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Abstract

Partial differential equations (PDEs) are primary mathematical tools to model the be-
haviour of complex real-world systems. PDEs generally include a collection of parameters
in their formulation, which are often unknown in applications and need to be estimated
from the data. In the present thesis, we investigate the theoretical performance of
nonparametric Bayesian procedures in such parameter identification problems in PDEs.
In particular, inverse regression models for elliptic equations and stochastic diffusion
models are considered.

In Chapter 2, we study the statistical inverse problem of recovering an unknown
function from a linear indirect measurement corrupted by additive Gaussian white noise.
We employ a nonparametric Bayesian approach with standard Gaussian priors, for
which the posterior-based reconstruction corresponds to a Tikhonov regulariser with a
reproducing kernel Hilbert space norm penalty. We prove a semiparametric Bernstein—
von Mises theorem for a large collection of linear functionals of the unknown, implying
that semiparametric posterior estimation and uncertainty quantification are valid and
optimal from a frequentist point of view. The general result is applied to three concrete
examples that cover both the mildly and severely ill-posed cases: specifically, elliptic
inverse problems, an elliptic boundary value problem, and the recovery of the initial
condition of the heat equation. For the elliptic boundary value problem, we also obtain
a nonparametric version of the theorem that entails the convergence of the posterior
distribution to a prior-independent infinite-dimensional Gaussian probability measure
with minimal covariance. As a consequence, it follows that the Tikhonov regulariser is an
efficient estimator, and we derive frequentist guarantees for certain credible balls centred
around it.

Chapter 3 is concerned with statistical nonlinear inverse problems. We focus on the
prototypical example of recovering the unknown conductivity function in an elliptic PDE
in divergence form from discrete noisy point evaluations of the PDE solution. We study
the statistical performance of Bayesian nonparametric procedures based on a flexible class
of Gaussian (or hierarchical Gaussian) process priors, whose implementation is feasible by

MCMC methods. We show that, as the number of measurements increases, the resulting
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posterior distributions concentrate around the true parameter generating the data, and
derive a convergence rate, algebraic in inverse sample size, for the estimation error of the
associated posterior means.

Finally, in Chapter 4 we extend the posterior consistency analysis to dynamical
models based on stochastic differential equations. We study nonparametric Bayesian
models for reversible multi-dimensional diffusions with periodic drift. For continuous
observation paths, reversibility is exploited to prove a general posterior contraction rate
theorem for the drift gradient vector field under approximation-theoretic conditions on
the induced prior for the invariant measure. The general theorem is applied to Gaussian
priors and p-exponential priors, which are shown to converge to the truth at the minimax
optimal rate over Sobolev smoothness classes in any dimension.

Chapter 1 is dedicated to introducing the statistical models considered in Chapters 2
- 4, and to providing an overview of the theoretical results derived therein. The main
theorems of Chapter 2 and Chapter 3 are illustrated via the results of simulations, and

detailed comments are provided on the implementation.
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Chapter 1
Introduction

Partial differential equations (PDEs) are primary mathematical tools to model the
behaviour of complex real-world systems, such as - to name but a few major examples
- transport of mass, diffusing heat and travelling waves, with ubiquitous applications
in physics, engineering and throughout the applied sciences. PDEs generally include
a collection of parameters in their formulation (for example, a conductivity functional
coefficient modelling spatially-varying diffusion of heat throughout an inhomogeneous
medium), which are often unknown in applications. When data are collected from a
system modelled by a PDE; it is then of central interest - for the purpose of scientific
investigation or to make predictions about its future behaviour - to recover the unknown
parameters in the governing equation [88, 220, 122].

The design of algorithms to solve such parameter identification problems in PDEs
must formally incorporate the underlying PDE structure into the analysis, and also
coherently account for (potential) sources of noise within the data generating process.
A realistic description of such measurement errors often requires a probabilisitic model;
furthermore, in many applications the unknown parameter of interest cannot be modelled
by a finite set of numbers (i.e., a finite-dimensional vector), but rather has to be treated
as a genuine function, giving rise to PDE-based infinite-dimensional (also commonly
termed nonparametric) statistical inference problems. In the present thesis, two major,
and intimately related, classes of nonparametric statistical models arising from PDEs of

elliptic and parabolic type are considered:

1. inverse regression models, wherein the parameter of interest is observed indirectly
through noisy point evaluations of the solution of a PDE (e.g., [88, 127, 223, 220,
122]);
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2. stochastic diffusion models, in which the data-generating mechanism is described
by a stochastic differential equation (SDE) (e.g., [188, 145, 96]).

The (nonparametric) Bayesian paradigm of statistical inference provides a principled
and methodologically attractive approach to such statistical models, and has gained great
popularity in the last decade since influential work by Stuart [220, 73]. In the Bayesian
framework, the underlying PDE structure and the statistical properties of the noise are
naturally incorporated into the analysis via the likelihood function, which describes the
data sampling distribution for each given element in the parameter space. Following
the Bayesian paradigm, the unknown parameter is regarded as a random variable (with
values in a function space or a subset thereof) and assigned a prior probability distribution.
The likelihood and the prior then jointly induce, through Bayes’ formula, a posterior
distribution, which represents the conditional distribution of the parameter given the
observations, and is used to draw inferential conclusions about the unknown parameter
of interest.

The posterior distribution can be formally expressed in terms of evaluations only
of the likelihood function and the prior distribution, thereby conceptually sidestepping
the need of an inversion formula for the complex PDE-based relationship between the
parameter and the observations. At the same time, the posterior mean provides a broadly
applicable approach to point estimation that constitutes an attractive alternative to
traditional penalised least squares procedures, which may give rise, in nonlinear likelihood
structures, to non-convex optimisation problems. A further fundamental feature of the
Bayesian methodology is that, alongside point estimates, it also automatically delivers a
quantification of the uncertainty in the reconstruction, measured by the spread of the
posterior distribution around its centre, that may be used in applications to construct
credible sets (i.e., regions of the parameter space of high posterior probability) and
hypothesis tests.

In practice, in the statistical models considered in the present thesis, outside of certain
conjugate settings where explicit formulae for the posterior distribution can be derived,
nonparametric Bayesian procedures are implemented using suitable numerical methods.
In particular, recent advances in high- and infinite-dimensional Markov chain Monte
Carlo (MCMC) algorithms (e.g., [201, 63, 66, 26, 210]) allow to reliably and efficiently
obtain approximate posterior samples that can be used to construct posterior mean
estimates (via MCMC averages) and credible sets (through the empirical quantiles of
the MCMC samples). The Bayesian approach thus provides concrete algorithms for
estimation and uncertainty quantification that can be successfully employed in a great

variety of complex real-world applications.



It is therefore of great importance to provide theoretical performance guarantees for
nonparametric Bayesian procedures in statistical models arising from PDEs, in order to
certify the validity of the inferential conclusions that such methodology delivers, and
also to allow an objective comparison with potential competing statistical procedures.
In particular, the performance of Bayesian methods depends on a suitable choice of
the prior, which in the nonparametric framework primarily serves as a regularisation
tool for the likelihood (rather than representing subjective beliefs about the unknown),
and whose specification is a complex task in its own merit (cfr. Section 1.2 in [101]).
Thus, a natural question arises as to whether Bayesian procedures may provide valid and
prior-independent inferential conclusions - at least in the presence of informative data.

The established paradigm under which such investigation can be carried out consists
in performing a frequentist analysis of Bayesian methods (see [101], and also Section 7.3
in [104]), assuming that the observations are generated by a fixed ground truth in the
parameter space (as opposed to the parameter being randomly drawn from the prior
distribution), and studying the asymptotic behaviour of the posterior distribution in
the large sample size (or equivalently, small noise variance) limit. More specifically, two
fundamental questions arise in this framework in regards to the theoretical performance

of nonparametric Bayesian procedures:

1. posterior consistency, i.e., the concentration of the posterior distribution around the
assumed true parameter. Related questions are the convergence of relevant Bayesian
estimators, such as the posterior mean, as well as a quantitative characterisation of

the rate at which the contraction occurs;

2. validity of Bayesian uncertainty quantification, that is, whether credible sets are
asymptotically proper confidence set, achieving in the limit frequentist coverage

probability at least equal to their credible level.

While related, the two above questions entail distinct analyses. Indeed, while posterior
consistency pertain to the global behaviour of the posterior distribution, understanding
the frequentist coverage of Bayesian credible sets can be approached by studying the local
microscopic fluctuations of the posterior distribution over set where it concentrates, which,
as we shall elaborate in Chapter 2, may depend subtly on the geometries involved. Both
of these issues have been intensely investigated in the literature in the past two decades
in classical nonparametric statistical models such as regression and density estimation
[104, 101]. More recently, significant advances have been achieved in extending such
results to PDE-based statistical models, including linear [138, 6, 195, 133, 166] and
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nonlinear inverse problems [241, 2, 175, 171, 167, 168], and stochastic diffusion models
[232, 110, 174, 173].

The purpose of the present thesis is to further advance our understanding in this
emerging area. In particular, elliptic equations and stochastic diffusions originating
from advection-diffusion models are considered. Chapter 2 investigates the validity of
Bayesian uncertainty quantification in a class of linear inverse problems. For Bayesian
procedures based on standard Gaussian priors, a (semiparametric) Bernstein—von Mises
theorem is proved, providing a detailed description of the limiting shape of the posterior
distributions of certain functionals of the parameter, and implying that credible intervals
are asymptotically valid confidence intervals with radius shrinking at the optimal rate. For
a concrete example based on an elliptic boundary value problem, an infinite-dimensional
extension of the result is further derived. Chapter 3 is concerned with nonlinear inverse
problems. Focusing on the prototypical example of recovering the conductivity function in
an elliptic PDE in divergence form, guarantees for posterior consistency and convergence
of the posterior mean (with upper bounds, algebraic in inverse sample size, on the rates)
are provided for Bayesian nonparametric procedures based on Gaussian (or hierarchically
Gaussian) priors. The results presented stem from a general posterior contraction rates
theory developed for a class of nonlinear inverse problems. Finally, Chapter 4 extends the
posterior consistency analysis to dynamical models based on SDEs. It is shown that the
posterior distributions on the drift vector field arising from Gaussian and p-exponential
priors contracts towards the ground truth at (minimax) optimal rate in any dimension.
These chapters are aimed to be self-contained and can also be read independently.

The remainder of this introductory chapter is mostly dedicated to presenting the
statistical models considered in Chapters 2 - 4, and to discussing the theoretical results
derived therein, with an overview on the main mathematical challenges and the proofs
strategies. The main theorems of Chapter 2 and Chapter 3 are illustrated via the results
of simulations, and detailed comments are provided on the implementation. Section 1.3
contains additional discussion, with references to relevant related literature and core

background material.

1.1 Advection-diffusion equations and related statis-

tical models

Advection-diffusion equations are a major class of second-order PDEs that describe a

large variety of phenomena in physics and applied mathematics, involving the transfer of
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a physical quantity (such as particles, energy, or individuals in a population) inside a

system due to the superposition of two processes:

1. advection, i.e., the transport by the bulk motion of a fluid containing or holding
the transferred physical quantity;

2. diffusion, that is, the transport from regions of higher concentration to regions of

lower concentration.

See, e.g., [12, Section 3.5]. Formally, let O C R?, d € N, be an open and bounded domain
with boundary 00, and let u(t, z) denote the density at time ¢ > 0 and location x € O
of a physical quantity being transferred within 0. Then, the advection-diffusion model

postulates that the evolution of u is governed by a linear parabolic PDE of the form

0

a—?zV-(AVu)—b.quLcu—ks, t>0, z€0, (1.1)
where V- = Zle 0., and V denote the divergence and gradient operators respectively.
Above, A = A(x) = [A;j(x)]¢,_, is a (matrix-valued) diffusion (or conductivity) coefficient
modelling anisotropic and spatially-varying diffusion throughout the domain O, assumed

to satisfy A;; = Aj;, ¢ # 7, and the uniform ellipticity condition

d
Y Ay(@)&; > algl? (1.2)
ij=1

for some constant a > 0, all z € O and £ = (&,...,&) € RY. The drift vector field

b=>b(x) = [bi(x),...,bg(x)] represents the velocity of the moving fluid, the scalar field

¢ = c(x) is an attenuation coefficient modelling local absorption (or release) of the
physical quantity, and the term s = s(x) describes the spatial distribution of local sources

(s(x) > 0) or sinks (s(x) < 0). For the purpose of this thesis, the coefficients A, b, ¢ and

s are assumed to be independent of time. Equation (1.1) is typically complemented with

some nitial condition
u(0,z) = h(x), z €O,

and some boundary conditions, which we take to be of Dirichlet type, prescribing for
some function g defined on the boundary 00,

u(t,z) = g(x), t>0, x€00.

The advection-diffusion equation (1.1) can be derived from a continuity equation (e.g.,

(89, Chapter 11]) for the physical quantity being transferred: in particular, the processes
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of advection and diffusion jointly induce a fluzx
F(t,z,u(t, x)) = b(x)u(t, z) — Alx)Vu(t, ), (1.3)

where the first term represents the advective flux associated to the fluid moving with
velocity b, while the second term is the diffusive flux, proportional, according to Fick’s
first law, to the concentration gradient. Note that, in view of the ellipticity condition

(1'2)7
—A(z)Vu(t,z).Vu(t,z) <0,

i.e., the diffusive flux is directed towards regions of lower concentration. Then, the
continuity equation states that for any open subregion @' C O with smooth boundary
00’ the rate of change in the total amount of the physical quantity contained in O’
equals the sum of the negative net flux through 0O’ and the net rate at which the
quantity is created or depleted within O (due to attenuation and the presence of sources

or sinks), in integral form:

d

7t Jo u(t, x)de = — /6(9’ FvdS + . [c(x)u(t, z) + s(z)] dx, (1.4)

where v is the unit outer normal field to the surface 9O’. By the divergence theorem,
Joon FvdS = [V - F(t,x,u(t, z))dx, and therefore Equation (1.4) can be rewritten as

. ;&u(t’ r)dr = // [=V - F(t,z,u(t,z)) + c(x)u(t,z) + s(z)] dx.

By the arbitrariness of the subdomain @', it can be concluded that

gtu:—V~F+cu+s,

and recalling the specific form of the flux given in (1.3),

9,
au:V-(AVu)—V-(bu)—i-cu—l—s

=V (AVu) = b.Vu—uV - b+ cu+s,

whence Equation (1.1) follows as a particular case for incompressible flows, characterised
by velocity with zero divergence, V - b = 0.
Assuming that observations from a system governed by an advection-diffusion equation

of the form (1.1) are available, several parameter identification problems can be formulated
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depending on the application and the specific measurement model at hand, including
the recovery of the coefficients A, b, ¢ and s, and of the initial condition h. For
example, among the numerous application areas are tomography and medical imaging
(e.g., [25, 11]), fluid dynamics (e.g., [64]), finance (e.g., [191, 130]), photoacustic and
scattering problems (e.g., [18, 17]) and reservoir hydrology (e.g., [247]); see [16] for an
overview.

In the next subsections, we introduce the two major classes of statistical models

originating from advection-diffusion equations that will be investigated in Chapters 2 - 4.

1.1.1 Inverse regression models for elliptic PDEs

Measurement models based on elliptic PDEs naturally arise from the advection-diffusion
setting for systems in equilibrium, for which the density u in Equation (1.1) satisfies
the steady-state condition dyu = 0. Then, denoting by u(x) = u(t, z), Equation (1.1)
simplifies to the elliptic PDE with Dirichlet boundary conditions

V- (AVu) —b.Vu+cu+s =0, e,

1.5
u(e) = g(x), e 0. (1.5)

Recall that above A = [Aij]g{jzl, with A;; = Aj;, © # 7, is a diffusion coefficient satisfying
the uniform ellipticity condition (1.2), b = [by, ..., bg| is the velocity vector field, ¢ is the
attenuation coefficient and s is the source term.

Under appropriate regularity conditions on the coefficients A, b, ¢, s and g, and on the
boundary 9O, a unique classical twice continuously-differentiable solution u € C?(O) to
(1.5) exists (e.g., [89, Chapter 6]). Assuming that measurements throughout the domain
O are available, a prototypical statistical model for applications based on a system
governed by equation (1.5) then postulates data given by discrete noisy observations of

u over a grid of design points {X;,..., Xy} C O,
Y =u(X))+ oW,  i=1,...,N, (1.6)

corrupted by statistical measurement errors Wy, ..., Wy scaled by the noise level ¢ > 0.
Since observational noise typically arise as a superposition of many small independent
random effects, a Gaussian model W7, ..., Wy N (0,1) is often realistic in view of the
central limit theorem. The design points can either be derministic (in which case we
speak of fized design), or themselves be random variables drawn from some probability

distributions on the domain O (random design case). The task at hand is then to infer
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Fig. 1.1 Left: an example of source function s. Right: the corresponding PDE solution
us (for a given diffusion coefficient A).

one of the coefficients appearing in equation (1.5) from data (Y;, X;)¥,, giving rise, in
view of the assumed randomness of the noise, to a statistical inverse (regression) problem.

Concrete instances of statistical inverse problems of the form (1.6) (or a continuous
version thereof) are considered in Chapters 2 and 3. In particular, Chapter 2 investigates
linear inverse problems, wherein the relationship between the unknown parameter of
interest and the observed object (e.g., the PDE solution w in (1.6)) is given by a linear
forward map. The main example considered entails the recovery of the unknown source

function s in the steady-state diffusion equation with zero Dirichlet boundary conditions

V- (AVu) = s, z e O,

u(z) =0, x € 00, 17

from noisy observations of its solution u = ug, for smooth 00O and known diffusion
coefficient A. By standard elliptic theory (e.g., [89, Chapter 6]), the associated forward
map

G: L*0) = L*0), S > U,

where L?(O) denotes the usual space of measurable and square integrable functions on
O, defines an injective compact linear operator with unbounded inverse, giving rise to a
linear ill-posed inverse problem. Figure 1.1 provides an illustration of the problem on
the unit disk for a specific choice of the source s (and fixed diffusion coefficient A); see
Section 1.2.1 for details on the implementation and numerical results.

