS SCALES: CONTINUOUS OBSERVATIONS

adaptive to the regularity of 5 of the true parameter, which is not used in the
construction of the prior, apart from the assumption that 8 > 8y. (See [34] and
Chapter 10 in [35] for general discussion of adaptation in the Bayesian sense.)

The proof of the theorem is deferred to Section 6.6; it will be based on Theo-
rem 6.1.

Example 6.6 (Wavelet basis). Let p be a standard normal density, pys a standard
Poisson probability mass function, and set the scaling parameters k; equal to 1
(no scaling).

Consider an S-regular orthonormal wavelet basis {¢; 1 } for the space of square-
integrable functions on the d-dimensional torus (0,27]%. We can renumber the
index (j, k) into N by ordering the basis functions by their multiresolution levels,
294 4 k. and next construct the random series prior (6.14).

An S-regular orthonormal wavelet basis is known to correspond to the scale
of Sobolev spaces up to smoothness level S. Therefore, by Theorem 6.5, the
contraction rate of the posterior distribution is n=3/(28+27+d) times a logarithmic
factor whenever the operator is smoothing relative to the Sobolev scale and the
true function fy belongs to the Sobolev space of order 3, for By < 8 < S. Thus
the posterior distributions are adaptive up to a logarithmic factor to the scale of
Sobolev spaces of orders between 5y and S.

For increasing 8 > S the rate given by the theorem still improves. However,
the ‘regularity’ 8 defined by the scale (Hj)ser may then not coincide with the
Sobolev scale.

6.4 Gaussian Priors

If the function f in (6.1) is equipped with a Gaussian prior, then the corresponding
posterior distribution will be Gaussian as well. Furthermore, the posterior mean
will then be equal to the solution found by the method of Tikhonov-type regular-
ization (see e.g. [30, 59, 88]). Although this allows to study the posterior mean
and the full posterior distribution by direct methods, in this section we derive the
rate of posterior contraction from the general result Theorem 6.1. An advantage
of this approach is that the proof can be extended to mixtures of Gaussian priors.
Taking mixtures is important to obtain optimal recovery rates for true functions
of different smoothness levels. See Section 6.5.

A Gaussian prior on the Hilbert space H = Hj is determined by a mean, which
we shall take equal to zero, and a covariance operator. To connect the prior to
a smoothness scale (H;)ser as defined in Definition 2.1, it is natural to assume
that the latter forms a Hilbert scale, which may be viewed a smoothness scale with
additional structure. For reference we include a short summary on Hilbert scales.
Extended discussions of Hilbert scales in the context of regularization theory can
be found e.g. in Chapter 8 of [29], and a general treatment of the subject in [62].

Centred Gaussian distributions on a separable Hilbert space correspond bijec-
tively to covariance operators. By definition a random variable F' with values in
H, is Gaussian if (F, g)o is normally distributed, for every g € Hy, and it has zero
mean if these variables have zero means. The variances of these variables can then
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be written as
E(F, g)5 = (Cg,9)o,

for a linear operator C' : Hy — Hy, called the covariance operator. A covari-
ance operator C' is necessarily self-adjoint, nonnegative, and of trace class, i.e.,
Y ien(Coi, ¢i) < oo, for some (and then every) orthonormal basis (¢;)ien of Ho;
and every operator with these properties generates a Gaussian distribution.

In the setting of a Hilbert scale (H;)ser generated by the operator L it is
natural to choose a Gaussian prior with covariance operator of the form L2,
for some a > 0. If L™! has eigenvalues \;, then this operator is of trace class if
D jeN j—2a < 0. Thus a must be chosen big enough for the Gaussian prior to
exist as a ‘proper’ prior on Hy. For instance, if A\; ~ =14 then every choice
a > d/2 yields a proper prior.

This leads to the following theorem on posterior contraction rates for Gaussian
priors, the proof of which is given in Section 6.6.

Theorem 6.7 (Gaussian Prior). Consider a Hilbert scale (H;)ser generated by
an operator L as in the preceding such that L=' : Hy — Hy is compact with
eigenvalues \; satisfying \; o~ j~Ye. Suppose the operator A : Hy — G satisfies
IAfll= [ fll=~, assume that fo € Hg, for some B > 0, and let the prior be zero-
mean Gaussian with covariance operator L=2%, for some a > d/2. Then the
posterior distribution satisfies, for sufficiently large M > 0,

(n)
(£ 21 = follo> M=ot/ Gos2n) |y o) T

If F is distributed according to the prior in the preceding theorem, then L*F
is also zero-mean Gaussian distributed, with covariance operator L2*~2%  which
has eigenvalues j~(2*=2%)/d_ For s < a — d/2, this operator is of trace class and
hence L°F is a proper random variable in Hy. In other words, the distribution of
F gives probability 1 to L=*Hy = H, for every s < a — d/2. The prior in the
preceding theorem can therefore be interpreted as being ‘almost’ of regularity o —
d/2. The rate n~((@=4/2)AB)/(2a+27) ig therefore comparable to the rate obtained
in Theorem 3.5 in [80] and Theorem 4.1 in [59] (without scaling parameter), except
that the parameter « in the latter references is denoted presently by o — d/2.

An improvement of the present theorem is that the covariance operator of the
Gaussian prior is not directly linked to the operator A, but only weakly so by
(5.3). For example, we may construct a prior by a random series (see Theorem
1.23 in Appendix 1.6, [35]), in any basis corresponding to the smoothness scale.
We illustrate this below by using the wavelet basis for an inverse problem given by
a differential operator, after first noting that the singular value setup is covered
as well.

Example 6.8 (SVD). The scale of smoothness classes constructed in Example 2.6
and Example 5.2 is the Hilbert scale attached to the operator L given by Lf =
> ien bifidi defined on the domain of functions f = 3", fidi, with Y-, b7 2 <
o0. Under assumption (5.4) this operator can also be expressed as L = (A*A)~1/(27),
and depends on the operator A through its eigenfunctions. A Gaussian prior with
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covariance operator L™2% corresponds to modelling the coefficients f; relative to
the basis ¢; as independent zero-mean normal variables F; with variances b; 2o
This follows, because in that case E(F, g)3 = 3=, b; *“g2 = (L™2%g, g)3, for every
g < Ho.

Thus in this case the prior coincides with the ones in the literature studied
under the SVD framework, e.g. [59, 60]. In the present more general setting
L need not be directly linked to A, except that the operator must possess the
smoothing property Assumption 5.1.

Example 6.9 (Sobolev scales, wavelet prior). Let {¢;x}(rea, be an S-regular
orthonormal wavelet basis in L*(T), on T := (0,2x]. Let f; 1 = [5. f(2)d;x(z) dx
be the wavelet coefficients of a function f. By Parseval’s identity, the map U :
[ {fjx} is a unitary operator U : L*(T) — ¢2(A). The multiplication operator
m : {fir}— {27fjx} on €2(A) has s-th power given by m® : {f;x} — {27°fjx}-
Then L := U*mU has s-th power L° := U*m®U and generates a Hilbert scale
(Hy)ser- For f € Hy, we have

00 291

1A= D2
k=0

=0

This norm can be shown to be equivalent to the standard Sobolev norm, for
0<s<S.
The Gaussian prior with covariance operator L~
random series of the form
F= Y Fixbik

(7,k)EA

2@ can be represented by a

where Fjy ~ N(0,27%%) are independent random variables. This prior corre-
sponds to the Hilbert scale, but does not refer to an operator A. For instance, the
eigenbasis of the operator in Example 5.4 is the Fourier basis (see [57]), and not
the wavelet basis. Thus we have constructed a Gaussian prior that is not related
to the eigenbasis, but attains the same contraction rate.

It may be noted that the scale (Hj)secg is well defined for every s € R, and
with the preceding prior Theorem 6.7 is applicable to the full scale, and gives a
contraction rate relative to the scale, which is optimal when 8 = «—d/2. However,
the scale agrees with the Sobolev scale only for 8 < .S, and hence the optimality is
in the Sobolev sense only if 8 < S. This restriction is typical when working with
an approximation scheme such as wavelets or splines. One can of course choose a
suitably large value of S, or may mix over multiple wavelet bases, as in the next
section.

As mentioned in Section 6.1, there are many works on Bayesian inverse prob-
lems with Gaussian priors. The setup of the preceding theorem is similar to [1, 30],
arguably closer to [1]. While we mainly treat the white noise case, our results can
be extended to cover the noise structure in [1|, and hence also cover the model
in [30]. On the other hand, we differ from [1] in the following sense. First, un-
like Assumption 3.1 in [1], our characterization of the smoothing property of the
operator A, i.e. Assumption 5.1, is simple, and in principle, our setup can also
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be extended to severely ill-posed problems, see Section 6.7. Second, our proof
strategy is different, as we do not use Gaussian conjugacy, which is the main tool
in [1]. This also allows us to obtain posterior contraction rates for non-conjugate
priors in Section 6.3, and for Gaussian mixtures in Section 6.5.

6.5 Gaussian Mixtures

The posterior contraction rate resulting from a zero-mean Gaussian prior with
covariance operator L~2%, as considered in Section 6.4, is equal to the minimax rate
n~P/(2B+27+d) (see [19]) only when a — d/2 = 3, i.e., when the prior smoothness
a—d/2 matches the true smoothness 8. By mixing over Gaussian priors of varying
smoothness the minimax rate can often be obtained simultaneously for a range of
values 8 (cf. [61], [98], [89]). In this section we consider mixtures of the mean-
zero Gaussian priors with covariance operators 72L~2¢ over the ‘hyperparameter’
7. Thus the prior II is the distribution of 7F, where F' is a zero-mean Gaussian
variable in H, with covariance operator L=2% as in Section 6.4, and 7 is an
independent scale parameter. The variable 1/7% may be taken to possess a Gamma
distribution for some given 0 < a < 2, or, more generally, should satisfy the
following mild condition.

Condition 6.10. The distribution @ of 7 has support [0, 00) and satisfies

—log Q((t,2t)) St72, ast |0,
—log Q((t,2t)) St/(@=d/2) ast — o0.

Theorem 6.11 (Gaussian mixture prior). Consider a Hilbert scale (H)ser gener-
ated by an operator L as in the preceding such that L= : Hy — Hy is compact with
eigenvalues \; satisfying \j ~ j=Ye. Suppose the operator A : Hy — G satisfies
|Afll~ || fll=~, assume that fo € Hg, for some 5 € (0,c], and let the prior be a
mizture of the zero-mean Gaussian distributions with covariance operators T2L 2
over the parameters T equipped with a prior satisfying Condition 6.10, for some
a > d/2. Then the posterior distribution satisfies, for sufficiently large M > 0,

P(")
L (£ 5 1S = folle> Mn=2/@4240 ) y @) 3 o,

The proof is given in Section 6.6.

6.6 Proofs

6.6.1 Proof of Theorem 6.5

The theorem is a corollary to Theorem 6.1 and uses arguments as in the proof of
Proposition 3.2 in [80].

First we determine &, to satisfy the prior mass condition (6.6) of the direct
problem. Let P; be the projection onto the linear span of the first j — 1 basis
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elements ¢;. By the assumption on A and the triangle inequality, for any i,, € N,

IAf = Afoll S IIf = foll S I = Pi foll v+ Pi fo = foll —
S = Pi foll 4 +0(in, 1)6(in, B) [l foll 5, (6.17)

by (2.4),if 0 < B, < S. Here 6(in,7)8(in, B) = in T4~ g, if iy o~ ey @O
By the orthogonality of the basis (¢;), the function ¢; is orthogonal to the space
V; spanned by (¢;)i<;. Hence Pj¢; = 0, so that H¢JH v< 5G N b5llo< 5774,

for every j, by (2.4). Consequently, for f = ZZ 1 0 € Vi, and fo =", fo,iPi,
by the triangle inequality,

inp—1

1f = Pi foll =4S D |fi = fos

i=1

i/,

It follows that there exists a constant ¢ > 0 such that

in—1

(f : |If — Pi foll- A,<a5)>H<( Zm fouli < e M =ip — )

/d
>HH<f1. — foul< “j )H(M_inl)

n

in ei" ) (kiin) ) )
> H/o p(az + %) da e~brin,

i=1

in view of Condition 6.4. By (6.15) of the latter assumption, the integral forp(x
) dz is bounded below by a constant times re~ ¢ kD™ Tt follows that for e
such that €97/ /(k,iy,) < 1, for i < i,, the preceding display is lower bounded by
a multiple of

in ivy/d

T2 o 030 L)) o

i=1

By (6.16), we have i7/?/x; > (1/i)7/4=  which is bounded below by 1 if v/d —
a > 0 and by (1/4,)*"7/¢ otherwise, and hence always by (1/i,)®. This shows
that the first term in square brackets is bounded below by (ag/i2*1)i for some
as > 0. Since fy € Hg, by assumption, the norm duality (2.1) gives that |fo,;|=
[(fo, ®i)ol< || follgllpill—5< P/, Together with (6.16) this gives that |fo|/ki <
i(Po=P)/d(logi)'/* < (logi)'/™, whence minus the exponent in the second term
in square brackets is bounded by a multiple of 4, (1 + (logi,)'/")". We conclude
that there exists a constant as > 0 such that

(/& 1 = Py foll < a) > ehnemovin osine=biin,

for every & > 0 such that i7/?/(k;i,) < 1, for every i < i,. Since i7/%/k; <
i(r+ho)/d(log )/, again by (6.16), a sufficient condition for the latter is that
eil ) log i) iy < 1.
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Combining this with (6.17), we see that (6.6) is satisfied for ¢, such that there
exists i,, with

i;W*’B)/d < én, inlogin, <

~

ne, i) d(log i, < iy
This leads to the rates

(B+v)/(26+2w+d)’ d/(28+2v+d)

en =~ (logn/n) in =~ (n/logn) .

(The third requirement is easily satisfied and remains inactive.) We can choose a
sufficiently large proportionality constant in ~ when defining &,, so that (6.6) is
satisfied for &, since the left and right sides of (6.6) are increasing and decreasing
in g, respectively.

Since the Galerkin projection f) is equal to f itself if f € V;, we have that
| fUn) — fllo= 0 for the random series f = Zi\il fidi it M < jn. By (ii) of
Condition 6.4 it follows that, for some b5 > 0 and every n,, > 0,

T(F = (£9) = fllo> mn) STUM > jn) < €%,
Hence (6.7) is satisfied for j,, = ne2 /(4b). Thus we choose
G nd/(25+2’y+d) (log n)(2ﬁ+2’y)/(2,6’+2’y+d),
with a sufficiently large constant in ~. Then (6.3) is satisfied and it remains to
solve 7, from (6.4) and (6.5). This leads to the inequalities
N > eng)/4 o n=P/@0F2+d) (1o ) 1427/ ) (B+7)/ (2B+27+d)
m > 810 a8/ 2B214d) (1o 1) ~BRE+2) /(284274 d)d).

The rate is the maximum of the rates at the right hand sides, which coincides with
the first rate. This concludes the proof.

6.6.2 Proof of Theorem 6.7

The theorem is a corollary to Theorem 6.1. The main tasks are to determine ¢,
satisfying the prior mass condition (6.6) of the direct problem, and next to identify
7, from the prior mass condition (6.7) and the other conditions.

The first task is achieved in the following lemma.

Lemma 6.12. Under the assumptions of Theorem 6.7, for fo € Hg, as < ] 0,

g4/ (aty=d/2) ifd/2 <o < B+d/2
_ . _ < ) = s
logII(f : |Af — Afoll< &) S {5(2a2,8)/(5+'y)7 ifa>B+d/2

(6.18)
Proof. Since by assumption |[[Af — Afoll~ ||f — fol|—y, the probability in the
left side is the decentered small ball probability II(f : ||f — fol|-4< ae) of the

Gaussian random variable F' distributed according to the prior and viewed as
map into H_,, D Hy, for some a > 0. Because F' has covariance operator L2 a5
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a map in Hy, its reproducing kernel Hilbert space (or Cameron-Martin space) H
(which does not depend on its range space) is equal to the range of L~ under the
norm ||[L™%h|lg= ||h]|o (see e.g., Example 1.14 of [35]). Since L=% : Hy — H, is
a norm isometry, by (iii) of Proposition 2.8, this is the Hilbert space H, with its
natural norm ||-||o. The left side of (6.18) is therefore up to constants equivalent
to
. 2
e IR logTI(1 ] < o). (6.19)
See [64, 65, 99], or Section 11.2, in particular, Proposition 11.19 in [35].
By (2.4) ||P;fo— foll=v S 6(4,7)0(J, B)ll foll g, which is bounded above by ¢ for
§ ~ e=4/(B+7) Thus for this value of j the first term in (6.19) is bounded above
by

1P follg if a <8,
1/6(‘77@75)HPJ.](.0H,37 ifOé>/6

by (2.11). Here [P follo< | P;fo — foll s+l folls< (6(7,0) + Dl folls, by (2.10). Tt
follows that the contribution of the decentering in (6.19) is of order 1 if & < 8 and
is bounded above by a term of order e ~2(@=A)/(B+7) if o > 3.

By Lemma 2.22, the metric entropy log N(e, {f € Ho : || flla< 1}, ]-|=+) is of
the order =% (@+7), Hence, by [64] (see Lemma 6.2 in [100]),

—logII(|| fl|-y< &) =~ e~ d/(at+y=d/2)

IIijollaS{

Finally, the assertion of the lemma follows from discussion by cases. O

It follows that (6.6) is satisfied for
e, > n—(BA@=d/2)+7)/ (2ot 2y) (6.20)

The next step of the proof is to bound the prior probability in (6.7).

Lemma 6.13. Under the assumptions of Theorem 6.7, there exist a,b > 0, such
that for every j € N and t > 0,

. . —a _ 142 2a/d
T(f: | f9) = fllo> t 4 ajt/27o/d)y < g7,

Proof. We have fU) — f = (RjA—1I)f, for R; = A7'Q;. Therefore, the prob-
ability on the left concerns the random variable (R; A — I)F, if F is a variable
distributed according to the prior II. Since F is zero-mean normal with covari-
ance operator L 2%, this variable is zero-mean Gaussian with covariance operator
(RjA—I)L72*(R;A — I)*. We shall compute the weak and strong second mo-
ments of the variable (R;A—I)F, and next apply Borell’s inequality for the norm
of a Gaussian variable to obtain the exponential bound.

Because ((R;A — I)F,g)o = (F,(R;A — I)*g)o is zero-mean Gaussian with
variance ||L™%(R;A — I)*g|l2= [[(R;A — I)*g||%,, the weak second moment of
(RjA—I)F is given by

sup E((RjA—I)F.g)5 = sup [[(R;A—1)"g|%,.

lgllo<1 llgllo<1
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By the norm duality (2.1), the right side is equal to

sup sup (f,(RA— D193 < sup [[(RyA—D)fIRS 8(7.0)".
lglo<1lflla<1 [flla<1
in view of (5.9).
The strong second moment of the Gaussian variable (R;A—1I)F is equal to the
trace of its covariance operator. As Trace(S*S) = . [|S¢:[|*= ", > (5¢i, $;)% =
> 1S*¢il|?, for any orthonormal basis (¢;) and operator S, we have

E|[(RjA - DF|§=Y_II(R;A = D)L~
ieN
For the orthonormal basis of eigenfunctions of L=! and V; the span of the first
j—1 of these eigenfunctions, as in Proposition 2.9, L=*V; C Vj, and hence (R;A—
I)L~“¢; vanishes for i < j. For i > j the latter element is the difference g/) — g of
the Galerkin solution ¢¥) to g = L~%¢,. Therefore, by (5.9) the preceding display
is bounded above by a multiple of

> (il Glla= D 8, a)?llgillis 412,
i2] i2]
where we used the estimate >, im0 <170/ (b —1), for b> 1.
Since the first moment of ||(/2;,A — I)F|o is bounded by the root of its sec-

ond moment, the lemma follows by Borell’s inequality (see e.g. Lemma 3.1 and
subsequent discussion in [67]). O

For t? = 4ne2 / (bj?la/ d) and j = j, the bound in the preceding lemma becomes

e~4n.. Hence (6.7) is satisfied for
M 2 V/Enfy 4+ g2

Here we choose ¢,, the minimal solution that satisfies the direct prior mass con-
dition (6.6), given in (6.20). Next we solve for 7, under the constraints (6.4) and
(6.5). The first of these constraints, j, < ne2, shows that the first term on the

n’

right side of the preceding display always dominates the second term. Therefore,
we obtain the requirements j, < ne? and

e > V= BNe=d/247)/(Qat2y) j—a/d
Mo > (N @=d/2)47)/(20427) jv/d.

M > P4

Depending on the relation between a and S8 + d/2, two situations need to be
discussed separately.

(i) a < B+d/2. We choose j, ~ n%(22+27) = ne2 and then see that the first two
requirements in the preceding display both reduce to n, > n~(*=4/2)/Ra+27)
while the third becomes 7,, > n—A/(2a+27) and becomes inactive.

(ii) « > B+ d/2. We choose j, ~ n¥/(22+27) < pe2 | and then see that all three
requirements reduce to 7, > n—B/2at2y)

Finally, we apply Theorem 6.1 to complete the proof.
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6.6.3 Proof of Theorem 6.11

Let II; denote the zero-mean Gaussian distribution on H with covariance operator
72L72% (where a > d/2).

Lemma 6.14. Under the assumptions of Theorem 6.11, for fo € Hg and f < «,
ase |0,

(2a—28)/(B+~) _
1 /1 7\ 4/ (ety—d/2)
oL (£ 147 A< 9 £ % () +(9) .

3 9

Lemma 6.15. Under the assumptions of Theorem 6.11, for fo € Hg and f < «,

as el 0,
i 7\ 4/ (a—d/2)
—logIL(f : | fllo< &) 2 (%) .

Lemma 6.16. Under the assumptions of Theorem 6.11, there exist a,b > 0 such
that, for every j € N and x,7 > 0,

20 /d

IL(f : [f9 — fllo> o + 7aj /27 /?) < e=bo%

Proofs. The proof of the first lemma follows the same lines as the proof of Lemma 6.12,
except that now the Cameron-Martin space of the measure 1I, on H_, is H,
equipped with the norm ||-[|[g= 1|-||o rather than its natural norm. The second
lemma follows similarly, but considers the centered probability only. The third
lemma, is immediate from Lemma 6.13 as II. is the law of 7F, for F' the Gaussian
variable with the law II as in the latter lemma, and the map f — fU) — f is
linear. O

As preparation for the proof of Theorem 6.11, we first show that the minimax
rate can be obtained by a Gaussian prior with the deterministic scaling, dependent

on (3, given by
7, = nla=d/2=6)/(26+2v+d) (6.21)

Theorem 6.17. Assume the conditions on the Hilbert scale, the forward operator
A and the true parameter fo in Theorem 6.7 hold. Suppose that the priors I are
zero-mean Gaussian with covariance operators T2L™2% with T,, as given in (6.21)
and o > d/2. Then for § < a, the posterior distribution satisfies, for sufficiently
large M > 0,

P(”)
M (1 11f = follo> Mn=2/@3+27+0) | y () 54,

Proof. The theorem is a corollary to Theorem 6.1. The proof follows the same
lines as the proof of Theorem 6.7. By Lemma 6.14, inequality (6.6) is satisfied for

£y > n~ BTN/ @B+2y+d)

By Lemma 6.16, inequality (6.7) is satisfied for
Nn 2 Tn(\/ﬁgnj;a/d + j711/2—a/d).
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We choose j, ~ ne2, and the minimal solution &, = n~(8+7)/(28+27+d) o the

second last display. It is then straightforward to verify that (6.4), (6.5) and (6.7)
are satisfied for 7,, ~ n=A/(2f+27+d), ~

Theorem 6.11 is a corollary of Theorem 6.3, with the choices

N =~ n*ﬁ/(ﬂﬁr?vﬂl)7 £ n*(ﬁ+'y)/(2/5+2’y+d),
G ngi — nd/(2B+2v+d)

Conditions (6.3), (6.4), and (6.5) are satisfied for these choices. It remains to
verify (6.6), and egs. (6.12) and (6.13).

For ease of notation, for the moment, define 7, and ¢, as in the preceding
display, with exact equality (i.e., with the constant set equal 1). Let 7, be the
‘optimal’ scaling rate defined in (6.21).

Verification of (6.6). For 7 ~ 7, and € ~ ¢, as given and § < «, both terms
in the right side of Lemma 6.14 are of the order ne?. The lemma yields, for
7 < 71 < 27, and some constant a; > 0,

—log L. (f : |Af — Afoll< en) < arne?.

This shows that

T(f : A — Afoll< 2n) = / IL(f : | Af — Afoll< en) dQ(7)
> e_alneiQ(Tn,QTn).

If « —d/2 < B, then 1, — 0, and Condition 6.10 on @ gives that

28—2a+d)/(2B+2v+d) < nd/(25+2'y+d) 2

—log Q(7n,2m) S 7',:2 =nl = ne;,

if < If0< B <a—d/2, then 1, — oo, and Condition 6.10 on @ gives that
—log Q(1n, 21n) < 7/ (@=d/2) — plda—d/2=P)/(a=d/2)(26+27+d))

< /542D 2

Finally if o — d/2 = B, then 7,, = 1 and Q(7,,27,) = 1. Thus in all three

~

cases Q(7n,27,) is bounded below by a power of e~men, Combining this with

the preceding, we see that II(f : ||[Af — Afol|< en) > e~®2"<, for some positive
constant ag, which we can take bigger than 1. Then (6.6) is satisfied for ¢,, equal
to y/az times the current &,.

Verification of (6.12). Lemma 6.15 gives that

—a: d/(a—d/2)
I-(f 2 If = follo< 2nn7) S TL(f 2 1 fllo< 2mm,r) <€ 5 (7 /tn,) )
for some constant ag. This is bounded above by e—dazne] if
M,z = 2a47 Y27V IR — 20,79, /7,

for a sufficiently small constant a4 > 0.
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Verification of (6.13). Choosing © = a40n /7 = 1n,~/(27) in Lemma 6.16, we
see that the left side of (6.13) is bounded above by e~4a2n<l i - satisfies

aj} 2=l < aum [T, and ba2(nn /)52 > dagne?.
Both inequalities become equalities for j, of the order j, ~ n#/(28+27+d)  ag
indicated at the beginning of the proof. Since 1/2—a/d < 0 and 2«/d > 0, the left
side of the first inequality is decreasing in j,, and the left side of second inequality
is increasing. Thus both inequalities are satisfied for j, = azn®/(2f+27+d) and a
sufficiency large constant as.

Finally we choose €, and j, in Theorem 6.3 equal to /a2 and as times the
orders indicated at the beginning of the proof. Then (6.3) is satisfied, and (6.4)
and (6.5) are satisfied if 7, is chosen of the indicated order times a sufficiently
large constant.

6.7 Discussion and Comments

In this section we comment on the present setup and discuss directions in which
the results in this chapter can be extended.

Coloured Noise

We have examined the case that the noise £ in model (6.1) is white noise. Statistical
estimation in the case that the noise is a proper centred Gaussian random element
in G, as studied in [30], is easier in terms of minimax rates (if in both cases the noise
is scaled to the same unit), as this would imply that the noise is less variable. By
inspection of our proofs one sees that the concentration inequalities that drive the
testing criterion remain valid if the covariance operator of the noise is bounded
above by the identity, as is assumed in [1, 7]. As a consequence, the proof of
Theorem 6.1 goes through and the theorem remains valid, as do the corollaries in
the later sections. However, for truly coloured noise the result may be suboptimal,
as one may expect a faster posterior contraction rate, which will incorporate the
decrease of the noise variance in certain directions. The methods of the present
chapter can be adapted to this case as long as the covariance operator fits the
scale of smoothness classes, as in [30]. A sharp result in full generality may be
difficult to attain, as it will be the outcome of the interaction of the directions of
decrease in the noise, the true parameter and the prior.

Approximation Numbers of Embeddings

In the corollaries to the main result we have assumed that the approximation
numbers §(j, s) of the canonical embedding ¢ : H; — Hy are of polynomial order
47%/4_ This order matches the approximation numbers of Sobolev spaces on d-
dimensional, bounded domains, and seems common. Other decay rates do arise,
e.g., an exponential rate in severely ill-posed problems (as in the heat equation
considered in [60]), or a logarithmic rate (as in [14]). The general Theorem 6.1
remains valid, but its corollaries must be adapted. For Gaussian priors in loga-
rithmic or exponential scales, this is relatively straightforward using the general
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theory of approximation numbers, which relates these to singular values and metric
entropy. Some results can be found in Section 10.4.
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Chapter 7

Inverse Problems with Discrete
Observations: Gaussian Conjugacy

7.1 Introduction

Linear inverse problems have been studied since long in the statistical and numer-
ical analysis literature; see, e.g., [3, 7, 15, 16, 19, 24, 56, 57, 101], and references
therein. Emphasis in these works has been on the signal-in-white noise model,

Y = Af + W, (7.1)

where the parameter of interest f lies in some infinite-dimensional function space,
A is a linear operator with values in a possibly different space, W is white noise,
and € is the noise level. Applications of linear inverse problems include, e.g.,
computerized tomography, see [72], partial differential equations, see [54], and
scattering theory, see [20].

Arguably, in practice one does not have access to a full record of observations
on the unknown function f as in the idealised model (7.1), but rather one indirectly
observes it at a finite number of points. This statistical setting can be conveniently
formalised as follows: let the signal of interest f be an element in a Hilbert space
H; of functions defined on a compact interval [0,1]. The forward operator A
maps f to another Hilbert space Hy,. We assume that Hy, Hy are subspaces of
L3([0,1]), typically collections of functions of certain smoothness as specified in
the later sections, and that the design points are chosen deterministically,

(o) -

)

Assuming continuity of Af and defining

with &; i.i.d. standard Gaussian random variables, our observations are the pairs
(24, Y:)i<n, and we are interested in estimating f. A prototype example we think
of is the case when A is the solution operator in the Dirichlet problem for the heat
equation acting on the initial condition f; see Example 7.8 below for details.
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Model (7.3) is related to the inverse regression model studied e.g. in [5] and [6].
Although the setting we consider is somewhat special, our contribution is arguably
the first one to study from a theoretical point of view a nonparametric Bayesian
approach to estimation of f in the inverse problem setting with partial observations
(see [35] for a monographic treatment of modern Bayesian nonparametrics). In
the context of the signal-in-white noise model (7.1), a nonparametric Bayesian
approach has been studied thoroughly in [59] and [60], and techniques from these
works will turn out to be useful in our context as well. Our results will deal
with derivation of posterior contraction rates and study of asymptotic frequentist
coverage of Bayesian credible sets. A posterior contraction rate can be thought
of as a Bayesian analogue of a convergence rate of a frequentist estimator, cf. [33]
and [35]. Specifically, we will show that as the sample size n — oo, the posterior
distribution concentrates around the ‘true’ parameter value, under which data have
been generated, and hence our Bayesian approach is consistent and asymptotically
recovers the unknown ‘true’ f. The rate at which this occurs will depend on
the smoothness of the true parameter and the prior and the ill-posedness degree
of the problem. Correct combinations of these values lead to optimal posterior
contraction rates (up to logarithmic factors). Furthermore, a Bayesian approach
automatically provides uncertainty quantification in parameter estimation through
the spread of the posterior distribution, specifically by means of posterior credible
sets. We will give an asymptotic frequentist interpretation of these sets in our
context. In particular, we will see that the frequentist coverage will depend on
a combination of smoothness of the true parameter and the prior, and the ill-
posedness of the problem. Oversmoothing priors lead to zero coverage, while
undersmoothing priors produce highly conservative results.

The chapter is organized as follows: in Section 7.2, we give a detailed descrip-
tion of the problem, introduce the singular value decomposition and convert the
model (7.3) into an equivalent truncated sequence model that is better amenable
to our theoretical analysis. We show how a Gaussian prior in this sequence model
leads to a Gaussian posterior and give an explicit characterisation of the latter.
Our main results on posterior contraction rates and Bayesian credible sets are
given in Section 7.3, followed by simulation examples in Section 7.4 that illustrate
our theoretical results. Section 7.5 contains the proofs of the main theorems, while
the technical lemmas used in the proofs are collected in Section 7.6.

7.1.1 Notation

The notational conventions we use in this work are the following: definitions are
marked by the := symbol; || denotes the absolute value and |||z indicates the
norm related to the space H; (-, ) is understood as the canonical inner product
in the inner product space H; subscripts are omitted when there is no danger of
confusion; N (u, 2) denotes the Gaussian distribution with mean p and covariance
operator ¥; subscripts A,, and Ny may be used to emphasize the fact that the
distribution is defined on the space R™ or on the abstract space H; Cov(-, -) denotes
the covariance or the covariance operator, depending on the context

96



7.2. Sequence model

7.2 Sequence model

7.2.1 Singular value decomposition

We impose a common assumption on the forward operator A from the literature
on inverse problems, see, e.g., [3], [7] and [15].

Assumption 7.1. Operator A is injective and compact.

It follows that A* A is also compact and in addition self-adjoint. Hence, by the
spectral theorem for self-adjoint compact operators, see [21], we have a represen-
tation A*Af =3,y ai fupr, where {¢)} and {ay} are the eigenbasis on H; and
eigenvalues, respectively, (corresponding to the operator A*A), and fr = (f, ¢x)
are the Fourier coefficients of f. This decomposition of A*A is known as the
singular value decomposition (SVD), and {ax} are also called singular values.

It is easy to show that the conjugate basis ¥ := Apy/ay of the orthonormal
basis {p }r is again an orthonormal system in Hy and gives a convenient basis for
Ran A, the range of A in Hy. Furthermore, the following relations hold (see [3]),

Apr = agtp, A"r = arpr. (7.4)

Recall a standard result (see, e.g., [44]): a Hilbert space H is isometric to 2,
and Parseval’s identity || f||%:= >, |fe|*= ||f||% holds; here f; are the Fourier
coeflicients with respect to some known and fixed orthonormal basis.

We will employ the eigenbasis {¢;} of A*A to define the Sobolev space of
functions. This will define the space in which the unknown function f resides.

Definition 7.2. We say f is in the Sobolev space S” with smoothness parameter
B >0, if it can be written as f = Y 7 | frpr with fi, = (f, k), and if its norm

e’} 1/2 . .
I fllg:= (Zk:1 f;?k%) / is finite.

Remark 7.3. The above definition agrees with the classical definition of the Sobolev
space if the eigenbasis is the trigonometric basis, see, e.g., [95]. With a fixed basis,
which is always the case in this article, one can identify the function f and its
Fourier coefficients {f,}. Thus, we use S to denote both the function space and
the sequence space. For example, it is easy to verify that S = ¢ (correspondingly
S = [2), §% C £2 for any nonnegative 3, and S® C ¢! when 8 > 1/2.

Recall that Af = > a;fi);. Then we have Af € SPtP if q; =< k7P, and
Af € 5% := NpenS*, if a; decays exponentially fast. Such a lifting property
is beneficial in the forward problem, since it helps to obtain a smooth solution.
However, in the context of inverse problems it leads to a difficulty in recovery of
the original signal f, since information on it is washed out by smoothing. Hence,
in the case of inverse problems one does not talk of the lifting property, but of
ill-posedness, see [15].

Definition 7.4. An inverse problem is called mildly ill-posed, if ap, < k™P as k — oo,
and extremely ill-posed, if a; =< e %P with s > 1 as k — 0o, where p is strictly
positive in both cases.
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In the rest of the article, we will confine ourselves to the following setting.

Assumption 7.5. The unknown true signal f in (7.3) satisfies f € S C H, for
B > 0. Furthermore, the ill-posedness is of one of the two types in Definition Def-
inition 7.4.

Remark 7.6. As an immediate consequence of the lifting property, we have Hy C
H,.

We conclude this section with two canonical examples of the operator A.

Example 7.7 (mildly ill-posed case: Volterra operator [59]). The classical Volterra
operator A : L?[0,1] — L?[0,1] and its adjoint A* are

:/Oxf(s)ds, A*f(a:):/:f(s)ds

The eigenvalues, eigenfunctions of A*A and the conjugate basis are given by

a2 _71
L (i—1/2)2x2
pi(x) =v2cos((i — 1/2)mx),

i(x) =V2sin((i — 1/2)7z),
for i > 1.

Example 7.8 (extremely ill-posed case: heat equation [60]). Consider the Dirichlet
problem for the heat equation:

0 02
au(:r,t) = @u(x,t), u(z,0) = f(x), (7.5)

u(0,t) =u(l,t) =0, te€][0,T],

where u(z,t) is defined on [0,1] x [0, 7] and f(x) € L?[0, 1] satisfies f(0) = f(1) =
0. The solution of (7.5) is given by

t) = \/ﬁi fke_kz’TQt sin(krx) =: Af(x),
k=1

where {f;} are the coordinates of f in the basis {\/ibln(k'ﬂ'ai)}k>1

For the solution map A, the elgenvalues of A*A are e~ *°’t , the eigenbasis and
conjugate basis coincide and () = ¥ (z) = V2sin(knz).

7.2.2 Equivalent formulation

In this subsection we develop a sequence formulation of the model (7.3), which
is very suitable for asymptotic Bayesian analysis. First, we briefly discuss the
relevant results that provide motivation for our reformulation of the problem.
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In Examples 7.7 and 7.8, the sine and cosine bases form the eigenbasis. In fact,
the Fourier basis (trigonometric polynomials) frequently arises as an eigenbasis for
various operators, e.g. in the case of differentiation, see [27], or circular deconvo-
lution, see [16]. For simplicity, we will use Fourier basis as a primary example
in the rest of the article. Possible generalization to other bases is discussed in
Remark 7.10.

Restriction of our attention to the Fourier basis is motivated by its special
property: discrete orthogonality. The next lemma illustrates this property for the
sine basis (Example 7.8).

Lemma 7.9 (discrete orthogonality). Let {¢}ren be the sine basis, i.e.
Yr(z) = V2sin(krz), k=1,2,3,---.
Then:

(i.) Discrete orthogonality holds:
I~ , .
(5, r)a = E;%»(z/nm@/vn =0k, Gk=1-n—1. (T6)

Here §;1, is the Kronecker delta.

(i.) Fizl € N. For any fized1 <k <n—1 and all j € {In,In+1,---, (I+1)n—1},
there exits only one k € {1,2,...,n — 1} depending only on the parity of I,
such that for j = In + k, the equality

(Y5, Yr)al=1 (7.7)

holds, while <¢;7¢k>d =0 for allj = In+k such thatk # k., k € {1,2,...,n—
1}.

Remark 7.10. For other trigonometric bases, discrete orthogonality can also be
attained. Thus, the conjugate eigenbasis in Example 7.7 is discretely orthogonal
with design points {(¢ — 1/2)/n}i=1,...... We refer to [2] and references therein
for details. With some changes in the arguments, our asymptotic statistical re-
sults still remain valid with such modifications of design points compared to (7.2).
We would like to stress the fact that restricting attention to bases with discrete
orthogonality property does constitute a loss of generality. However, there exist
classical bases other than trigonometric bases that are discretely orthogonal (pos-
sibly after a suitable modification of design points). See, for instance, [78] for an
example of Lagrange polynomials.

Motivated by the observations above, we introduce our central assumption on
the basis functions.

Assumption 7.11. Given the design points {x;};=1,... , in (7.2), we assume the con-
jugate basis {tr }ren of the operator A in (7.3) possesses the following properties:
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(i) for 1 <j,k<n-1,
<wj( ) W( ij Zq W xz) = 0jk

(ii.) For 1 <k <n—1andj € {ln,--,(l +1)n — 1} with fixed [ € N, there
exits only one j = In + k, such that 0 < [(¥5,¢k)al< M, where M is a

fixed constant, and k depends on the parity of [ only. For other j # J,
[(¥j, ¥r)al= 0

Using the shorthand notation

n—1
F= fiei=Y_fipi+ D fivs ="+,
j

Jj=1 jzn

we obtain for Kk =1,---,n — 1 that

Zywk i) = (Af" Yk)a + (Af" Prda + — Zwk ;)
i=1 (7.8)

1
7{/67

=ay fr, + Ry + Tn

where

Ry = Ri(f) = (Af" ¥r)as Gk

- e

S\

By Assumption 7.11, we have
Rl [AF )al< X al 105 00al= S sl il (79
i>n =1
which leads to (via Cauchy-Schwarz)
R < (3 a2, ilin + )2 1
=1
Hence, for a mildly ill-posed problem, i.e. ax < k~P, the following bound holds,

uniformly in the ellipsoid {f : || f||s< K},

—28—2p _ ,—2(B+p) Z 1—2(B+p) (7.10)
1=1

sup
It |\f\|/ﬂ<K

ng

=049 ot/

forany 1 <k <n-—1when S8+p>1/2.
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If the problem is extremely ill-posed, i.e. ai =< e %P, we use the inequality
2

RN < | D oalfil ] <O ad)lfr>.

Jjzn jzn

Since a; < exp(—pj°) < exp(—pj), it follows that 3., a? is up to a constant
bounded from above by exp(—2pn). Hence

).
sup  RZ(f) < exp(—2pn) < 1/n. (7.11)
Flflls<K

In [59], [60], the Gaussian prior II = ®;en/N(0, ;) is employed on the coor-
dinates of the eigenbasis expansion of f. If A\; = p2i~172% the sum Y ;. A =
P2 > ien i 172 is convergent, and hence this prior is the law of a Gaussian element
n Hl.

In our case, we consider the same type of the prior with an additional constraint
that only the first n — 1 components of the prior are non-degenerate, i.e. II =
(®i<nN (0, 7)) X (®;>,N(0,0)), where ); is as above. In addition, we assume the
prior on f is independent of the noise (x, k = 1,---,n — 1, in (7.8). With these
assumptions in force, we see II(Ry, = 0) = 1, for k = 1,---,n — 1. Furthermore,
the posterior can be obtained from the product structure of the model and the
prior via the normal conjugacy,

I(f|U") = @penN (fr, 07), (7.12)
. s nagAlpcen) 5 Melgren)
th f = —okZkZ{k<n} — Ok ik<n}
Wi T na%)\k +1 koo Tk na%)\k +1
We also introduce
F=E(fIU") = (E(fx|Ur)) = (fr)ren = (beUk)ren, (7.13)
where by, = %]l:fl”}. We conclude this section with a useful fact that will be
30
applied in later sections:
fr. = bpUy, = by <akfk+Rk+<k) = Efi + 1k, (7.14)
vn

where ]E]Ek = apbi fr + b R and 1, = bk/\/ﬁ

7.3 Main results

7.3.1 Contraction rates

In this section, we determine the rate at which the posterior distribution concen-
trates on shrinking neighbourhoods of the ‘true’ parameter fy as the sample size
n grows to infinity.

Assume the observations in (7.3) have been collected under the parameter
value fo = >, for@r. Thus our observations (Uy)r<n given in (7.8) have the
law ®p<nN(akfor + Ri,1/n). We will use the notation IIL,(-|U) to denote the
posterior distribution given in (7.12).
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Theorem 7.12 (Posterior contraction: mildly ill-posed problem). If the problem is
mildly ill-posed as aj, < k™P with p > 0, the true parameter fo € S? with B > 0,
and furthermore B + p > 1/2, by letting \y = p2k~172% with a > 0 and any
positive py, satisfying p2n — oo, we have, for any K >0 and M,, — oo,

sup  EpIL, (f : [|f = follz, > Mpen|U™) — 0,
Ifolls<K

where

En = En1 V. Eno = (pin)fﬁ/(2a+2p+l)/\1 V. pn(p%n)fa/(2a+2p+1). (715)

In particular,

(i.) if pp = 1, then e, = n~(@"B)/(Ra+2p+1) .

(i) if B < 2042+ 1 and pn < ”(afﬂ)/(mﬂpﬂ), then e, = n*ﬁ/(2ﬁ+2p+1),,
(iwi.) if B> 2a+ 2p + 1, then for every scaling py, €n, >> n—B/(2B+2p+1)

Thus we recover the same posterior contraction rates as obtained in [59], at
the cost of an extra constraint 5+ p > 1/2. The frequentist minimax convergence
rate for mildly ill-posed problems in the white noise setting with ¢ = n=1/2 is
n =P/ (2B+2p+1) “see [15]. We will compare our result to this rate. Our theorem
states that in case (i.) the posterior contraction rate reaches the frequentist opti-
mal rate if the regularity of the prior matches the truth (8 = a) and the scaling
factor p, is fixed. Alternatively, as in case (ii.), the optimal rate can also be at-
tained by proper scaling, provided a sufficiently regular prior is used. In all other
cases the contraction rate is slower than the minimax rate. Our results are similar
to those in [59] in the white noise setting. The extra constraint 8+ p > 1/2 that
we have in comparison to that work demands an explanation. As (7.10) shows,
the size of negligible terms Ry (fo) in (7.8) decreases as the smoothness S+ p of the
transformed signal Afjy increases. In order to control Ry, a minimal smoothness
of Afy is required. The latter is guaranteed if p+ 8 > 1/2, for it is known that in
that case Afy will be at least continuous, while it may fail to be so if p+ 5 < 1/2,
see [95].

Remark 7.13. The control on Ry(fy) from (7.9) depends on the fact that the
eigenbasis possesses the properties in Assumption 7.11. If instead of Assump-
tion 7.11 (ii.) one only assumes [(¢;,¥x)|< 1 for any k < n —1 and j > n, the
constraint on the smoothness of Afy has to be strengthened to §+p > 1 in order
to obtain the same results as in Theorem 7.12, because the condition §+p > 1
guarantees that the control on Ry (fy) in (7.10) remains valid.

Now we consider the extremely ill-posed problem. The following result holds.

Theorem 7.14 (Posterior contraction: extremely ill-posed problem). Let the prob-
lem be extremely ill-posed as a, =< e P*" with s > 1, and let the true parameter
fo € S8 with B> 0. Let A\, = p2 k=72 with a > 0 and any positive p, satisfying
p2n — co. Then

sup Ey 1L, (f: Hf - fOHle M,e,|U") — 0,
Ifolls<K
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for any K > 0 and M,, — oo, where

—a/s

En =En1VEn2= (log(pin))_ﬂ/s V pn (log(p2n)) (7.16)

In particular,
(i.) if pn =1, then &, = (logn)~(@)/s
(ii.) if n=1/2%9 < p, < (logn)(@=P)/s for some 6 > 0, then &, = (logn)~/*.

Furthermore, if A\, = exp(—ak®) with o > 0, the following contraction rate is
obtained: £, = (logn) =P/,

Since the frequentist minimax estimation rate in extremely ill-posed problems
in the white noise setting is (logn)~?/¢ (see [15]), Theorem 7.14 shows that the
optimal contraction rates can be reached by suitable choice of the regularity of
the prior, or by using an appropriate scaling. In contrast to the mildly ill-posed
case, we have no extra requirement on the smoothness of Afy. The reason is
obvious: because the signal is lifted to S by the forward operator A, the term
(7.11) converges to zero exponentially fast, implying that Ry (fo) in (7.8) is always
negligible.

7.3.2 Credible sets

In the Bayesian paradigm, the spread of the posterior distribution is a common
measure of uncertainty in parameter estimates. In this section we study the fre-
quentist coverage of Bayesian credible sets in our problem.

When the posterior is Gaussian, it is customary to consider credible sets cen-
tered at the posterior mean, which is what we will also do. In addition, because
in our case the covariance operator of the posterior distribution does not depend
on the data, the radius of the credible ball is determined by the credibility level
1 —~ and the sample size n. A credible ball centred at the posterior mean f from
(7.13) is given by

f4Bray) ={f € Hi: If = flm < raq}y (7.17)
where the radius 7, is determined by the requirement that
IL,(f + B(rp,)|[U") =1 1. (7.18)
By definition, the frequentist coverage or confidence of the set (7.17) is

Pfo(fo € f+ B(T7L,'y)), (719)

where the probability measure is the one induced by the law of U™ given in (7.8)
with f = fy. We are interested in the asymptotic behaviour of the coverage (7.19)
as n — oo for a fixed fp uniformly in Sobolev balls, and also along a sequence f
changing with n.

The following two theorems hold.
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Theorem 7.15 (Credible sets: mildly ill-posed problem). Assume the same as-
sumptions as in Theorem 7.12 hold, and let § = SN (2a+2p+1). The asymptotic
coverage of the credible set (7.17) is

(i.) 1, wniformly in {fo : ||folls< 1}, if po > n(e=)/2i+2n51);

(ii.) 1, for every fived fo € S7, if B < 20+ 2p+1 and p, = n(e=F)/@F+20+1);
¢, along some f§ with sup, || f3|ls< oo, if p, =< n(@=A/CBF20+1) (any ¢ €

[0,1)).
(iii.) 0, along some f7 with sup, || f|ls< 0o, if pn < n(@—A)/(2B+2p+1),

Theorem 7.16 (Credible sets: extremely ill-posed problem). Assume the setup of
Theorem 7.14. Then if A\ = p2k~172% with a > 0 and any positive p, satisfying
pin — 00, the asymptotic coverage of the credible set (7.17) is

(i.) 1, uniformly in {fo : || follgs< 1}, if pn > (logn)(@=A)/2;

(i.) 1, uniformly in fo with || follg< r with r small enough;

1, for any fized fy € SP,
provided the condition p, =< (logn)(@=P)/* holds;

(i4i.) 0, along some f3 with sup,, || fills< 0o, if pn < (logn)(@=A)/s,

Moreover, if \y = e~ with o > 0 and any positive p, satisfying pin — oo,
the asymptotic coverage of the credible set (7.17) is

(v.) 0, for every fo such that |fo:|> e="/2 for some ¢ < a.

For the two theorems in this section, the most intuitive explanation is offered
by the case p, = 1. The situations (i.), (ii.) and (iii.) correspond to o < £,
a = [ and a > f, respectively. The message is that the oversmoothing prior
((iii.) in Theorem 7.15 and (iii.), (iv.) in Theorem 7.16) leads to disastrous
frequentist coverage of credible sets, while the undersmoothing prior ((i.) in both
theorems) delivers very conservative frequentist results (coverage 1). With the
right regularity of the prior (case (ii.)), the outcome depends on the norm of the
true parameter fo. Our results are thus similar to those obtained in the white
noise setting in [59] and [60].

7.4 Simulation examples

In this section we carry out a small-scale simulation study illustrating our theo-
retical results. Examples we use to that end are those given in Subsection 7.2.1.
These were also used in simulations in [59] and [60].

In the setting of Example 7.7, we use the following true signal,

folz) = Zf07ig0i(x) with for = k—3/2 sin(k). (7.20)
i=1
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It is easy to check that fy € S*.
In the setup of Example 7.8, the initial condition is assumed to be

fo(z) = 4x(x — 1)(8x — 5). (7.21)
One can verify that in this case

8v2(13 + 11(-1)%)
w3k3 ’

fO,k =

and fo € S# for any 5 < 5/2.

First, we generate noisy observations {Y; };=1... , from our observation scheme
(7.3) at design points x; = # in the case of Volterra operator, and z; = ¢/n in

the case of the heat equation. Next, we apply the transform described in (7.8) and
obtain transformed observations {U;};=1.... n—1. Then, by (7.12), the posterior of
the coefficients with the eigenbasis ¢; is given by

o™ o (P sl S e )

naiX + 1 ko naiX + 1

Figures 7.1 and 7.2 display plots of (estimated) 95% Lo-credible bands for
different sample sizes and different priors. For all priors we assume p,, = 1, and use
different smoothness degrees «, as shown in the titles of the subplots. In addition,
the columns from left to right corresponds to 103,10* and 10° observations. The
(estimated) credible bands are obtained by generating 1000 realizations from the
posterior and retaining 95% of them that are closest in the L2-distance to the
posterior mean.