In Chapter 3 the scope of the investigation is broadened to nonlinear inverse problems.

In the representative example considered here, the goal is to recover the unknown positive
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Fig. 1.2 Left: an example of scalar diffusion coefficient a. Right: the corresponding PDE
solution u, (for a given source function s)

scalar diffusion coefficient a : O — [Kyin, 00), Kpmin > 0, from noisy discrete observations

of the solution u = u, of the elliptic boundary value problem

V- (aVu) = s, z e O,

u(z) =0, x € 00, (18)

for smooth 0O and known positive source term s satisfying inf,co s(z) > 0. While the
PDE (1.8) is linear in u, its solution depends nonlinearly on the diffusion coefficient a,
as can be observed already in the simplest one-dimensional setting with O = (0,1) and

constant a(z) = a > 0 and s(x) = 1:

d2
ad_;; —1,  ze(0,1), u(0)=u(l)=0,
with unique solution
x(z —1)
oT) = ——, 0, 1].
uq () 5 z € [0,1]

For any continuously differentiable a € C'(0), the Schauder theory for elliptic PDEs
(e.g., Theorem 6.14 in [89]) implies that the boundary value problem (1.8) has a unique

classical solution u, € C?(O), resulting in the nonlinear forward map

G {a e CO) : intf a(z) > Kmm} S CN0),  ar

€O

The positivity constraint on the source term s is a natural assumption that guarantees

injectivity of the above forward map (cfr. [199, 176]), a necessary condition for the
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identification of a from observations of the solution u,. The problem is illustrated in

Figure 1.2; see Section 1.2.2 for numerical results.

1.1.2 Stochastic diffusion models

If it is of interest to explicitly take into account the time evolution nature of the advection-
diffusion equation (1.1), an observation model of the form (1.6) may still be relevant,
for example considering measurements of the solution u(7,z), x € O, at some fixed
time instant 7' > 0 (e.g, as in Example 2.2 in Chapter 2 for the recovery of the initial
condition of the heat equation), or alternatively discrete observations over a collection of
several time instants and spatial locations (e.g., as in [131]). A second class of statistical
models arises from considering the microscopic components of the system. In particular,
the process of advection causes the particles in the system to drift following the bulk
motion of the fluid. Such particles are then further subject to random collisions with
each other, with intensity depending on the characteristic of the medium, that perturb
their trajectories and cause the phenomenon of diffusion. Formally, letting X; denote the
state of a particle at time ¢ > 0, the trajectory (X; : ¢ > 0) is modelled probabilistically

as a random process satisfying the multi-dimensional SDE

where (W; : t > 0) is a standard d-dimensional Brownian motion, and where we recall that
b=1[by,...,ba] : R = R? is the fluid velocity vector field and A = [A;]¢,_, : R — R
is the diffusion coefficient. Advection-diffusion equations of the form (1.1) then provide
a description of the macroscopic behaviour of a system of particles evolving according
to the SDE (1.9): specifically, for any sufficiently regular function h : R? — R and any
initial state Xy = 2 € RY, the conditional expectation u(t,z) = E[h(X;)| Xy = ] satisfies
the parabolic PDE (e.g., [15, Section 10.1])

ou = %Zf,j:1 e aikakjaixju + 34 b0y, u, t>0, z¢€R%
u(0,z) = h(x), r € R

The collection of all such expectations characterises the conditional law, given the initial
state, of X; for any time instant ¢ > 0, thereby providing a description of the time
evolution of the spatial distribution of a system composed by a large number of particles
evolving according to the SDE (1.9).
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Fig. 1.3 In red, an example of gradient drift vector field, arising from the potential
B(x,y) = cos?x + sin?y. In blue, a diffusion path.

Under suitable regularity conditions on A and b, there exists a unique strong pathwise
solution to the SDE (1.9), that defines a d-dimensional Markov diffusion process (e.g.,
Chapters 24 and 39 in [19]). Assuming that observations on the state of a particle are
available through time, a coherent measurement model then postulates data given by the
continuous trajectory X7 = (X; : 0 <t <T) up to time T > 0, or of discrete samples
thereof. The task at hand then consists in inferring either the diffusion coefficient A or
the drift . Such inferential problems naturally arise in a large variety of applications
areas that involve dynamical models based on SDEs, including finance (e.g., [36, 121]),
life sciences (e.g., [96]), physics (e.g., [58]) and biology (e.g., [245]).

In Chapter 4, a specific instance of the multi-dimensional SDE model (1.9) is con-
sidered, where the diffusion coefficient A is assumed to be known and set equal to the
identity matrix of R? (cfr. Section 4.3.4 for models with non-constant diffusivity), and

the drift arises as a gradient vector field b = VB of some unknown potential B : R? — R,

dX, = VB(X)dt+W,,  t>0.
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Such assumption on the drift reflects a typical physical situation in which a particle
moves within a potential energy field, modelled by the map B, which exerts a force on
the particle directed towards its local extrema (e.g., [77]). Figure 1.3 shows a realisation

of the diffusion path for a specific (periodic) choice of the potential.

1.2 Overview of results

The purpose of the present thesis is to investigate the theoretical properties of Bayesian
nonparametric procedures in the PDE-based statistical models introduced above. Chap-
ters 2 - 3 consider the inverse regression setting described in Section 1.1.1, while Chapter
4 studies the stochastic diffusion models introduced in Section 1.1.2. The next subsections
provide an overview of the results derived in the later chapters, discussing the main
mathematical challenges and the proofs strategies. The theory developed in Chapter 2

and Chapter 3 is illustrated via the results of simulations.

1.2.1 Statistical guarantees for Bayesian uncertainty quantifi-

cation in linear inverse problems
Bernstein—von Mises theorems for linear inverse problems

In Chapter 2, statistical guarantees on the performance of Bayesian nonparametric
procedures based on standard Gaussian priors are provided for a general class of linear
inverse problems, in which the forward map defines an injective linear and continuous

operator between separable Hilbert spaces
G W1 — WQ.

For conciseness, we here present the results in the context of the source identification
problem described in Section 1.1.1, entailing the recovery of the unknown source function
s € L*(O) = W, in the elliptic boundary value problem (1.7) from noisy observations of
its solution G's = u, € L*(O) = W,. See Section 2.2 for the general theory and Section
2.3 for further examples.

The results are developed in a continuous analogue (in the sense of Le Cam equivalence
[48, 197]) of the discrete inverse regression model (1.6), assuming observations of the
functional equation

Ye=Gs+eW, >0, (1.10)
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where W is a Gaussian white noise process indexed by L?(0); see Section 2.2.1 for
details. In particular, observing data Y© in (1.10) is understood as observing a re-
alisation of the Gaussian process (Y¢(¢) : ¢ € Whs), with marginal distributions
Ye(¢) ~ N({(Gs, )12, %¢l|2:). Providing that Gs € L?(0), the (cylindrically de-
fined) law PY" of Y* in (1.10) is absolutely continuous with respect to the law Py~ of
eW, with log-likelihood

1 1
l(s) = 8—2<Y5, Gs)p2 — 2—€2HG5H%Q.

Assigning to s a prior distribution IT on L?(Q) then induces, via Bayes’ formula, the

posterior distribution

H(3|y€) _ fB 666(8)6“‘—[(5)

2
T T2 GO dII(s)) B C L*(O) measurable.

In particular, Gaussian priors represent a natural choice for Bayesian nonparametric
inference in model (1.10), since, in view of the linearity of the forward map G, they are
conjugate and thus allow for an explicit characterisation of the posterior (cfr. (1.16) and
(1.17) below). Specifically, it is of interest to consider standard Gaussian priors whose
specification does not require additional (and often unavailable) information about the
forward map G, such as its singular value decomposition. In Chapter 2, a large class of
Gaussian priors is considered with reproducing kernel Hilbert spaces (RKHSs) of Sobolev
type: these include the frequently used Matérn processes, as well as Gaussian series on
standard basis functions; see Section 2.3. For such priors, posterior inference can be
concretely implemented exploiting the appropriate conjugate formulae.

As mentioned in the introduction (and as further elaborated in Section 2.1), the
properties of Bayesian credible sets depend on the fine interplay between the local
asymptotic behaviour of the posterior distribution and the geometries involved, which in
the nonparametric setting may give rise to substantial obstructions even in the simplest
direct sequence space model [95]. To address these issues, in Chapter 2 we build on
the semi-parametric approach developed by Castillo and Nickl [52, 53] (and refined
in [166] and [171] in the inverse problems setting), and study the induced posterior
distributions on one-dimensional functionals of the form (s,v)r2, for test functions
Y € L*(0) satisfying a minimal (Sobolev) regularity condition. Our main result is a
semiparametric Bernstein—von Mises theorem (cfr. Theorem 2.2), which, under mild

assumptions on the true source sy and on the prior regularity, identifies a precise Gaussian
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limit for the (centred and scaled) one-dimensional posterior distributions:

L <i<$ - 587 w>L2

YE) Ly N(0, |V - (AVY)[2), &0, (1.11)

in P} -probability. The asymptotic variance ||V - (AV#)|3. is minimal, as it can be
shown to coincide with the Cramér-Rao lower bound for estimating (sg, ¢) 2 from data
(1.10) (cfr. Appendix 2.A). Above, 5. = E"[s|Y?] is the posterior mean, which in view
of the Gaussianity of the posterior distribution coincides with the posterior mode, and
hence can be characterised as a Tikhonov regqulariser found by minimising the penalised

least squares functional

1 1 1 1
Qs) = ~Lels) + g5l =~ (V7 Gsbie + gl sl + Slslfes (112
with squared Sobolev norm penalty || - ||%. induced by the prior; see Section 2.2.2 for

details. From the convergence of moments in (1.11), a central limit theorem for the

plug-in Tikhonov regularisers can then be deduced as well (cfr. Remark 2.1):

(8092 — {50, 0)12) > NIV - (AVO)I), € =0,

showing, in view of the minimality of the asymptotic variance ||V - (AV®)|[2., that
(Se, )2 is an asymptotically efficient estimator of (sg, 1) 2.

Finally, alongside efficiency of the plug-in Tikhonov regularisers, the Bernstein—
von Mises result (1.11) also implies that Bayesian credible intervals built around such
estimators are asymptotically valid and optimal confidence intervals. In particular, for
any a € (0,1), the (1 — a)%-credible interval

C. = {.1' SN ‘(557¢>L2 - 37‘ < Re}a H(S : <57w>L2 € CE‘YE) =1-a,

for R. > 0 the appropriate posterior quantile, has asymptotically (1 — «)% frequentist
coverage,
PY" ((so, )2 € Co) = 1 — a, e —0,

and radius shrinking at optimal (parametric) rate R. = OPS%E (e71); see Corollary 2.2.
The results presented in the chapter thus shows that semi-parametric posterior
estimation and uncertainty quantification based on standard Gaussian priors, which can
be straightforwardly implemented in practice thanks to conjugacy, are valid and optimal
from a frequentist point of view. In fact, exploiting the uniformity in the limit (1.11) for

¥ in a Sobolev ball, a nonparametric version of the result is further derived (cfr. Theorem
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Fig. 1.4 Left: N = 1453 nodes in a deterministic triangular mesh. Right: N = 1453
noisy discrete observation of the PDE solution Gsg over the design points shown on the
left (cfr. Figure 1.1 for the noiseless PDE solution).

2.3), that entails the weak convergence, in a dual Sobolev space topology, of the (scaled
and centred) posterior distribution to a fixed Gaussian measure whose one-dimensional
marginals are identified by the right-hand side of (1.11). As a consequence, a central limit
theorem for the posterior mean s, is derived, as well as frequentist coverage properties
for certain credible balls centred around s, in the dual space where the convergence is
attained.

Implementation of the algorithm

For the inverse problem of recovering the unknown source function s in the elliptic
boundary value problem (1.7), we take the unit disk O = {(z,y) € R? : 2% + y* < 1}
as the working domain, and we assume in practice that we are given N noisy point

evaluations of the solution G's = u over a deterministic grid {z;,...,zx} C O,
Y, = Gs(x;) +oWi,  W; S N(0,1), o> 0. (1.13)

Specifically, we take the design point as the nodes in a triangular mesh in O (see Figure
1.4, left).
We discretise the parameter space by modelling the unknown source function s as a

finite sum
M

5§ = Z Sim®ms Sm € R, (1.14)

m=1
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Fig. 1.5 Left to right, top to bottom: posterior mean estimates s, of the source function
s for decreasing values of the noise standard deviation ¢ = .005,.001,.0005, .0001.

where {¢,, : m > 1} is the family of eigenfunctions of the Laplacian on the disk
[61] (satisfying zero Dirichlet boundary conditions), with corresponding eigenvalues
{A\m : m > 1}. Such disk harmonics form an orthonormal system in L?(Q) and span
the regularity scale of Sobolev functions (with zero-trace). Identifying s in (1.14) with
the coefficient vector s = [sq, ..., sy, the observation model (1.13) then becomes, in
vectorial notation,

Y = Gs+ oW, (1.15)

where Y = [V1,...,Y,], W = [W,,...,W,] ~ N(0,Iy) for Iy the identity matrix of
RN and where G is the discretisation of the forward operator G given by the N x M
matrix with entries G;,,, = G, (2;). The computation of the discretised forward operator
is performed using Matlab PDE Toolbox (which also provides the code to generate the
triangular mesh) and the implementation of the disk harmonics within the Chebfun

package [244].



1.2 Overview of results 17

02

- 08 -08 04 02 ] 02 04 08 08 1
X

Fig. 1.6 In red, cross-section along the x-axis of 2500 posterior samples. In black and
dotted blue respectively, the cross-section of the true source function sy and of the
posterior mean estimate s, .

For given s € RM | the observation Y in (1.15) has conditional distribution Y|s ~
N(Gs, 0%Iy). Specifying a prior distribution s ~ N(0,T), for some known covariance

matrix [' € RMM then gives, by a standard conjugate computation, the posterior
s|Y ~ N(s,,I'5), (1.16)

where

I, = (U_QGTG + F_l)il : s, =0 °T,GTY. (1.17)

For concrete instances of the prior covariance matrix I', the posterior mean s, and
covariance matrix I', can readily be computed from the data, allowing direct posterior
sampling according to (1.16). In particular, natural choices are diagonal prior covariance
matrices modelling Sobolev regularities, of the form I' = diag(A{ %, ..., A\;/) for a > 0,
and where {\,, : m > 1} are the Laplacian eigenvalues.

Figure 1.4 (right) shows noisy discrete observations of the PDE solution corresponding
to the true source function so(x,y) = e~ O+=28)*=(0)* 4 = (7:52)°~(25y)* | o= (52-25)°~(5y)°

(shown above in Figure 1.1, left). The diffusion coefficient was taken to be A = als,
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for I, the identity matrix of R*? and for, in polar coordinates, a(r,0) = 40.5 —
40 {cos [(sin(7r) cos(0) + sin(27r) sin(f))/4]}, r € [0,1], 6 € [0,27). The triangular
mesh used has N = 1453 nodes, and the noise standard deviation was set ¢ = .005.
The posterior mean estimates obtained for decreasing values of the noise standard devi-
ation o = .005,.001,.0005,.0001. are shown in Figure 1.5, to be compared to the true
source function pictured in 1.1, left. For all four estimates, an expansion (1.14) with
M = 210 basis function was used, and the prior covariance matrix was taken to be
I = diag(A\; %, ..., A\y5). Finally, Figure 1.6 provides a visualisation of the Bayesian
uncertainty quantification, showing the cross section along the x-axis of 2500 posterior
samples (obtained with o = .0005).

1.2.2 Consistent Bayesian inference in nonlinear inverse prob-

lems
Posterior contraction rates and convergence of the posterior mean

In Chapter 3, we turn to the study of nonlinear inverse problems. We focus on the
representative elliptic example introduced in Section 1.1.1, consisting in the recovery of
the unknown scalar positive diffusion coefficient a from noisy discrete observations of the
solution G(a) = u of the elliptic PDE (1.8). In particular, we assume observations

Y = G(a)(X;) +oWi, Wi X N(0,1), o>0, (1.18)
for design points X; " U(O) uniformly drawn at random on O. For any fixed a € C*(O)
S&tiSfyil’lg infze@ CL(I) Z Kmin; Kmm > 07 the law ngv of (Y(N)7 X(N)) = ((Y;)fila (XZ)£V:1)
on RY x OV is then absolutely continuous with respect to the (product) Lebesgue
measure, with negative log-likelihood equal to, up to an additive constant, the least-

squares functional
1 N
—n(0) = 5 > [¥i = Gla) (X)) (1.19)
i=1

As observed in Section 1.1.1, the PDE solution G(a) depends nonlinearly on the
diffusion coefficient a, implying that the above functional is non-convex. As a consequence,
commonly used recovery methods (such as maximum likelihood estimators or Tikhonov
regularisers) defined as optimisers of likelihood-based objective functionals cannot be
reliably computed by standard convex optimisation techniques. Bayesian procedures
represent an attractive alternative non-optimisation based approach to estimation and

uncertainty quantification in such non-convex statistical models, that can reliably be



1.2 Overview of results 19

implemented via modern MCMC methodology; see Section 3.1 for further discussion. In
particular, Gaussian priors are widely used in Bayesian inverse problems [220, 73], due to
advantageous methodological and computational features, including a natural connection
with classical regularisation methods (cfr. (1.12)) and the existence of ad hoc sampling
methods (such as the pCN algorithm used below), as well as for their rich theory on
sample paths properties.