Two simulations reflect several similar facts. First, because of the difficulty due
to the inverse nature of the problem, the recovery of the true signal is relatively
slow, as the posteriors for the sample size 103 are still rather diffuse around the true
parameter value. Second, it is evident that undersmoothing priors (the top rows
in the figures) deliver conservative credible bands, but still capture the truth. On
the other hand, oversmoothing priors lead to overconfident, narrow bands, failing
to actually express the truth (bottom rows in the figures). As already anticipated
due to a greater degree of ill-posedness, recovery of the initial condition in the
heat equation case is more difficult than recovery of the true function in the case
of the Volterra operator. Finally, we remark that qualitative behaviour of the
posterior in our examples is similar to the one observed in [59] and [60]; for larger
samples sizes n, discreteness of the observation scheme does not appear to have a
noticeably adversary effect compared to the fully observed case in [59] and [60].
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a=0.5 a=0.5

OoORNWHM
—TT

-1t |
-2
0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0

Figure 7.1: Realizations of the posterior mean (red) and 950 of 1000 draws from
the posterior (colored thin lines) with smallest L? distance to the posterior mean.
From left to right columns, the posterior is computed based on sample size 103, 10*
and 10° respectively. The true parameter (black) is of smoothness 8 = 1 and given
by coefficients fo, = k=3/?sin(k).

7.5 Proofs

7.5.1 Proof of Lemma 7.9
This proof is a modification of the one of Lemma 1.7 in [95]. With the following
temporary definitions a := ¢™% and b := eim , using Euler’s formula, we have

n

1
(W5, ¥r)a %;a —a )b —b7)

== 5 D[l = (/) — (afh) "+ () ).

s=1 (7.22)
1 & S . S = —S8
== 3, Z(ab) —Z(a/b) Z a/b)” +Z (ab)
s:lA s=1 s=1 y
Furthermore,
ab = eiﬂj::k E eiﬂj;k
= 3 )
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Figure 7.2: Realizations of the posterior mean (red) and 950 of 1000 draws from
the posterior (colored thin lines) with smallest L? distance to the posterior mean.
From left to right columns, the posterior is computed based on sample size 103, 10%
and 10° respectively. The true parameter (black) is of smoothness 3 for any
B < 5/2 and given by (7.21).

Observe that when ab # 1, we have

ab(1 — (ab)™) D— 1—(ab)™™ A4 D= ab(1 — (ab)™) — (1 — (ab)*”).

1—ab ab—1 "~ B 1—ab
Similarly, if a/b # 1,

_ (@/b)(1 = (a/b)") = (1 = (a/b)™")
B+C= 1= (a/b) .

We fix 1 < k <n —1 and discuss different situations depending on j.

A=

(I)1<j<n—1and j+k#n.

Since n # j+ k < 2n, we always have ab = ein o # 1, and the terms A and
D can be calculated as above. Similarly, since —n < j —k < n, a/b =1 only
when j = k. Moreover, j + k and j — k have the same parity, and so j = k
is only possible if j 4 k is even.

(i.) 7+ k is even.
In this case, (ab)™ = 1. This leads to A =D = 0.
Further, if j = k, we have a/b =b/a =1 and B = C = n. Otherwise, if
j # k, we have a/b # 1 and (a/b)™ =1 = (b/a)" (since j — k is even),
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and so

5 /M1 (/b))

1—a/b =0, =0,

which implies (7.22) equals 1.

(ii.) j + k is odd. We have (ab)™ = (a/b)™ = —1, which results in A+ D =
B+ C = -2, and so (7.22) equals 0.

(I.) 1< j<nandj+k=n. Wehave ab= —1. Arguing as above, if n is odd,
A+D=-2and B4+C=-2 Ifniseven, A=D =0and B = C = ndji.

The remaining cases follow the same arguments, and hence we omit the (lengthy
and elementary) calculations.

(III.) j =In with l € N.
It can be shown that A+ D = B + C always holds.

(V) je{ln+1,---,(I14+1)n—1}.
When [ is even, one obtains <1/1],1/1k> = 03, where j = j — In. Otherwise,
for odd I, (¢, ¢x)a = —03;, where j = (I+1)n —j.

7.5.2 Proof of Theorem 7.12

In this proof we use the notation ||-||= |||z, = |||lez- To show

HfSHuP Ejpo I, (f 2 If = fol|= Mnen|U™) — 0,
(JB_

we first apply Markov’s inequality,
MERL (74 1f ~ follz M2 < [1f = folP A (5107

From (7.12) and the bias-variance decomposition,

J17 = P dnum = 1 = alP+ ol
where o = (0}); is given in (7.12). Because o is deterministic,

1
B, I (< = Joll2 MaenlU™)] < gazg (Enlf = ol +lol”)

Since M, — oo is assumed, it suffices to show that the terms in brackets are
bounded by a constant multiple of €2 uniformly in f in the Sobolev ellipsoid.

Using (7.14), we obtain

Epllf = fol*= 1Es f — fol>HlI1P= I1Es, f — f& 1P+ /5 1P +lI711%,
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where 7 = (73;)1 given in (7.14) and

f(? :(f0,17 o '7f0,n7130a o ')7
f(; :(07 e 507f0,na f07n+2a ©e )

We need to obtain a uniform upper bound over the ellipsoid {fo : || fol|s< K} for

B s f = FPHIF 1P+ + ]| (7.23)
We have
Bpf - gple= 5 (b gy e g )
fo 0 _k f naid + 1 0.k nail + 1 kT 0k
- i naili
fd . +nsup R: # 7.24
kz:: nak/\k + 1)2 Ok k<n kz:: (nak/\k + 1) ( )
Ay Az
and
n—1 na2)\2 n—1 )\k;
IG5I1P=D_ e lITlP=) —FFE =4, |ol*=) ——
,; ’ kzzl (na2 i, + 1)2 kz naip +1°

Recall that we write (7.15) as &, = 5,1 V &p 2. The statements (i.)—(iii.) follow by
elementary calculations. Specifically, in (ii.) the given p,, is the best scaling, as it
gives the fastest rate. From [59] (see the argument below (7.3) on page 21), A; is
bounded by a fixed multiple of (£,,.1)?, and ||7||?, ||o||? are bounded by multiples
of (gn,2)?. Hence, to show that the rate is indeed (7.15), it suffices to show that
nSUpPg<,, B2 A2 and || f']|? can be bounded by a multiple of (,,)? uniformly in the
ellipsoid {fo : ||folls< K}. Since Ay = ||7||?, to that end it is sufficient to show
that sup,.,, nR; = O(1), and that ||fJ]|*= O(g,)*.
Since fy € S”, we have the following straightforward bound,

I IP< n™22 " 3,k <2 fol3S 2,
k>n

which is uniform in {fy : || fo||s< K}. By comparing to the rates in the statements
(ii.)(iii.), it is easy to see that n~2# is always negligible with respect to 2.

Proving sup,<,, nRZ = O(1) is equivalent to showing sup,., R = O(1/n);
but the latter has been already proved in (7.10). Notice that we actually obtained
a sharper bound supy<,, nRi = o(1) than the one necessary for our purposes in
this proof. However, this sharper bound will be used in the proof of Theorem 7.15.
By taking supremum over fy, we thus have

sup  (IEs,f = fIPHIS ) S 22+ 0% S e, (7.25)
[l follgs <K

with which we conclude that up to a multiplicative constant, (7.23) is bounded by
€2 uniformly over the ellipsoid SUP|| £, [l s< K - This completes the proof.
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7.5.3 Proof of Theorem 7.14

We start by generalizing Theorem 3.1 in [60]. Following the same lines as in the
proof of that theorem and using Lemma 7.17, 7.18, 7.19, 7.20 in Section 7.6 of
the present paper instead of analogous technical results in [60], the statement of
Theorem 3.1 in [60] can be extended from s = 2 to a general s > 1, for which the
posterior rate is given by (7.16), or €, = €,,1 V £p,2 in short.

In our model, we again obtain (7.23) and also that a fixed multiple of (g, 1)?
is an upper bound of A;, and that ||7||?, ||¢||?> can be bounded from above by fixed
multiples of (g,,,1)2.

Now as in the proof of Theorem 7.12 in Section 7.5.2, we will show that
supy s, 1, <i (1B f — [P+ f511?) can be bounded by a fixed multiple of (e,)
by proving that sup,., nR; = O(1). By (7.11), n(R)* < exp(—2pn)n, and the
righthand side converges to zero. Therefore,

swp  (IEsf = F3IP+15512) < 2n-
I folls<K
Parts (i.) and (ii.) of the statement of the theorem are obtained by direct substi-
tutions, using the fact that logn < n. Notice that if p, 2 (log n)(o‘_ﬁ)/s7 the rate
en, deteriorates and is dominated by the second term in (7.16).
For the case A = exp(—ak?), the argument follows the same lines as in Section
5.1 in [60], and our arguments above.

7.5.4 Proof of Theorem 7.15

The proof runs along the same lines as the proof of Theorem 4.2 in [59]. We will
only show the main steps here.

In Section 7.2.2, we have shown that the posterior distribution is ®genN ( fk, o?),
the radius r,, in (7.17) satisfies Px, (X, < r2.) = 1 —~, where X,, is a
random variable distributed as the square norm of an ®genN( fk,a,%) variable.
Let T = (7#)ken- Under (7.8), the variable f is distributed as Ny, (Efof, T) :=

@renN (Ey, fr, 77). Hence the coverage (7.19) can be rewritten as
Pw, (|Wa +Ego f = foll 1< 7). (7.26)
where W, ~ N, (0,T). Denote V,, = |[W,||3;, and observe that one has in distri-

bution
X, = Z o272 V, = Z 22}

1<i<n 1<i<n

for {Z;} independent standard Gaussian random variables with

242
2 Ai 2 na;A;

%= na?i; +1’ = (na?X; +1)2°

By the same argument as in [59], one can show that the standard deviations
of X,, and V,, are negligible with respect to their means,

EX,, =< po(pan) 2/ Cot2rtl) BV, < p2 (phn) 2/ Getptl), (7.27)
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and the difference of their means,
]E(Xn _ Vn) — pi (pin)—Za/(2a+2p+1).

Since X,, > V,,, the distributions of X,, and V,, are asymptotically separated, i.e.
P(V, <wv, < X,) — 1 for some v,, e.g. v, =E(V,, + X,,)/2. Since rfw are 1 — -~y
quantiles of X,,, we also have P(V,, <72 _(1+0(1))) — 1. In addition, by (7.27),

<2,
1 = )R )
Introduce
Bui= sw |Epf—follm= sw (IEsnf = fillm+lfilm).  (7.28)
I folls <1 ll folls <1

It follows from the arguments for (7.10) in the proof of Theorem 7.12 that
Bn 5 En,1 \Y (\/ER(C:”’Q) s

where R = supj,_,, R, < n~ 5. Now apply the argument on the lower bound
from Lemma 8.1 in [59] (with ¢ = 8,t = 0,u = 2a +2p+ 1,0 = 2, N = p2n) to
obtain that B, 2 €y,1. Thus we have

ent S Bn Sena V (VnRen2) .

We counsider separate cases. In case (i.), substituting the corresponding p,
into the expression of ¢, 1 and €,2, we have €,1 < e,2. By (7.10), B, <
en1 V (VnRey 2) K €2 X 1y . This leads to

P(|Wa +Ef,f — folltn < rny) 2 P(IWall1, < iy = Br)
=P(V, <7 (1+0(1)) =1 (7.29)
uniformly in the set {fo : || fol|g< 1}

In case (iii.), the given p,, leads to €,,1 > &, and consequently B, > ry, ,.
Hence,

P(|Wa +Epo /" = 3l i< 7o) < P(IWallf1, 2> B — 1) = 0,

for any f§ (nearly) attaining the supremum.

In case (ii.), we have B,, < r, . If 8 < 20+ 2p + 1, by Lemma 8.1 in [59]
the bias Ey, f — fo at a fixed fy is of strictly smaller order than B,,. Following the
argument of case (i.), the asymptotic coverage can be shown to converge to 1.

For existence of a sequence along which the coverage is ¢ € [0, 1), we only give
a sketch of the proof here; the details can be filled in as in [59].

The coverage (7.26) with fy replaced by f§ tends to ¢, if for b, = Ey, fr— hs
and z. a standard normal quantile,
”Wn + b”H%ﬁ _EHWn + anIQLII
sd||W,, + bn”%{l
2 2
rn77_E||Wn+anHl s
Sd”WnernH%{l -

- N(0,1), (7.30)

(7.31)
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7. GAUSSIAN CONJUGACY INVERSE: DISCRETE OBSERVATIONS

Since W, is centred Gaussian Ny, (0,T), (7.31) can be expressed as
n—1

7”721,7 —EV, — Zi:l b%,i

Jvar Vo + 4 202

,m N,

— Z. (7.32)

Here {b,;} has exactly one nonzero entry depending on the smoothness cases
B <2a+2p+1and 3 > 2o+ 2p+ 1. The nonzero entry, which we call b, ;, has
the following representation, with d,, to be yet determined,

by =7n,—EV, —dysdV,.

Nyin
Since r7. _,EV,, and r; | —EV,, have the same order and sd V,, is of strictly smaller

order, one can show that the lefthand side of (7.32) is equivalent to
d,sdV,
\/Val“ Vo 412 L (r2, —EV,)(1+0(1)) 7

for bounded or slowly diverging d,,. Then (7.32) can be obtained by discussing
different smoothness cases separately, by a suitable choice of i, d,.
To prove the asymptotic normality in (7.30), the numerator can be written as

||Wn + bn”%ﬁll _EHWn + bn”%h: Z Tiz,n(ZzZ - 1) + 2bni,, Ti,, nZis, -
i
Next one applies the arguments as in [59].

7.5.5 Proof of Theorem 7.16

This proof is almost identical to the proof of Theorem 2.2 in [60]. We supply the
main steps.
Following the same arguments as in the proof of Theorem 7.15, we obtain

EX,, = py(log(ppn))~2** > sd X,, =< p;,(log(ppn)) ~H/ )72/,
EV, = p2 (log(p2n))~1/572%/s < sd V,,,
as in the proof of Theorem 2.2 in [60]. This leads to
ra ., = pa(log(pin)) /",

and furthermore,

v, —EV, &2 _ —EV,

P(V, <or2 )=P| =" g T 1

(Vn >~ (57”71’»\/) ( sd Vn —= sd Vn ) )
for every 6 > 0.

Similar to Theorem 7.15, the bounds on the square norm B,, (defined in (7.28))

of the bias are known: upper bound from the proof of Theorem 7.14, and lower

bound from Lemma 7.17,
€n,1 5 B, ,S €n,1 \ (\/EREn,Z) 5

where €, 1,52 are given in (7.16), and /nR satisfies the bound (7.11).
In case (i.), Bp < 7y, and hence (7.29) applies. The rest of the results can
be obtained in a similar manner.
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7.6 Auxiliary lemmas

The following lemmas are direct generalisations of the case s = 2 in the Appendix
of [60] to a general s. They can be easily proved by simple adjustments of the
original proofs in [60], and we only state the results.

Lemma 7.17 (Lemma 6.1 in [60]). Forq e R, u >0, v >0, t+2¢ >0, p > 0,
0<r<pvands>1,

ffl te T
sup

- —— = N_r/p(log N>_t/s_QQ/3+7"u/ps7
Ifllsa <174 (1 + Ni—de—pt )v

as N — oo.
In addition, for any fized f € S9,

N™/P(log N)!/s+2a/s=ru/ps i ffi*te*ris‘
i=1 (1 + Ni—ue—pt )v

— 0,

as N — 0.

Lemma 7.18 (Lemma 6.2 in [60]). For t,u >0, v >0, p >0, 0 < r < vp and
s>1,as N — o0,

o0 —t -

1 e
Z | —Up—Pi®\v = N_T/P(log N)_t/S+TU/pS'
P (14 Ni—vep¥)

If r =0 and t > 1, while other assumptions remain unchanged,

—ri®

= (log N)(7tH1/s,

i=1 (1+ Ni—vepi)o

Lemma 7.19 (Lemma 6.4 in [60]). Assume s > 1. Let In be the solution in i to
Ni~%e P =1, foru >0 and p > 0. Then

1 1/s
Iy ~ (logN)
b

Lemma 7.20 (Lemma 6.5 in [60]). Let s > 1. As K — oo, we have

(i.) fora >0 and b € R,

K 1
ea:csz,b do ~ 76(1K'§bes+1,
1 as ’

(i.) for a,b, K >0,

o0 s 1 s
e~ ar .T_b dr < 76—0,1( K—b—s—i—l-
K as
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Chapter 8

Inverse Problems with Discrete
Observations in Smoothness Scales

In this chapter, we continue the study in Chapter 6. In practice one usually does
not have access to a ‘continuous’ observation Y, but only records noisy samples
of the unknown function Af at a finite number of locations in its domain. This
is the situation that we consider in the present chapter. To cope with discrete
observations, we consider the operator A introduced in Section 5.2 with a specified
domain. Assume that A : H — G is a linear mapping from a Hilbert space H into
a pre-Hilbert space G = L2(®) of square-integrable functions g : ® — R? on a
bounded domain ® C RY. Then, the observation is formed as follows. For a given
set of design points

D, ={r1,...,z,} CD. (8.1)
we observe the vector Y™ = (Y1,...,Y,,) defined by

with Z; i.i.d. standard normal random variables. We wish to estimate f from the
observations (z;,Y;)1<i<n-

This chapter extends results for the white noise model obtained in Chapter 6 to
the case of discrete observations. Although we repeat some necessary definitions,
we refer to the mentioned chapter for further examples and discussion. This chap-
ter is organized as follows. Section 8.1 demonstrates a procedure to reconstruct
continuous signals from discrete observations. With the help of the just mentioned
reconstruction procedure and the projection method from Section 5.3, we present
a general contraction theorem for the regression model in Section 8.2. Then, the
same priors considered in Chapter 6 are studied: series priors and Gaussian priors
in Section 8.3 and Section 8.4, respectively. In addition, Gaussian mixture pri-
ors are introduced to obtain adaptation in Section 8.5. In the end, Section 8.6
contains the proofs.
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8. INVERSE IN SMOOTHNESS SCALES: DISCRETE OBSERVATIONS

8.1 Signal Reconstruction

The sampling scheme (8.2) collects discrete data, but the operator A acts on a
continuous function, which we wish to estimate on its full domain. In this section
we describe an interpolation technique that maps discrete signals to the continuous
domain. A similar technique has been used in the context of proving asymptotic
equivalence of the white noise model and nonparametric regression; see [82] and
the references therein. The assumptions are also inspired by the theory from the
field of numerical analysis, see [12].

The range space G of the operator A : H — G is a collection of functions
g : D — R, equipped with a pre-inner product (-,-). The design points (8.1) give
rise to a “discrete” semi-inner product and semi-norm on G given by

(g:hhn =+ D glehlw)  lgllai=

(The notation ||-||,, clashes with the notation ||-||s for the norms of the smoothness
scales, but this should not lead to confusion as n will never appear as smoothness
level.)

For every n € N we fix an n-dimensional subspace Wn C G with two properties.
Assumption 8.1 (Interpolation).

(i) There exist constants 0 < Cy < Cy < 00, independent of n, such that

Cillwl< lwln< Caollw],  w e W,. (8.3)

(ii) For every g € G the unique element Z,,g of W, that interpolates g at the
design points, i.e. Z,g(x;) = g(x;), for every i = 1,...,n, satisfies, for every
s in some interval (sq, Sq),

1Zng — glI< da(n, s)llglls- (8.4)

Condition (8.3) requires that the discrete and continuous norms be equiva-
lent on the subspace Wn, whereas (8.4) ensures that the subspaces AW/n have good
approximation properties under discretization for smooth functions. In this condi-
tion ||-||s are the norms of a smoothness scale (Gs)ser as in Definition 2.1, in which
the space G is embedded as G = Gy, and the approximation numbers §4(n, s) will
often be the same as the approximation rates §(n, s) in Assumption 2.3. However,
the approximation (8.4) is typically not true for every smoothness level s > 0, but
only for s in a range (s4,54). For instance, for Sobolev scales the lower bound s4
is typically equal to d/2 for d the dimension of the domain D of the functions in
G, and the upper bound Sy is the regularity of the basis elements used to define
the scale. -

Condition (8.3) implies that the set W, is also n-dimensional over the design
points, so that the interpolation Z,,¢ indeed exists and is unique. In Lemma 8.3 it
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8.1. Signal Reconstruction

will be seen to be also the orthogonal projection of ¢ € G onto Wn C G relative
to the discrete inner product (-, -),,.

Fix an arbitrary orthonormal basis €1y, ..., epn n of Wn relative to the discrete
inner product (-, -),, and given the discrete data (Y3,...,Y,) as in (8.2), define

n 1 n
Yy =3 - > Yiein(x;) ein. (8.5)

i=1 " j=1

This embeds the discrete data as a ‘continuous signal’ into the space Wn C G.
If the observations satisfy (8.2), then the continuous observation Y (") can be
decomposed as

y (™ :Z<Afvezn n€in + — ZZ Zezn ‘77] €in = InAf+%£(n)7

i=1

where £ is a Gaussian random variable with values in the space in Wn Loosely
speaking, as n — oo the operators Z,, should tend to the identity operator, and
the mean of the signal Y™ should become more representative of the full signal
Af. As shown in the following lemma the noise ¢ remains bounded as n — oco.

Lemma 8.2. The variable £ defined in the preceding display is a Gaussian ran-
dom element in W,, C G with mean zero. Under (8.3) its covariance operator is
up to multiplicative constants that do not depend on n bounded below and above by
the orthogonal projection Qn: G — W relative to the continuous inner product

<’>

Proof. For g € G we can write (") g) = n=1/2 Eg 1 Z; El 1ezn(xj)<e”“g>
Clearly the expectation of this variable vanishes, while the variance is given by

Var(ﬁ(”),g> = % z": (z": €in(T5)(€in, 9>)2
1
>

j=1 i=1
1 n n n
= - ZZek,n(xj)<ek,nvg>el,n(xj)<el,n7g>
n k=11=1 j=1
n n
= Zeknaelnnekna elnvg _Hzeknvgekn
k=11=1

The right side is the square of the norm ||g,|| of the vector g, = (g1,n;---,In.n)
of continuous coefficients g;,, = (g, ex n> of g relative to the discrete basis. The
orthogonal projection Q, g of g onto W,L relative to the continuous inner product
can be written in terms of the discrete basis €1 p,...,€n,n as Qng = anl 0€4.n s
for a = (a1,...,a,)T = ¥,1g and ¥, the Gram matrix ({€jn,ejn)). Hence
Qngll?= aT8a = gTE 1g,. Because ¥, is bounded above and below by a
multiple of the identity, by Lemma 8.3 below, it follows that ||Qngll~ [gn|. O

Lemma 8.3. Suppose that (8.3) holds. Then
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8. INVERSE IN SMOOTHNESS SCALES: DISCRETE OBSERVATIONS

(i) For every g € G the function I,g is the orthogonal projection of g onto
W, C G relative to the discrete inner product (-,-),.

(it) CillZngl < ll9lln< CollZngll, for every g € G.

(i1i) The Gram matric ((€;n,€jn))ij=1..n Of any basis e1p,...,enn Of Wn that
is orthonormal relative to the discrete inner product (-,-), is bounded below
and above by the identity, up to multiplicative constants that do not depend
on n.

Proof. For an arbitrary orthonormal basis ey, ..., ep, of Wn relative to the dis-
crete inner product (-, -),, the matrix (e;n(2:)); ;—; , has orthogonal columns of
Euclidean length /n and hence can be represented as y/nO for an orthogonal
matrix O. The interpolation in Wn of a function g at the design points is the
function Z;’Zl ajej, with the coefficients o = (ay, ..., a,)? satisfying /nOa =
(9(%));—; ,,- The unique solution to the latter equation is @ = (1/v/n)O0" (9(z:)),—1 .,
which can be seen to be equal to ({g, € n)n);_; ,- Thus the interpolation is indeed
the orthogonal projection Z,g = > (g, €i.n)n€in.

As the functions g and Z,, g coincide at the design points, clearly ||g|ln= ||Z.9]n,
for any g € G, and this is equivalent to the continuous norm ||Z,g||», by (8.3).

To prove the third statement note that the square discrete and continuous
norms of Y1 | a,e;,, are given by a’a and o’ Xa, respectively, for ¥ the Gram
matrix of the basis functions e;,, relative to the continuous inner product. By
(8.3) these norms are proportional and hence the eigenvalues of ¥ are bounded
from below and above. O

The following two examples exhibit suitable discretization spaces, both with
equidistant design points.

Example 8.4 (Trigonometric Polynomials). This example is adapted from Section
2.3 in [82]. Let D = T4 = (0,1]%, for d € N, and consider the set of n = m? design
points D, = {k/m}pe(i,....m}e, for a given odd natural number m. In this case,
the Fourier system with i = v/—1,

er(z) = 2™ mod k= (ky, - k) € 29,
is not only orthonormal in the continuous space L?(T?), but also with respect to

the discrete inner product (-, -),, i.e.

1, ifj;=k modm,VIle{l,- -, d},
<ej,ek>n={ =5 { } (8.6)

0, otherwise.
The scale of isotropic Sobolev spaces H,(T?) is defined in terms of the Fourier
coefficients fr = [;4 f(2)er(x) d of functions f € L*(T%), as (for |k| any norm
on R9)

H(3) = {f € LAE) : flf= Y (1 + k)| fuf*< oo}

kezd
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For smoothness levels s € N, this norm is equivalent to the canonical Sobolev

l
norm ZmlgsHD fHL2(‘Id)'
The spaces V; obtained as the linear span of the basis elements, ordered suit-

ably, satisfy Assumption 2.3. Due to (8.6), the space W, = Span{er : |k|oo<
(m — 1)/2} satisfies (8.3) with C; = Cy = 1.
As noted in [82], the following estimates hold for f € H(TP),

If = Qufllee S = flm,,
||an —T.fll Sa n_s/d||f| H,- if s >d/2.

Here @), is the orthogonal projection on Wn Consequently (8.4) is fulfilled for
s> sq=d/2.

Example 8.5 (Wavelets). This example is adapted from Section 3.3 in [82]. Let D =
T4 = (0,1)%, for d € N, and consider the design points Dy, = {k277 }eqy,... 2134,
where n = 27¢ for some j € N. We consider a multiresolution analysis {V;};>0
on L?(%?) obtained by periodization and tensor products. Let ¢ be a standard
orthonormal scaling function of an S-regular multiresolution analysis for L?(R),
with compact support in [S — 1, S]. In particular, the polynomial exactness con-
dition is satisfied: ), ., kqa(m — k) — 29 is a polynomial of maximal degree ¢ — 1
for g € [0,S — 1]. As shown in [82], the functions

d
ejr(T,...,2q) = Z 2jd/2H$(2jxi — ki +29my),

mezd i=1

are well defined and form an orthonormal basis in L?(¥?). Furthermore, for W, =
V; = Span{e;\ | k € {1,---,27}9} with n = 29¢ > 28 — 1, conditions (8.3) is
satisfied with constants C7, Cy that depend only on (E Moreover, for the functions
ejx belong to the Besov space B3 ,(T), for s < 5, and, for every f in this Besov
space and d/2 < s < S,

If = ToflleS n/4 ]

Thus (8.4) is satisfied, with the smoothness scale (H;)scr taken equal to the
canonical Sobolev spaces (i.e. Besov spaces Bj ,) on T%.

s .
B3,

Other examples of suitable discretization spaces are provided by orthogonal
polynomials, for instance the systems of Legendre, Chebyshev, or Jacobi polyno-
mials, etc., for suitably chosen design points. First, (H¢(%))scr being canonical
Sobolev spaces on ¥ = (0, 1] satisfies Assumption 2.3 This is due to the standard
Sturm-Liouville theory (see 5.2 in [12]): the polynomials form infinitely differen-
tiable orthogonal bases in L?(T). Second Assumption 8.1 is satisfied with Gaussian
quadrature points as design points (Section 5.3 in [12]). These results can be ex-
tended to the multivariate domains by using tensor products. See Chapter 5 in
[12] for more information.
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8.2 General Contraction Rates

In this section we present a general theorem on posterior contraction. We form the
posterior distribution IT,,(-| Y") as in (4.1), given a prior IT on the space H = Hy
and an observation Y = (Y1,...,Y},), whose conditional distribution given f is
determined by the model (8.2). We study this random distribution under the
assumption that Y follows the model (8.2) for a given ‘true’ function f = fy,
which we assume to be an element of Hg in a given smoothness scale (H;)ser, as
in Definition 2.1.

The theorem is stated in terms of the Galerkin solution to the continuous in-
verse problem, which is defined as follows. (See e.g., [57] for a general introduction
to the Galerkin method and Section 5.3 for a self-contained derivation of the nec-
essary inequalities, exactly in our framework.) Let W; = AV; C G be the image
under the operator A of a finite-dimensional approximation space V; linked to the
smoothness scale (H,)ser as in Assumption 2.3, and let Q; : G — W; be the
orthogonal projection onto W;. If A: H — G is injective, then A is a bijection be-
tween the finite-dimensional vector spaces V; and W;, and hence for every f € H
there exists fU) € V; such that AfW) = Q;Af. The element f() is called the
Galerkin solution to Af in Vj;, and is an approximation to f that is more accurate,
but also more complex, for larger j.

In our current setting we have no access to the continuous function Af, but
must reconstruct f from the discrete approximation to A, f, for A, = Z,, A, and Z,,
the interpolation operator defined in Section 8.1. Thus we shall use the Galerkin
solution fU") = A71Q; A, f to the interpolation A, f of the discrete signal. This
discrete Galerkin solution is illustrated in the following diagram

H>f A=hnd A FeW, C @

y

H>V; > fuomn A QjA.feW; CG

In this scheme the space Wn, used to construct the continuous interpolation, may
or may not be equal to W,, = AV,,. Setting it equal to W,, simplifies the scheme,
but then the interpolation properties in Assumption 8.1 must be verified for AV,.

Theorem 8.6. For smoothness classes (Hg)ser as in Definition 2.1, assume that the
opeartor A : Hy — G satisfies || Af||~ || f||—~, for some~y > 0. Let f%™) denote the
discrete Galerkin solution to A, f = I, Af relative to linear subspaces V; associated
to (Hs)ser as in Assumption 2.3 and interpolation spaces AW/n satisfying (8.3)-(8.4)
from Assumption 8.1. Let fo € Hg and Afy € Ggiy for some 5 € (sqa—,Sa—"),
and for n, > €, 1 0 such that nsi — o0, and j, € N such that j, — o0, and some
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c > 0, assume

jn < cnes, (8.7)
En

M 2 <7 ) 8.8

6(jn,7) (8:8)

M 2 6(jn, B) V ——————- 8.9

e A0 = 5Gar) (59

Consider prior probability distributions II on Hy satisfying

I(f € H: ||Af — Afolln< e0) > e ", (8.10)

I(f € H: |f0) = fl[> m) S e . (8.11)

Then the posterior distribution in the model (8.2) contracts at the rate 0, at fo, i.e.
for a sufficiently large constant M we have IL,(f : ||f = foll> Mnn | Y1,...,Y,) —
0, in probability if Y1,...,Y, follow (8.2) with f = fo.

Proof. The Kullback-Leibler divergence and variation between the (multivariate-
normal) distributions of (¥7,...,Y;,) under two functions f and fy are given by
n||Af — Afol|2/2 and twice this quantity, respectively. Therefore the neighbour-
hoods By, 2(fo,&x) in (8.19) of [35] contain the balls {f € H : | Af — Afo|ln< en}.
By assumption (8.10) this has prior mass at least exp(—ne?).

Because the quotient of the left sides of (8.11) and (8.10) is o(exp(—2ne2)),
the posterior probability of the set {f : [[fU=™ — f||> n,} tends to zero, by
Theorem 8.20 in [35].

By a variation of Theorem 8.22 in [35] it is now sufficient to show the existence
of tests 7, such that, for some M > 0,

P;:)Tn — 0, sup P)(cn)(l —7n) < e—dnen
IL.f = foll>Mnn,
£~ fl| <
Define the operator R; : G — V; by R; = A7'Q;, where Q; : G — W; is the
orthogonal projection onto W; = AV, and A~! is the inverse of A (restricted to
W;). Then we shall employ the tests

70 = 1{[R;, Y™ = fol> Mo}, (8.12)

where M is a given constant, to be determined.
By definition fU") = R A, f is equal to the discrete Galerkin solution to A, f.
For Y™ defined in (8.5) we have

. 1 , 1
R;Y ™ = RiALf + ﬁRjg(”) = fUm 4 %RJ{W (8.13)

The variable ij(”) = Rij§(”) is a centered Gaussian random element in Vj
with strong and weak second moments

. j
E|R;€™ < IR IPEIQs™IPS IR < 55
IR;EM* < (IRS1IPEIQ€™12S IRy 5GP
1
sup E(R;€M, )2 = sup E(€™,RiNE S sup IRIFIES IRNPS -
<t I71<1 ! RS I 6(5,7)?
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In both cases the inequality on [|R;[|= ||R;|| at the far right side follows from (5.7),
and we also use that, by Lemma 8.2, the covariance operator of § () is bounded
above by a multiple of the projection onto W,,, and hence the identity, so that the
covariance operator of Q;§ (") is bounded above by a multiple of Q.

The first inequality shows that the first moment E||R;¢™|| of the variable
[R;€™)]| is bounded above by v/7/3(j,7). By Borell’s inequality (e.g. Lemma 3.1
in [67] and subsequent discussion), applied to the Gaussian random variable R ;¢ (n)
in Hy, we see that, there exist positive constants a and b such that, for every ¢ > 0,

\/j —b 25 . 2
Pr(||R;E™|> t + a— < UM
(IR5¢ o)
For t = 2/nn,,/v/b and n,,, €, and j,, satisfying (8.7), (8.8) and (8.9) this yields,

for some a; > 0,
Pr(IR;, €0I1> arv/im, ) < e 1<k, (8.14)
We apply this to bound the two error probabilities of the tests 7,,.
Under fy the decomposition (8.13) is valid with f = fo, and hence R;Y (™ —
fo= n_1/27€j§(”) + féj’n) — fo. By the triangle inequality it follows that 7,, = 1

implies that n='/2|R;, €M™ |> Mon, — | f™ = fo||. By the triangle inequality
followed by (5.7) and (8.4), and (5.9),

9™ — o< IR, 1 TnAfo — Afoll+HIR;Afo — foll

§d(naﬂ+’y) .
5»7 A +6 n SM ns
STy A Solls G, Bl ol My

by assumption (8.9). Hence the probability of an error of the first kind satisfies

(n) Lir. e _
PR < Pr( s R, €)1 (Mo = My ).

For My — My > aq, the right side is bounded by 6*4”53, by (8.14).

Under f the decomposition (8.13) gives that RjY(”) — fo= n*1/272j§<“> +
fU™ — fo. By the triangle inequality 7, = 0 implies that n=/2||R;, £™)|>
| £ — fo||l—Mon,. For f such that ||f — fol|> Mn, and || f — fO™)|< n,, we
have || fUr") — fol|> (M — 1)n,,. Hence the probability of an error of the second
kind satisfies

n 1
PP = 7)< Pr( Ry €02 (M = 1= Mo)in).

For M — 1 — My > ag, this is bounded by 6’4"51, by (8.14).
We can first choose M large enough so that My — M; > a1, and next M large
enough so that M — 1 — My > aq, to finish the proof. O

The theorem has a similar form as Theorem 6.1 obtained in Chapter 6 in the
case of observation of a continuous signal (in white noise). Some interpretations
of the theorem from the previous chapter are also applicable to the current one.
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For completeness, we repeat them here. Inequality (8.10) is the usual prior mass
condition for the ‘direct problem’ of estimating Af at the design points (see [33]).
It determines the rate of contraction &,, of the posterior distribution of Af to Afy
relative to the discrete seminorm ||-||,,. The rate of contraction 7, of the posterior
distribution of f is slower due to the necessity of (implicitly) inverting the operator
A. The theorem shows that the rate 7, depends on the combination of the prior,
through (8.11), and the inverse problem, through the various approximation rates.
The factor d4(n, B4+7)/6(jn,7) in (8.9), which arises from having discrete observa-
tions only, will typically be negligible relative to d(j,, 5). The Galerkin projection
@™ in (8.11) now incorporates the errors of both inversion and discretisation.

Same adaptation by mixture priors (c.f. Theorem 6.11) can also be achieved.
The following theorem refines Theorem 8.6 by considering a mixture prior of the
form

= /HT dQ(7), (8.15)

where II; is a prior on H, for every given ‘hyperparameter’ 7 running through
some measurable space, and () is a prior on this hyperparameter. The idea is to
adapt the prior to multiple smoothness levels through the hyperparameter 7.

Theorem 8.7. Consider the setup and assumptions of Theorem 8.6 with a prior
of the form (8.15). Assume that (8.7), (8.8), (8.9) and (8.10) hold, but replace
(8.11) by the pair of conditions, for numbers 0, » and C > 0 and every T,

L (f < || f = f ~ine, /

~(f: ol|<2mn,.) <e n, YT with 9y . > Chy, (8.16)
i a2

IL(f 2 [|f9%™) = fl|> nn,r) < e 4en. (8.17)

Then the posterior distribution in the model (8.2) contracts at the rate n, at fo, i.e.
for a sufficiently large constant M we have IL,(f : ||f — fol> Mn, | Y1,...,Y,) —
0, in probability if Y1,...,Y, follow (8.2) with f = fo.

Proof. We take the parameter of the model as the pair (f,7), which receives the
joint prior given by f| 7 ~ I, and 7 ~ Q. With abuse of notation, we denote
this prior also by II. The likelihood still depends on f only, but the joint prior
gives rise to a posterior distribution on the pair (f,7), which we also denote by
IL,(-| Y™), by a similar abuse of notation.

By (8.15) and eqs. (8.16) and (8.17),

H((fa T) Y, > C"?na ”f - f0||< 27771,7—) <e 4 8",
. 2
I((f,7) < |f9™) = fI> o) < 74750,

In view of (8.10) and Theorem 8.20 in [35], the posterior probabilities of the two
sets in the left sides tend to zero. As in the proof of Theorem 8.6, we can apply
a variation of Theorem 8.22 in [35] to see that it is now sufficient to show the
existence of tests 7, such that, for some M > 2C,

P}:)Tn — 0, sup P}n)(l —Tn) < e~4nen,
(fvT):l‘fffO”>M77n\/27]n,7'7
Hf(]"’")*f\lﬁnnw
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(Note that Mn, V 2n, » = Mn, if 5, < Cn, and M > 2C.) We use the tests
defined in (8.12), as in the proof of Theorem 8.6. The latter proof shows that the
tests are consistent. The bound on the power can be adapted same as in the proof
of Theorem 6.11, and hence the detail is omitted here.

O

In a typical application of the preceding theorem the priors I, for 7 such that
M, = Cny, will be the priors on rough functions, with ‘intrinsic’ contraction rate
Mn, slower than n,. These ‘bad’ priors do not destroy the overall contraction rate,
because they put little mass near the true function fy, by condition (8.16). It is
necessary to address these priors explicitly in the conditions, because they will
typically fail the approximation condition (8.11), which must be relaxed to (8.17).

In Theorem 8.6 and Theorem 8.7, it is sufficient for the operator A to satisfy
the following two properties: lifting property || Af||~ || f||- with some v > 0 and
Afy € Ggi if fo € Hg. However, when analysing particular priors, the afore-
mentioned conditions on .4 may not be strong enough for verifying the conditions
(8.10) and (8.11), while they can be verified with the following condition, which
is stronger but often satisfied in practice, e.g. Example 5.4. More examples can
be found in [57].

Assumption 8.8 (Smoothing property of A). For some v > 0 the operator A :
H,_, — G, is injective and bounded for every s > 0, and, for every f € HoyNH,_,,

IAS 2= 1115~ (8.18)

8.3 Random Series Priors

In this section we study the performance of the random series prior from Section 6.3
to the inverse regression model (8.2). We briefly recall the set-up of the prior and
the further details are referred to Section 6.3.

Suppose that {®;}icn is an orthonormal basis of H = Hj that gives optimal
approximation relative to the scale of smoothness classes (H)scr in the sense
that the linear spaces V; = Span{¢; };<; satisfy Assumption 2.3. Consider a prior
defined as the law of the random series

M
F=> fitn (8.19)
i=1

where M is a random variable in N independent from the independent random
variables f1, fa,...in R.

Condition 8.9 (Random series prior). (i) The probability density function pys
of M satisfies, for some positive constants by, b,

e Spa(k) SeTF, Wk eN

(ii) The variable f; has density p(-/k;)/k:, for a given probability density p on
R and a positive constant «; such that, for some C' > 0 and 0 < v < w < o0,
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8.4. Gaussian Priors

Bo >0 and a > 0,

e S p(a) S el (8.20)
iPold < i <, (8.21)

The same contraction rate is obtained for the random series prior in the inverse
regression model. The discussion on the result is referred to the discussion of
Theorem 6.5.

Theorem 8.10 (Random Series Prior). Let (¢;);en be an orthonormal basis of Hy
such that the spaces V; = Span{¢; }i<; satisfy Assumption 2.3 with 6(j,t) = j /¢
relative to smoothness classes (Hg)ser as in Definition 2.1 and sufficiently large
t to be specified. Suppose that Assumption 8.1 holds with 64(n,s) = n=5/¢, the
operator A satisfies Assumption 8.8, and let fo € Hg for some g € (0,5] and
B+~ > sq. Then, for the random series prior defined in (8.19) and satisfying
Condition 8.9 with By < 8, and sufficiently large M > 0, for 7 = (8 + 7)(1 +

2v/d)/ (28 + 2y + d),

p(m)
I (f f = follo> Mn=P/ G2+ (log )T | y<n>) %9,

8.4 Gaussian Priors

In this section we study the posterior contractions of Gaussian priors in the inverse
regression model (8.2). Recall the definition of a Gaussian prior from Section 6.4.
Centred Gaussian distributions on a separable Hilbert space correspond bijectively
to covariance operators. By definition a random variable F' with values in Hj is
Gaussian if (F) g)¢ is normally distributed, for every g € Hy, and it has zero mean
if these variables have zero means. The variances of these variables can then be
written as

]E<F7 9>g = <Cg7g>05

for a linear operator C' : Hy — Hy, called the covariance operator. A covari-
ance operator C' is necessarily self-adjoint, nonnegative, and of trace class, i.e.,
Y ien(Coi, ¢i) < oo, for some (and then every) orthonormal basis (¢;)ien of Ho;
and every operator with these properties generates a Gaussian distribution.

In the setting of a Hilbert scale (H;)ser generated by the operator L it is
natural to choose a Gaussian prior with covariance operator of the form L~2%,
for some a > 0. If L™! has eigenvalues )\;, then this operator is of trace class if
ZjeN /\j_?a < 00. Thus a must be chosen big enough for the Gaussian prior to
exist as a ‘proper’ prior on Hy. For instance, if A\; ~ j~1/4 then every choice
a > d/2 yields a proper prior.

This leads to the following theorem on posterior contraction rates for Gaussian
priors, the proof of which is given in Section 8.6.

Theorem 8.11 (Gaussian Prior). Consider a Hilbert scale (Hs)scr generated by
an operator L as in the preceding such that L=' : Hy — Hy is compact with
eigenvalues A\; satisfying \; o~ j=Y4d. Suppose that Assumption 8.1 holds with
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Sa(n,s) = n=s/%, the operator A : Hy — G satisfies Assumption 8.8, fo € Hpg,
for some B > 0 such that B+ v > sq, and let the prior be zero-mean Gaussian
with covariance operator L=2%, for some o > (d — ~y) V. d/2. Then the posterior
distribution satisfies, for sufficiently large M > 0,

(n)
1, (f Uf = follo> Mn—((@=d/278)/(ect2y) | y(n)) i .

The results are comparable to Theorem 6.7, and hence we refer to Section 6.4
for the discussion.

8.5 Gaussian Mixtures

The posterior contraction rate resulting from a zero-mean Gaussian prior with co-
variance operator L~2%, as considered in Section 8.4, is equal to the minimax rate
n =P/ (2B+27+d) (see [19]) only when a — d/2 = 3, i.e., when the prior smoothness
a — d/2 matches the true smoothness 8. As shown in Section 6.5, by mixing over
Gaussian priors of varying smoothness the minimax rate can often be obtained
simultaneously for a range of values 8. In this section we consider the same mix-
ture of the mean-zero Gaussian priors with covariance operators 72L 2% over the
‘hyperparameter’ 7, from Section 6.5. Thus the prior II is the distribution of 7F,
where F is a zero-mean Gaussian variable in Hy with covariance operator L™2%, as
in Section 8.4, and T is an independent scale parameter satisfying Condition 6.10.
We repeat the condition below for the reader’s convenience.

Condition 8.12. The distribution @ of 7 has support [0,00) and satisfies

—logQ((t,2t)) St72, ast |0,
—log Q((t,2t)) St/(@=d/2) a5t — c0.

Theorem 8.13 (Gaussian mixture prior). Consider a Hilbert scale (Hs)scr gener-
ated by an operator L as in the preceding such that L1 : Hy — Hy is compact with
eigenvalues \; satisfying A; ~ j=Y4. Suppose the operator A : Hy — G4~ satis-
fies Assumption 8.8, assume that fo € Hg, for some (d/2 —v) V0 < B < a, and
let the prior be a mizture of the zero-mean Gaussian distributions with covariance
operators T2L™2% over the parameters T equipped with a prior satisfying Condi-
tion 8.12, for some o > (d—~)Vd/2. Then the posterior distribution satisfies, for
sufficiently large M > 0,

pm
o (£ 5 11f = follo> Mn=5/@5+20+0) |y} "8,

The proof is given in Section 8.6.
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8.6 Proofs

8.6.1 Proof of Theorem 8.10
The theorem is a corollary to Theorem 8.6. We shall verify the conditions with

en o~ (logn/n)B+N/@6+2+d) 5~ d/(26+274d) (1o ) (28+27)/ (26+27+d)

Let P; be the orthogonal projection of H on the linear span of the first j — 1 basis
elements ¢;, and define an additional sequence of integers by

in ~ (n/logn)¥ @6+2r+d),

By the orthogonality of the basis (¢;), the function ¢; is orthogonal to the space
Vj spanned by (¢;)i<;. Hence Pj¢; = 0, so that [|¢;]|—s< 8(j,s)lldslloS 57/,
for every j and s > 0, by (2.4). The same estimate is also true for 0 < —s < S
directly by assumption (2.3). Therefore, by the triangle inequality, we have

£l D 1515774, if f=" fid;
i i

Furthermore, since fy € Hg by assumption, the norm duality (2.1) gives that

| fo,il= |{fo, @idol < | follsllill —pS i~/
First we verify the prior condition (8.10) of the direct problem. By Lemma 8.3,

lAf —Afolln= |1 Z.(Af — Afo)||l- By several applications of the triangle inequality,
since 8+ € (sq,Sa) and [|Af (g~ [|f]l5,

|Z (Af=AfIS 1 Zn Af — Af I+ Z0Afo — Afoll+[|Af — Afoll
S da(n, B+ ) flls+ folls) + [If = Fi, foll—v+Ifo — Ps, foll—
S da(n, B+ = B, folls+If — P, foll -
+6a(n, B+ )| P, follg+ follg) + 0(in,¥)0(in, B)| folls,

by (2.4). The last term is of the order §(iy,v)d(in, 8) = in A/ o while the
second last term is bounded above by d4(n, 8 —|—’y)(||f0||/6(zn, B) + Hf0||g) < ep, if

B+~ >d/2For f = ZZ 1 i¢; € V3, the sum of the first two terms is bounded
above by

ip—1 Tnp—1 in—1

Sa(n, B+7) Y _|fi = foli +Z|f foli™ S N fi = fou
i=1

i=1

Same as shown in Section 6.6.1, the right side of this equation is bounded above

by &, with prior probability at least e~"en/2. Since also (M =i, —1) > e b1in >
e~men/2 it follows that (8.10) is satisfied.

Next we verify (8.11). Since II(M > j,) < e~P2in < e~4n<% | by Condition 8.9,

we may intersect the event in (8.11) with the event M < j,. For M < j the

random series f = Zf\il fi¢; is contained in V; and the Galerkin approximation
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R;Af of f is exact. Since fUmn = R;Z,Af, the triangle inequality followed by
(8.4) give, for s+ € (sa,.5q),

1£O™ — Il < IR ZLAF — R AF+IR;AF — £l

5d(” 5+7)
< D IRy AS - )
< dalmst7) g

= 0(4,7)9(4, 8)

if f € V}, by (2.3), for s such that f € H,. We conclude that it suffices to prove

that
jn -1

1Y 125 G my+2) < e
i=1
With the given choices of 7, and j,, for some a € R,
02 (jin /)22 = n(4(s+7)(ﬁ+7)—Qdﬁ)/(2ﬁ+2’y+d)(log n)®.
For sufficiently large s this is an arbitary high power of n. We have that

Jn—1 Jn—1

]E Z f2 Z K} 2a+1

Jn—1 Jn—1
P END IR R
=1

By the tail bound on the density p we further have that the 1, /o Orlicz norm of
f? is bounded above by xZ. Therefore,

jn—1 2a+1/2 . » .
]Z (f2 —Ef2) \ g™t 4 (log ju)?/Y maxicy, 62, i <2,
g % i » ]721a+1/2 + (ZZ<‘]" K2q)1/q if2<ov< 4’

204+1/2

where ¢ is conjugate to v/2. In both cases the first term j;, dominates. So

provided
nA(s+7)(B+7)—2dB)/(26+27+d) (logn)® > j2o+l

we can first center ZJ" f? at mean zero, and next bound the tail of the centered

variable with the help of the Orlicz norm. This will give a bound of the type

n(4(s+)(B+7)=2dp)/(26+27+d) (1og o
1/%/2( 2012 )

Under the preceding display the quotient is a positive power n of n times a
logarithmic factor and we obtain a bound of the form

otyw/2
e ()"

Here ¢ can be arbitrarily large by choosing s large. So condition (8.11) holds
provided s can be chosen sufficiently large in the interpolation inequality.
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8.6.2 Proof of Theorem 8.11

The theorem is a corollary to Theorem 8.6. The main tasks are to determine
€n satisfying the prior mass condition (8.10) of the direct problem, and next to
identify n,, from the prior mass condition (8.11) and the other conditions.
Similar to the proof of Theorem 8.10, the prior mass condition (8.10) is de-
composed into different components, which will be studied separately. Recall that
by Lemma 8.3, ||Af — Afolln~ |Z,(Af — Afy)||. By triangle inequality, we have

1Zn(Af = Afo)lI< 120 Af = Afl+IZ0Afo — Afoll+IAf = Afoll.

In the preceding display, the last term is same as the prior mass condition for
white noise model and has been studied in Section 6.6.2. We recall the result in
the following lemma.