In Chapter 3, we study posterior consistency and the convergence of the posterior
mean for Bayesian nonparametric procedures based on a large class of Gaussian (and
hierarchical Gaussian) priors with RKHSs of Sobolev type, suitably parametrised to
incorporate the positivity constraint on a. Our main results (cfr. Theorems 3.2 and
3.5) show that the posterior distributions arising from such priors concentrate in L?-
distance around the true diffusion coefficient ay generating the data, with an upper bound

(algebraic in inverse sample size) on the contraction rates:

I (a: a—aofe > LN Y™, X)) 29 g, (1.20)

as N — oo for large enough L > 0 and some A > 0 (explicitly characterised in the proofs).
As a corollary, we derive the same convergence rates for the corresponding posterior

mean estimators ay = E%[a|Y ™) XM)] (cfr. Theorems 3.3 and 3.6),
lan = aoll2 = Opy (N7*), N — 0. (1.21)

We briefly outline the proofs. Applying ideas developed in [167] for an inverse problem
with (non-Abelian) X-ray transforms, we first consider the related PDE-constrained
regression problem of estimating the true PDE solution G/(ag) from data (1.18). Theorems
3.1 and 3.4 show that, if ag is an a-regular Sobolev function satisfying some minimal
smoothness assumptions, the induced (non-Gaussian) posterior distributions on the PDE
solution G/(a) concentrates around G(ag) at the (minimax) optimal posterior contraction

rate,
11 (a: |Ga) — Glag)|| 2 > LN 5|y ™), x () Py ), (1.22)

as N — oo for sufficiently large L > 0. Theorems 3.1 and 3.4 are based on general theory
for posterior contraction rates in forward risk developed in Appendix 3.A for a class of
nonlinear inverse problems with forward map satisfying local Lipschitz regression estimates
and boundedness conditions (see (3.32) and (3.33) below). Under these assumptions, the
Hellinger contraction rates theory for Gaussian priors (for direct models) [235] can be

successfully employed in the inverse problems setting exploiting a standard inequality for
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the Hellinger distance due to Birgé [30]. For the elliptic example considered here, the
specific estimates used were established in [176].

The posterior contraction rates (1.20) for the diffusion coefficient then follow combining
(1.22) with a suitable stability estimate, that is, a ‘local’ Lipschitz estimate (uniform on

sets of bounded Hoélder norm) for the inverse of the forward map G, proved in [176],
la —aollz2 S llaller|G(a) — Glao) | 12,

holding for all sufficiently regular a, ag, with multiplicative constant independent of a.
Lastly, we deduce the convergence rates (1.21) for the posterior mean using uniform
integrability arguments applied to the contracting posterior distributions.

Apart from the elliptic inverse problem considered here, the general framework
assumed in Appendix 3.A further encompasses several other nonlinear inverse problems,
including the Schrodinger equation [171, 176, 177] and the parabolic Schrodinger equation
[131], as well as many linear inverse problems such as the classical Radon transform
[176], for which the general theory developed in Chapter 3 provides a template to obtain
posterior contraction rates via regression and stability estimates.

The local nature of the Lipschitz condition on the forward map G and of the above
stability estimate implies the necessity of additional a priori regularisation in order to
quantitatively control the norm of the posterior draws (in the relevant function spaces).
In Chapter 3, we first address such issues introducing a sample size dependent scaling of
a base standard Gaussian prior (cfr. (3.11)), which implies asymptotic concentration of
the posterior distribution over sets of bounded Holder norms. Secondly, we show that
sufficient regularisation can alternatively be achieved by (fully Bayesian) hierarchical
prior modelling, introducing a random truncation point with a suitable hyper-prior in the
series expansion of the base Gaussian prior (cfr. (3.19)). For such hierarchical Gaussian
priors, the forward contraction rates (1.22) for the PDE solution are also shown to be

adaptive to the smoothness a.

Implementation of the algorithm

We take the unit disk O = {(z,y) € R? : 22 + y* < 1} as the working domain, and
assume we are given N noisy discrete evaluations of the PDE solution as in (1.18) over a
grid of design points uniformly drawn at random on O, shown in Figure 1.7.

Following the approach in Chapter 3, the positivity constraint on the diffusion
coefficient a is incorporated by modelling a as the composition a = ®od’, fora’ : O — R

and where ® : R — [K,in, 0), Kpnin > 0, is a fixed bijective smooth link function (see
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Fig. 1.7 Left: mesh with N = 1000 random design points. Right: N = 1000 noisy
discrete observation of the PDE solution G(ag) over the design points shown on the left
(cfr. Figure 1.2 for the noiseless PDE solution).

Section 3.2.2 for details). We then discretise the parameter space by assuming that a’ is

given by the finite sum

M
d=> a5, im, am € R, (1.23)
m=1

where {1, ...

nodes {z, . .

, ¥} are piecewise linear functions on a deterministic triangular mesh with
., zm} € O (displayed in Figure 1.8), uniquely characterised by the relation
Ui (Zn) = Lm=nvy. Accordingly, o’ in (1.23) satisfies a'(zp,) = a,, and for any « € O the
m=1,...,M}.

We note that a discretisation approach based on an orthonormal system of basis functions

value @/(z) is obtained by linear interpolation over the pairs {(z,, @) :

as described in Section 1.2.1 could be used as well.

We assign to a’ a Gaussian process prior I1, which can readily be implemented under
the discretisation described above. In particular, if II arises as the law of a centred
Gaussian process on O with covariance function C(z,z'), z,2’ € O, a sample a’ ~ II is
drawn in practice by sampling the vector of coefficients a’ = [a}, ..., d),] in (1.23) from
the multivariate Gaussian distribution on RM

a’ ~ N(0,0), C= [Cmm’]M

mani=1s Crmm = C(2m, 2,,).

m
Specifically, we consider covariance functions of Matérn type, given by

r2ur\" rv/2v
<£>Ky<€>, >0,

Clz,2') = c(|lz = 2)),
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Fig. 1.8 Left to right, top to bottom: deterministic triangular mesh with M = 1969 nodes;
samples from a Matérn process prior with smoothness parameter v = 5 and decreasing
length parameter ¢ = .25,.1,.05 respectively.

where I" denotes the gamma function and K, is the modified Bessel function of the second
kind. The hyperparameter v > 0 controls the Sobolev regularity of the sample paths,
while ¢ > 0 determines the characteristic length-scale (cfr. Figure 1.8).

Unlike the conjugate situation considered in Chapter 2, in the nonlinear setting the
posterior distribution is in general not available in closed form. For Gaussian priors,
specific MCMC algorithms have been developed to (approximately) sample from the
posterior distributions, including the preconditioned Crank-Nicholson (pCN) method
[63]. In the present setting, the pCN algorithm generates a Markov chain (9% )>1 with
invariant measure equal to the posterior distribution of a’, starting from an initialisation

point ¥y and then, for k£ > 0, repeating the following steps:

1. draw a prior sample € ~ II and for § > 0 define the proposal p = /1 — 200+ V/20¢;
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Fig. 1.9 Posterior mean estimate ay of the diffusion coefficient a, computed via the pCN
algorithm.

2. set

p,  with probability 1 A e/~ (®ep)=tn(Podk)
Upy1 = .
¥y, otherwise,

where (y is the log-likelihood function in (1.19).

For each iteration, step 2. requires the evaluation of the log-likelihood ¢y (® o p), which in
turn entails the numerical evaluation of the PDE solution G(® o p) at the design points
{X1,..., Xn} (cfr. (1.19)), performed in practice using Matlab PDE Toolbox (which also
provide an implementation of the triangular mesh for the discretisation of the parameter
space). Prior samples & ~ II required in step 1. are drawn as described above.

The algorithm is terminated after K steps, returning approximate samples (¢, : k =
0,...,K) from the posterior distribution of a’. Under certain assumptions on the forward
map that are compatible with the present setting, Hairer, Stuart and Vollmer [113]
derived dimension-free spectral gaps which imply rapid convergence towards the invariant
measure. As a consequence, the posterior mean can be reliably computed numerically by
the MCMC average

with non-asymptotic bounds for the numerical approximation error. Posterior credible
sets can likewise be reliably computed by considering the empirical quantiles of the pCN
samples.

Figure 1.7 (right) shows N = 1000 noisy discrete observations of the PDE solu-

tion corresponding to the true diffusion coefficient ag(x,y) = e~ (100-25)*~(10y=2.5)* 4
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Fig. 1.10 Left: acceptance rate over K = 25000 pCN samples. The rate stabilises around
30% after the initial burn-in time (first 2000 iterates). Right: in blue, the log-likelihood
Un (P o vy) of the first 2000 iterates (burn-in time); in red, the loglikelihood ¢y (ag) of the
true diffusion coefficient aq.

e~ (102-2.5)2—(10yx2.5)? 4 o—(102+2.5)2=(10y+2.5)* 4 o—(102+2.5)*—(10y—2.5)* (shown above in Figure
1.2, left). The source function was taken to be constant s(z,y) = 1. The noise standard
deviation was set ¢ = .005. The posterior mean estimate, computed via the pCN
algorithm (with K = 25000 iterations), is shown in Figure 1.9, to be compared to the
true diffusion coefficient pictured in Figure 1.2, left. The parameter space was discretised
using a triangular mesh with M = 1969 nodes, and the hyperparameter for the Matérn
process prior were set v =5 and ¢ = .125. The step-size 0 for the pCN algorithm was set
d = .00125, tuned so that after the initial burn-in time (here seen to roughly correspond
to the first 2000 iterates), the acceptance rate of new proposals stabilises around 30%; see
Figure 1.10 (left). A non-informative initialisation point ¥y = 0 for the pCN algorithm
was chosen. Figure 1.10 (right) shows the log-likelihood £y (P o 1Jx) over the burn-in time,
seen to rapidly increase towards, and then stabilise around, the log-likelihood ¢y (ag)

attained by the true diffusion coefficient aq.

1.2.3 Consistent Bayesian inference in multi-dimensional stochas-

tic diffusion models

In the fourth and final chapter of the present thesis we investigate the posterior consistency
of Bayesian nonparametric procedures in the stochastic diffusion setting introduced in
Section 1.1.2. In particular, we study the problem of estimating a twice-continuously
differentiable potential function B : R? — R from continuous observations X7 = (X, :

0<t<T), T>0, of the trajectory of the multi-dimensional diffusion process governed
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by the SDE
dX, = VB(X,) +dW,,  t>0, (1.24)

for some initial condition X, = zy € RY, where (W, : t > 0) is a standard d-
dimensional Brownian motion. Drift vector fields in gradient form naturally arise in
physical applications in the presence of potential energy fields; see Section 4.1 for more
discussion.

In order for consistent estimation of B from X7 to be possible, additional assumptions
on the model are typically needed to ensure suitable recurrence properties on the diffusion
sample paths, so that growing information about the value B(z) at each x € T? is
accumulated as the time horizon T increases. As in [181, 187, 1, 173] among others,
we here assume that the unknown potential B is periodic, and regard it as a function
defined on the d-dimensional torus T¢. In analogy to Kolmogorov’s characterisation of
time-reversible diffusions on R? (e.g., [15]), it then follows that the periodised diffusion
(modulo Z?%) is reversible on T¢, with unique invariant probability density function

623(:10)

d

for which it holds that, for any continuous and one-periodic ¢ € C(T?),

f; /OT P(Xe) = /T o(z)pp(z)de

in probability under the law of the data as T — oo. See Section 4.2.2 for details. In
such periodic setting, for any B € C?(T?), Girsanov’s theorem (e.g., [19]) implies that
the law P of X7 in (1.24) is absolutely continuous with respect to the law P of
(W + 0<t<T), with log-likelihood
1 T T
(r(B) = —5/0 IV B(X,)|%dt +/0 VB(X,).dX;. (1.26)
In Chapter 4, two major classes of priors for B on C?(T?) are considered, modelling the
unknown potential according to either a Gaussian or a p-exponential prior. Gaussian priors
are widely used in drift estimation problems for diffusions (e.g., [187, 110, 238, 20, 173]),
and, as we show in Section 4.3.1, in the present setting represent a natural choice in view
of conjugacy, which stems from the quadratic dependence on B of the log-likelihood in
(1.26). The class of p-exponential priors [5] (which include Besov priors, popular in the
inverse problem community, e.g., [239, 209, 73, 4]) generalise the series construction of

Gaussian priors allowing for heavier-tailed random coefficients. Such added flexibility has
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been observed to imply a number of desirable properties, including sparsity-promoting
and edge-preserving reconstruction, suited to the recovery of spatially-irregular, blocky
structures such as images. While in general non-conjugate, p-exponential prior maintain
a log-concave structure which, in view of the quadratic form of the log-likelihood in
(1.26), implies that posterior inference in the reversible diffusion model (1.24) can be
approached with convex optimisation and sampling techniques; see Remark 4.1.

Our main results (cfr. Theorems 4.1 and 4.2) show that, for suitable choices of the
prior hyperparameters, the posterior distributions arising from both classes of priors
concentrates around the true potential By generating the data at the (minimax) optimal
posterior contraction rates. In particular, if By is an («a + 1)-regular Sobolev function,
then

I(B: VB~ VB > LT =5|X") ™4 0 (1.27)

as T — oo for large enough L > 0. Above, p = 2 in the case of Gaussian priors. The
result is formulated in terms of the distance ||VB — V By||r», since B is identifiable
only up to additive constants in view of the dependence of ¢7(B) on VB in (1.26). In
fact, after a standard identifiability assumption, the same contraction rates in (1.27) are
attained in the Sobolev norm ||B — Byl|w1.»; see the discussion after Theorem 4.1.
While the asymptotic theory for Bayesian nonparametric procedures for drift esti-
mation is well-developed in the one-dimensional case d = 1 (e.g., [232, 238, 174, 1]),
the multi-dimensional setting d > 2 is considerably more challenging and essentially
unexplored, with the exception of the recent work by Nickl and Ray [173] for non-
reversible diffusions. Specifically, the key challenges in studying the asymptotic behaviour

of posterior distributions in the multi-dimensional reversible diffusion model (1.24) are:

1. the non-availability in the multi-dimensional setting of the powerful diffusion local

times techniques;

2. the more involved dependence in the reversible setting of the log-likelihood ¢7(B)
on B, resulting in substantial difficulty in employing the Hellinger testing theory

for contraction rates in diffusion models [232, 173].

More discussion can be found in Section 4.1. In Chapter 4, we address these issues
using ideas developed in [103] for density estimation, and directly construct plug-in tests
with exponentially decaying type-I and type-II error probabilities based on preliminary
estimators with suitable concentration inequalities (see Lemma 4.2). In particular, we
exploit the relationship (1.25) between the invariant measure g and the potential B to

construct, starting from an estimator fir of up (of wavelet projection type, cfr. (4.21)),
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the estimator %V log fir of the drift VB, for which we derive a stability estimate of the
form (cfr. (4.23))

1 N N
HvaguT - VBHL < lar — psllwis, (1.28)

holding with high probability under the law of the data X7 ~ PL uniformly for B in sets
of bounded Hélder norm. The required concentration inequality for ||5V log fip — VB||r»
then follows from a key concentration inequality for ||jir — upllw1.», which we derive by
a duality argument (cfr. the proof of Lemma 4.3), and a refinement of the bound proved
in [173] for the suprema of the empirical process (see Proposition 4.1).

In following the program outlined above, the nonlinearity in the relationship (1.25)
between the invariant measure pp and the potential B gives rise to certain nonlinear
effects in the proofs similar to those encountered in the inverse problem setting described
in Section 1.2.2, including the locality of the stability estimate (1.28). In Chapter
4 we address such issues using tools from the nonlinear inverse problems literature
(167, 2, 177, 168], introducing a T-dependent scaling of the Gaussian and p-exponential
priors analogous the scaling used in Chapter 3, which enforces a bound on the Hélder

norm of the posterior draws (cfr. Lemma 4.5).

1.3 Further discussion and related literature

1.3.1 Computational guarantees for MCMC algorithms

The focus of the present thesis is on deriving statistical guarantees for Bayesian non-
parametric procedures in statistical models arising from PDEs. As mentioned in the
introduction, outside of certain conjugate settings such as those outlined in Sections
1.2.1 and 1.2.3, the implementation of such procedures rely in practice on numerical
algorithms to extract information from the non-explicitly available posterior distributions.
A fundamental question closely related to the investigation carried out in this thesis
then arises as to whether, and by what algorithms, the numerical implementation of
Bayesian methods can be achieved with a feasible computational cost in complex and
high-dimensional statistical models.

Among the most prominent computational methods for Bayesian inference is (approx-
imate) posterior sampling via MCMC algorithms; see, e.g., [200] for an introduction. In
the last two decades, the design of sampling methods suited to the high- and infinite-
dimensional framework has enjoyed considerable progresses, leading to the development
of a wide range of methodologies; see [165, 203, 224, 29, 63, 66, 62, 26] and the many

references therein. In this setting, two major classes of MCMC algorithms are Metropolis-
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Hastings methods [28, 29, 120] (including the pCN algorithm [63] implemented for the
simulations in Section 1.2.2), and gradient-based Langevin Monte Carlo methods [202, 9].

Recently, a line of theoretical work has emerged to provide computational guarantees
on the performance and computational cost of such algorithms, which generally aims
to quantify the number of required MCMC iterations in order to numerically evaluate
quantities of interest up to a desired precision level. For the (unadjusted) Langevin
algorithm, the first results in this direction were derived by Dalalyan [69], and by Durmus
and Moulines [81, 82] for posterior distributions with (strongly) log-concave densities,
providing non-asymptotic upper bounds on the mixing times that scale polynomially
with respect to sample size and dimension. Related results are in [44, 85, 84] for
Metropolis-adjusted Langevin algorithms and in [154, 43, 59] for Hamiltonian Monte
Carlo. Extensions under geometric conditions close to log-concavity are studied in
(60, 158, 240].