Lemma 8.14 (Lemma 6.12). Under the assumptions of Theorem 8.11, for fo € Hg,
ase |0,

g/ (aty=d/2) ifd/2 < a<p+d/2
— . _ < ) — 9
logIT(f : A4S = Afoll< &) 5 {g—@a—%)/(ﬂ“), if a > B+ d/2.

Hence, It follows that TI(f : |Af — Afolo< £./2) > e " with

2d/(2a+27)nf(a+“/fd/2)/(2a+27), if d/? <a< ﬂ+d/27
1S\ 9(20-28)/(20429) y— (B4 /et 20) | if o > B4 df2.

The conditions of €,, given above can be further simplified into

En > ng/(27+d)n—(ﬂ/\(a—d/2)+v)/(20¢+27), (8.22)

where 24/(27+d) < 2 is independent of o and 3 and C will be determined below.
Since B+ > d/2 = s4, we have ||Z, Afo—Afol| < da(n, B+7)| foll = n=+1/4.

Therefore, by selecting a sufficiently large constant C' in the preceding display

such that the right hand side of (8.22) is upper bounded by &,, we obtain that

1(f : | ZnAfo = Afoll+AF = Afollo< en) > e,
Using a basic probability property, P(AN B) = P(A) + P(B) — P(AUB) >
P(B) — P(A°),
H(f : |ZnAf — Af[HIZnAfo — Afoll+IAf — Afollo< en)
>TI(f < | ZnAfo — Afoll+IAf — Afollo< en/2, [ TnAf — Afl<en/2)
2I(f : | ZnAfo — Afoll+[Af = Afollo< en/2) = TL(f : [|ZnAf — Afl|Z €0/2)
e —IU(f  |ZoAS — AfI|> €/2).
Since the prior of f is a centred Gaussian distribution with covariance operator

L2 fis in H, almost surely for s < a — d/2. Consequently, Af € G, almost
surely. Since « is chosen in the range a > (d —v) V d/2, which implies oo + v > d,
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and consequently there exists an s satisfying d/2 = sq < s+ < Sy4. Hence, (8.4)
holds and we have

[ ZnAf — AfII< da(n, s + )| flls= da(n, s + )L Fllo-

It leads to

s En
(f : |ZnAf — Af|> en/2) <TT (f HIL A= %d(nerv)) '

Therefore, it suffices to show that, for the transformed centred Gaussian random
variable L°F with covariance operator L=2(®~%) (where F is centred Gaussian
with covariance L~2%),

(|F||> 1) < e 0,

where 7, = and e, is as given in (8.22).

For F, Since E||F|?= EieNi_% < o0, the first moment of E||F| is also
bounded by Jensen’s inequality. In particular, the upper bound of E||F|| is inde-
pendent of n. The weak second moment is given by

o= sup E(F,h)= sup ||hH2_(a_s).
Ihllo<1 IAllo<1

By the norm duality (2.1), the right side is equal to

sup sup (f,h)g < sup [If[< 1.
”hH()Sll‘fHafsSl Hfllafsgl

Then by Borell’s inequality, when r,, > E||F||,

(| F[[> ) <I(|F[|=E[F[|> rn — E[LF]])

(rn—E[f1)?
SefT § e*""n(Tn*E”FH) < efnei’
where we use the fact that ne? < r,, — oo since 64(n, s) ~n~%/% and s+~ > d/2.
Combining above results, we have shown that the (8.10)

2
67”746“

DO | =

I(f € H: [Af — Afolln<en) 2

is satisfied with &, given in (8.22).
The next step of the proof is to bound the prior probability in (8.11). The
following lemma is a modification of Lemma 8.2 in [43].

Lemma 8.15. Under the assumptions of Theorem 8.11, there exist a,b > 0, such
that for every j € N and t > 0,

T(f : || f9 = fllo> ¢+ aj /2=o/d) < e=t#5*",
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Proof. We have fU) — f = (RjA, — I)f, for R; = A7'Q; and A, = I,A.
Therefore, the probability on the left concerns the random variable (R;A,
I)F, if F is a variable distributed according to the prior II. Since F' is zero-
mean normal with covariance operator L~=2¢, this variable is zero-mean Gaussian
with covariance operator (R;A, — I)L™2%(R;A, — I)*. We shall apply Borell’s
inequality to obtain the exponential bound, after computing the weak and strong
second moments of the variable (R;A, — I)F.

Because ((R;A, — I)F,g)o = (F,(R;A, —I)*g)o is zero-mean Gaussian with
variance ||L™%(R;A, — I)*gl|3= ||(R;An — I)*g|%,, the weak second moment of
(RjA, — I)F is given by

sup E((RjAn — )F,9)5 = sup [|(RjAn —1)*g]%,
llgllo<1 llgllo<1

By the norm duality (2.1), the right side is equal to

sup  sup (f,(RjAn, —1)"g)§ < sup ||(RA Dfllg
lgllo<1 117 la<1 Flla<

d(n,a+1) o ? 2
(M2 v s.0) < oGP,

when 6(j,s) = j7°/4, n>> j and (5.9).
The strong second moment of the Gaussian variable (R;A, — I)F is equal to
the trace of its covariance operator. As

Trace(S*S E:IISQSZH2 ZZ (Sohi, ;)* Z||5*¢z||2— 151175

we have

E|(R;ZnA — DF|*= (I = R;, Lo A) L™ s
<R NP Zn = 1+ Gagy — Gollzzs|lAlI?
HI( = Ry, A) : Ho — Hollys||L™ + Ho — Hal/?
SAD RPN, = T2 Gasy = Gollis+I(I = Rj, A) : Ho — Holl3ys,  (8.23)

where the first inequality is because of an elementary application of triangle in-
equality and a norm estimation of the operators in Hilbert spaces (see Proposi-
tion A.20).

In the following argument we will use some results from approximation num-
ber (and more generally s-number) in Hilbert spaces. The necessary material is
collected below, and for the detail we refer to Section 2.4. Recall that the ith
approzimation number of a bounded linear operator T : X — Y between normed
spaces is defined as

al(T G — H) URE nkU<l||T U”X%Y

where the infimum is taken over all linear operators U : X — Y of rank (i.e.,
dimension of the range space) strictly less than j, and the norm on the right is the
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operator norm ||7'—U|| x -y = sup g, « <1 /(T =U) f[ly. Approximation number is
in fact an example of a more general concept called s-numbers, which also include
singular values. We will use the following fact: on Hilbert spaces there is only
one s-number, i.e. singular value and approximation number are identical to each
other.

Introduce a temporary notation S := (I —R;, A) : H, — Hy, whose operator
norm is [|S : Hy, — Hol|S i by (5.9). Since I : H, — Hy is compact
and R;, A is of finite rank, S is compact as well. Hence it has singular values
si = a((I —R;,A) : H, — Hp), and in particular, the first singular value is
bounded by its operator norm, i.e. s3 < j;a/d. Since a;(I : H, — Hy) ~ 0(l, «)
(see the discussion following (2.6)), we have

al(‘s : Ha — HO) Z 6(]1@ + l701),

which is because that the infimum on the right hand side is taken with all operators
with rank less than j, + [, while on the left hand side there is a fixed part R;,.A
and the infimum is only taken over the operators with rank less than [. On the
other hand, with the operator U = R;, 11 A — R;, A of rank [, we have

a(S:Hoy = Ho) < I —Rj, A=U|<(jn + 1, ).
Combining the previous inequalities, we obtain
S] = a’l(S : Ha — HO) = 5(.]’” + l,Oé),

which leads to

(I —R;,A): Hy — Holl}s= Z(jn )2l = Z [2a/d < j1-2a/d
=1 I=jn+1

where we used the estimate >, . it <70 /(b—1) for b > 1.

With the same argumentabove,

||In —1I: Ga+7 — GOH%{SS n1—2(a+7)/d.

Since v + v > d/2, jn, < ne2 <n and |R;, IS 1/0(jn,y) = jn"/? the first term
in (8.23) is of order strictly smaller than the second term.

Since the first moment of ||[(R;A, — I)F|o is bounded by the root of its sec-
ond moment, the lemma follows by Borell’s inequality (see e.g. Lemma 3.1 and
subsequent discussion in [67]). O

For t2 = ne? /(4b 'ia/d) the bound in the preceding lemma becomes e

Hence (8.11) is satisfied for

M 2 V/nen [§0 4+ jal2meld,

Here we choose ¢,, the minimal solution that satisfies the direct prior mass condi-
tion (8.10), given in (8.22). Next we solve for 1, under the constraints , (8.8) and

2
—4ne;, .
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(8.9). The first of these constraints, j, < ne2, shows that the first term on the
right side of the preceding display always dominates the second term. Therefore,

we obtain the requirements j, < ne? and
N = \/ﬁn_(ﬁ/\(a—d/2)+’y)/(2a+zfy)7
Ny > n~ (ONa=d/2)49)/2a+27) jr/d.

Tin Z j;ﬁ/d
Depending on the relation between « and 8 + d/2, two situations need to be
discussed separately.

(i) a < B+d/2. We choose j, ~ n%(22+27) = ne2 and then see that the first two
requirements in the preceding display both reduce to 7, > n~(@=4/2)/a+27)
while the third becomes 7,, > n—A/2a+27) and becomes inactive.

(ii) a > B4 d/2. We choose j,, ~ n?(22+27) < ne2 and then see that all three
requirements reduce to 1, > n~8/(e+27),

Finally apply Theorem 8.6 to complete the proof.

8.6.3 Proof of Theorem 8.13

Let I, denote the zero-mean Gaussian distribution on H with covariance oper-
ator 72L72% (where o > d/2). The following lemmas are the counterparts of
Lemmas 6.14 to 6.16.

Lemma 8.16. Under the assumptions of Theorem 8.18, for fo € Hg and (d/2 —
YNVO<pf<a,asel0,

3

1>(204—25)/(5+’Y) N (7—>d/(a+'yfd/2)
. .

—logll (f: |[Af — Afoll<e) % (

Lemma 8.17. Under the assumptions of Theorem 8.13, for fo € Hg and (d/2 —
NVO<B<a,asel0,

7\ &/ (a—=d/2)
~logIL(/ : [Iflo< &) 2 () -

Lemma 8.18. Under the assumptions of Theorem 8.13, there exist a,b > 0 such
that, for every j € N and x,7 > 0,

2,2a/d

IL(f : | f9 = fllo> T2 + rag'/?=o/d) < 7P

Proofs. The proofs are identical to the one in Section 6.6.3, and hence they are
omitted. O

As preparation for the proof of Theorem 8.13, we first show that the minimax
rate can be obtained by a Gaussian prior with the deterministic scaling, dependent
on (3, given by

7, = nle=d/2=0)/(26+2v+d) (8.24)
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Theorem 8.19. Assume the conditions on the Hilbert scale, the forward operator
A and the true parameter fy in Theorem 8.11 hold. Suppose that the priors 11 are
zero-mean Gaussian with covariance operators T2 L2 with T,, as given in (8.24)
and a > (d—~)Vd/2. Then for (d/2—~)V0 < B < «, the posterior distribution
satisfies, for sufficiently large M > 0,

P(”)
M (1 11f = follo> Mn=2/@3+27+0) | y () 14,

Proof. The theorem is a corollary to Theorem 8.6. The proof follows the same
lines as the proof of Theorem 8.11. By Lemma 8.16, inequality (8.10) is satisfied
for

£y > n~ B/ @B+2y+d)

By Lemma 8.18, inequality (8.11) is satisfied for
M 2 Tn(\/ﬁgnjrja/d + j’r11/2_a/d)'

We choose j,, =~ ne2, and the minimal solution &, = n~(F+1)/(28+27+d) 4 the

second last display. It is then straightforward to verify that (8.8), (8.9) and (8.11)
are satisfied for 7, ~ n~—A#/(2F+2y+d) O

Theorem 8.13 is a corollary of Theorem 8.7, with the choices

N ~ =P/ (20+2y+d) £y, o~ n~ BN/ (@B+27+d)

n o~ ne? = @/ (2B+2y+d)

Conditions (8.7), (8.8), and (8.9) are satisfied for these choices. It remains to
verify (8.10), and (8.17)(8.16).

For ease of notation, for the moment, define 7, and ¢, as in the preceding
display, with exact equality (i.e., with the constant set equal 1). Let 7, be the
‘optimal’ scaling rate defined in (8.24).

Verification of (8.10). For 7 ~ 7, and € =~ ¢,, as given and 8 < «, both terms
in the right side of Lemma 8.16 are of the order ne?. The lemma yields, for
7 < 7 < 27, and some constant a; > 0,

—logIL (f : | Af — Afol|< en) < arne?.
This shows that
(F 3 AF = Afol < 2) = [ (73 [AS = Afall< 20) dQ()
0
> efalneiQ(Tn,%'n).
If « — d/2 < 8, then 7,, — 0, and Condition 8.12 on @ gives that

1o Q(m, 2m) < 7% = n(2A-20d) /(28 +274d) < /B2y _ 2

)
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8.6. Proofs

iff<a If0< B <a-—d/2, then 1, — oo, and Condition 8.12 on @ gives that

108 Q7 27) < 7H(@=d/2) _ p(dle—d/2=B)/(a=d/2) 2B +27+d)

< pd/@2B+2y+d) _ 2

= n*

Finally if o« — d/2 = B, then 7,, = 1 and Q(7,,27,) = 1. Thus in all three
cases Q(7p,27,) is bounded below by a power of e "en. Combining this with the
preceding, we see that II(f : ||Af — Afol|ln< en) > e~%2"<5 | for some positive
constant as, which we can take bigger than 1. Then (8.10) is satisfied for €,, equal
to y/az times the current &,.

Verification of (8.16). Lemma 8.17 gives that

—as(r 4/(a=d/2)
HT(f : ”f - f0||0< 27771,7‘) S H'r(f : Hf||0< 27’71,7‘) S (& 3( /nn’T) )
for some constant ag. This is bounded above by e—daznel if
Tn,r = 247 Y2/ CERHD — 9q, 7, /7,

for a sufficiently small constant aq > 0.

Verification of (8.17). Choosing & = a4nn/Tn = Mn,+/(27) in Lemma 8.18, we

see that the left side of (8.17) is bounded above by e~4a2nel, if j - satisfies

aj,l/zfo‘/d < agMn/Tn, and bai(nn/Tn)ijLa/d > 4agne?.
Both inequalities become equalities for j, of the order j, ~ n®/(28+27+d) ag
indicated at the beginning of the proof. Since 1/2—a/d < 0 and 2a/d > 0, the left
side of the first inequality is decreasing in j,, and the left side of second inequality
is increasing. Thus both inequalities are satisfied for j, = azn®/(2+27+d) and a
sufficienty large constant as.

Finally we choose €, and j, in Theorem 8.7 equal to /a2 and as times the
orders indicated at the beginning of the proof. Then (8.7) is satisfied, and (8.8)
and (8.9) are satisfied if n,, is chosen of the indicated order times a sufficiently
large constant.
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Part 111

Evolution Equations






Heuristically speaking, a stochastic evolution equation in infinite dimensions
describes a stochastic dynamical® system (a random process) whose trajectory
(path) is in an infinite dimensional space. It naturally arises when the states of
the dynamical system are infinite dimensional. Infinite dynamical systems perva-
sively exist in many quantitative fields. Examples of infinite dimensional evolution
equations include population dynamics from biology, time dependent field equa-
tions emerged from physics, evolution of financial instruments such as the term
structure of interest rates, whose details can be found in the introduction chap-
ters in [23, 85]. Stochastic evolution equations are often used interchangeably?
with stochastic partial differential equations (SPDEs), and we will also adopt this
convention.

In this part, our goal is to use the Bayesian nonparametric approach to recover
the parameters in the model, which is formally defined in Section 9.5, under the
small noise asymptotic regime. That is, for ¢ € [0,T], as n goes to infinity, we
continuously observe the solution X (¢) of the SPDE
dXM () + LX) () dt = f(t)dt + J=B AW (t) _—
XM0)=uecH ’ (HL.1)

where u is the initial condition. We will address that the parameter estimations of
SPDEs are usually inverse problems, to which the general mechanism developed in
Section 4.3 can be applied with some modifications. Consequently, the contraction
rates are obtained for the recovery of the initial condition u and the drift f. For
the purpose of streamlining the arguments, we only work with Gaussian priors,
however it is noteworthy that the proof does not rely on any properties of the prior
on conjugacy or Gaussianity, and hence, in principle, the method is applicable to
other types of priors as well, such as random series priors.

The part is organized as follows. In Chapter 9, we introduce the necessary
mathematical components to formalize the model (III.1). After that, we study
the Bayesian statistical inference for SPDE in Chapter 10. The recovery of the
initial condition u is examined Section 10.1, and the recovery of drift f is studied
in Section 10.2.

1Differential dynamical system.
2 Although arguably stochastic evolution equation is a broader term than SPDE.
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Chapter 9

Linear Evolution Equations

Stochastic partial differential equations (SPDEs) provide a powerful toolkit to
study dynamical systems with stochastic nature. In the last few decades, it has
gained much interest due to the wide range of applications in physics and finance.
One way to study SPDEs is using the theory of linear evolution equations in
infinite-dimensional spaces. This analytical approach treats dynamical systems
as vector-valued ordinary differential functions, whose state spaces are function
spaces. In this chapter we collect the basic results from this approach. For a
detailed treatment on the subject, we refer to the standard reference [23] and the
more recent monographs [68, 85].

First we recall some standard definitions from stochastic processes. Fix a
probability space (2, F,P), and a positive number T < oco.

Definition 9.1. With an index set 3 C R, a filtration {F;}5 is a family of sub
o-algebras of F such that F; C F; if s < t. The following conditions are known
as the usual conditions.

(i) Completeness: A € Fy, for all A € F such that P(A4) = 0.
(ii) Right continuity: F; = Fiq := NsegisstFs, for all t € T,
A filtration that satisfies the usual conditions is also called normal.

Definition 9.2. Let (E,|-||) be a separable Banach space. An FE-valued process
{M(t):t > 0} on (9, F,P) with filtration {F;}o<i<T is a Fi-martingale if

(i) E|M(t)||< oo, for all t >0,
(ii) M(t) is Fy-measurable for all ¢ > 0,
(iii) and E(M(t)|Fs) = M(s) almost surely in P, for all 0 < s <t < 0.

In addition, denote the space of all E-valued continuous square integrable
martingales by M2 (E), which is a Banach space equipped with the norm

1/2 1/2
1M ]| pgz:= sup (E[IM(®)]*)? = (][ M(T)[?)"/.
t€[0,7)
For the proof, see, e.g. Proposition 3.10, [23].
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9. LINEAR EVOLUTION EQUATIONS

9.1 O-Wiener Processes

The characteristic differing stochastic evolution systems from the deterministic
ones is the appearance of stochastic noise. As the state of the system is infinite
dimensional, the noise is also expected to be infinite dimensional. ©@-Wiener pro-
cesses, a generalization of classical Wiener processes to vector-valued processes,
will be used to model the infinite dimensional noise.

Let U be a separable infinite-dimensional Hilbert space, and Q € L(U) be a
bounded linear operator on U satisfying, for any u,v € U,

(i) nonnegative: (Qu,u) > 0,
(ii) symmetric: (Qu,v) = (u, Qu),
(iii) nuclear: Trace Q < co.

Definition 9.3. On the probability space (2, F,P), a (standard) Q-Wiener process
is a U-valued process {W(t) : ¢ € [0,T]} satisfying

(i) W(0) =0,
(ii) W is continuous almost surely in P,

(iii) W has independent increments, i.e.
W (t1), W(ta) — W(t1), -, W(tn) — W(tn-1),
are independent, for all 0 <ty < ---t, < T,

(iv) for all 0 < s <t < T, W(t) — W(s) is distributed as a centred Gaussian on
U with covariance operator (t — s)Q.

Q is called the covariance operator of Q-Wiener process.

Remark 9.4. For a Q-Wiener process {W (t) : t € [0,T]}, there always exists a
normal filtration {F;}o<<7 such that:

1. W(t) is adapted to {F;}}o<i<r, i.e. W(t) is Fi-measurable for all 0 < ¢ < T,
2. and W (t) — W(s) is independent of Fs forall 0 < s <t < T.
See Proposition 2.1.13 in [68].

Similar to the Karhunen-Loéve expansion of Gaussian elements, the O-Wiener
process has a concrete representation.

Proposition 9.5 (Presentation of Q-Wiener Process). Let {e;}ien be the eigenfunc-
tions of Q with the corresponding eigenvalues {q;}icn. A U-valued process W ()
is Q-Wiener if and only if there exists a sequence of independent ordinary Wiener
processes {W; 14 € I} with I = {i:q; >0} on (Q, F,P) such that

W) =3 vaeWilt), te0,7], (9.1)

i€J
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which converges in L*(P), and always has a P-a.s. continuous version, i.e.
PW(¢) € C([0,T],U)] = 1.

Proof. See Proposition 2.1.10 in [68]. O

9.2 Stochastic Integrals in Hilbert Spaces

A H-valued stochastic integral with respect to W(t) can be developed in a similar
manner as for the scalar valued ordinary stochastic integral. We outline the con-
struction of the integral and summarize a few useful results. A detailed treatment
can be found in Chapter 2 in [68] and Section 4.2 & 4.3 in [23].

Similar to ordinary stochastic integrals, the construction relies on a space of
martingales and a class of elementary processes. Recall that the space M2 (H)
of all H-valued continuous square integrable martingales {M(t) : t € [0,T]} is a
Banach space equipped with the norm

1/2 1/2
| M|y = sup (EIM (@) = M (T)]*).
te[0,7)
The standard machinery to construct stochastic integrals can be summarised
as follows.

(I) For a class £ of elementary processes, define a linear mapping
t
Int:£2@ — / O(s)dW(s) =: @ - W(t),
0

which is an element in MQT(H ).

(I) Find a norm on & such that Int : £ — M3 (H) is an isometry. Since M7 (H)
is complete, Int is extended to the abstract completion £ of £. Furthermore,
an explicit representation is found for £.

(III) Further extend the integral to local martingale by localization.

For completeness of the exposition, we also discuss some detail on the pro-
cedure. The readers familiar with ordinary stochastic integrals will immediately
notice the similarity. Fix a probability space (2, F,P) with a normal filtration,
and denote dt @ P by Pr, where dt is the Lebesgue measure. Let W< be the
Q-Wiener process introduced in Section 9.1. In this section, L(U, H) denotes the
space of the bounded operators from U to H.

(I) An L(U, H)-valued process ®(t), t € [0, T] with normal filtration is elementary
if

k—1
)= P, 0,.(t), tE0,T]
m=0

for some 0 < tg < - < tp, =T, ¥, : Q@ = L(U, H) is F;, -measurable with
respect to the strong Borel o-algebra on L(U, H), 0 < m < k — 1, and each
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9. LINEAR EVOLUTION EQUATIONS

®,, takes only a finite number of values in L(U, H). The stochastic integral of
elementary processes is defined by

+ k—1

Tt (@) () = / () AW (s) 1= 3 @ (Wt i1 A ) = Wit A1), € [0,T],
0 m=0

and it belongs to M2 (H).

(IT) Recall that for ® € L(U, H), ® o Q'/? is a Hilbert-Schmidt operator in

Sa(U, H) (see Section A.3). The previous stochastic integral satisfies the following
1t6 isometry,

[ ety awes)

0

2 T
= E(/ 12 (s) 0 Q2|13 d8> = 2|7 (92)
Mz 0

Notice that ||-||7 is only a semi-norm on &, and two elementary processes belonging
to one equivalent class are not necessarily Pr-a.e. equal, because the equivalence
only occurs on QY2(U) Pr-a.e.

Because of the It isometry,

Int : (&, [ |7) = (M7, [ aez)

is an isomorphism, and consequently there uniquely exists an isometric extension
of mapping Int to the abstract completion £ of £ with respect to ||-||7.

Now we prepare for the explicit presentation of £. Let Uy := Q'/?(U), which
is a Hilbert space with the induced inner product (-,-), := (Q71/2.,Q71/2.) (see
Lemma A.11). We denote the space of all Hilbert-Schmidt operators * from Uy to
H by LY, which is a separable Hilbert space equipped with the norm

1@]17g=[2Q"/2 |7 5= Trace[(Q'/*)(2Q"/*)"]. (9-3)

In particular, the space L(U, H) can be embedded into L3 by restricting the domain
of operators to Uy. Let L(U,H)g = {T|v,: T € L(U, H)} denote the space of the
restricted operators. Then, L(U, H)q C LY and

T 1/2
= [E | 1oz, ds] ,

for ® € €. B
The final claim is that £ is given by
NZ(0,T; H) :={®:[0,T] x Q — LY | & is predictable and ||®||r< oo}
=L2([0,T] x Q,dt @ P; LY),
which we also write N3, (H) and N3, for brevity. It is not difficult to see & C N3, .
In addition, because N, is in fact a Bochner space (see Section 1.2.b in [49]), it

is complete. The preceding claim is proved by showing that £ is a dense subset of
N3, (Proposition 2.3.8 in [68]).

I The consistent notation is Sg with U = Ql/z(U). Here we adopt the conventional notations
from the SPDE literature.
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9.2. Stochastic Integrals in Hilbert Spaces

(III) The integrals can be further extended to local martingales with the follow-
ing class of integrands,

Nw (0, T; H) :—{<I> :0,T) x Q — LY | ® is predictable and

T
P (/0 |9 (s)[12g ds < oo> - 1}.

The detail is omitted here, since we will only consider the martingale case. We
only remark that the obvious relation N3, (0,T; H) C Nw (0,T; H), and some re-
sults below will be stated with the more general space.

Following the procedure described above, the isometric extension of Int to N3,
t
Int: ® € N — / ®(s)dW2(s), tel0,T),
0

defines the stochastic integral.

Remark 9.6. Notice that the stochastic integral is defined with a class of pre-
dictable processes. However, in this thesis we will only consider the case of deter-
ministic integrands.

Not surprisingly, the H-valued stochastic integral shares many similar prop-
erties as the ordinary stochastic integral. For example, the integration is inter-
changeable with other linear operations, as stated in Lemma 9.7 below.

Lemma 9.7 (Lemma 2.4.1 in [68]). Let ® € Ny (H) and T € L(H, H), where H is
another separable Hilbert space. Then the process T®(t),t € [0,T], is an element

of Nw (H), and

T T
T(/O @(s)dW(s)) :/0 T(®(s)) dW (s)

P-almost surely.

In addition, the stochastic integral also admits a series representation, as in
the following lemma.

Lemma 9.8 (Proposition 2.4.5 in [68]). If ® € N3 (H), then
t t
/ B(s) dW (s) = Z@/ B(s)(e;) dWy(s), tel0,T],
0 ieN 0

P-almost surely, where q;,e;, W; are as in Proposition 9.5 and the sum on the
right-hand side converges in L?(P) and realises in C([0,T],U) almost surely.

For the detailed properties of stochastic integrals, we refer to Section 2.4 in
[68] and Section 4.3 in [23].
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9.3 Extension of Stochastic Integrals

In the previous section, we have developed the integration theory under the con-
dition that the covariance Q is a trace class operator. In this section we are going
to relax the condition, and consequently, the class of integrators of the stochastic
integral is extended.

9.3.1 Cylindrical Wiener Process

We first extend the H-valued Wiener process.
Recall that the Wiener process in Section 9.1 admits the representation

W(t)=> VaWi(t)er, te0,T],
keN

where {ej}ren is an orthonormal basis for Uy = Q'/2(U) and Wy (t),k € N, are
independent real-valued Wiener processes. The convergence of the series in L?(IP)
is due to the fact that the inclusion Uy C U is Hilbert-Schmidt (see Proposition
2.1.10, [68]).

Now let Q be an operator satisfying the properties in Section 9.1 but not
necessarily nuclear, that is, Trace @ = ), ¢&x < oo is not required. Let Uy =
QY2(U) with the induced inner product and {ex}ren be an orthonormal basis
for Uy. Let U; be another Hilbert space such that there exists a Hilbert-Schmidt
embedding J : Uy — U;.

Remark 9.9. The space U; always exists. For example, let U; = U and define
J:UO_>U7 fHZPk<f»€k>U€kn

keN

with a sequence {pj }ren such that Y, pi < co. Then, J is injective and Hilbert-
Schmidt, c.f. Section 3.3.

Then, there exists a Wiener process on the larger Hilbert space U;, associated
with the previously introduced Q.

Proposition 9.10. Under the previously introduced condition, define Q1 := JJ*.
Then, Q1 is nonnegative, symmetric and nuclear. The series

W(t)=> Wit)Ter, tel0,T],

keN
converges in M2(Uy) and defines Q1-Wiener process on Uy. Furthermore,
Q)% (1) = T (W),
and for all uy € Uy,
luollo= 197/ Tuolly=: | Tuoll g1/2us).
ie. J Uy — QY2(Uy) is an isometry.
The process {W(t) : t € [0,7T]} introduced in Proposition 9.10 is called a

cylindrical Wiener process with covariance Q in U (while it does not realise in U).
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9.3.2 Stochastic Integral with Cylindrical Wiener Process

Let W(t) be a cylindrical Wiener process with covariance Q as previously intro-
duced. Known from Section 9.2, a process ®(t) is integrable with respect to W (t)

if it is predictable, ®(t) € Lo(QL/2(U), H) for all t € [0, T], and

T
P </O ”(I)(S)”iz(Qim(Ul),H) ds < OO) =1.

We adopt all the notations from Proposition 9.10 and recall Q}/Q(Ul) = J(Uy).
Then by the polarisation identity, for all u,v € Uy,

<,_7’U/, jv>Q}/2(U) - <’LL7 v>()7

which implies that [Jej is an orthonormal basis for Qi/ 2(U1). Consequently, we

have
® e LY = Ly(QY2(U), H) « ® o T ! € Ly(Q)*(U1), H),

because

[@[170= Y (®er, Pex) = Y (@0 T ' Ter, @0 T " Ter) = 20T 17,0, w0),m)-

k k

Then, for the cylindrical process W (t), the integral can be defined as

/@(s)dW(s) ;:/ d(s)o g LdW(s), te][0,T].
0 0

Apparently, the previously defined stochastic integral holds with the same class of
integrands from Section 9.2. Therefore, the stochastic integral has been extended
to cylindrical Wiener processes.

We end this section with several remarks. First, the integral is actually inde-
pendent from the space U;. This is because the Itd isometry (9.2) together with
(9.3) is independent from the bigger space U;. Second, when Trace Q < oo, we
can simply take J to be the identity map id : Uy — U, and then the defini-
tion coincides with the integral developed Section 9.2. In both statements above,
the important fact is that the stochastic integral is uniquely defined with the
space QY/2(U)(= QV/?(U)), which is the reproducing kernel Hilbert space of the
Gaussian measure Ny (0, Q) (the radonified Gaussian measure Ny, (0, Q1), see
Section 3.3).

9.4 Deterministic Evolution Equations

We start with introducing the dynamical systems without noise. Let H be a
separable Hilbert space. An evolution equation in H is given by

{u’(t) + Lu(t) = f(t), (9.4)
=ug € H,
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where u : [0,7] — H is a H-valued function, £ : D(£) C H — H is a linear
operator, unbounded in general, with a dense domain D(£) in H, and ’'(¢) is the
strong derivative of u(t), i.e.
o' (t) = lim w7
h—0
where the limit is taken in the topology of H.

The existence and uniqueness of (9.4) with the initial condition Uy is known as
the deterministic abstract (nonhomogeneous) Cauchy problem. It can be answered
in the language of Cy-semigroup theory. When L is a infinitesimal generator of a
Co-semigroup S(+) in H and Uy € LP([0,T]; H),p € [1, 00|, the strict solution u of
problem (9.4), i.e. a function u that belongs to W?([0,T]; H) N LP([0,T]; D(L))
and satisfies (9.4), is given by the following wvariation of constant formula,

u(t) = S(t)Us + /0 S(t — ) f(s) ds. (9.5)

See Chapter 4 in [75] for the details.

9.5 Solutions of SPDEs

We now formally define the model (III.1). Assume that all Hilbert spaces in this
section are separable. Recall the model

dX (t) + LX(t)dt = f(t)dt + L5 dW<(t), (9.6)
Vn
with the initial condition X (0) =u € H.

The items in (9.6) are defined as follows. f : [0,7] — H is a H-valued mea-
surable function, £ : D(£) C H — H is a densely defined unbounded linear
operator, B : U — H is a linear operator, W< is a Q-Wiener process, and u is a
deterministic vector in H.

One key component in the development of SPDE is the stochastic integral
with respect to Q-Wiener process in Hilbert spaces, covered in Section 9.2. In
addition, some language of functional analysis is also standard in this field. To
ease the reading effort, we collect the minimal material on the syntax of functional
analysis in Appendix A.

Concrete examples covered by the above model are the parabolic evolution
equations in a bounded domain D C R¢ with a smooth boundary 9D, with time
interval [0, T]. Time-space domain and boundary is denoted by Dr := [0,T] x D
and I'p := [0, T] x 9D respectively. Let £ be a strongly elliptic differential operator
of order 2m. That is, given

L(x,D) = Z ak(x)Dk,

|k|1§2m

where k = (ky,- - -, kq) are multi-indices, and D* := Dkt ... D4 its principle part
L(z,D) =311, =2m ay(z)D¥ satisfies

(—1)"L(x,2) > c|z|*™.
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We are going to introduce the assumptions which guarantee the unique exis-
tence of a solution for the model (9.6). We start with the items characterizing the
deterministic dynamics.

Suppose f € L?([0,T]; H), where H is a Hilbert space of functions defined on a
compact domain D C R?. Assume that there exists a densely defined positive self-
adjoint operator, A : D(A) C H — H that has an eigensystem, i.e. eigenfunctions
{¢k } rene With corresponding eigenvalues { A }iena-

Remark 9.11 (Index of eigensystem). By Proposition 5.12 in [84], the existence
of eigensystem is equivalent to the existence of purely discrete spectrum. Hence
the index set can be chosen N. Instead, we use N? to make the formula more
naturally fit later use, and occasionally we switch back to N, e.g. when using
spectral integral representation as in the next paragraph.

If £ is a positive function g(A) of the operator A, £ admits a spectral integral
representation in terms of the spectral measure F)y of A, i.e. for any h € D(L),

£h=g(0)h = [ FO)aExn = / " FN)dEsh,

where the last equality is due to the positivity of £. Because of Remark 9.11,
upon reindexing, the spectral integral can be written into the series form,

/0°° 9N dExh =3 g(A){pk, h)or

keNd

We will mainly use the spectral integral form in the latter text as it slightly short-
ens the notation. By Theorem 6.14 in [84], —L generates a strongly continuous
contraction semigroup S(t), 0 < ¢t < oo, which also admits a spectral integral
representation, i.e.

e = 5(t) = / e 9N By = Z e (o Ny (9.7
0 keNd
The discussion above can be summarized as follows.

Assumption 9.12. We impose the following conditions on the model (9.6). The
function f is in L2([0,T]; H), where H is a Hilbert space of functions defined on
a compact domain D C R? There exists a densely defined positive self-adjoint
operator, A : D(A) C H — H that has an eigensystem, i.e. eigenfunctions
{¢k } rene with corresponding eigenvalues {\; = |k|1 }rene. Furthermore, the op-
erator £ = A is a function of A defined via the eigensystem, i.e. for all ¢y,

d
Loy, = (Z kf) ok = Lkpr,
=1

where the constant v € N.
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Remark 9.13. Recall ||, is the p-norm on R?¢. From Lemma 2.19, for any ¢ €
[0, 0],
by = [0 |1=a |k |2=q |k,

where the constant is universally between 1 and d. We will frequently use this
equivalence in the subsequent sections.

Now we move to the stochastic part. To facilitate the statistical investiga-
tion, we impose the following relationship between the operator £ characterizing
the deterministic dynamics and the operators B and Q expressing the stochastic
propagation.

Assumption 9.14. Let {\g, ¢k }rene and {qk, e }rene be the eigensystems of A and
Q, respectively. In addition to Assumption 9.12, we assume that the operator B
in (9.6) is linear? from U to H and is diagonalized by {ex; ¢y}, i.e. for all k € N¢,
Bey, = bppg. Furthermore, we assume that for the eigenvalues by, g and Ag, the
following conditions hold:

(1) Initial condition. With a positive constant d/2 < p < oo,

b2
’z—q’“ g k|72, (9.8)
k
(ii) Drift. The operator B is bounded and with p = y —v/2 > 0, where p is
given in (i),
biaw ~a k| 7%, (9.9)
where the involved constant is independent of k.

Remark 9.15. The case (ii) in Assumption 9.14 is a consequence of (i) and As-
sumption 9.12. Situation (i) can be relaxed to b3gy/¢k being bounded from above
and below by a polynomial decay of |k|. This will not affect the results for the
recovery of initial condition, because the severe ill-posedness induces exponential
decay, see Section 10.3.1. However, for the recovery of the drift, the rate will then
depend on both of the upper and lower bounds. To simplify the exposition, we
confine ourselves to the special case (9.9).

Under Assumption 9.14, with ||T|\%g: Trace[T'QY2(TQ?)*], we have

T
JRECE X
T

2a.
:/ Trace[S(t)BOB*S*(t)] dr = Z bigi (1 — 26T
0 ieNd 2L;
b?ql‘ _ n
P R L DD D
iend ' keNd FEN |k|1=j
N JHd\  (i+d=1\\ _a, _ 12,
_Z<( y ) < g ))j —Z] < o0. (9.10)
JEN jEN

2Not necessarily bounded.
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9.5. Solutions of SPDEs

We now introduce the concept of solutions to SPDEs. According to Theo-
rem 5.4 in [23]|, under Assumption 9.12 and the assumption that the semigroup
S(t) satisfies (9.10), the unique analytical® weak solution of (9.6) is given by the
stochastic variation of constant formula, for ¢ € [0, T,

X(t) S(t)qu/OtS(ts)f( )ds+—/ (t — s)BdW<(s). (9.11)

Remark 9.16. (9.11) is defined as the mild solution of (9.6), see page 161 in [23].
However, under Assumption 9.12 and (9.10), the weak solution and mild solution
coincide (Theorem 6.7, [23]). For SPDEs, there are several concepts of solutions,

which are not always equivalent. For details, we refer to the relevant sections in
[23] and Appendix G in [68].

Using the covariance formula given in Theorem 5.2 in [23], the covariance of
the stochastic integral is given by

Trace Cov (/Ot S(t—s)B dWQ(s)) = Trace (/Ot S(t — s)BQB*S*(t — s)ds)

_oy Bl e s b
o Z 2, 26T = Z 0y, <o
keNd keNd

under Assumption 9.14. As a consequence, the stochastic component in the weak
solution is a proper Gaussian process in H. This is in contrast to the well-known
white noise model, which is almost surely not in H.

Now we discuss the series representation of (9.11). Let {p;};cne be the or-
thonormal basis of H from assumption 9.12. Under Assumptions 9.12 and 9.14,
the three items in (9.11) can be represented as follows.

Since u € H, we have

u = Z uppr, and S(t)u = Z e rug .
keNd keNd

Since L?([0,T); H) = H @ L*([0,T]; R) (see Section 2.3.1), the drift term can be
written in the form of f(t) = >, cne & fi(t). Consequently,

/OtS(ts s)ds =Y sﬂk/ ~9) £ (s) ds

keNd

Regarding the stochastic integral in (9.11), by Lemma 9.8, it admits the following
representation

b t
Z kv e~ (=) AW, (s), (9.12)
0

keNd

where Wy, k € N¢, are independent standard real-valued Wiener processes.

3Tt means that the notion ‘weak’ is in the PDE sense.
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9. LINEAR EVOLUTION EQUATIONS

In summary, (9.11) admits the series representation

XMy =3 xM( (9.13)

keNd

t b t
X,g") (t) = e tray —|—/ e (t=s) fr(s)ds+ k\/@/ e~ (t=5)tk dWy(s),
0

nJo

where u;, € R and f;, € L2[0,T] are from

u = Z urppr and  f(1) Z ok fr(t)

keNd keNd

respectively, and W}, are independent Wiener process on [0, 7.

9.6 Notes

Assumption 9.14 imposes constraints on the structure of the stochastic integral,
which is necessary to obtain solutions as H-valued processes. Consider the follow-
ing example. Recall that the (negative) Laplacian —A in RY has eigenvalues Ay
of the order |k|?. As a consequence, a stochastic heat equation with space-time
white noise, i.e. U = H and B = Q = I, does not have a H-valued weak solution
when the underlying domain is not one-dimensional. In general, in order to ob-
tain a regular (H-valued) solution, the regularity property of the composition of
S(t)BQ'/? needs to compensate the deterioration with growth of dimensions.

On the other hand, the requirement on B and Q to obtain well defined statistics
is not as restrictive as to obtain unique solutions. While the solution to (9.6) only
exists in a larger space than H, meaningful statistics for the terms S(t)u and
fo (t — s)f(s)ds of interest still can be obtained, see [51] for the detail.

In the end, the Q-Wiener process on U mlght be considered superfluous, as
the stochastic integral can always be treated as fo (t—s) dW( ), where W is a

Q = BQB*-Wiener process on H.
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Chapter 10

Bayesian Inference for Linear Evolution
Equations

To prepare the main focus of this chapter, the inference for linear evolution equa-
tions, we first recall some key results from Chapter 9. In this chapter, we always
assume the following condition, in which we choose a concrete but widely appli-
cable example for H.

Condition 10.1. With H = L?*(®), Assumption 9.12 and Assumption 9.14 are
satisfied.

A stochastic linear evolution equation is given by

, (10.1)

dX(t)+ LX () dt = f(t)dt + ﬁB dW<(t)
X0)=ueH

where w is the initial condition and f : [0,7] — H is the drift. Under Condi-
tion 10.1, the mild solution of (10.1) exists and is given by

X(t)=S(t)u+ /Ot S(t—s)f(s)ds+ % /Ot S(t — s)BdW<(s). (10.2)

Furthermore, since the functions v and f in (10.1) admit the following represen-
tations,

u(e) = Y wpr(z), and  fz,t)= Y fult)pu(z),

keNd keNd
where {©g }rene is the eigenbasis of £. The solution (10.2) admits a series repre-
sentation
xX() = 37 XV Wen, (10.3)
keNd

whose coeflicients are real-valued processes

t b t
X0 = e [ s+ BV [0 aw o), (104)
0 \/ﬁ 0
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10. BAYESIAN INFERENCE FOR LINEAR EVOLUTION EQUATIONS

where Wi (t) are independent standard Wiener processes, and the other constants
are from the aforementioned assumptions.

In this chapter, we investigate the Bayesian approach to the recovery of the
parameters u and f in (10.1). In Section 10.1, we study the recovery of initial
condition v and in Section 10.2 we investigate the inference for drift f. In each
section, we start with introducing a Gaussian prior that is tailored to the problem.
Then, the contraction rates are proved using the general framework developed in
Chapter 4. It is worthwhile to mention that our proofs do not rely on the conjugacy
nor other Gaussian properties of the prior. The contraction rates for other priors
can also be obtained using the same argument, namely verifying the conditions in
Theorem 4.10.

10.1 Recovery of the Initial condition

In this section, suppose that all other parameters except the initial condition u are
known. With no loss of generality, we can assume that f(¢) = 0, for all ¢ € [0, T].

Condition 10.2 (Observation of Final Value). Fix T > 0. For n € N, we observe
the solution X (™ (T') of (10.1) at time T, i.e.

1
u-‘r%

10.1.1 Spatial Gaussian Priors

X™(T) = S(T) /T S(T — s)BdW<(s). (10.5)

Since the operator £ governs the spatial status of the evolution system, it is natural
to consider a smoothness class that adapts to the structure of £ = A®).

Centred Gaussian distributions on a separable Hilbert space correspond bijec-
tively to covariance operators. By definition a random variable F' with values in
H is Gaussian if (F,g) is normally distributed, for every g € H, and it has zero
mean if these variables have zero means. The variances of these variables can then
be written as

E(F,g)* = (Cyg,g),

for a linear operator C : H — H, called the covariance operator. A covari-
ance operator C' is necessarily self-adjoint, nonnegative, and of trace class, i.e.,
> kend (Cor, wr) < 0o, for some (and then every) orthonormal basis (ox)gene of
H; and every operator with these properties generates a Gaussian distribution.

Since the spatial regularity is characterized by isotropic Sobolev spaces Hg,
we introduce the following Gaussian priors, which are fully adapted to the spatial
smoothness.

Given a multi-index a = (o, -+, @) € Ri, a spatial Gaussian prior is the law
of
ind dent
u= Z upPr, with wy Haepgiden N (0, |k*72). (10.6)

keNd

From Lemma 2.18, we conclude that o > % guarantees a ‘proper’ Gaussian prior
on H.
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10.1. Recovery of the Initial condition

10.1.2 Contraction Rate for Initial Condition

The observation (10.5) given in Condition 10.2 can be rewritten as a general linear
problem,
£

xn) — S
Au + N

where

A=S(T), ¢= /OT S(T — s)BdW<(s),

and £ is a proper Gaussian random element in H with the covariance operator

T
¥ = / S(T —r)BQB*S(T —r)dr = > o7 (k") %x,
0

keNd
with ) )
brar _ brqx
2 K 20, T k
== (1= L) ~ S22 10.7
Tk o, (1-e ) 20;, (10.7)

Because of Assumption 9.14, we have

lullfz = Z ~ Y kP, (10.8)

keNd g keNd

which implies He = H,,.

Notice that due to (9.7) and Assumption 9.12, the operator A = S(T') possesses
a smoothing property and the recovery of w from (10.5) is in fact an inverse
problem. By applying a general contraction result (Theorem 4.10) for inverse
problems, modified from Theorem 3.1 in [43], the contraction rate of the spatial
Gaussian prior from Section 10.1.1 for the recovery of initial condition w from
(10.5) is obtained in the following theorem.

Theorem 10.3 (Gaussian Prior for the Initial Condition Recovery).

With s = (s,-++,5) € R4 s > 0, let {Hg}s be the isotropic smoothness class intro-
duced in Section 2.3.1 with the orthonormal basis {¢k }rene from Assumption 9.12
and with A\g, = k;, i = 1,---,d. Consider the prior given in Section 10.1.1 with
a > (v+d)/2, and X™ be given in (10.5). For any ug € Hg with B > 0, the
posterior distribution satisfies, for sufficiently large M > 0,

1L, (u : ||’LL — UOHL2> M(]ogn)_s | X(")) -0

33904

The contraction rate is of logarithmic order, because of the exponential smooth-
ing property of the semigroup S(7'). Similar phenomenon has also been discovered
in the recovery of the initial condition in white noise, c.f. [60] and Chapter 7. A
noteworthy observation is that the rate obtained in Theorem 10.3 is identical to the

n ]P’gé) , with
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10. BAYESIAN INFERENCE FOR LINEAR EVOLUTION EQUATIONS

rate for the white noise case, see e.g. Theorem 7.14. In other words, the ‘smoother’
noise in (10.5), which in contrary to the white noise realises as a proper Gaussian
element, does not lead to a faster rate. This is because the extreme ill-posedness
from ‘inverting’ S(T') predominantly resolves the logarithmic rate, and any noise
with RKHS H,, with ¢ € R will not improve the order of the rate.

10.2 Recovery of the Drift

In this section, suppose that all other parameters except the drift
f:00,T]— H

are known. With no loss of generality, we can assume that u = 0.

Condition 10.4 (Indirect Observation of Drift Term). Fix T > 0. For n € N, we
observe continuously the solution X (™ (t) of (10.1) for 0 <t < T, i.e.

X0 (¢ /St—s ds—i——/ S(t— $)BdWS(s). (10.9)

10.2.1 Spatial-Temporal Gaussian Priors

For the recovery of drift terms, the priors necessarily need to sit in the function
space L?([0,T]); H), where H = L*(®). Since L?([0,T); H) = H ® L*([0,T]; R) =
L?(®Dr), one may introduce a Gaussian prior on the space L?*(D7) following
the same procedure in the previous paragraphs. However, as mentioned in Sec-
tion 2.3.1, it may be of interest to distinguish the smoothness in each spatial and
temporal directions.

We introduce zero Gaussian priors on L2([0,T|; H) using series expansion. In
order to do that, we fix an orthonormal basis {1} of L%([0,T7)).

From Section 2.3.1, recall that given the orthonormal basis {¢; };en of L?([0, T]; R),

{@r1} i jyendxn = {Pk @ Y1}, j)endxN

is an orthonormal basis of L?([0,T]; H), of which any function f(z,t) admits the
representation

> frgr@(t) with [{filleeen= Y fi <oo.

(k,1)ENE xN kENd+1
Given a multi-index o = (aq, -+, @q+1) € Rf‘l and B, = (p,---,p,0) € Rf‘l,
the spatial-temporal Gaussian prior is the law of

fla )= > @@t = Y frapr(@)(t), (10.10)

(k,l)ENd xN (k,l)ENe xN
with d d
independent o a—
fie ORI N (0,107 72k 72),
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10.2. Recovery of the Drift

i.e. fr are independent zero mean Gaussian random variables with variances
-2 -2

—2|ka‘—2: 1 +Zk1213 Z k?ai

i<d i<d+1

|k:ﬁ*

By Lemma 2.18, when H(a) > (d + 1)/2, the prior has sample paths that are
Hpg, -valued almost surely.

We conclude this section with the following remark. Using the basis con-
structed above, the function fi of (10.3) can also be expressed as

fu(t) = Z Jrati(t).

leN

10.2.2 Contraction Rate for Drift Recovery

In this section we study the performance of Bayesian methods in the recovery of
the drift term f € L%([0,7]; H). As shown in Condition 10.4, i.e. (10.9)

X(”)(t):/o S(tfs)f(s)ds+%/0 S(t —s)BdW<(s),

the noise is a vector-valued Gaussian process, whose RKHS is determined by the
operator-valued Kernel S(t — s). This imposes a challenging technicality, as some
analytical tools such as the operator version of Mercer theorem is required in order
to obtain a workable structure of RKHS. However, a unique characteristic of the
observation under discussion is that the same (operator-valued) integral kernel
k(t,s) = S(t — s) is applied to both the drift and the noise. This property offers
us a workaround to avoid the aforementioned difficulty: whitening the process. To
be specific, by a proper transform of the signal, we will show that the observation
(10.9) along its spatial basis is statistically equivalent to a sequence version of the
white noise model (Section 10.3.2.1), the latter of which can be further related to a
Gaussian (d+1)-dimensional sequence model (Section 10.3.2.2). As a consequence,
the problem is reduced to standard nonparametric estimation without inverse
nature, which is a multi-dimensional problem because the underlying space-time
domain is a compact set in R4+1.

Now we show the contraction rates of the Gaussian prior Section 10.2.1 in the
recovery of a Drift term.

Theorem 10.5 (Gaussian Prior for the Drift Recovery).