While the statistical linear inverse problems studied in Chapter 2 and the stochastic
diffusion model considered in Chapter 4 are characterised by log-concave likelihoods,
the posterior densities arising in nonlinear inverse problems are in general non log-
concave (cfr. Sections 1.2.2 and 3.1). In particular, the nonlinearity of the forward
map may cause the presence of multiple posterior modes, potentially leading to mixing
times that depend exponentially on the sample size in the statistically relevant large
sample scenario, in which, due to posterior contraction, the posterior distributions
tend to become increasingly spiked around their modes (cfr. [86], and the discussion
in [177]). In such non log-concave framework, the aforementioned work by Hairer,
Stuart and Vollmer [113] first derived dimension-independent spectral gaps for the pCN
algorithm, under uniformly boundedness and local Lipschitz assumptions compatible
with nonlinear inverse problems in PDEs (including the elliptic example considered
in Chapter 3), which imply dimension-free computational guarantees (however, with
an implicit dependence on sample size, potentially exponential for spiked multimodal
posterior densities, cfr. [177]). The computational cost of MCMC methods in the large
sample scenario for high-dimensional and non log-concave models is investigated in [22]
under a Bernstein—von Mises assumption. Finally, Nickl and Wang [177] very recently
obtained non-asymptotic computational guarantees scaling polynomially in sample size
and dimension for a Langevin-type algorithm in an elliptic nonlinear inverse problem
for the Schrédinger equation, based on a general theory for nonlinear inverse regression
models satisfying local regularity and curvature assumptions. Such results have been
extended in [40] to a general class of PDEs (in particular, to transport equations for

non-Abelian X-ray transforms).
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1.3.2 Classical and statistical approaches to inverse problems

The study of inverse problems arising from PDEs has a long history in applied mathematics
and numerical analysis. The typical general mathematical formulation of an inverse
problem involves a forward operator G : W; — W, between two Banach spaces Wy, W,

and the recovery of an unknown element f € W, from data
Y =G(f)+W, (1.29)

where W represents the observational noise. An intrinsic characteristic of a wide class of
inverse problems is that they are ill-posed (in the sense of Hadamard [112]): the forward
map G is in general not continuously invertible on its range, so that even in the absence of
noise (i.e., W = 0), equation (1.29) might not have a solution, or it might have multiple
solutions or one that depend sensitively on the data Y.

In the classical (deterministic) approach to inverse problems, the observational noise
W is assumed to be a deterministic unknown element of W, with bounded norm, and
the convergence of recovery algorithms is then evaluated according to a worst-case error
analysis. In particular, in the reqularisation approach to inverse problems, originated in
the work of Tikhonov [225, 226] and Philips [184], ill-posed problems are addressed by
constructing a regularised version thereof, typically defined as a penalised minimisation

problem of the form
: - 2
min {[Y = G(N)ly, + BN}, A>0, (1.30)

where R : W, — [0,00] is a suitable penalty functional that enforces well-posedness
and imposes particular properties on the solution such as smoothness (e.g., [163]).
The literature on the subject is vast, and for an extensive treatment we refer to the
monographs [88, 135], where many additional references can be found. We further
mention that iterative methods (such as Landweber iteration or v-method), are often used
in practice to solve the regularised minimisation problem (1.30), in particular in the case
of nonlinear forward maps (G, where the objective functional is in general non-convex;
see [114, 192, 129] and the monograph [128].

Explicit statistical models for the noise, on the other hand, have been systematically
studied only more recently [94, 179, 150, 178, 92, 90, 127]. Concretely, given data Y
from model (1.6), the primary goal is then to construct an estimator of the unknown

parameter of interest f. Furthermore, as opposed to the deterministic framework, the
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statistical setting naturally allows to approach quantification of the uncertainty in the
reconstruction and the testing of hypotheses.

The nonparametric estimation theory is relatively well developed for linear inverse
problems, wherein the forward map G is assumed to be a linear and bounded operator.
Broadly speaking, the (minimax) optimal convergence rates achievable by estimators in
linear inverse problems are determined by the degree of ill-posedness, in turn connected
to the smoothing properties of the forward map. A smoothing operator effectively shrinks
the distance between different parameters, rendering more difficult to distinguish between
them based on observations of their image under the forward map: thus, the greater
the smoothing effect of GG, the harder the estimation problem. A precise measure of
the degree of ill-posedness can be formulated in terms of the action of G upon different
smoothness scales (e.g., the Sobolev or Besov scale) of functions [159, 161, 111] or via
the decay of the singular values of G (e.g., [55, 195]). According to the latter principle,

two classes of linear inverse problems are identified as:

1. mildly ill-posed problems, characterised by an algebraic decay of the singular values
of the forward map and by algebraic minimax rates of convergence. Concrete
examples of mildly ill-posed problems include the Radon transform in computerised
tomography [169, 126, 195], elliptic pseudo-differential operators (e.g., [6, 133]),
and the recovery of the source function in boundary value problems (e.g., [111]).

The latter two examples are studied in Chapter 2;

2. severely ill-posed problems, characterised by an exponential decay of the singular
values and by logarithmic minimax rates of convergence over smoothness classes.
Examples include the inverse heat equation considered in Chapter 2, Chaucy prob-
lems for the Laplace and Helmotz equations (e.g., [248]) and certain deconvolution
problems with smooth kernels (e.g., [195]).

A number of statistical procedures have been shown to attain such minimax rates of
estimation, including Tikhonov regularised estimators based on penalised least-squares
formulations analogous to (1.30); see, e.g., [178, 65, 162]. A large body of work is
dedicated to develop and study methods based on knowledge of the singular value
decomposition of G, such as spectral cut-off estimators [126, 159, 87, 134, 56]. Further
important classes of methods are wavelet-based estimators [78, 3, 125] and iterative
methods (e.g., [34, 37]). The paper [55] provides an overview on statistical estimation in
linear inverse problems.

Recently, statistical inference methodologies have also been studied in the linear

setting, including the construction of confidence bands and tests in density deconvolution
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problems [32, 35, 156, 212], in inverse regression models with convolution-type forward
operators [31, 189], and for the inverse heat equation [35]. Further results are in
[74, 246, 14], where more references can be found.

The statistical literature on nonlinear inverse problem is, on the other hand, far less
developed. Extensions of the convergence rates theory of Tikhonov-type regularisers are
provided in certain nonlinear setting in [180, 33, 117, 155, 243]. The results in the recent
paper [176] are related to the investigation in Chapter 3, and provide (using variational
arguments) convergence rates for the maximum a posteriori estimators associated to the
scaled Gaussian priors employed in Section 3.3.1. The convergence of iterative methods
in statistical nonlinear inverse problems is studied in [21, 118, 242].

The Bayesian approach to statistical inverse problems was described in the introduction
to this chapter. During the last decade, the frequentist analysis of Bayesian nonparametric
procedures in inverse problems has received a great amount of interest. In particular,
in the linear setting, minimax optimal posterior contraction rates have been derived
in a number of papers under various assumptions on the forward map and the priors
employed (e.g., [138, 139, 195, 93, 137] and references therein). Statistical guarantees
for Bayesian uncertainty quantification are provided in a diagonal SVD-based setting in
[138], and more recently in [166] for X-ray transforms using standard Gaussian process
priors. Further results are derived in Chapter 2 in a general setting and applied to three
concrete examples covering both the mildly and severely ill-posed case.

Regarding nonlinear inverse problems, an early result on posterior consistency was
proved in [241] for the elliptic inverse problem studied in Chapter 3, assuming uniformly
bounded priors. More recently, employing similar bounded random wavelet series priors,
[175] derived posterior contraction rates for estimating the drift and diffusion coefficients
from discretely observed one-dimensional diffusions, while posterior contraction rates
and Bernstein—von Mises theorems, implying coverage properties of posterior credible
sets, were proved in [171] for an inverse problem for the Schrodinger equation and in
[175] for compound Poisson processes.

A very significant recent advance has been the extension of the theory to unbounded
priors, and in particular to Gaussian priors for which ad hoc sampling algorithms are
available. Posterior consistency results for Gaussian priors have been established in
nonlinear inverse problems arising from PDEs of elliptic [2, 177], parabolic [131], and
transport type [167, 168, 39]. In Chapters 3 and 4, further results are derived for the
problem of estimating the scalar diffusion coefficient in an elliptic PDE, and for drift
estimation in reversible diffusion models. Finally, (semi-parametric) Bernstein—von Mises

theorems and statistical guarantees for Bayesian uncertainty quantification have been
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proved in [168] in a class of nonlinear inverse problems that includes the Schrodinger
equation as well as (non-Abelian) X-ray transforms. Some negative results about the
possibility of a Bernstein—von Mises theorem in the elliptic inverse problem considered in
Chapter 3 are discussed in [172].

1.3.3 Background reading

We refer to [101] and to Section 7.3 in [104] for basics on the nonparametric Bayesian
approach to statistical inference, as well as for the general theory of the frequentist
analysis of posterior distributions. Chapter 11 in [101] and Chapter 2 in [104] also cover
fundamental results on Gaussian processes used throughout the thesis. The properties of
p-exponential priors used in Chapter 4 are largely due to [5].

For the general minimax theory of estimation, see [230], while for the semiparametric
theory of efficiency relevant to Chapter 2, see [234].

We refer to [122] for an overview on the field of inverse problems arising from PDEs.
The nonparametric Bayesian approach to inverse problems is described in [220, 73]. For
an introduction to PDEs, see [89, 153]. Finally, we refer to [19, 15] for the theory of

diffusion processes and SDEs.



Chapter 2

Bernstein—von Mises theorems and
uncertainty quantification for linear

inverse problems

We consider the statistical inverse problem of recovering an unknown function f from a
linear indirect measurement corrupted by additive Gaussian white noise. We employ a
nonparametric Bayesian approach with standard Gaussian priors, for which the posterior-
based reconstruction of f corresponds to a Tikhonov regulariser f with a reproducing
kernel Hilbert space norm penalty. We prove a semiparametric Bernstein—von Mises
theorem for a large collection of linear functionals of f, implying that semiparametric
posterior estimation and uncertainty quantification are valid and optimal from a frequen-
tist point of view. The result is applied to study three concrete examples that cover both
the mildly and severely ill-posed cases: specifically, an elliptic inverse problem, an elliptic
boundary value problem and the recovery of the initial condition of the heat equation.
For the elliptic boundary value problem, we also obtain a nonparametric version of the
theorem that entails the convergence of the posterior distribution to a prior-independent
infinite-dimensional Gaussian probability measure with minimal covariance. As a conse-
quence, it follows that the Tikhonov regulariser f is an efficient estimator of f, and we

derive frequentist guarantees for certain credible balls centred at f.

2.1 Introduction

Inverse problems arise in a variety of scientific disciplines, where the relationship between

the quantity of interest and the data collected in an experiment is determined by
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the physics of the underlying system and can be mathematically modelled. Real world
measurements are always discrete and carry statistical noise, which is often most naturally
modelled by independent Gaussian random variables. The observation scheme then gives

rise to an inverse regression model of the form
Y= (Gf);+W;,  i=1,...,N, W; S N(0,1),

where G describes the forward process and (G f); is a discrete observation of the trans-
formed signal.

The formulation and analysis of the inverse problem is often best done by working
with an analogous continuous model. This guarantees, among other things, discretisation
invariance that allows to switch consistently between different discretisations [73, 146,
147, 220]. In this chapter we consider the case where the forward operator G : W; — W,
is linear between separable Hilbert spaces W; and W,, and assume the continuous

equivalent model (in the sense of [48, 197])
Ye=Gf+ W, e >0, (2.1)

where W is a Gaussian white noise process indexed by W,. Note that while W can be
defined by its actions on W, it almost surely does not take values on it, making the
noise in (2.1) ‘rougher’ than the forward signal G'f.

We adopt the Bayesian approach to inverse problems [220, 73] and study the perfor-
mance of nonparametric procedures based on centred Gaussian priors Il for f. We are
interested in what kind of objective guarantees can be achieved for Bayesian inference
based on standard Gaussian priors used in practice. The specification of these priors
does not require additional - and often unavailable - information on the forward map G,
such as its singular value decomposition (SVD). The solution to the statistical inverse
problem is the conditional distribution of f given Y¢, whose mean or mode can be used
as point estimators. The main appeal of the method is, however, that it automatically
delivers quantification of uncertainty in the reconstruction, obtained through credible
sets, i.e., regions of the parameter space with specified high posterior probability. In
many applications this method can be efficiently implemented using modern (possibly
infinite-dimensional) MCMC algorithms that allow fast sampling from the posterior
distribution [26, 127].

Our goal is to investigate whether the methodology delivers correct, prior-independent
and possibly optimal inference on the unknown parameter in the small noise limit. These

questions can be addressed under the frequentist assumption that Y is in reality generated
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through model (2.1) from a fixed true signal f; (instead of f being randomly drawn from
IT). We then study the asymptotic concentration of the posterior distribution around
fo as € — 0. The frequentist analysis of nonparametric Bayesian procedures for inverse
problems has received increasing interest in the last decade, and several contributions in
the linear setting have established consistency results and derived posterior contraction
rates; see [6, 7, 133, 138, 139, 137, 136, 195, 241] among others. We also mention
[175, 176, 171] for results for nonlinear inverse problems.

However, determining whether the resulting uncertainty quantification is objectively
valid requires finer analysis of the posterior distribution. The central question is: do
credible sets have the correct frequentist coverage in the small noise limit? That is, do

we have, for some set C. = C.(Y?),
M(feC.lY)~1—a & Pl (foeC)~1—a, (2.2)

with small o € (0,1) as ¢ — 0?7 The importance of the above questions is not restricted
just to the Bayesian paradigm. In linear Bayesian inverse problems with Gaussian priors
the conditional mean estimator can be shown to coincide with a Tikhonov regulariser
f- arising from a reproducing kernel Hilbert space norm penalty, see [71, 115]. Thus,
if (2.2) holds for a credible set C. centred at the posterior mean, we can use C. as an
(asymptotic) frequentist confidence region based on the Tikhonov regulariser f..

Obtaining optimal contraction rates is not enough to answer the above question
even in the parametric case. For classical finite-dimensional models the Bernstein—von
Mises (BvM) theorem states that, under mild conditions, the posterior distribution
is approximated in total variation distance by a normal distribution, centred at the
maximum likelihood estimator and with minimal asymptotic variance. This implies
that credible sets are asymptotically valid and optimal confidence regions; see, e.g., [234,
Chapter 10]. Understanding the frequentist properties of nonparametric credible sets
presents a more delicate matter. It was observed by [65], and later in [95], that the
theorem may fail to hold even in a simple nonparametric regression model, for which
credible balls in L? can be shown to have null asymptotic coverage.

One way of tackling the problem is to start by examining the limit behaviour of the
one-dimensional marginals (f, 1), |Y* instead of the full posterior. This semiparametric
approach was introduced for a direct problem where G = [ in [52, 53], where it is shown

that (approximately) in the small noise limit

Frdm Ve~ N ((Fe 0w, 2171(0)) (2.3)
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for a large collection of test functions ). Above I71(¢)) is the asymptotic minimal
variance. Note that nonparametric BvM theorems cannot hold in total variation distance
like the classical BvM theorem. Instead one has to employ some metric for weak
convergence of probability measures. Utilising a Wasserstein-type metric [52, 53] achieve
weak convergence of the posterior distribution to a prior-independent infinite-dimensional
Gaussian distribution on a large enough function space. More recently similar techniques
were used in the inverse setting [166], for the linear X-ray transform problem, obtaining
a semiparametric BvM theorem relative to smooth functionals of the unknown, while
[171] proved a nonparametric result for a nonlinear problem arising in partial differential
equations. See also [175, 173] for further related results. Positive results have also been
obtained in [138, 149, 221], for priors defined on the SVD basis of the forward operator.

The first contribution of the present chapter is to extend the semiparametric BvM
theorem in [166] for linear inverse problems of the form (2.1), formulating a general
framework that translates the C'*° smoothness assumption on the test functions 1 into a
general ‘source-type condition’ that depends on the properties of the forward map and of
the chosen prior (cfr. Theorem 2.1). As a consequence, we then deduce that the plug-in
Tikhonov regularisers (f., )y, are consistent and efficient estimators for (fy, )y, , and
that credible intervals centred at such estimators have asymptotically correct coverage
and optimal width.

We subsequently employ the general theory to study three concrete examples of
interest, where properties of the forward map can be exploited to check the condition
for the semiparametric BvM theorem to hold. Specifically, we consider elliptic inverse
problems on closed manifolds (Example 2.1), an inverse problem arising from an elliptic
boundary value problem (Example 2.1), and the severely ill-posed problem of finding the
initial source of the heat equation (Example 2.2). Similar examples have been considered,
e.g, respectively in [6, 133], in [111] and in [7, 139, 195].

Our second contribution is a refinement of the result obtained for the elliptic boundary
value problem, for which we further relax the assumption on the test functions to a minimal
smoothness requirement that only depends on the degree of ill-posedness (cfr. Theorem
2.2). Adapting the program laid out in [171] to the problem at hand, we show that the
asymptotic approximation of the marginal distributions holds uniformly across a suitable
collection of test functions, leading to the formulation of a nonparametric BvM theorem.
This entails the convergence of the posterior distribution to a limiting Gaussian probability
measure with minimal covariance in suitable function spaces (cfr. Theorem 2.3), and
implies frequentist guarantees for the reconstruction and uncertainty quantification

relative to the entire function f.
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This chapter is organised as follows: we introduce the general setting in Section 2.2,
and state the semiparametric BvM theorem for linear functionals of the unknown in
Section 2.2.1. In Section 2.2.2 we derive the asymptotic normality of (f., )y, and the
coverage properties of credible intervals. Section 2.3 is dedicated to the examples. In
Section 2.4 we refine the general theorem to achieve optimal semiparametric result for
the elliptic boundary value problem, and obtain the nonparametric BvM theorem. The
proofs are postponed to Section 3.5 and Appendix 2.C. Finally, Appendix 2.A and 2.B
provide some of the background facts used throughout the chapter.