Let B = (p,---,p,0) € Rf‘l. For any fo € Hg with B > (., where Hg is an
anisotropic smoothness class defined in Section 2.3.1 with the orthonormal basis
{or @ Y1} j)enaxn such that {@y}rena from Assumption 9.12, an orthonormal
basis {11 }ien of L2([0,T]), and Ay, = ki, i = 1,---,d + 1. Let the prior be zero-
mean spatial-temporal Gaussian proposed in Section 10.2.1 with H(a) > (d+1)/2,
and X be the observations in the form of (10.9). The posterior distribution
satisfies, for sufficiently large M > 0,

Pf(n)
o (£ 11 = follis, > M| X™) 58 o,
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10. BAYESIAN INFERENCE FOR LINEAR EVOLUTION EQUATIONS

o (H(a)—(d+1)/2>/\ |
27{(&) 2 +25upi§d+1 (0‘176# ’

In particular, when o; = %ﬂi foreach 1 <1 < d+1, the two items in the

where

expression of s above are balanced and

H(B)

"TOHB) +d+1

Remark 10.6. The contraction rate is given in the norm of smoothness class Hg, .
With a proper choice of the basis functions, such as Fourier basis, the space Hga,
can be connected to certain type of multidimensional Sobolev spaces.

10.3 Proofs

10.3.1 Proofs in Section 10.1

The theorem is a corollary to Theorem 4.10. The main tasks are to determine
&, satisfying the prior mass condition (4.12) of the direct problem, and next to
identify n,, from the prior mass condition (4.13) and the other conditions.

The first task is achieved in the following lemma.

Lemma 10.7. For fy € Hg, the prior II from Section 10.1.1, as e | 0,

—logII(f : ||[Af — Afollu. < €) S (log i) , (10.11)

=) ()

Remark 10.8. Since v € N from Assumption 9.12 and d € N, » > 1.

where

Proof. The probability in the left side is the decentred small ball probability II(g :
lg — gollm, < ae) of the Gaussian random variable G' = AF' distributed according
to the prior under the linear transform 4. Symbolically we denote the covariance
operator (which is diagonal) of F' by Ar. Due to the property of Gaussian measure,
the random element G is also a centred Gaussian random element in H with the
covariance operator

AARA* : h = Z hior — Z 6_2T|kul|ka|_2hk<pk. (10.12)

keNd keNd

The RKHS Hg of G is given by

9=> grer € H:llgl= > "™ Ik*Pgl < ooy (10.13)
keN keNd
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10.3. Proofs

It is convenient to work with the following norm of Hg,
lglifig:= D e ¥ k[P gt,
keNd

which is equivalent to the norm in (10.13).

Recall (10.8), we have He = H, (as sets) and ||Aljm,~ ||h|[z,. Due to the
exponential smoothing property of A, for any f € H and s € R‘i, we have
Af € H,. Hence Pr(G € He¢) = 1. Hence the distribution of G' can be considered
as a Gaussian measure on H; with RKHS Hg.

The left side of (10.11) is therefore up to constants equivalent to

inf 91l — log TI(| g1, < €)- (10.14)
g€Ha:[lg—gollu, <e

See [64, 65, 99|, or Section 11.2, in particular, Proposition 11.19 in [35].
Let P; be the Ho-orthonormal projection to the j basis {44} <ji/a. Since
A and P; commute, using Remark 9.13, we have

1PjAfo — Afollfs,

= X TP 3 PO (k)
[kloo >4t/ |kloo>j1/4

Sa exp (—2Tj”/d) 52O ol 13, (10.15)

and hence ||P;Afy — Afollm, is bounded above by e for j ~p (—loge)?/”. By
substituting this value of j into

1PAfolli=" D IKPfex e D KPR G
|k]oo <j1/d [k|oo <j1/d
5 (a=B)VO
< lfoll3,
we conclude that the first term in (10.14) is bounded above by (—loge)2*7~ V0.
For the second term in (10.14), by Corollary 10.15, the metric entropy
IOgN(57 {g € He : HQHHGS 1}7 ||||H§) =~ (_ IOgE)(V+d)/V'

Hence, by [64] (see Lemma 6.2 in [100]),
(v+d) /v
gl <o) = ()

Finally, the assertion of the lemma follows from combining the above results. [

It follows that (4.12) is satisfied for any e, such that

1 2
e~llog )7 5 —ne?

where r > 1 is given in the lemma above. Let x = —loge,,. The preceding display
can be rewritten into

zxe%z =g < gnl/T.

r r

The following lemma is useful for the proof.
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10. BAYESIAN INFERENCE FOR LINEAR EVOLUTION EQUATIONS

Lemma 10.9. Let W(z) be the Lambert W function, i.e. the inversion of the
mapping [e”1,00) 3 x — xe®. We have, when x — oo,

W(z) ~ logx — loglog .

Proof. From the identity 2 = W (z)eV'®), W (z) is an increasing function with
respect to « and W (e) = 1. In addition, we also have the following identities,

W(z) = IOg(VVQZ:r)> and W(z) + log W(z) = log z.

From now on only consider the case z > e. The second relation in the last display
implies that W (x) < logz. Hence,

T x
W(x) = IOg(VV(x)) > 10g<logx> = logz — loglog z.
On the other hand,

W (z) = log < log = logx — loglog x + logloglog x.

x
log(ﬁ) log(ﬁ)

Since loglog z > logloglog x as x — oo, the proof is complete. O

The asymptotic expansion of the Lambert W function implies that x such that
T 2 VLD
= w/(ZpV/") ~log —¥Y -
T2 (” ) % Qlog n)7?
satisfies the last inequality above. Consequently, (4.12) is satisfied with
(log n)"/?

£y~ ——
n \/ﬁ Y

Now we construct the reconstruction operator R,, : H — H. For g € H, we
consider the following truncation regularizer,

Rng = j{: e gron, (10.17)

Ikl oo <gin/*

(10.16)

where j, — oo as n — oo. Consequently, from Assumption 9.12, with some
positive constant ¢, we have

[Rull= sup exp (|k¥|T) = e/ *T, (10.18)
Ikl oo <in/

and (4.6) is satisfied with p,, = ecin/ T,
Besides, for ug = ), oy Uoxr € Hp, by Lemma 2.20, we have

IRudus ~ woll’= 3 ud s Sa g ol (1019)

koo >5n¢

The next step of the proof is to bound the prior probability in (4.13).
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10.3. Proofs

Lemma 10.10. Let R, be given as (10.17) and the corresponding j, = j. There
exist a,b > 0, such that for every j € N andt > 0,

T(f : [[RnAf — fllo> t+ aji/2=o/d) < e=bt%3*/",

Proof. Let f™ = R, Af. Therefore, the probability on the left concerns the
random variable (R, A —I)F, if F is a variable distributed according to the prior
II. Since F' is zero-mean normal with a covariance operator symbolically denoted
by Ap, this variable is zero-mean Gaussian with covariance operator (R,A —
IAp(R,A — I)*. We shall compute the weak and strong second moments of the
variable (R, A—I)F, and next apply Borell’s inequality for the norm of a Gaussian
variable to obtain the exponential bound.
Since

(RnA=DF=— > Fupx

with Fj, &5 A0, |k*|72), we have

(RnA—=1D)F,g) = — Z Frgk,

|kloo>5t/d

for arbitrary g = ), cnye gx@r- Then, the weak second moment of (R, A — I)F is
given by

Sup E<(R”'A*I)Fv f>2 < sup Z |k°‘\*2f,§ 2j72a/d.
I fllo<1 S fgg1‘klw>j1/d

The strong second moment of the Gaussian variable (R,A — I)F is

El(RuA-DFI* =" > [k|7
|kloo >4/
In the proof of Lemma 2.18, we have shown that for the hypercubes

C,,L:{keNd:kiSnl/d7 i:17...,d}’

the increment C,\Cy,—1 covers index points of the order n?1. Hence, the strong
second moment can be bounded by

Z k|20 <, Z Z Hk;2a/d ~ Z ji-1-20 < j(d=20)/d

[|oo 251/ 11/ kE[C\Cy 1] i<d 1>j1/d

where we used the estimate >, i~ <17/ (b—1), for b > 1.

Since the first moment of ||[(R,A — I)F||o is bounded by the root of its sec-
ond moment, the lemma follows by Borell’s inequality (see e.g. Lemma 3.1 and
subsequent discussion in [67]). O
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Let t? = 4n5,21/(bj721°‘/d). Then, t 2 j,ll/Q_O‘/d, due to the constraint (4.8), i.e.
Jn < me2. Substituting ¢ into Lemma 10.10,

H(f HRnAf - f||g> 4n5i/(bj,2f‘/d)) < e—4n5i’

which together with (10.16) implies

—a/d

N Z G (log )12,

In addition, the constraints eqs. (4.9) and (4.10) impose

T Z eTc 'i{/d (log n)r/2 7
vn
i 2 3P4,
where the right-hand side of the inequalities are given by (10.18) and (10.19).
We need to determine j,, in order to solve for 7,. Since d/v < r, (logn)¥" <«
ne2. Hence, we can choose j,, = é/¥(logn)¥" < ne?, with ¢ such that éTc < 1/2.
Substituting j, into the preceding constraints leads to
M 2 (logn)™ e )
N z n—(%—éTc) (log TL)T/27
—-B/v.

M 2, (1Og ’I”A)

The second inequality above is negligible compared to the other two. The theorem
follows from Theorem 4.10.

10.3.2 Proofs in Section 10.2

The major step of the proof can be summarized as follows.

(1) Section 10.3.2.1. Consider the sequence of scalar processes {X,gn)}keNd from
(9.13). Using a sequence of transforms {7 }y¢, the sequence of processes

{X]E;n)}kENd is whitened in time.

(2) Section 10.3.2.2. The signal f to recover is also isometrically transformed

into f The transformed observation can be expressed with a Gaussian
sequence,

1 ~
—& €R, (k1) €N xN,
\/ﬁfk,l (k1)

where the covariance structure of Ekyl is determined by the operators B and

Q.

(3) Section 10.3.2.3. As the final preparation for the proof of Theorem 10.5, we
establish a posterior contraction rate for the multi-dimensional white noise
model.

)?,i’? = fra+
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10.3. Proofs

(4) Section 10.3.2.4 Using the result obtained in Section 10.3.2.3, and an iso-
metric property possessed by the prior and the noise £, we finally conclude
the proof of Theorem 10.5.

Recall that the eigenbasis {@y}rene of £ is an orthonormal basis in space
and {Y }ren is an orthonormal basis in time, and denote their tensor product by

{Pri = ok @ Ui} 1yend xn-
10.3.2.1 Whitening Ornstein-Uhlenbeck processes

Due to (9.13), the observation (10.9) is equivalent to the following (functional)
sequence model, for k € N?, we observe

t b t
XM () = / et =5) £, (5) ds + VT / e TN AW (s),  (10.20)
0 \/ﬁ 0

in the product space (Lz([O,T];R))Nd with the product measure @) cya(1w,),
where pyy, are the probability measures induced by the processes Wy given in
(9.12), which are mutually independent Wiener processes.

Notice that the real-valued processes X ,in)(t) is Ornstein-Uhlenbeck processes.
We are going to convert them into the standard white noise model, and start with
introducing a useful function together with its inverse. For A > 0 and ¢ € [0, 7],

define ( ) N
_log(2At +1 1 -1
I(t) = o and U7 () = o (10.21)

where 97! is well-defined since 9 : [0,7) — R¥ is bijective. With function 9, we
can define the following transform

(Tg)(t) = V2Xt +1(go9)(t), te€[0,9(T)], (10.22)

for any continuous function g on [0, 7.
Using the newly defined transform 7, the noise can be whitened as follows.

Lemma 10.11. Let W (t) be a Brownian motion, i.e. a standard real-valued Wiener

process, and V(t) be given in (10.21). If

£(t) = / M=) 4 (s),

then (TE)(t) = V2M + 1(£ 0 ¥)(t) s a Brownian motion.
Proof. The process M (t) = eM&(t) is a continuous martingale whose quadratic

variation is
2Xt 1

t
M, = 2)s :e — —1 )
M), / ds=“5 ot =0 (1)

Consequently, M o ¥(t) is a continuous martingale with

[M o], = [M]yq = t.
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Therefore,

M o d(t) = N o d(t) = V2 + 1(€ 0 9)(t)
is a Brownian motion. O
Similarly, the transform (10.22) can be applied to the deterministic integral.

Lemma 10.12. Assume f € L?[0,T)]. Let

t
F(t) = / e=Mt=3) £ (5) ds
0
and f(u) be the transform of function f such that

7oy fov(u)
fw) = Jo—— (10.23)

Then, the following statements hold.

(i) (TF)(t) = V2Xt + 1(F o 9)( fo
(1) If {1x }r is an orthonormal basis for LQ[O,T], then,

9(T) 9(T)
du =6 d du = d
/0 Urbydu =0 an /0 fiby du = / fior du.

Proof. Since f € L?, F is continuous. The first statement follows from
9(t)
(TF)(t) =V2Mt + 1/ e MO=9) £(5) ds
=2 N T e MO / M) £ o9 (u)d (u) du

' fod(w)
I(u W(u) du = PELION du,
/ fe ) du 0 V2 u+1 B

where (-)" denotes the ordinary derivative.
The next statement is obtained by changing variables. The first equation
follows from

an YD g () (D) | s [T B
/0 ¢k¢ld“—/0 1 du = /O%(S)wl(s)ds—%z-

The same argument also applies to the second one. O

Applying the transform 7 defined in (10.22) to

t t
X(t) = / e M=) f(s)ds + ¢ / e =D aw(s), telo,T],
0 0
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we obtain

X(t)=TX(t) = /0 f(s)ds+cW(t), tel0,9(T)),

where f is given in (10.23) and W(t) is a Brownian motion.
Now given an orthonormal basis {t; };en of L2[0,T], we can form, for [ € N,

INT) _ 5 T INT) _ B
/ Y dX(s) = / f(s)i(s)ds + c/ Y dW = fi + ¢z, (10.24)
0 0 0

where z; are i.i.d. standard Gaussian.

10.3.2.2 Complete Sequence Model

Now consider the independent signals X ,i") as given in (10.20). Define Ty as the
transform (10.22) from the previous section, with A = 3 and ¢ = (\/qrbr)/ v/
Then, we can transform the signals into

Xé”) (t) := ’77€X,§") )= [ fr(s)ds+ cxWi(t), (10.25)

0
where W;(t) are independent Brownian motions. Because of (10.24), we can form

observations
biA/qk

N
where 2, Ry (0,1). In fact, these are the observations of the coordinates of

the following multidimensional Gaussian sequence model,

~ ~ 1
X — -
Fr =

where f = {featpenixy € (N x N) are the coefficients of f in the series

representation with basis {¢r ® ¥ }rena jen and €= {Ek,l}(kyl)eNde is a random

X\ = fra+ 21 €R, (k1) € N* x N,

£, (10.26)

. d+1 . . . .
vector in RN whose entries are independent zero mean Gaussian random vari-

-2
ables with variance (ZK a kY ) . This variance is determined by the decay of
br+/qr under Assumption 9.14.

10.3.2.3 Gaussian Posterior Contraction for Multi-dimensional White Noise
Model

In this subsection, as the final preparation for proving Theorem 10.5, we prove
the posterior contraction rate of the equivalent prior of Section 10.2.1 on sequence
spaces, for a simple Gaussian sequence model. To be precise, we consider the
following situation.

Let o € R be a multi-index. Consider a prior as the law of F' = {F}.}renm,
where F}, are independent centred real Gaussian random variables with variance
|k*|=2. We impose H () > m/2 so that the prior are almost surely realised in the
space /2(N™).
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Lemma 10.13. Consider the observation is given by the multi-dimensional white
noise model,

n 1
XM = g+ TRk for k e N™, (10.27)
where zi, are independent standard Gaussian random variables. If true parameter
fo = {fok}tkenm € hg, where hg is a Sobolev ellipsoid defined in Section 2.3.1
equipped with norm (2.17), then the Gaussian prior above behaves, as € | 0,

—logTI(f : ||f — folle<e) SeT™ ve ™ (10.28)
with ( BV 0
ao; — Pi) V m
ro=2sup ——— and T9 = —m—.
! ig}z Bi ? H(a) —m/2

Proof. Notice that the RKHS Hp of the prior F is h, C ¢?. The left side of
(10.28) is up to constants equivalent to

inf 2 _logll <e). 10.29
feh(y:‘|f7f0|u2<€||f||ha g (|| fllez< €) ( )

See [64, 65, 99], or Section 11.2, in particular, Proposition 11.19 in [35].

Let Py be the truncation of a sequence to {k < N : k; < N;, ¢ < m}
with N = (Ny,---, Np,). Applying Lemma 2.20, we obtain || Prfo — follz< e, if
N; 2 e~ 1/Bi for all i < m.

Taking N; ~ ¢~ /8 4§ < m, an upper bound on the first term in (10.28) is
obtained as,

o 4 20¢l 0
I1Pxfoll, = S IkPSE e < S0 | DD PRIV g2

k<N E<N [i<m
2(a; i) VO 2(a; ) VO
Sa DO IRP | DRI g < | DD N Rl
k<N i<m i<m
2(o; —B4)VO ﬁ D)V _ 2(o; —B4)VO B DV
&~ Z £ ||f0||h5< d e >Pism ||f0||hg
i<m

For the second term (small ball probability) in (10.28), by Corollary 2.24, the
metric entropy log N(e,{f € hg : |[flln,< 1}, [[le2) is of the order e=™/#(e),
Hence, under the condition H(a) > d/2, by [64] (see Lemma 6.2 in [100]),

—log I1(]| f[¢2< €) = &~ 7z

According to equations (1.2) nd (1.3) in [99], the minimal &,, satisfying

—logII(f : || f — follez< €n) S mel
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is the posterior contraction rate of the Gaussian prior considered in this section.
By direct calculation, it can be shown that when for all 1 < i < m,

the rates 71 and ro in (10.28) are balanced to r; = ro = m/H(S) and the posterior
contraction rate reaches the minimax rate (see [53]), i.e.

__HB)
Ep =N 2HE)+TM

10.3.2.4 Proof of Theorem 10.5

After the long preparation, the proof of Theorem 10.5 simply follows from assem-
bling all the results obtained up to now.

Recall {@r.1}(k,nyenexn = {9k @ Ui} (k1yenexn is a fixed basis of L?(Dr), satis-
fying the assumptions in Section 9.5. For a function f in L?(D7), its coefficients
in the basis {@k1}(x,1)enexn are denoted by f= {fr1} (kpyenaxn- Recall that for
the norms [|-|[ 22, |||z, [|]l¢2, ||| from Section 2.3, we have the isometries

1flle2= 1lezs 1 eza= 1 Fllnes

implying that it is sufficient to show the convergence of the coefficients in the

sequence space. N
Consider the change of variables f = {|k”*|fr1} & 1)enaxn. The model (10.26)
can be rewritten into,

a(n) = 1
X;i,z) = frg+ Ak for k € k, 1} (1 1yene xn,

7

where z;; are independent standard Gaussian random variables. Notice that the
prior of f induces a prior of fin ??(N? x N). Therefore, using Lemma 10.13, we
obtain the posterior contraction rate of the induced prior in [|-[[s2(q41)-

For the preceding change of variables, an isometry || f||2= ||J7Hh;a* holds, given
fisin hg,. The isometry implies that rates of f relative to |||, can be translated

to the rates of f relative to |-|| hs, - Consequently, the result can be translated to
the rate in [|-||z,, and the proof is complete.

10.4 Entropy Number with Non-Polynomial Rates

In Section 2.4, we have shown the estimate of metric numbers of the embedding
t: Hgyy — H; with the scale. The same argument can be applied to ¢« : H — H;
where H is another Hilbert space contained in the smoothness class {Hy }4, see the
lemma below.

Lemma 10.14. Given Hg from (10.13) and the isotropic Sobolev spaces {Hsg}scr
defined in Section 2.3.1. Then for the canonical embedding v : Hg — Hg, when j
is large enough, the entropy number is of the order

)

o v/ ()

<ej(t:Hg — Hy) < e , (10.30)

167
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where c1,co are universal positive constants.

Proof. The proof follows the same argument from Section 2.4 (also see the Ap-
pendix B in [43]). The singular values of ¢ : Hg — H are of order e Ti"" j=(a=s)/d
for which the upper bound is obtained using the same argument in (10.15) and
the lower bound is obtained by taking the unit vector ¢ such that k; ~ j1/¢.
Consequently, the approximation numbers a;(¢ : He — H,) have the same order.
In particular, a;(¢ : Hg — H,) = O(e’TjV/d). By the second example in Section
3 of [103], we obtain the final statement of the lemma. O

Because € — H (g, ¢) is the inverse mapping of j — e;(¢), we obtain the corollary
below.

Corollary 10.15 (Metric entropy). The metric entropy of the unit ball of He, given
in (10.13), in isotropic Sobolev spaces {Hg}scr is given by

v+d

v

1
(e, = tog ¥ (214 € Ho s lallao< 1 s, ) ~ (1o 1)

ase 0.
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Appendix A

Mathematical Tools

In this appendix we collect the mathematical elements, mainly from operator the-
ory, that serve as the underlying language and building blocks for this thesis. They
are from well established fields and can be found in textbooks and monographs.
Hence, results will be present, and proofs are referred to the literature.

Operators are ubiquitous in this thesis, as one main component of the Gaussian
linear model, the transform A, is an operator. In particular, compact operators
is of great importance, which is demonstrated by the following examples. First,
the ill-posedness in a large class of linear inverse problems is characterised as the
compactness of transform operators. Second, a Gaussian measure is a proper
probability measure (instead of a generalised stochastic process) only when its
covariance operator is of trace class, which is necessarily compact. Third, an
element in a compact space can be well approximated by a finite-dimensional
subspace, and the error estimate is closely related to the compactness. Besides the
aforementioned cases, there are other places where the compactness is leveraged.

In this section, we collect the necessary information on operator theory, with
special attention to compact operators. All the materials are standard and can be
found in many textbooks, e.g. [102].

First let us summarize the common notations for operators. Let X,Y be
normed spaces over the field R. A linear operator 7 from X to Y is a linear
mapping from the domain of T, i.e. a subspace of X denoted by Dom T, into Y.
The image of T is called range, i.e. RanT = T(DomT)={Tf: f €DomT}. A
linear operator from X to R is a linear functional. The notation 7 : X — Y is
understood as Dom7 = X and Ran7 C Y, unless the domain is given explicitly.

An operator is injective precisely when 7 f = 0 implies f = 0. For an injective
operator, the inverse 71 of T is given by

Dom7 !'=Ran7, T 'g=f, forg=Tf€cRanT.

The space of bounded linear operators form X to Y is denoted as B(X,Y), i.e.

B(X,Y) := {T: X =Y |linear and || T ||xsy:= sup || Thly< oo}7
heX:|h||<1
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A. MATHEMATICAL TOOLS

where ||-||x—y is the operator norm and ||| may be used if no danger. If X =Y,
we write L(X).

Definition A.1 (Adjoints). Let X,Y be Banach spaces. The adjoint T* of a densely
defined (not necessarily bounded) linear operator 7 : X — Y is the operator
uniquely determined by

T*y* :$*7
(y*,Tz) = (x*,z), VYo €DomT.

An densely defined operator S : X — X is self-adjoint if Dom S = Dom &* and
(Sh,g) = (h,S*g), for all h,g € Dom .

Remark A.2. If X and Y are Hilbert spaces, the dual spaces X* and Y* can be
identified with the original space by Riesz representation theorem. If the operator
T : X — Y is bounded, then the definition above is equivalent to the standard
definition of adjoints on Hilbert spaces, that there exists a unique operator 7* :
Y — X such that

<T$,y>y = <x7T*y>Xa
forallz € X andy €Y.

Definition A.3 (Positivity). An operator 7 on a Hilbert space is called positive,
denoted by T > 0, if (Th,h) > 0, for all h € Dom T. For two positive operators
S,T,wewrite S > T if DomS € Dom7 and S —7 > 0 on DomS. We also write
S=TitS>Tand T > S.

If the above properties hold up to independent constants, then we use the
notations S <7 and S ~ T.

A.1 Miscellaneous Lemmas

In this section, we collect a few useful lemmas.
The following lemma is known the bounded linear transform (BLT) theo-
rem, (see Theorem 1.7, [81]).

Lemma A.4 (BLT theorem). Let T be a bounded linear operator from (X,|-||x)

to a complete normed space Y. Then there exists a unique bounded extension T
of T from the completion of X under ||-||x to Y.

The following lemma is a direct consequence of Hahn-Banach theorem.

Lemma A.5. Given a normed space (E, ||-||) with its topological dual E*, the fol-
lowing holds

[zll= sup [(f,x)].
feu(E~)

Using positivity, we have another characterisation of operator norms on Hilbert
spaces.
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Lemma A.6. Let T be an positive element in B(H). Then,

ITl= sup (Tx,x).

llzll<1
The following result provides the soundness to Gelfand triples.

Lemma A.7. Let G and H be two Banach spaces such that G is a dense subset of
H, and the embedding v : G — H, g — g is continuous. Then, the following hold.

(i) The inclusion mapping © : H* — G*, { — l|g, where {|g is the restriction
of £ to set G, is continuous. In particular,

) gy = Ua, @arxg YeH" Vged. (A1)

(1) H* is dense in G*, if G is reflexive.
In particular, if H is o Hilbert space and G is reflexive, we have
GCH=H"CG".

Proof. First we show the continuity of 7. Notice that for all g € G, |lg|lz < llglle,
because of the continuity of . For any ¢ € H*, we have

IS IRl allglle-
Let ¢ be the restriction of £ to the subset G C H. Then, ¢ € G* such that
l(g) =L(g), VgE€G, (A2)

and B
€]
In addition, ¢ = 0 implies £ = 0. This is because of (A.2) and the density of G in
H. Hence the inclusion mapping ¢ : £ — lis injective and continuous, and (A.1)
holds.

Now we are going to show that H* is dense in G* by contradiction. If the
statement is not true, then the closure of H* in G* is a proper closed subspace
of G*. By Hahn-Banach theorem, there exists a non-zero functional ¢, € (G*)*
such that ¢, () = 0 for all £ € T(H*) C G*. Because of reflexivity, the functional

can be identified with an element g € G, such that gog(Z) = {(g) = 0, for all
¢ € (H*) C G*. Due to (A.1), ¢(g) =0, for all £ € H*. Since g € G C H, it
implies that g = 0, which contradicts to ¢, # 0.