Regarding the notation, we will write < and 2 for inequalities holding (possibly
asymptotically) up to a universal constant. Also, for two real sequences (a,,) and (b,),
we say that a, ~ b, if both a, < b, and b, < a, for all n (large enough). Below,
we will denote by —%5 the usual convergence in distribution of a sequence of random
variables. The notation p. N 1 will be used for the weak convergence of random laws in
probability, meaning that for any metric d for weak convergence of probability measures

the real random variables d(j., 1) converge to zero in probability (see [79] for definitions).

2.2 Results for general inverse problems

2.2.1 A semiparametric Bernstein—von Mises theorem

We start by considering general linear inverse problems with minimal assumptions on
the forward operator. We are interested in the nonparametric statistical inverse problem

of recovering an unknown function f from a noisy measurement of the form
Yo =Gf +W, e > 0. (2.4)

The forward operator G : W; — W, is assumed to be linear, bounded and injective
between separable Hilbert spaces W, and W, of real valued functions (that can be defined
on different sets). The operator G has a well defined adjoint G* : Wy — W), for which
(Gf, 9w, = (f,G*g)w,, for all f € W, and g € W,. In order to deal with possibly
non-smooth unknowns, we define a third space W as a separable Hilbert space for which
G : W — W, is continuous and W; C W is dense in the norm of W. In particular, there
exists ¢ > 0 such that

G flw, < cllflls,  VfeW. (2.5)
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The above can be thought of as a smoothing property of ¢, in that the more smoothing
the forward operator is, the larger the space W can be chosen. For example, if we assume
that G : L*(R?) — L%*(R?) is an elliptic (pseudo-)differential operator smoothing of order
t, we may choose W = H~!(R%), see Section 2.3.1. Since our general semiparametric
result only requires that f € W, this allows dealing with possibly non-smooth unknowns
f & L*(RY) as long as t > 0 (cfr. Example 2.1 and the following discussion). Note that
we can always make the trivial choice W = W.

The measurement noise W is taken to be a centred Gaussian white noise pro-
cess (W(p) : ¢ € Wy) defined on some probability space (2, X, Pr), with covariance
E(W(p)W()) = (¢, ¥)w,. Below we often write (W, )y, for the random variable
W(y). The noise amplitude is modelled by ¢ > 0. Observing data Y¢ then means that
we observe a realisation of the Gaussian process (Y°(p) = (Y5, o)w, : @ € Wh) with
marginal distributions (Y, o), ~ N((Gf, ©)w,, €%[@l3y,)-

For a fixed f € W, let P}~ = L(Y*) be the (cylindrically defined) law of Y*. Arguing
as in Section 7.4 in [171] (see also [67, Theorem 2.23]), we can use the law Py~ of eW as
a common dominating measure, and apply the Cameron—Martin theorem [38, Corollary
2.4.3.] to define the log-likelihood function as

dPY

l(f) =logps(Y*) =log P

(V) = 50", Ghws — 55 G By (20

We consider a Bayesian approach to the problem, assigning f a centred Gaussian
prior IT on W. The reproducing kernel Hilbert space (RKHS) or Cameron-Martin space
of IT is denoted by H. Provided that £.(f) can be taken to be jointly measurable, we can
then use Bayes’ theorem to deduce that the posterior distribution of f|Y¢ arising from

observation (2.4) can be written as

_ Jpps(Y)dII(f)

[(B|Y*®) = o o (V)IT(f)

B € By a Borel set in W. (2.7)

In the following we will study the asymptotic behaviour of II(-|Y®) in the small noise
limit € — 0, under the assumption that the measurement is generated from a fixed
true unknown f; € W. In order to do so, we assume that the prior satisfies a standard

concentration function condition.

Condition 2.1. Let Il be a centred Gaussian Borel probability measure on the sepa-
rable Hilbert space W for which (2.5) holds, and let H be the RKHS of 11. Define the
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concentration function of Il for a fizred fo € W as

: lgll3,
= f = _ : < . .
on®) = L, it Ao <A, >0 (28)

Given 11 and fo € W, assume that there exists a sequence §. — 0, with 6./e — oo as

e — 0, such that
5. 5.\’
=)< (=] . 2.9

The above condition characterises the asymptotics of the small ball probabilities,
and guarantees that the prior puts sufficient mass around the truth: in particular
H(f - ||f = follyp < 6:) > ¢=200:/9 ag & — 0 (cfr. the proof of Lemma 2.C.3). Analogous
conditions underpin many results in Bayesian asymptotics, and play a fundamental role
in the theory of posterior contraction rates, see e.g. [101, 104, 235]. The concentration
functions of Gaussian priors are generally well understood, and explicit forms for the
sequences 6, can readily be computed for many standard choices of practical interest,
such as the commonly used Matérn process priors (see Section 2.3).

Next we formulate a semiparametric Bernstein—von Mises theorem in the above

general linear inverse problems setting.

Theorem 2.1. Let P} be the law of Y generated by (2.4) with f = fo € W , where W
is a separable Hilbert space for which (2.5) holds. We assume a centred Gaussian prior
II that satisfies Condition 2.1 for a fized fo € VW and denote its RKHS by H. Consider
a test function » € Wy such that [(, o)w, | S ll¢llsy, for all ¢ € Wi, and suppose that
= —G*G for some p € H. Then,

(7 (b = B) [Y9) =5 N(O, G [3,) (2.10)

n P}g -probability as € — 0, where

U = (fo, )y, — e(Gih, Wy, (2.11)

The next corollary states that we can replace the centring T by a linear functional of
the conditional mean. This implies that the posterior distribution of the functionals are
asymptotically approximated by a normal distribution centred at the conditional mean

and with asymptotic minimal variance (see Remark 2.1 below). The proof of Corollary
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2.1 can be adapted from the proof of Theorem 2.7 in [166] and is therefore omitted (see
also Step V in Appendix 2.C at the end of the chapter).

Corollary 2.1. Let f. = EY[f|Y*] be the mean of the posterior I1(-|Y). Then, for every
¥ € W satisfying the conditions in Theorem 2.1, we have

™ | =

((fe ¥y, — ) =0, (2.12)

mn P};—pmbability as € — 0. As a consequence, we can replace U with <f;,¢)wl m
Theorem 2.1.

Note that, since Wy C W is dense and Ly(-) = (-,1)yw, is assumed to be a bounded
linear operator (and hence uniformly continuous), we can extend L, continuously to
W. The condition on the test functions requires that v is in the range of the ‘Fisher
information operator’ G*G acting upon the RKHS of II. This can normally be translated
into suitable smoothness assumptions on v, see Section 2.3 for examples. The requirement
resembles certain source conditions often used in inverse problems [88, 157, 214]. The
main conceptual difference is that instead of requiring extra smoothness for the unknown
fo to attain convergence in a predefined space, we allow f; to be non-smooth and impose

constraints on the test functions in order to achieve convergence.

2.2.2 Efficiency and uncertainty quantification for Tikhonov

regularisers

Since the forward operator G is assumed to be linear, the posterior distribution II(-|Y*)
is Gaussian. It follows that the conditional mean f. = f.(Y*) = E"[f|Y®] coincides
with the maximum a posterior (MAP) estimator, and using Corollary 3.10 in [71] (under
appropriate conditions on () the latter can be seen to be a Tikhonov-type regulariser

found by minimising the following Onsager-Machlup functional:
1 € 1 2 1 2
Q) = =55 GhHHw, + 551G fllw, + 51 F1l5
3 2e 2
Using Theorem 2.1 and Corollary 2.1 we can derive the asymptotic distribution of
the plug-in estimators (f-, )y, .

Remark 2.1 (Minimax optimality of the plug-in Tikhonov regulariser). Corollary 2.1
implies that

LE— fotbhwn — Z ~ N0, |G|, (2.13)

)
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in P}g—probability as ¢ — 0. The above random variable Z identifies the asymptotic
minimal variance (in the minimax sense) in estimating (fy, 1)y, from model (2.4), in
that

lim nf ipf sup e 2B} (£, 9w — T)? 2 |Gy, (2.14)

the infimum being over all estimators T'= T'(Y¢,4) of (fy, ¥)w, based on observing Y*

in (2.4) with f = fy, and the supremum is taken over balls B, in W centred at f, and
with radius € > 0; see Appendix 2.A.

We note that (2.13) implies the convergence of all moments (see Step V in Appendix

2.C). Consequently, for all ¢ € W fulfilling the conditions of Theorem 2.1, the plug-

in Tikhonov regulariser (f.,1)yy, attains the lower bound in (2.14), and hence is an

asymptotic minimax estimator of (fy, ¥)w,.

Besides the question of efficiency, the most relevant consequence of Theorem 2.1 is
that credible intervals built around the estimators (f.,)yy, are asymptotically valid
frequentist confidence intervals with optimal diameter. Specifically, for ¢ as above,

consider a credible interval for (f., 1), of the form

Co={zeR : [(f,¥)w, — 2| <R}, (2.15)
with R. = R.(«, Y*) chosen so that
H(f: (fbhw € CY) =1—a,  ae(0,1).
Then it follows that C. has the correct asymptotic coverage and that its diameter shrinks
at the optimal rate €. The proof of the following corollary can be found in Appendix 2.C.
Corollary 2.2. Let ¥ € W satisfy the conditions in Theorem 2.1, and let C. be as in

(2.15). Then, as e — 0,

PY ({fo,¥)m, €C:) = 1 —a

and
Y

P
e 'R, L% (1 - «).
Here ®(t) = Pr(|Z| < t) with Z ~ N(0, “G&H%/vz)

Note that although an explicit formulation of C. would require the computation of

the quantiles of the posterior distribution of {f, 1), |V, these type of credible intervals
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can often in practice be implemented by numerically approximating the radius R. with a
posterior sampling method. See, e.g., [127], or Section 2.2 in [166]. The implementation
of the algorithm is further discussed in 1.2.1, where some simulation results are shown.

For the inferential problem for elliptic partial differential equations studied in Section
2.3.2, Remark 2.4 below will extend the conclusions of Corollary 2.2 to entire credible

balls in suitable function spaces centred at f..

2.3 Examples

In this section we consider examples of linear inverse problems fitting in the framework
of Section 2.2, studying the conditions under which the semiparametric Bernstein—von
Mises phenomenon occurs in such instances. We first need to introduce some notation
on Sobolev spaces (see [153, 164] for background).

The Sobolev space on R? of order s € R is defined as

H R ={ueS®R) : (1+] P)/°Fue LX(RY}, (2.16)

where S'(RY) is the space of tempered distributions on R? and F is the Fourier transform.
For O C R a non-empty, open and bounded set with smooth boundary 0O (a smooth
domain), Sobolev spaces on O can be defined via the restriction operator |o as

H*(0) = {u=Ulo, Uec H'®RY},  |ul

Hs(0) = Hlf HU|

s . (217
UeHs(RY) : Ulp=u CCORN )

To correctly address issues relative to the behaviour of functions near 00, we will
need to consider certain subspaces of H*(O). We denote the set of functions in H*(O)
that are compactly supported in O by H?(O), and for any fixed compact subset K C O,
we write H5.(O) := {u € H5(O) : supp(u) C K}. Finally, for all s > 1/2, let H5(O) be
the usual subspace of H*(O) of functions with null trace on 00. Below we will often

suppress the dependence on the underlying domain denoting H®* = H*(O).

2.3.1 Elliptic inverse problems

We start with a basic example to demonstrate how Theorem 2.1 can be applied when
G is assumed to be a smoothing elliptic pseudo-differential operator and O a closed
manifold (see [119, 216] for general theory on pseudo-differential operators). The previous
definitions of Sobolev spaces can straightforwardly be adapted to this setting, see, e.g.,

[216, Chapter 1.7]. The absence of a boundary and the properties of the forward map
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allow for a clean exposition of the results. In the Section 2.3.2 we will instead assume
that O is a smooth domain in R¢, and take G to be the solution operator associated
with an elliptic boundary value problem. We then have to refine the results to take into

account some subtleties of the behaviour of functions near the boundary.

Example 2.1. Let O be a closed d-dimensional manifold and G : L?*(0) — L?*(O)
an injective and elliptic pseudo-differential operator smoothing of order ¢, that is, G :
H*(O) — H**(O) with all s € R [216, Section 1.5.]. We can then choose W = H*(O).
Let P};" be the law of Y© generated by (2.4) with f = fo € H*(O), o > —t. We
assume a centred Gaussian prior II with RKHS ‘H = H"(O), where r > max{0,dy — t}
and dy > d/2. This guarantees that f € H"~%(0) ¢ H~*(O) = W almost surely. For
example, we can take II = N(0,C), where C is a self-adjoint, injective and elliptic
covariance operator smoothing of order 2r [6, 133]. Another example is to assume II to
be the law of the Matérn process of smoothness r — d/2 (see Example 11.8 in [101] for
details), namely the centred Gaussian process {M(x), = € O} with covariance kernel

Clayy) = [ e 9up(ds),  p(de) = (1+ 1) "dg.

Rd

Since G is elliptic and O is a closed manifold, G*G has a well defined inverse
(G*G)™' : H*(O) — H*%(0), s € R, see e.g. [132]. We can then take ¢ € H"%(0),
which guarantees ¢ = —(G*G) ' € H"(O) = H and |(¥, ) 12| < C|¢|| -, for all
p € L*(0O).

Denote by f. = E[f|Y?] the mean of the posterior distribution II(-|Y*) arising from
observing (2.4). Then, for all test functions ¢ € H"(Q), the following convergence
occurs in P} -probability as & — 0

L (8_1<f - JF& V)2

Ye) 5 N (0,1G(GG) 1 0[13:) -

Note that if ¢ > ¢ — 1 we can allow unknowns of bounded variation f, € BV (0),
since BV (O) ¢ H*(O) when aw < 1 — %. Functions of bounded variation are widely used,
e.g., in image analysis due to their ability to deal with discontinuities. One standard

example is total variation denoising [51, 207].

Remark 2.2. Let II and fy be as above. Then, as 6 — 0

2max{0,r—a}

rip(8) SO e g 6T, (2.18)
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so that the concentration condition ¢ s, (d:) < (d./€)? is satisfied by taking

t+a t+r—d/2
0. > maxetr g tir

The proof of Remark 2.2 is omitted since it is a simplified version of the proof

of Remark 2.3 where, O being a closed manifold, one does not need to address the

technicalities arising at the boundary.

2.3.2 An elliptic boundary value problem

Let O C R? be a non-empty, open and bounded set with smooth boundary 00. We
consider the problem of recovering the unknown source f € L? = L*(O) in the elliptic

boundary value problem

Lu = f, x e,

(2.19)
u(z) =0, x € 00,

from noisy observations of the solution u corrupted by additive Gaussian white noise in

L?. We take L to be the following partial differential operator in divergence form:

.9 ou

1,7=1

for known a;; € C*°(0O), with a;; = aj;. The problem represents an ‘elliptic counterpart’
of the transport PDE arising in [166].

Assuming that L is uniformly elliptic (see Appendix 2.B), it follows that for each
f € H®, s > 0, there exists a unique weak solution L™'f = v € H{*? to (2.19). In
particular, L=' : H* — H3*? defines a bounded isomorphism, self-adjoint with respect to

(-,-)r2, and for all s > 0 we also have the dual estimates

L7 sy = sup ULTUf u)e] < el fll ey e > 0. (2.21)

weH* ¢ lufl <1
Rephrasing in the notation of Section 2.2 with G = L™!, we consider the observation
Ye=L'f+eW, e >0, (2.22)

where W is Gaussian white noise in L?. For W) = W, = L?, the dual estimate (2.21)
implies that we can take W = (HZ)*.
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We assume that f ~ II, where II is a centred Gaussian Borel probability measure on
L? with RKHS H = H", for some r > d/2. For example, we can take II to be the law of
the Matérn process of smoothness r — d/2 introduced in the previous example.

For fy € HY, with some o > 0, we show that the semiparametric BvM phenomenon
occurs under appropriate smoothness conditions on the test functions 1. In particular,
assuming that ¢ € H'** automatically verifies the requirements of Theorem 2.1, since
taking 1) = —LL1 implies ¢ € H = H" and ¢ = —L~'L~"4), as supp(Lt)) C supp(v)) C
O. The proof of the following proposition can be found in Section 2.5.2.

Proposition 2.1. Let II be a Gaussian Borel probability measure on L*(O) with RKHS
H = H'(0), r > d/2. Assume that fy € H}(O), a >0, and let P}" be the law of
Y¢ generated by (2.22) with f = fy. Let f. = EY[f|Y?] be the mean of the posterior
distribution T1(-|Y®) arising from observing (2.22). Then, for all ¢ € H!(O), we have

LT — for ) 2] VF) 55 N(O, || L] 22) (2.23)

mn P};-pmbability as e — 0.

Remark 2.3. Let Il and f, be as above. In the proof of Proposition 2.1 we show that
as 0 — 0

_ 2max{0,r—a}

Orige(6) SO Ee 46 R (2.24)

so that the concentration condition ¢ f,(d.) < (d:/¢)? is satisfied by taking

e } (2.25)

0. ~ max {5 2Hr g7 247

2.3.3 Recovery of the initial condition of the heat equation

We will conclude this section by applying the general framework studied in Section
2.2 to the severely ill-posed problem of finding the initial source of the heat equation.