< HgHX*v Vle H*.

O

An embedding of Hilbert spaces naturally gives rise to an isometric isomor-
phism, which is useful in several occasions in this thesis. Meanwhile, it also shares
some similar flavour of Lemma A.7.
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Lemma A.8. Assume that Hilbert space H is a dense subspace of Hilbert space X
such that |h||g> ||kl x, for all h € H, and let the canonical embedding be

t:H— X, hw—h.

Then,
U= (u)"?:DomlU c X = X,

where DomU = H, is an isometric isomorphism, i.e. |Uh|x= ||| m-
Proof. This proof is adopted from Theorem IV.1.12, [63].
Since ¢ is compact, so is § = w*. Furthermore, S : X — X is self-adjoint

and positive, and RanS C H. We can define a self-adjoint operator 7 = S~! on
domain Dom7 = RanS C H, such that

(h,9) iy = (Th,g) x (A.3)

for all h € DomT and g € H.
Using spectral theorem, define an operator U = (7)/2, whose domain Dom I/
is the closure of Dom 7 with respect to the norm

[Uhlx= \/(Th;h)x = |[h]|&-

The domain Dom U a closed set in H. We are going to show in fact DomU = H by
contradiction. Assume Domi/ C H. Then by Hahn-Banach theorem, there exists
an element hy € H such that (g, ho), = 0 for all ¢ € Dom/, and in particular,
all g € Dom 7. Due to (A.3), we have (Ug, ho)y = 0, for all ¢ € Dom/. Since
Ranlf = X, we conclude that hg = 0, which leads to a contradiction. O]

A.2 Pseudo-Inverse

Let H be a Hilbert space and G be a normed space.

Definition A.9. Let 7 € B(H,G), and Ker T = {h € H|Th = 0}. The pseudo-
inverse is defined as:

T b= (Tlkeeryt)  T((Ker T)Y) = T(H) — (Ker 7)™,
which is bijective by construction.

Remark A.10. For g € T(H), one can let 7 'g € H be the solution of operator
equation 7h = g with the minimal norm. This gives an equivalent definition of
pseudo-inverse.

When 7T has a genuine inverse, it induces a inner product on its image, as
shown in the following lemma.

Lemma A.11. Suppose that T : H — G is an injective linear operator. Then, the
range T(H) : RanT C G of T is a Hilbert space equipped with the inner product

@Yy = (T e, T y)y, @,y e T(H). (A.4)
In addition, T : H — T is bounded and its adjoint is T* = T 1.
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Proof. Since T is injective, the inner product given above is well-defined. Let {x,, }
be a Cauchy sequence in T. Then z, = Th,, with h,, € H and {h,,} is Cauchy as
well because ||hp, — by || g= ||Tm — @n||7. Since H is Hilbert, there exists a h such
that h,, — h. Therefore, there exists a vector x = Th € T and

hn — b= l|lzn — z||7— 0, asn — oo.
The boundedness and the adjoint follow directly from the construction. O

The previous lemma has the following implications on the pseudo-inverse.

Corollary A.12. Let T € B(H) and T ' be the pseudo-inverse of T. Then, the
following statements hold.

(i) T(H) is an Hilbert space equipped with the inner product induced by T given
in (A.4).

(ii) If {ex}r is an orthonormal basis of (Ker T)*, then {Tey}x is an orthonormal
basis for the Hilbert space T(H) in (i).

The proof of the following lemma is given in Proposition C.0.5, [68].

Lemma A.13. Let Hy, Hy and G be Hilbert spaces, and let Ty € B(Hy,G) and
T2 € B(H2,G). If | Ty gllh= T5"gll2 for all g € G, then for all

g € Ran7; = Ran 7y,
we have | T, glh= (175 gll2-
Proposition A.14. Let T € B(H,G) and Q = TT* € B(G). Then, for all
g € Ran QY% = RanT,
we have | Q' 2g|l=||T gl u-

Proof. Since Q is self-adjoint, the square root is defined via the spectral theorem.
Furthermore, for all g € G, we have

l@2y|” = [[@2||" = 0. 20) = 179l

The rest follows from the previous lemma. O

A.3 Compact Operators

Let H,G be two Hilbert spaces. We denote the inner product of H by (-, ), or
simply (-,-) when there is no confusion.

Definition A.15 (Compact operators). An operator 7 : H — G is compact if for
any bounded sequence {h,} in H, the sequence {7 h,,} in G contains a convergent
subsequence. The space of compact operators in L(H,G), equipped with the
operator norm, is denoted by S (H, G).
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If T : H— G is an compact operator, then 7*7 is compact, self-adjoint,
and non-negative, i.e. (T*Th,h) > 0 for all h € H. The absolute value of T
is defined with the equality |7|= (7*7)%/2, where (7*7)'/? is the unique non-
negative square root of 7*7 (see Theorem 7.4 in [102]). The positive eigenvalues
of |T] are called the singular values of T. In fact, singular values {s;(7)} encode
great information about the operator 7.

Theorem A.16 (Singular Value Decomposition (Theorem 7.6, [102])). Let T : H —
G be a compact operator and {s;} denote the (possibly finite) non-decreasing se-
quence of the singular values of T. There exists orthonormal sequence (hj) from
H and (g;) from G such that for all h € H and g € G,

J J

Tl = si(h by, 1T 9= si(g,9;)9;-
j

J

The (h;) and (g;) are the eigenvectors of |T| and |T*|, respectively. In particular,
T, |T|, T* and |T*| have the same singular values.

With the help of singular values, we can define the following spaces of operators.

Definition A.17 (Schatten Class). For a compact operator 7 : H — G, the p-
Schatten norm, p € [1,00), is defined with its singular values {s;(7)},

1/p

I Tli= | Slss (Tl

We denote by S,(H, G) the set of compact operators with finite p-Schatten norm.
Remark A.18. It is not difficult to show that || 7 ||co= $1(7) from the definition.

The p-Schatten norms are authentic norms satisfying the triangle inequality.
Sp spaces are similar to L” spaces. For example, the spaces S), are Banach spaces
and in particular, S; is a Hilbert space. A version of the Holder inequality also
holds in S, spaces. These properties are summarised in the following propositions.

Proposition A.19 (Lemma 10 and 14, X1.9, [25]). Let 1 < p < p' < oo and let
1/p+1/q=1.

(i) For T.U € Sy, we have | T +Ullp< T+l

(11) Sy is complete under the norm ||-||,. S2 is an inner product space.
(i) S, C Sy and |lly> [y, i b € 5,.

(iv) For T € Sy andU € Sy, then || TUIL< || Tl q-
Proposition A.20 (Theorem 7.8, [102]).
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(i) If T €S, andUU € Sq (p,g € [1,00)) and 1/r =1/p+1/q, then

1 TUl< 27T A g-

(ZZ) If T e L(Hl,H2) and U € Sp(Ho,Hl) , then
[TUllp< ([T [[UA]]-

For T € S,(Hy,Hs) and U € L(Hy, Hy), the corresponding assertion also
holds.

Schatten class contains two important sets of compact operators.

e S5(H, Q) is identical to the set of Hilbert-Schmidt operators. Namely, for
any Hilbert-Schmidt operator 7 : H — G,

1T ll2= 1T llzrs:= Y I Teoill&< oo,

i€T
where {©;};cz is an orthonormal basis in H.

e S1(H, Q) is identical to the set of trace class operators. Namely, for any
operator 7 : H — G of trace class, we have

|7 |li= Trace T := ZW T*T @i, 0i)g < 00,

i€
where {©;}icz is an orthonormal basis in H.

The two equalities above are obvious. Since the Hilbert-Schmidt norm and trace
are both independent of the basis {¢; }icz, the equalities are obtained by taking
the basis to be the eigenbasis of |T|. Furthermore, the following can be derived
directly from (iii) in the previous proposition,

ITI< T las= T |[as< TraceT,

where the equality of Hilbert-Schmidt norms can be found in Theorem 6.9 in [102].
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Summary

This dissertation studies the Asymptotics of Bayesian nonparametric inference for
Gaussian linear models. The models are in the form of

Observations =  Transformed signal 4+ Gaussian noise,
e.g. a smoothed parameter

and the goal is to recover the original signal using Bayesian methods.

In Part I we collect the materials that are essential for the development of
this thesis. In particular, we provide theory for the transformed-signal-in-noise
model. The goal is to estimate the (original) signal with as few assumptions on
the parameter space as possible, and to recover the signal with fast rates. The
parameter (i.e., signal) is assumed to possess a certain level of smoothness, which
will be quantified in this part of the thesis. The noise structure of the statistical
model is also of importance, because it largely determines the difficulty of the
recovery problem. To recover the signal we will employ Bayesian methods, which
are formally defined in Chapter 4.

In Chapter 2 smoothness classes are introduced to quantify the measure of
regularity of the parameter space. As first example we consider smoothness scales.
A smoothness scale {H;}ser is a collectionof Hilbert spaces H; that are nested
by their norms, and this collection has an additional property which is referred
to as a norm duality. A particular interesting subclass of smoothness scales are
Hilbert scales. A Hilbert scale is a smoothness scale where the index s naturally
defines a generating operator. The resulting generating operator establishes a
link between the Hilbert scale and the covariance operator of Gaussian priors and
the Gaussian noise. Another type of a smoothness class is used to describe the
anisotropic smoothness in higher dimensions, which are used to study stochastic
evolution equations, see Part III. We also define approximation numbers, which
describe the approximation properties of the smoothness classes, and connect them
to metric entropies.

In Chapter 3 we formally introduce Gaussian measures in infinite dimensional
spaces. Before doing so, we first review general probability measures on Banach
spaces. Once Gaussian measures are formally defined, we show that they have
desirable properties. Of particular interest is the covariance structure of Gaussian
measures, which we demonstrate with several examples. In addition, we also
briefly discuss cylindrical measures and radonification in this chapter.

In Chapter 4 we formally introduce Bayesian inference in infinite dimensional
spaces. First Bayes’ rule on general function spaces is defined, and the basic
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SUMMARY

concepts of asymptotic analysis such as consistency and contraction rates are in-
troduced. Bayes rule naturally induces an estimation procedure, which will be
applied to Gaussian linear models. In particular, we consider the case with con-
tinuous, and the case with discrete observations. This chapter concludes with a
general theorem on posterior contraction rates, which provides the general ap-
proach throughout this thesis.

Part IT investigates linear inverse problems with Gaussian noise, which allows
us to use the theory developed for Gaussian linear models. In the setting of inverse
problems, one observes a smoothed signal contaminated by noise. The smooth-
ing makes the problem difficult, and naive methods to recover the unsmoothed
signal become inappropriate, because the noise dominates due to the inverse op-
erator. One way to overcome this problem is by regularising the inverse operator,
which can be accomplished by using Bayesian methods. In this part we investi-
gate inverse problems under two observation schemes: continuously and discretely
observed inverse problems, which are commonly known as the white noise model
and regression.

Chapter 5 serves as an introduction to linear inverse problems. These prob-
lems are introduced both heuristically and mathematically rigorously, and several
examples are given. This chapter concludes with the Galerkin method, a relatively
general projection method, which is a simple but convenient tool for demonstrating
contraction rates for inverse problems used in the remainder of this part.

In Chapter 6, we study the asymptotic performance of Bayesian nonparametric
methods for linear inverse problems with continuous observations. A general the-
orem for continuously observed inverse problems is proved by modifying the proof
of the general theorem on contraction rates that is derived in Chapter 4. In general
adaptivity is not guaranteed. The additional conditions necessary for adaptivity
are given in the second theorem in this chapter. The first theorem is then used to
study the performance of two types of priors: random series priors and Gaussian
priors. Random series priors lead to posteriors that contract at the minimax rate,
up to a logarithmic factor, whereas Gaussian priors are in general suboptimal. To
improve on the latter case, we introduce a Gaussian mixture prior, by setting a
hyperprior on Gaussian priors, resulting in a procedure that is both adaptive and
optimal in the minimax sense, which is shown with the second general theorem in
this chapter.

Chapter 7 is our first attempt to tackle discretely observed inverse problems,
by using Gaussian conjugacy in linear problems. The word ‘discretely’ refers to the
fact that the observations are only recorded at certain points, in contrast to the
continuous case, where the entire trajectory is observed. A sequence formulation
for discretely observed inverse problems is derived based on the singular value de-
composition of the smoothing operator. The main results include the contraction
rates, and the credible sets for mildly and extremely ill-posed inverse problems.
The results are further exemplified by simulations.

Chapter 8 is our second effort to analyse the discretely observed inverse prob-
lems. In this chapter, we use the results of Chapter 6 to examine the model of
interest. For this we consider a signal reconstruction technique that builds contin-
uous trajectories by interpolating discrete points, for which we also derive error
estimates. This is followed by extending the general theorems from Chapter 6
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that are valid for inverse problems with continuous observations to the discretely
observed models. This leads to derivation for the contraction rates of random
series priors, Gaussian priors, and Gaussian mixtures.

Part III studies the Bayesian nonparametric inference for stochastic evolution
equations. The state space of the stochastic evolution equation is assumed to
be infinite-dimensional and this dynamical system is assumed to be affected by
a random noise process. In this part the dynamics are assumed to be driven
by a deterministic component described by a linear partial differential equation,
and a stochastic component described by additive space-time Gaussian noise. This
model can be considered as a lifting of the white noise model to infinite-dimensional
state space. The goal in this part is to derive theory for Bayesian inference con-
cerning the drift and initial condition of the evolution equations.

Chapter 9 provides a general overview of stochastic evolution equations. We
start with defining Q-Wiener processes, a generalisation of Brownian motion to
infinite-dimensional space. These Q-Wiener processes allow us to formulate a
class of stochastic integrals in Hilbert spaces, which is extended to a larger class of
integrands. These integrals combined with the theory of deterministic evolution
equations are then used to define stochastic evolution equations formally. We also
demonstrate that the solutions to these equations can be represented by stochastic
processes.

Chapter 10 studies the asymptotic performance of Gaussian priors in the recov-
ery of the initial conditions and drifts of stochastic evolution equations. To obtain
the results on posterior contraction, we modify the general approach established in
Chapter 4. For the recovery of initial conditions, we introduce a spatial Gaussian
prior and derive the rate at which the posterior distribution concentrates around
the true initial condition. This task can be viewed as a generalisation of the ex-
tremely ill-posed problem from Chapter 7. The recovery of the drift component
using Bayesian methods is also investigated for which we construct another type
of Gaussian priors. These priors are developed to identify the anisotropic smooth-
ness of signals in higher dimensions. A crucial insight is that we can apply a
transformation to the observations so the model is converted into a multi-indexed
Gaussian sequence model. This allows us to derive results for the contraction
rates.
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Samenvatting

In dit proefschrift wordt de theorie achter het asymptotische gedrag van Bayesi-
aanse inferentie voor niet-parametrische Gaussische lineaire modellen ontwikkeld.
De modellen hebben de vorm van

Observaties = Getransformeerde signaal + Gaussische ruis,
zoals een gladgestreken parameter

en het doel is om het originelt signaal te reconstrueren met behulp van de Bayesi-
aanse methoden.

In Deel I beschrijven we de benodigde concepten voor het ontwikkelen van de
theorie in dit proefschrift. In het bijzonder richten we ons op de theorie voor
het getransformeerde-signaal-in-ruis model. Het doel is om het (originele) signaal
terug te schatten met zo min mogelijke aannames op de parameter ruimte, en met
een hoge convergentiesnelheid. Aangenomen wordt dat de parameter (signaal)
aan bepaalde gladheidsvoorwaarden voldoet, welke gekwantificeerd worden in het
eerste gedeelte van dit proefschrift. De ruisstructuur van het statistisch model
is ook van belang, omdat het een grote invloed heeft op de moeilijkheid van het
schattingsprobleem. Voor het schatten gebruiken we Bayesiaanse methoden, welke
formeel gedefinieerd worden in Hoofdstuk 4.

In Hoofdstuk 2 worden gladheidsklassen geintroduceerd om de mate van reg-
ulariteit van de parameterruimte te kwantificeren. Een eerste gladheidsklasse die
we bespreken zijn zogeheten gladheidsschalen. Een gladheidsschaal {H,}ser is
een collectie van Hilbertruimtes Hy die op basis van de normen is genest, en welke
voldoet aan een zogeheten norm dualiteit. Een bijzonder subklasse van gladheidss-
chalen zijn Hilbertschalen. Een Hilberschaal is een gladheidsschaal waarbij de in-
dex s op natuurlijke wijze een genererende operator definieert. Met de resulterende
genererende operator kan er een link gelegd worden tussen de Hilbertschaal en de
covariantie operator van Gaussische a priori verdelingen en Gaussische ruis. Een
ander type gladheidsklasse dat aan bod komt in dit hoofdstuk wordt gebruikt om
de anisotropische gladheid in hogere dimensies te beschrijven. Deze laatste glad-
heidsklasse wordt gebruikt om stochastische evolutie vergelijkingen te bestuderen
in Hoofdstuk ITI. We definiéren ook benaderingsgetallen die de benaderingseigen-
schappen van gladheidsklassen beschrijven, en we relateren deze aan metrische
entropién.

In Hoofdstuk 3 geven we een formele beschrijving van Gaussische maten in
oneindig dimensionale ruimtes. Eerst geven we een overzicht van kansmaten op
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Banachruimtes in het algemeen. Nadat we Gaussische maten formeel hebben
gedefinieerd, laten we zien dat ze gunstige eigenschappen hebben. Van bijzonder
belang is de covariantie structuur van Gaussische maten, wat we benadrukken
met een aantal voorbeelden. Daarnaast geven we ook een kort overzicht van
cylindrische maten en radonificatie in dit hoofdstuk.

In Hoofdstuk 4 geven we een formele beschrijving van Bayesiaanse inferentie in
oneindig dimensionale ruimtes. Hiervoor introduceren we de regel van Bayes voor
algemene functieruimtes, en we bespreken de basisconcepten van de asymptotiek
zoals consistentie en convergentiesnelheid. De regel van Bayes leidt tot een natu-
urlijke schattingsprocedure, welke we toepassen op Gaussische lineaire models. We
zullen in het bijzonder geinteresseerd zijn in het geval met continue observaties,
en het geval met discrete observaties. Het hoofdstuk wordt afgesloten met een
algemene stelling over a posteriori convergentiesnelheden met een algemene be-
wijsmethode welke de basis vormt voor soortgelijke resultaten in de rest van dit
proefschrift.

In Deel II richten we op lineaire inverse problemen met Gaussische ruis, waar-
voor de theorie van Gaussische lineaire modellen toepasbaar is. In dit geval ob-
serveren we een gladgestreken signaal dat verontreinigd is door ruis. Door het
gladstrijken van het signaal wordt het schatten bemoeilijkt. De naieve benadering
resulteert in slechte schattingen van het origineel signaal, doordat de ruis opge-
blazen wordt door de inverse operator. Een oplossing is om de inverse operator
te regulariseren, wat op natuurlijke wijze gedaan kan worden met de Bayesiaanse
methode. In dit gedeelte van de proefschrift bestuderen we inverse problemen voor
twee observatieregimes: Continu en discreet geobserveerde inverse problemen die
ook bekend staan als het witte ruis model en regressie.

In Hoofdstuk 5 worden lineaire inverse problemen heuristisch en wiskundig
rigoureus beschreven. Om het geheel tastbaar te maken geven we ook enkele voor-
beelden. In dit hoofdstuk wordt ook de relatief algemene projectie van Galerkin
belicht, omdat we hiermee vrij gemakkelijk convergentiesnelheden voor inverse
problemen kunnen afleiden zoals beschreven is in de rest van Deel II.

In Hoofdstuk 6 beschrijven we het asymptotisch gedrag van niet-parametrische
Bayesiaanse methoden toegepast op lineaire inverse problemen met continue ob-
servaties. Een algemene stelling voor continu geobserveerde inverse problemen
wordt bewezen door een aanpassing in het bewijs van de algemene stelling over
convergentiesnelheden dat afgeleid is in Hoofdstuk 4. In het algemeen is adap-
tiviteit niet gegarandeerd, want daar zijn extra condities voor nodig welke afgeleid
en beschreven zijn in de tweede stelling in dit hoofdstuk. De eerste stelling wordt
gebruikt om het asymptotisch gedrag van twee Bayesiaanse procedures te bestud-
eren: De procedure op basis van a priori verdelingen die beschreven zijn als geran-
domiseerde reeksen, en de procedure op basis van Gaussische a priori verdelingen.
De a priori verdelingen die beschreven worden als gerandomiseerde reeksen resul-
teren in a posteriori verdelingen die, op een vermenigvuldiging met een logaritmis-
che factor na, convergeren met de minimax convergentiesnelheid. De Gaussische
a priori verdelingen leiden echter tot a posteriori verdelingen die met een subopti-
male convergentiesnelheid krimpen. Om het laatste geval te verbeteren introduc-
eren wij mengvormen van Gaussische a priori verdelingen, door een hogere orde a
priori verdeling te kiezen op de Gaussische a priori verdelingen, wat resulteert in
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een procedure die adaptief en optimaal is in de minimax zin. Dit laatste wordt
bewezen met behulp van de tweede stelling van dit hoofdstuk.

In Hoofdstuk 7 beschrijven we onze eerste aanpak van discreet geobserveerde
inverse problemen. Dit doen we door gebruik te maken van de Gaussische con-
jugatie eigenschap in lineaire problemen. Hier wordt “discreet” gebruikt om aan
te geven dat de observaties alleen op discrete punten zijn gemeten, terwijl in het
continu geval het gehele pad geobserveerd is. Een reeksformulering van de discreet
geobserveerde inverse problemen is afgeleid op basis van een singulierewaardenont-
binding van de gladstrijkende operator. De hoofdresultaten beschrijven de conver-
gentiesnelheden en de a posteriori plausibele verzamelingen voor milde en extreem
singuliere inverse problemen. De resultaten worden geillustreerd met simulaties.

In Hoofdstuk 7 beschrijven we onze tweede aanpak van discreet geobserveerde
inverse problemen. In dit hoofdstuk gebruiken we de resultaten van Hoofdstuk 6
om het model te bestuderen. Hiervoor gebruiken we een signaalreconstructi-
etechniek dat continue paden construeert door de discrete punten te interpoleren,
waarvoor de interpolatiefout ook geschat kan worden. We veralgemeniseren dan
de stelling van Hoofdstuk 6, welke alleen geldt voor inverse problemen met con-
tinue observaties, zodat het ook toepasbaar is op discrete geobserveerde inverse
problemen. Dit resulteert in convergentiesnelheden voor a priori verdelingen die
beschreven worden als gerandomiseerde reeksen, Gaussische a priori verdelingen,
en mengvormen van Gaussische a priori verdelingen.

In Deel III richten we ons op niet-parametrisch Bayesiaanse inferentie voor
stochastische evolutie vergelijkingen. Er wordt aangenomen dat de toestand-
sruimte van de stochastische evolutie vergelijking oneindig dimensionaal is, en
dat de bijbehorende dynamische systeem beinvloed wordt door een ruisproces. In
dit gedeelte wordt er van uitgegaan dat de dynamica gedreven wordt door een
deterministische component die beschreven wordt door een lineaire partiéle dif-
ferentiaalvergelijking, en een stochastische component die beschreven wordt door
een additieve Gaussische ruis over zowel de toestandsruimte als de tijdsdimensie.
Dit model kan gezien worden als een bevordering van het witte ruis model naar
een oneindig dimensionale toestandsruimte. Het doel in dit gedeelte van de proef-
schrift is om theorie te ontwikkelen voor Bayesiaanse inferentie voor de driftterm
en de beginwaarden van de evolutie vergelijkingen.

In Hoofdstuk 9 geven we een algemene overzicht van stochastische evolu-
tie vergelijkingen. Eerst definiéren we Q-Wienerprocessen, een veralgemeniser-
ing van Brownse beweging naar oneindig dimensionale ruimtes. Met deze O-
Wienerprocessen kunnen we een klasse van stochastische integralen over Hilbertru-
imtes beschrijven, welke daarna ook veralgemeniseerd wordt zodat het toepas-
baar is op een grotere klasse van integranden. Deze integralen gecombineerd met
de theorie van deterministische evolutie vergelijkingen worden dan gebruikt om
stochastische evolutie vergelijkingen formeel te definiéren. We laten ook zien
dat de oplossingen van deze vergelijkingen gerepresenteerd kunnen worden als
stochastische processen.

In Hoofdstuk 10 beschrijven we het asymptotisch gedrag van de Bayesiaanse
schattingsprocedure voor de beginwaarden en de driftterm van de stochastische
evolutie vergelijkingen op basis van Gaussische a priori verdelingen. Om con-
vergentiesnelheden af te leiden passen we de algemene aanpak die beschreven is
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in Hoofdstuk 4 aan. Om de beginwaarden te schatten construeren we een type
spatiéle Gaussische a priori verdelingen, waarvoor we ook de snelheid kunnen aflei-
den waarmee de a posteriori verdelingen zich concentreert om de ware beginwaar-
den. Dit schattingsprobleem kan gezien worden als een veralgemenisering van het
extreme singuliere inverse probleem dat beschreven wordt in Hoofdstuk 7. Voor
de Bayesiaanse schattingsprocedure van de driftterm construeren we een ander
type Gaussische a priori verdelingen. Deze a priori verdelingen zijn ontwikkeld om
de anisotropische gladheid van signalen in hoger dimensies te identificeren. Een
cruciaal punt is dat we de observaties dusdanig kunnen transformeren zodat het
model geconverteerd wordt in een multi-index Gaussische reeks model. Met dit
inzicht kunnen we de convergentiesnelheden afleiden.
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