Contraction rates for similar inverse problems have been studied in [7, 139, 195].

Example 2.2. Let O C R? be an open bounded set with C°° boundary 0. We consider

the boundary value problem for the heat equation

ou — Au = 0, t>0, €0,
u(z) =0, t>0, ze€0d0,
u(0,z) = f(x), zeO.
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The inverse problem is to recover the initial heat source f € L? from a noisy observation
of the solution u at time T, corrupted by additive Gaussian white noise on L?. The

solution to the boundary value problem is given by
u<T7 Z f7 (;0] L26 A Spj('%)a S Oa
J=1

where —Ag; = \jp;, and {p;}32, forms an orthonormal basis of L?. TIf we order the
eigenvalues to be increasing, that is, Ay < Ay < ..., then Weyl’s law yields that \; ~ 424
(e.g., [204, Theorem 8.16]). Thus, the singular values of the compact forward operator
G decay exponentially to zero, meaning that the recovery of the initial condition of the
heat equation is a severely ill-posed inverse problem.

Assume that f ~ II, where II is a centred Gaussian Borel probability measure on L?
with RKHS H = H", r > d/2. Let 1) € L* be of the form

’QZ} = _G*GQZ} = - Z(@Ev ‘Pj>L2€_2/\jT‘Pja (226)
j=1
for some 1) € H”. Then
\W o L2| = ‘ w,Z @, 2 L2903>
j=1 L2

IN

Z ‘<¢a 90]'>L2|
j=1

<Z<¢, @i)pee T g, S0j>
L2

=1

IN
NE

(@, 0322 |(, 05 2 le™ 24T

<.
Il
—

< Cliella-+,

for all ¢+ > 0, verifying the condition of Theorem 2.1. Hence, for f; € L? and v as above,
we get the following convergence in P}g—probabﬂity as e — 0

L(eHf = o)

YE) 5 N (0,[1GY|3:).

Note that the contraction rate € entailed by the semiparametric BvM theorem is a
very strong requirement for severely ill-posed inverse problems, usually characterised
by logarithmic rates even for smooth functionals [139]. To achieve the rate e, we then

need to assume the analytic-type condition (2.26) on the test function 1, which reflects
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the natural condition of ¢ being in the range of G* which is necessary for efficient

semiparametric estimation [234, Theorem 25.32].

2.4 A nonparametric Bernstein—von Mises theorem

for elliptic boundary value problems

In this section we continue the investigation of the BvM phenomenon in the setting of
the elliptic boundary value problem studied in Section 2.3.2. We develop Proposition 2.1
along two related directions: first, we extend the class of test functions 1 for which the
convergence (2.23) occurs, identifying a natural lower limit for the smoothness of ¢ that
only depends on the level of ill-posedness of the inverse problem. Secondly, combining
the result with the program laid out in [171], we derive a nonparametric BvM theorem
that entails the weak convergence, in a suitable function space, of the centred and scaled
posterior to a prior-independent infinite-dimensional Gaussian probability measure whose
covariance function attains the information lower bound. From the latter result we then
obtain frequentist guarantees for uncertainty quantification in the reconstruction of the
entire function f.

We briefly recall that, for unknown f € L? = L*(O), we consider observations
Ye=L"1f+eW, € >0, where L~! is the solution map associated with the boundary
value problem (2.19) (see Section 2.3.2 for details) and W is a Gaussian white noise in
L?. We assign f a centred Gaussian prior in L? with RKHS H", r > d/2, and assume
that the observation Y* is generated from a fixed fy, € HY with some o > 0. For the
results in this section we assume an undersmoothing prior. That is, we consider the case
r —d/2 < a. The proofs can be found in Section 3.5.

Theorem 2.2. Let I be a Gaussian Borel probability measure on L*(O) with RKHS
H=H"(0), r>d/2. Assume that fo € H}(O), o > r —d/2, and let P} be the law
of Y¢ generated by (2.22) with f = fo. Let f. = EY[f|Y¢] be the mean of the posterior
distribution 11(-|Y®) arising from observing (2.22). Then, for all > 2+ d/2, and any
Y € H(O), we have

LU — fot)r2|YF) 55 N(O, | Ly ||22) (2.27)

mn P}g -probability as € — 0.

Assuming that § > 2 + d, we will strengthen the above result to a nonparametric

Bernstein-von Mises theorem in the dual spaces (H I@)*, for any compact set K C O. In
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particular, we note that the Gaussian laws in the right hand side of (2.27) identify the
one-dimensional marginal distributions of a nonparametric Gaussian probability measure
i, induced via Kolmogorov’s extension (see, e.g., [79, Section 12.1]) on the cylindrical
o-field of Rk by the centred Gaussian process

X =(X(W):¢eHy), EX@XW)= (L L) (2.28)

In fact, in the view of the efficiency considerations in Appendix 2.A, p represents
the ‘canonical’ asymptotic distribution for the problem of inferring f in model (2.22), as
its covariance function is minimal in the information theoretic sense of Remark 2.1. In
the following lemma we derive the values of § for which u is a tight Borel probability
measure on (H f()*, a necessary condition for any sequence of laws on such spaces to
weakly converge to u. The proof adapts the argument in the proof of Proposition 6 in
[171], and is included in Appendix 2.C.

Lemma 2.1. Fiz any compact set K C O. Let X be as in (2.28), and let y be the law
of X on the cylindrical o-field of Rk Then,

1. for all B >24d/2, p is a tight Gaussian Borel probability measure on (Hp)*;

)

2. for p < 2+d/2, we have
H (95 3 “xl‘(Hf()* < OO) =0;

3. for p=2+d/2, u is not tight on (H}B()*

Similarly, the stochastic process obtained by collecting the random variables in the
left hand side of (2.27),

X, = (5‘1(f — L) e|YE Y€ Hf;) . >0, (2.29)

can also be shown to induce a tight Borel probability measure on (H 2)* when 8 > 2+d/2
(see Step IV in Section 2.5.3). We will interpret the law of X, as the nonparametric

centred and scaled posterior distribution arising from observing (2.22), denoted by
LeTH(f = fIYF) = L(X.). (2.30)

Theorem 2.2 implies the convergence of the finite-dimensional distributions of the
stochastic process X. to those of X (cfr. Lemma 2.7), and by showing that (2.27) holds
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uniformly across the set of test functions, we then deduce the weak convergence of the
respective induced laws on (H f;)* As mentioned in the introduction, nonparametric
BvM theorems cannot hold in total variation distance like the classical BvM theorem in
finite dimensional Euclidean spaces. Instead we use a Wasserstein-type metric for weak
convergence of probability measures. Recall that on a given complete separable metric
space (S, p), the notion of weak convergence of sequences of Borel probability measures
can be metrised by the bounded Lipschitz (BL) metric

/SFd(l/l 2

ds(vy,v9) = sup : (2.31)

F:S—=R, ||Fl|lLip<1

where

|F(x) = Fy)|.

Y

F||Lip = sup |[F(x)] +  sup
1 F Nl 2ip xes\ )| LS T )

see, e.g., [80, Theorem 3.28].

Theorem 2.3. Let I be a Gaussian Borel probability measure on L*(O) with RKHS
H=H"(0), r>d/2. Assume that fo € H}(O), a >r—d/2, and let P} be the law
of Y generated by (2.22) with f = fy. Let f. = EY[f|Y?] be the mean of the posterior
distribution I1(-|Y®) arising from observing (2.22). Then, for all § > 2 + d and any
compact K C O, denoting d(Hﬁ)* the BL-metric for weak convergence on (Hf((O))*,

digoy (LT = F)IY7) ) = 0 (2.32)

in P} -probability as € — 0. Above L(e™'(f — f)|Y®) is the centred and scaled posterior
(2.30), and p is the Gaussian distribution induced by X in (2.28).

Similar results as Theorem 2.2 and Theorem 2.3 could be formulated for Example 2.1,
exploiting the fact that the ‘Fisher information operator’ G*G has a well defined inverse
(G*G)~' . H*(O) — H*%(0), for all s € R. In particular, since O was assumed to be a
closed manifold, the weak convergence will be achieved in H=?(O) for all 3 >t + d.

Remark 2.4 (Applications to uncertainty quantification). With similar reasoning as in
Section 2.2.2, Theorem 2.2 implies that for all ¢» € H?, 3 > 2+d/2, the credible intervals
C. in (2.15) centred at the plug-in Tikhonov regulariser (f.,1) > have asymptotically
correct frequentist coverage and optimal diameter.

On the other hand, the full strength of Theorem 2.3 can be employed to show that
the posterior distribution delivers valid uncertainty quantification also for the entire

unknown f, by considering credible sets in the weak topology where the limit is attained.
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The weak convergence in the dual space (H i)* is indeed enough to deduce frequentist
guarantees for a sufficiently rich class of credible sets (see the related discussion in Section

7.3.4 in [104]). In particular, choosing posterior quantiles R. = R(c, Y?) so that
éa = {f eL?: 1f - fe“([{f{)* < Ra}> H(C’E|Y8> =l-a, ac(01),

we have for all > 2+ d
Py (foeC)—=1-a

as ¢ — 0, with asymptotically vanishing diameter R, = O Py ().

Finally, while the optimal rate ¢ is obtained for the relatively weak norm of (H f()*,
arguing as in Section 2 in [52] (see also Section 5.1 in [171]), we can intersect C. with
additional prior smoothness information (cfr. Step I in Section 2.5.3) to show that the
diameter of C. decays at polynomial rate €7, for any v < « /(a+2+d), also with respect

to the stronger norm of interest || - ||z2(x+, for any compact K' C K.

Remark 2.5 (Smoothness requirement). Regarding the weak convergence to p on (Hy)*,
the requirement that 8 > 2 + d under which (2.32) is obtained is stronger than the
necessary tightness condition 5 > 2+ d/2 of Lemma 2.1. While the proof of Theorem 2.3
does imply the convergence of the finite-dimensional distributions of £(e~'(f — f.)|Y®) to
those of p in the full range 5 > 2+d/2 (see Lemma 2.7), the stronger condition 5 > 2+d
is used crucially in order to control the arising semiparametric bias term uniformly in the
collection {t) € Hy-, ||¢)||z# < 1}. This in turn implies that the Ldiameter of C. does
not attain the minimax rate £*/(®+2+4/2) "and hence can potentially deliver polynomially
sub-optimal results.

To the best of our knowledge, examples of Gaussian priors that attain a nonparametric
BvM theorem in the optimal function space are known in literature only in the SVD-
based framework considered in [52, 53, 196], or in the ‘nearly-diagonal’ problem studied
very recently by [173]. Applying our proof to a Gaussian prior defined via SVD would
here recover the result of [196]. However, the main interest of this chapter is in the
performance of standard Gaussian priors that are not defined on the SVD basis of the
forward operator - such as the Matérn priors considered in the examples - since this
information is rarely available in inverse problems encountered in practice. Our results
show that for the inverse problem (2.22) standard Gaussian priors indeed yield optimal
semiparametric inference for the maximal class of functionals, and provide a validation

of the associated nonparametric credible sets.
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2.5 Proofs

2.5.1 Proof of Theorem 2.1

The proof of Theorem 2.1 follows ideas developed in [166] for the special case of G being
the X-ray transform and ¢ € C'"™°. We will here outline the proof and comment on the
main steps. We start by noting that the posterior concentrates on events that have high
enough prior probability. As a result, one can confine the analysis to an approximate
posterior arising from restricting the prior over such sets. This observation allows to

conveniently incorporate concentration properties of the prior into the analysis.

Lemma 2.2. Let II(:|Y®) be the posterior distribution arising from observation Y¢ in
(2.4) and prior 11 satisfying Condition 2.1 for a fived fo € W and some sequence 6, — 0,
such that . /e — oo. Then, for any Borel set D. C W for which

[1(DS) < e~ PU/2)”, for some D > 3, (2.33)
and all € > 0 small enough, we have
(DY) =0  and  [[I(-]YS) = IIP=(:|Y®)||7v — O (2.34)

in Py -probability as e — 0. Above IIP(:|Y®) is the posterior arising from the prior
II(- N D.)/II(D;) restricted to D. and renormalised.

The proof of Lemma 2.2 (and Lemma 2.3 below) can be adapted from the correspond-
ing results in [166]. They are included for completeness in Appendix 2.C.

Next we need to find a suitable set D.. If f ~ IT, we have (f,9)y ~ N(0, ||[©]|3,) for
all ) € M, and the standard Gaussian tail bound guarantees for all ¢ > 0 that

11 (f ’<f7}z>"ﬂ’ = 1@) < 6—%(65/5)2.
[ IE" &

Hence we can choose

b 7.

Daz{f: [0, )l < } T > V6. (2.35)
1919 3

We assume that the test function ¢ € Wy fulfils [(¥, o)w, | < ||¢|lsy, for all ¢ € Wi,

in order to extend Ly(-) = (-,%)w, continuously to W. If we assume furthermore that

Y = —G*G, with some ¢ € H, we can proceed to study the moment generating function
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of e ({f,¥)w, — ¥) under the posterior 1P+ (-|Y¢), and conclude that it converges to

the moment generating function of the limiting Gaussian law.

Lemma 2.3. Under the conditions of Lemma 2.2, consider a test function v € Wi such
that | (0, Py, | < |l¢llsp, for all ¢ € Wi, and suppose that 1 = —G*Ga, for some 1 € H.
Define the random variable

{I} = <f07w>W1 - €<G’&7W>W2'
Then, for all 7 € R we have as e — 0

EIPe | o Z(F)wy —9)

Yf] = TGV, (1 + opys(1)) . (2.36)

fo

To conclude, we note that the exponential in the right hand side of (2.36) coincides
with the moment generating function of the N(0,||Gv|3,) distribution. Since the
convergence of the Laplace transforms implies weak convergence (see, e.g., Proposition 1
in the supplement of [54]), we obtain from Lemma 2.3 that the conclusion of Theorem
2.1 holds for the approximate posterior I1P+(-|Y#). Furthermore, convergence in total
variation distance implies convergence in any metric for weak convergence and hence

Theorem 2.1 follows from Lemma 2.2.

2.5.2 Proof of Proposition 2.1

We now apply Theorem 2.1 to show the semiparametric result in the elliptic boundary
value problem setting of Section 2.3.2. As already noted before Proposition 2.1, any test
function v € H™ = H't4(O) verifies the requirements of Theorem 2.1. Hence, we only
need to derive Condition 2.1 for the chosen prior. In particular, for Il a Gaussian prior
on L? with RKHS H”, r > d/2, and the true unknown f, € HY, a > 0, we find suitable

sequences J. that satisfy the estimate (2.18) for the concentration function

2
o, (6) = inf 9l g (s - If 2y <6),  6>0.  (2.37)

e cH, - .<5 2
g llg fOH(Hg) =

We proceed by calculating suitable upper bounds for the two terms. For the first term,
we need to find approximations for the unknown f, € HS in the RKHS H" of 1I, for
which we can both control the approximation error and the norm in the latter space. We
employ the approximations used in Section 4.3.3 of [170]. In particular, we fix a compact
set I’ such that supp(fy) € F € O, and a cut-off function ¢ € C>°(R?) such that ¢ =1
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on supp(fo), 0 < ¢ <1 and supp(¢) C F. Noting that we can (isometrically) extend fo

to zero outside F to form an element in H%(R?), we then define

foe = (CF "g1enaF fo)los (2.38)

for a sequence N. — oo as € — 0 that will be chosen below.

Lemma 2.4. Let fy € HY(O) for some o > 0, and fix a compact set F such that
supp(fo) € F € O. Then we have, for fo. as in (2.38) and for any sequence N, — 0o
ase — 0,

1. for € HL(O) for allt >0 and

| focllzre < (14 NZ)=O=e| £ (2.39)

2. forall0<s<a
I foe = follzs < (14 N2 fol e (2.40)

and for all s > 0,
1foe = follfmey- < (14 N2~ foll e (2.41)

Proof. Let t > 0 be fixed. Clearly supp(fo.) € supp(¢) C F, and we can compute
directly

| foellzre oy < NCF1g<nay F foll e ray
S [+ 1ER) Lpgana Fo(€)dg
= [ QIR 6 (F ()

El<Ne
< (14 N2y O fol o o).

For 0 < s < a we proceed similarly, observing that fy = (fo since ¢ = 1 on supp(fy).
Then

HfO,E - fO’

7o) < ICF g eny F fo = C follirs ray
S [+ 163 L Ffol€) - Ffol€))*de
< (L N ol o
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Finally, recalling that both f, and f,. are supported in F' C O, we get for all s >0

| foe — fOH%HS((’)))* = sup
w€H*(0), llullgso)<1

/ (fo,e - fo)Ud$
F

IN

sup
UGHS(Rd)’ ”U”HS(Rd) <1

[ o = fo)Ulodz
F

sup
UGHS(Rd)v ”U”HS(Rd)Sl

SIF genay Ffo = follg-sray
< (1+ N7 f (o)

L(Cffll{usm}ffo — Cfo)Udz

where the last line follows arguing just as above for the case 0 < s < a.
]

We next derive an upper bound for the second term in (2.37). The proof adapts to the
inverse problem (2.22) standard computations in the theory of small balls probabilities
of Gaussian priors (e.g., [104, Section 7.3]).

Lemma 2.5. Let IT be a Gaussian Borel probability measure on L*(O) with RKHS
H=H"(O), r>d/2. Then, as § — 0,

___d
_log H(f : HfH(Hg(O))* < 5) 5 § Trz—d/T

Proof. Since for any f € L* we have f = L(L™'f), we can write

T(f : (| fllmzy- < 0) = T(f = [LILT )| a2y < 6)-

Recalling that L is self-adjoint when acting on HZ, we have for some ¢ > 0 that

ILL™ Pllmgy- = sup KL(LTf),v)pe| < el L7 flLe,

vEHE, |[v]lg2<1
having used the boundedness of L. Thus,
—1ogI1(f : | fll sz < 0) < —logIT (f : | L7 fl|2 < d/c)

= —logII(h: [|h]|z2 < 6/c)

where h = L™'f ~ I for f ~ II. From Exercise 2.6.5 in [104] and the linearity of L',
we see that II is a Gaussian probability measure with RKHS H = L' (H") = Hj*?, with
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unit ball By included in the unit ball B"*? of H™™?. We thus get the following upper

bound for the minimal number N (d; By, || - ||z2) of L*-balls or radius ¢ to cover By:
N(&; By ||+ [l22) < N(8; B2, || - [ 22).
Theorem 4.3.36 in [104] now implies that
log N(6; B, || - |12) S 67752,
and by applying the small ball estimates in Theorem 1.2 of [152], we obtain that as § — 0
—logTT (h: ||h]ls2 < 6/c) S 5 7am,

concluding the proof.

]

Thus, applying Lemma 2.4, the first term in the estimate (2.24) follows by choosing,
for any fixed § > 0, N. in (2.38) in such a way that

(1+ N2> <62

so that, in view of (2.40) and (2.39) respectively, || for — follmz) < 0 and [ foellF S

Y
_ 2max{0,r—«

o 272" It can then be readily checked from (2.24) that the sequence 6. in (2.25)
satisfies the required inequality ¢r f,(d:) < (0:/¢)?, concluding the proof of Proposition
2.1.

2.5.3 Proofs of Theorem 2.2 and Theorem 2.3

The key steps of the proof consist in a refinement of the strategy developed to prove
Theorem 2.1 and Proposition 2.1. Following [52, 53, 171], we first aim at obtaining
the Laplace transform convergence (2.36) uniformly with respect to the test functions
v € HP, B > 2+ d/2 (cfr. Steps I-11). We subsequently exploit the result to show
Theorem 2.2, and to derive the convergence of the finite dimensional distributions of
the centred and scaled posterior £L(e7(f — f.)|Y*) to those of the limiting Gaussian
measure u (Step III). Finally, combining this observation with a suitable bound on the
covariance of the process X, in (2.29), we show for each § > 2 + d that the distance
between L(e71(f — £.)|Y?) and p, measured in the BL metric on (Hj)*, vanishes with
Py -probability converging to one (Step IV-V).
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Step I: construction of the approximating sets

Let II be a centred Gaussian prior on L? = L*(O) with RKHS H", r > d/2, and let
fo € HY be fixed. Recall that we assume the prior to undersmooth fj, namely that
a > 1 —d/2. Then Remark 2.3 implies that Condition 2.1 is satisfied by taking

24r—d/2

Je e 20, (2.42)

In the first step we need to construct appropriate approximating sets D., by adapting
the events introduced in (2.35) for the proof of Theorem 2.1. First, to extend the
semiparametric result in Proposition 2.1 to the range 2 + d/2 < < r + 4, we replace
the element ¢ = —LL (here not in the RKHS H = H") with a suitable approximation.
To deal with the possibly diverging norm of such approximations, we will then impose
additional constraints to control the size of f € D.. Finally, to achieve the required
uniformity in the Laplace transform convergence (2.36), we will further intersect the
resulting events across all test functions, in such a way as to maintain the exponential
decay (2.33) for II(D?).

To proceed, let 8 > 2+ d/2, let K C O be compact and fix a compact set F' such
that K C F' C O. Then, for each ¢ in a ball

Bi(2) = {v € H, [lvllgs < 2} (2.43)
of fixed radius z > 0, consider the approximation of L given by Lemma 2.4, of the form
qza = (gf_ll{\AISNa}]:[L@Z)]) o, N, ~ e 2+, (2.44)

By point 1. in Lemma 2.4, we can uniformly control the Sobolev norms of the resulting
collection of approximations. Indeed, by the continuity of L, for all ¢ € Bf((z) we have
| LY|| go—2 < 2’ for some constant 2’ > 0, so that in view (2.39), for all ¢t > 0,

{o, ¥ € BR(2)} € BR(b)),
where

b= sup |||l < 2/(1 4 N2)maxi0i=p+23/2, (2.45)
YEBY(2)

Then, for all 1) € Bi(z), it follows in particular ¢, € By 2(b7*2), from which we deduce
that L. € H = H'. Thus, if f ~ II, then (f, Lib)n ~ N(0, || Le.|3), with variance
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uniformly bounded, in view of the isomorphism property of L, by

o2 = sup E"[{f, L)yl = (b07)% (2.46)
YEBy-(2)

Define, for each € > 0, and D > 0 to be chosen below, the approximating set

G. = {f . sup  [{f, L&E>H| < Dagég/e}. (2.47)

YEBy(2)

Here G. serves as the counterpart of the events (2.35), with the constraint holding
simultaneously for all 1.

We derive the exponential decay (2.33) for I1(G¢). First, denoting E™ the expectation
under the prior, we have by the Borell-Sudakov-Tirelson inequality [104, Theorem 2.5.8]
that for all D > 0

H(f: sup [(f. Ld)ul > B sup |<f,Lz/?s>H\+Da€5€/s)s6%/@2. (2.48)
P

€Bl(2) VEBK (2)

Thus, the condition (2.33) will follow if we show that E''sup,, zs ) [(f, L )y| < 0.0, )e.
K

Indeed, in view of (2.45), denoting B*(z) a ball in H® of radius z, for general s > 0 and

z >0,

EH sup |<f7 L%E8>'H| S EH sup |<f7 LU>'H| 5 EH sup |<fa w>H|7

YeBY (2) veBtH2(2/blT2) we Bt (2/bkH?)

and Dudley’s bound for the expectation of suprema of Gaussian processes [104, Theorem
2.3.8] yields, for o. the constant in (2.46),

B sup  |(fowhd S [ \log N B2, - )

weBt(2""bET2)
O¢ /]7
= /0 \lng (Zub?rz?Bt(l)a | - ||H>d77'

Fixing t > max{r + d/2, 8 — 4}, recalling H = H" and using the known metric entropy

estimates for Sobolev balls (see, e.g., [227]), we then obtain

2t—2r—d

O¢ _d__ _d 2o
E" sup |(f,w)nl 5/0 (bi+2/77> T gy < (B2 g

weBt(2""bET2)
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Using (2.46), it follows that

1
BT sup [(fowh] S ()T () T
Oe wEBt(z”b?rz)
dmax{0,r—B8+4}

=(1 _|_N2) 4(t 25 (1 + N2) ait—r)
< (1+ N2)¥H

Recalling that 6. ~ 5 55 the choice N, ~¢e™ 2 , finally yields

1 ~ _
—E" sup |(f, Lo)y| S & T ~ 6, fe.

Te  yeBl(2)

Taking D > /6 in (2.48), and sufficiently large D > D in the definition (2.47) of G.,
yields the exponential decay (2.33) for II(G¢).
Next, we proceed by suitably controlling the size of the elements in the approximating

sets. To do so, let, for ® is the standard normal cumulative distribution function,

Q. = ~2071 (e F 04 ) g, e

For p > 0 to be chose below and arbitrary x > 0, Consider the event

Fo={f = fi+ foi Ihillen < 0™ 1 falloe < Qo+ ) (249)

in which we constraint the prior draws f ~ II to belong to (a slight enlargement of) a
ball of the RKHS H of growing radius. By the isoperimetric inequality for Gaussian
processes [104, Theorem 2.6.12] we can lower bound the prior probability of F. by

NF) = & (07 [ (3l < ™) | 4 Q.)). (2.50)

Applying again the small ball estimate for IT in Theorem 1.2 in [152] as in the proof of

Lemma 2.5, we see that for some b > 0

o1 (£ 5 fll2 < pe ') < b =ime s

d/2
and recalling that d./e ~ ¢ 2+ we can choose p > 0 so that

—log I (f + /]2 < p=5 ) < (0[P
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Combining the above with (2.50) yields
NF) 2 @ (7! (¢ 0097) 1 Q) 2 @ (07! ( F0097) 1.Q.) = 0(Q./2),

and finally T1(F) < e~ 5 0=/,
We conclude by taking

=G.NF, (2.51)
for which the bounds on II(G¢) and II(FY) imply II(DS) < 2~ 5 (9:/2)" , D?/2 > 3.

Step II: Laplace transform expansion

We proceed deriving an asymptotic expression, analogous to the one obtained in Lemma
2.3, for the Laplace transform of the linear functionals (f,)2. In view of the simultane-

ous constraint imposed in (2.47), the result holds uniformly with respect to test functions

.

Lemma 2.6. Let IT be a Gaussian Borel probability measure on L*(O) with RKHS
H=H"(O), r>d/2, and assume that fo € HY(O), a >r —d/2. For all § >2+d/2,
and any 1 € By (z) (defined as in (2.43)), z > 0, let 1. be the approzimation in (2.44),
and define

U(¥) = (fo, V)12 + £(the, W2, (2.52)
Then, for all fired T € R

T2 X > I(D.,.|Y
ol es[<f,w>sz)1’ys] e T IV, ((D||Y6)> (2.53)

where D.. = {f — reLy., f € D.} and R. — 0 uniformly in By.(z) for any z > 0 as
e — 0.

Proof. We have

o ef[(ﬁd))ﬂ‘i’(%]’yﬂ e W) g2 1P [ 2 fot) o

YE] ,
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and letting f, = f — TeL1)., the expectation in the right hand side becomes (cfr. (2.7))

Jp ectf=fo¥) 2 ezf(f)_gg(fT)ezs(fT)dH(ﬁ
Jp, (NdIL(f)

‘E'HDE e%(f*foﬂ/))m

ve| =
From the expression of the log-likelihood (2.6) we readily obtain

72 - T, _ ~ ~
gs(f) - gE(fT) = EHwEH%Q + E<L 1(f - fO)a w€>L2 + T<w€>W>L27
which substituted into the previous expression yields, using the self-adjointness of L1,

BT [ 22— )] ‘y} (2.54)
£<L_1va¢_1/~)€>L2 efs (fr)dH(f)

_ eéwa”ize*ﬂL_lfo,LwﬂZJs)Lz Jp. €
Jp. =D dII(f)

(2.55)

In view of (2.40), we have that ||, — L[> — 0 as & — 0 uniformly in B} (z) for all

z > 0, and hence
207 12 2 2
67”¢5HL2 — (1 + 0(1))67“L¢“L2_ (256)
Next we prove that, uniformly in Bi(z),
e HLT olv—dehi2 — 1 4 o(1). (2.57)

To do so, note

1 _
sup | — —(L7' fo, LYy — ) g2
YEBY(2)
1 L .
= ol sup (G Lo )
€ venl () |\ L foll et 12

1 -
<= sup |y — Gl gpeay-
YEBY (2)

<e 14+ N2)TE"
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where the last line follows by (2.41). Recalling that N, ~ T, a > — d/2 and
B>2+d/2,

—_

-8 atB-2-r

(1+ N7 ~e 200 0.

sup
YEBY(2)

= (L7 o, L =) e| £

~e
The following step consists in showing that, uniformly in B[ﬂ((z),

/ EET L0212 L UD gTT( ) = (1 + o(1)) / <UD dTI(f). (2.58)

€

The result will follow from the dominated convergence theorem upon showing that

(L L — ) 2| — 0

sup sup
FEDP= ypeBy.(2)

Recalling the definition (2.51) of D, we bound the left hand side by

T(L Y, L — ) e

sup sup
fe€Fe yeBl.(2)

1 B .
< B sup sup ‘(L L Ly — )2

eBy.
Vil 2 <pe ToE VEBR()

1 B N
+= suposup (L7 fo, L — ) s
€ lIf2lln<Qetr peBY.(2)

Accordingly, it is enough to show the joint convergence of the two terms above, which

can be done similarly as in the derivation of (2.57). In particular

1
- oswp s (LT LY - b e| €

€By
11l 2 <pe TH0 VEBR()

<e 2+r (1 + NQ)*g

On the other hand, recalling that H = H",

1 -
- swpswp (LT L — e

SeHQ+R)(1+ N)TE S0,
€ 1f2ln<Qe+r peBE.(2)
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24r—d/2

2
since 6, ~ &z  and Q. = -2~} <c’eD2(5f/€)2) ~ §./e. Replacing (2.56), (2.57) and
(2.58) into (2.54) we obtain, uniformly in By (z),

, I, e UndII(f)
Jo, O )

B [0 twlly<] = (1 +o(1))e T I} (2.59)

We conclude by further simplifying the ratio in the right hand side of (2.59) in the
same way as in the conclusion of the proof of Proposition 3.2 in [166]. Let II. be the law
of the shifted parameter f, = f — 7eLi)., and D., = {f — 7eL)., f € D.}. Then, the
Cameron-Martin theorem (e.g., Theorem 2.6.13 in [104]) yields

Jo U)oy, Jp,, e T dI(g)
ft e £ 3y
fDE eeg(f)dnq) fDE egg(g)dﬂ(g)
First note that by (2.39),
~ ~ max{0,r— }
sup L3 S sup e ST E 0, (2.60)
YEBY(2) YEBY(2)

Next, recalling the definitions (2.47) and (2.51) of G. and D, respectively, we have

sup  sup [e(Libe, g)ul = sup sup (L., f — TeLi)e)y]
9€D= e By (2) J€Pe yeBy(2)

<elsup sup [(Libe, flul +|rle sup [|Le.]3
€9z peBh (2) YEBY,(2)

< 0.0. +0o(1)

min{r+2—d/2,4—2—d/2}

and, since > 2+ d/2 and r > d/2, then 0.0, < € 247 — 0. Thus, we
conclude that uniformly in Bj(z) as € — 0,

Jp, dI(/) Jo., “Vdl(g) (D, [Y*)

- Le(f) = (1 + 0(1)) : () = (1 0(1)) o

fDE ete(NdlI(f) ng et dIl(g) I(D.|Y*)

Step III: convergence of the finite dimensional distributions

We now exploit the previous lemma to show the convergence of the finite dimensional

distributions of the centred and scaled posterior to those of the Gaussian measure p
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induced by the process X in (2.28). The result is obtained by showing that the ratio in
the right hand side of (2.53) converges to one, yielding, as in Lemma 2.3, the desired
asymptotic expression for the Laplace transform. This will in turn conclude the proof of
Theorem 2.2.

To proceed, consider the centring Gaussian process obtained by collecting the random

variables introduced in (2.52),

A

Vo= (V)i e HY),  Wa(9) = (fo, )2 + 60, W2, €0, (261)

In view of Lemma 2.1, and by the continuity of the linear map ¢ € H V. € H', t >0,
U, defines a Borel measurable map on (H?)*, for 5 > 2+ d/2. Then, denote by

L (/- %)

Ye)=L(X.), f~I (2.62)
the tight conditional law on (H?)* of
R= (R ver)), K@) = ((fehe-b@)[y. (269

Lemma 2.7. For any fized 9y, ... 1, € HP, consider the following Borel probability
measures on R™:

L (5’1(]” — \ile)

Y€>n =L <€71[<f, w1>L2 - i’e(w1>7 M) <f> wn>L2 - \ijE(wn)]‘Ys) ’

where [ ~ 11, and
Mn = E(X(l/Jl)v s 7X(1/}TL>>7

where X is as in (2.28). Then, denoting dgn the BL-metric for weak convergence on R™,

we have in P};—pmbability as € — 0.

o (£ (72

Y®) ) = 0. (2.64)

Proof. By Lemma 2.2, it is enough to show (2.64) for f ~ I17=, with D, as in (2.51). Let
v € HP be fixed. Then, by taking K = supp(¢), Lemma 2.6 implies

\LwHQLQ H(DE,T|Y6)

BT [l t0l|y<] = (1 +o(1))eT! TENER

and the proof is concluded by showing that the ratio on the right hand side converges to
1in P};—probability as ¢ — 0. Indeed, if this is the case, the convergence of the Laplace
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transform will imply that for any fixed v € H?,

da (£ (7 ((f, 02 = Bo()) [Y2) , L(X (1)) = 0, (2.65)

in P}g—probability as ¢ — 0; and, by the Cramer-Wold device, also (2.64) will follow by
replacing ¢ with any finite linear combination 7, a;¢; € HE.

To proceed, first recall that Lemma 2.2 implies that II(D.|Y®) — 1 in P};—probability
as € — 0. To apply the same result to the numerator, we show that the prior probability

of D¢ decays exponentially as required by (2.33). Note
DE,T - {f - TéLQLE? f S ge N fa} - gE,T N fE,T?

where G, ;, F. . are defined analogously to the set D, . introduced in the previous lemma.
It is hence enough to deduce (2.33) for G., and F. , separately.
First, from the definition of G. in (2.47), we see that

95,72{92 sup (g, Loeyu| < Do.d. /e — |rel|| Ly sup ||L¢~55HH}-

¢EB(2) ¢EB(2)

24r—d/2
Now, using (2.46) and recalling §, ~ ¢~ 2% |

~ ~ limax{O,'rffH»él}
EHIA/%HH sup ||L¢E||H 5 € 2T Oz =0 (0666/5) :
$EB(2)

Then, for all € > 0 small enough

ge,r 2 {g * o sup |<g7LéE>H’ S DUE(SE/E} )

pEBY(2)

and by our particular choices of D > D > /6 we obtain (via the Borel-Sudakov-Tirelson
inequality) that TI(G¢ ) < e~z (/9 On the other hand, for F. defined in (2.49),

r—d/2 ~
For 2 { i £ 1l < 02, o < Qb [rlel Ll

and since, by (2.60), || L]l — 0 as ¢ — 0, we have Q. + & — |7|e|| LY. |» > Q. for
¢ > 0 small enough. Then, for all such ¢ > 0,

r—d/2
For 2 {04 250 1len < 0™ 13l < Q.
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and by the isoperimetric inequality for Gaussian processes we can conclude that II(F? ) S
H2 ~
e’DT(‘SE/E)2, D > /6, as required.
O

Using the same argument as in the conclusion of the proof of Theorem 2.1, we deduce
from the above lemma that the semiparametric BvM phenomenon displayed in (2.27)
does occur for all 8 > 2 4 d/2, concluding the proof of Theorem 2.2.

Step IV: weak convergence in (H%)*

Assume now that 5 > 2 + d. Combining the convergence of the finite dimensional
distribution established in the previous step with a uniform bound on the covariance
of the process X, in (2.63) implied by Lemma 2.6, we show that £(e™!(f — @'8)\1/5)
converges weakly to p. That U, can be replaced by the posterior mean f. can then be
shown analogously as in the proof of Theorem 2.7 in [166]; see Step V in Appendix 2.C.

It is again enough to consider the restricted prior I1P=. Thus, for any fixed compact
set K C O, let TIP=(-|Y) be the tight Gaussian law on (Hp)* induced by X. g =
(X.(¥) : ¢ € Hy), where X () is as in (2.63) with f ~ IIP=. To exploit the convergence
of the finite dimensional distributions, we further consider ‘projections’ of IIP=(-|Y?)
onto suitable subspaces. In particular, let {®;., | > —1, r = 1,...N;}, Ny < 24, be
an orthonormal basis of L?(0) of sufficiently regular boundary corrected Daubechies
wavelets. We will exploit the fact that such basis conveniently characterises the Sobolev
regularity of the test functions in terms of the decay of the wavelets coefficients (see [228]
or also Chapter 4 of [104] for details).

For any A € N and all ¢ € Hf;, let P 1 denote the projection of ¥ onto the finite
dimensional subspace spanned by {®;., { < A, r < N;}. Next, define the projected
posterior TI2%(-|Y?) as the law of the process P\X. i := (X.(Pyy) : ¢ € Hp); define
analogously the projected limiting law u,. For d = d( ey the BL-metric for weak
convergence of probability measures defined on (H IB()*, the triangular inequality then
yields

AP (Y9), o) < d (TP (Y9, IR (Y9)) o+ (TR V) pia) + Guas ) - (266)

We show that the three term in the right hand side vanish. For the first, recalling the
definition of the BL-metric (2.31), we have
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d (TP (-y9), TIR=(-]Y)) = sup " [F(X. k) — F(P X k)|
F:(HP)* =R, ||F||Lip<1
< B X.x — P\ X EKH(Hﬁ

which, by definition of the norm in (H 1’6;)*, equals

N
BT sup |Re(g— Pl < BT sup Y050 (0, @ )ual | K@)
YEBR(1) YEBL(1) ISAr=1

with Bj(1) defined as in (2.43). Note that, as supp(y)) C K, for X large enough (only
depending on K) the above sum involves only wavelets that are compactly supported
within O. We now apply Holder’s inequality and the wavelet characterisation of Sobolev
norms to upper bound the right hand side by

HDE sup Z \J Z w @lr $ Z |X ®l7‘ |2 < 22 l/BEHDE Z |X (ph.)|
YEBL (1) I>A r=1 >\ \Jr 1

Jensen’s inequality implies the further upper bound

o2 JZE 271, )|

>\

having scaled the wavelets by a factor 2=%" for some 2 4 d/2 < ' < B — d/2 (possible
since we here assume 3 > 2 + d). In particular, since ||®;,[|%, =~ 22", we have that
2771®,, € BY(1). Using Lemma 2.6 and the fact that || L®, |2, < || P g2 =~ 24, we

~Y |

obtain
N Y 108" H(D |Y€)
Jolss [eXs(Q Flay,) Yg} = Repall2™ Lol 2\ a2 )
I(D.|Y?)
I T7 W
— I(D.|Y?)
Sre

= OP%E(U
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having lower bounded the probability on the denominator by Lemma 2.2. Then, since
22 <e® +e*forall z €R,

EHDE|)A(E(2_/3/Z<I>”)|2 < EHDEGXS(Q*B/ZQ)H) i EHDE€—X8(2*5/1<I>ZT) <.

We thus obtain, recalling N; ~ 2!¢,

d (% (|v*), T ({y)) £ 3270 Zra TS et Ll
>\ I>A
Since we have chosen 8’ <  — d/2, the latter series is convergent, implying that the
right hand side vanishes if A\ — oo.
For the second term in (2.66), we can deduce directly from Lemma 2.7 that for any
fixed A we have d(IT=(-|Y?), ) — 0 in P} -probability as € — 0. For the third term we
proceed similarly to the first, obtaining

d(p, z) = E sup | X (¢ — Pag)| S ZZ”J S EIX (@)

YeBY (1) 1>\ r=1

Recall X () ~ N(0, ||LP,;,||3.). Hence

d(p, ) S ZQ’BZWW <Y g (s-2d/2)

>\ I>A

which again converges since > 2 4+ d. To conclude, we can fix arbitrarily ¢’ > 0, and
then find A = A(¢') sufficiently large so that the first and third term in (2.66) are smaller
than &’. For such value of A, the second term can be made smaller that £ by choosing &
small enough with P} -probability approaching one, implying that d(ITP= (-|Y9), 1) — 0
in P}g -probability as ¢ — 0.

Appendix 2.A Information lower bound for linear

inverse problems

Let Y¢ be given by (2.4) with f = fo, and let (.(f) = logp;(Y®), f € W, be the
log-likelihood in (2.6). For any h € W, € > 0, we have

Proten(Y) 1
10gW = l:(fo +eh) — L(fo) = (Gh, W), ZHGhHwQ/VQ-
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Recalling (Gh, W)y, ~ N(0,[|Ghlf3y,), the model is seen to be locally (asymptotically)
normal (LAN), with LAN-inner product and norm respectively given by

(s ean = (G-, G )y, |- [[lzan =G - [[w,-

Let v € W, satisty the assumptions of Theorem 2.1, and consider the continuous
linear map

Ll/) : W — Ru Li/)<h) = <h7 w>W17

defined by extension using the fact that Wy C W is dense. As by assumption 1) = —G*G)
for some ¢) € H, then for all h € W

Ly(h) = (h, V), = (h, =G G, = (h, =) an,

so that the Riesz representer with respect to the LAN-inner product of the linear
functional L, is —1). We then deduce from the semiparametric theory of efficiency
(see Chapter 25 in [234], or Section 7.5 in [171]) that the information lower bound for
estimating Ly (fo) = (fo,¥)w, from model (2.4) is identified by the random variable

Z ~ N(0, |9l pan) = NO, |G|, ).

and we have the lower bound (2.14) for the asymptotic minimal variance . Note that when
G*G has a well defined inverse we can write ||GV[3,, = [(G*G)"*||24x. In analogy
with the finite-dimensional case, we then sometimes call G*G the Fisher information

operator.

Appendix 2.B Properties of elliptic boundary value

problems

We list here some key facts relative to the boundary value problem (2.19) following from
the general elliptic theory (see, e.g., the monographs [153, 205]). We start noting that
the operator L defines a bounded linear operator from H* = H*(O) into H*"? for all
s > 2, and, in view of the symmetry of the coefficients a;;, it is also self-adjoint with

respect to (-, )2 when acting upon HZ.
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If, in addition, we assume the uniform ellipticity condition:

d

7 a(x)&E; > alél, Ve e O, &=(£,...,&) R,

1,j=1

for some constant a > 0, then for all s > 0 and any f € H?, there exists a unique weak

solution uy € H§™ of (2.19) satisfying the variational formulation of the problem:

d an ov 1

ij=1

Furthermore, we have the elliptic estimates

o2 < CS||f|

] e

for constants ¢s > 0 depending only on s. These results follow directly from Theorem 5.4
in [153, Chapter 2] (see also remark 7.2 in the same reference) by noting that uy = 0 is
the unique smooth solution of (2.19) with f = 0 (e.g., in view of Theorem 3 and Theorem
4 in [89, Section 6.3]). Finally, as pointed out in Remark (ii), page 310 in [89], it follows
that Luy = f almost everywhere on O.

With a slight abuse of notation, let L™! denote the solution map, so that L™ f = u;
is the unique element in Ht? that satisfies (2.67). Also, in view of the uniqueness
of weak solutions, L™'Lu = u for all u € HZ. From the above results we have that
L™': H®* — H{™, s >0, defines a linear and bounded isomorphism which is self-adjoint

on L? (following from the self-adjointness of L).

Appendix 2.C Remaining proofs

2.C.1 Proof of Corollary 2.2

The proof follows the argument in Section 2 of [52]. We start by noting that the function
® : [0, 00) — [0, 1] is uniformly continuous and strictly increasing, with continuous inverse
®~1:]0,1] = [0,00). Thus, for every v > 0 we can find € > 0 such that |®(t+¢)—P(¢)| <
7, Yt > 0. For such ¢ and for all t > 0, denoting B(0,t) = {z € R, |z| < t}, we have

Prit —e <|Z| <t4e)=D(t+¢c) —P(t —¢e) < 27.
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Thus, applying Corollary 7.3.22 in [104] to L(e~*(f — f-, ), |Y?) converging weakly to
L(Z) in P};-probability as ¢ — 0, we deduce that

sup [T (f = o), € BO.0)Y) — Pr(Z € B(0,1))] = opye (1)

0<t<oo

as € — 0. Thus, recalling the definition of R, after (2.15)

(e R.) = Pr(1Z] < <R (" (f - b | <RIV +1 -0
=1 _OH'OPJ}”(D
0

as € — 0 by the above with ¢t = e 7' R.. Since ®~! is continuous, the continuous mapping

theorem yields

PY
e 'R, = 0 [®(e 'R % (1 — ).

Then the first claim follows using Theorem 2.1, as

P ({fo, )wi € Co) = P (e [{fo = fes )| < €7'Re)
=Py (gfleo — fo Py | < D71 — a)) +o(1)
—Pr(|2] <@ (1-a)) +o(1)
=1—-a+o(l).

2.C.2 Proof of Lemma 2.1
1. First assume that 8 > 2+ d/2, and let B?(1) := {h € H?, ||h||gs < 1}. According to
(2.28), X sy = (X(¥) 19 € BP(1)) is a Gaussian process with intrinsic distance

dx (¥, ¢) = E[X(¢) = X" S v = ¢/[l72-

Next, from Edmund and Triebel’s upper bound for the entropy numbers in general
Besov spaces (see [227]) we deduce that, for positive reals s; < sq, letting B*(r) := {h €
H?) ||hl|lgs <71}, 7 >0,

__d
log N(n; B*(1), || - [|gs1) Sm =271, n>0. (2.68)




2.C Remaining proofs 71

Then it follows from Dudley’s metric entropy inequality [104, Theorem 2.3.7] that for all
z>0

B swo IX@IS [ 2lgNe B) -l S [ 0Ty, (2,69
0 0

YeBE (1), |¢|| y2<z

which is indeed convergent for all 3 > 2+ d/2. Thus, letting z — 0 in (2.69) implies that
X B2 (1) has a version taking values in the separable Banach space

(B,| - [ls), B=UC(BI(1),dx), |zl = sup |z(¢)], (2.70)
YeBE (1)

of bounded and uniformly continuous (with respect to the metric dx on B?(1)) pre-linear
functionals on B?(1), the separability following from Corollary 11.2.5 in [79] since, in
view of (2.68), B?(1) is totally bounded for the metric dx if 8 > 2. Finally, as according
to (2.70) B is an isometrically imbedded closed subspace of (H?)*, we deduce from
Oxtoby-Ulam theorem (Proposition 2.1.4 in [104]) that X s, induces a tight Borel
Gaussian probability measure on B, which has a unique extension to (H?)*.

2. For B <2+d/2, as H? C Hf’ with continuous embedding if 5" < 3, it is enough
to show that Pr (SqueBE(l) | X (¥)] < oo) =0 for 2 < f < 2+ d/2. We proceed by
contradiction, assuming on the contrary that

Pr ( sup | X ()| < oo) > 0. (2.71)

peB2 (1)

In view of (2.68), B7(1) is separable with respect to the intrinsic metric dx for any 8 > 2.
Hence, Proposition 2.1.12 in [104] and (2.71) jointly imply, by Proposition 2.1.20 in [104],
that ESUpweBEa) | X (¢)| < oo, which we will show to yield a contradiction. To do so,
note that (X (L~1¢) : 1 € H?) has the same law on RH as the standard Gaussian white
noise W. Thus,

E sup |X(¥)]=E sup [(Ly, W)pa],

veBL (1) weBI (1)
and the proof is completed by finding a suitable lower bound to show that the right hand
side diverges.
Considering the orthonormal Daubechies wavelet basis of L? introduced in Step IV in
Section 2.5.3, select for each j > 1, n; = 294 ¢ > 0, wavelets {®;,, r =1,...,n;} with

disjoint compact support within O. Next, for each m = 1,...,2"% and b,,. = (by, 7 =
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1,...,n;) € {—1,1}", define
him(2) = k; Y b2 P05 (x), €0, (2.72)
r=1

where k; > 0 is to be fixed. Recall that it is enough to consider 2 < g < 2+ d/2. We

have hj,, € H?, and by the usual wavelet characterisation of the Sobolev norms

1>—1s=1

Hence, choosing k; < n}l/Q guarantees that {hj,,, m =1,...,2%} C B?(1), yielding the

lower bound

E sup [(Ly,W)p2| > E max  [(Lhp;, W) 2|, j>1,
veBl(1) mEhe2

-----

which we can further bound from below by restricting the maximum to a suitable smaller

subset. In particular, the Gaussian vector (W(Lh;,,), m = 1,...,2") has intrinsic metric
7”Lj 2
&} (s Pgme) = 1L(Rgm = By |72 = K727 22N>~ (b = by ) L@ ||
r=1 L2

and arguing as in the proof of Proposition 6 in [171] we can select, for sufficiently large j,
a subset {1, ..., hjm,} € {hjm, m=1,..., 2"} of cardinality m; > 3"/, such that

&3 (hjn, hyi) 2 2%9279) h#k.

Thus, by applying Sudakov’s lower bound [104, Theorem 2.4.12], we deduce that for all
such 7

E  max [(Lhjm, W) > Ehimax {{Lhjn, W) 2|}

1,...,m;

Z CQj(Q_B)\/IOg N(?J(Q_B), {hjb ey h/jmj}v dj)

> 29C7P) Nlog m;

> C”Zj(2+d/2_ﬁ).

The last line diverges as 7 — oo for all § < 2+ d/2, yielding the contradiction.
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3. Assuming tightness on (H?)* for 3 = 2 + d/2 would imply (exactly as above) that
X were sample bounded and, in view of Proposition 2.1.7 in [104], also sample continuous
with respect to dx. Then, Proposition 2.4.14 in [104] would yield

; . B _
}]lgrg)nﬁogN(n, Bi(1),d) =0

which, taking the sequence n; = 2/(2=F) = 9774/2 {5 in contrast with the fact that

01 (2-8) \/10g N(2i2-8); B(1),d) > 2/2~P) \/log N9 {hj1, ..., hjm, }, dj),

and that the right hand side is bounded below by a positive constant for § = 2 + d/2, as

seen above. O

2.C.3 Proof of supporting lemmas for Theorem 2.1
Proof of Lemma 2.2
We start by noting that II(B) = I[I(B N D.) + II(BNDE) and

H(B N De) o HDs (B) — H(lf(;j\};s) . H(lf(;j;E) — _H(DS)HDE (B)

which implies ||TI(-|Y®) — TIP=(-|Y¥)||ry < 2I(D¢|Y). Hence it suffices to prove the
first limit in (2.34). This will be done using Markov’s inequality and showing that
E} (I(Dg|Y*)) — 0. In particular, we split the expectation as

By, ((DLY?)) = By, (I(DLY?)1x,) + Ep, (DY) 17) (2.73)

where F. is a suitable event to be specified for which P}g (F.) — 0, yielding the
cancellation of the first term, at a sufficiently slow rate so that also the second vanishes
due to the assumption on II(DS).
We proceed constructing F.. For (.(f) the log-likelihood defined in (2.6), we can
rewrite the posterior (2.7) as
[ el ==l dTI( f)

WY = 2 man P € B (2.74)
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It follows from (2.6) that under P}~ we have

) = ) = (G = ). W = 55167 = o)l

Let v be any probability measure on the set B = {f : [|G(f — fo)|| < d.}. Applying

Jensen’s inequality to the exponential function we get for any C' > —1 /2
PY* ( /B e (N~t00) gy ) < e(1+5>(65/s>2>
1 1 -
< Pr (B (G = o). Whw, = 551G = ol ) < —(14 C) (6./2))

Denote Z = 2 [5(G(f — fo), W)w,dv(f) ~ N(0,Cy) where, using again Jensen’s inequal-
ity,

Cz = B (BGUS = fo), Wyw.)*
< B (B(G( = o), Wi,)
= = L IG( = Wt f)
< (8:/2)".

We can then conclude

Py ([ e p) < 03O0 —pr (|2 - B2) > (i +C)(0./e))
B

< e,<1/2;é>2(58/5)2
the last inequality following from the standard Gaussian tail bound Pr(|Z — EZ| > ¢) <
e=¢"/@Var(2))  We can now choose v = II(- N B)/II(B) and let

F = {f : / =N~ gy (£) < 8—3(55/@2}.
B

Using the above with C' = 1/2 we see that Py (F.) < ¢=20=/2” 5 0, which implies that
the first term in (2.73) tends to zero since II(-]Y¢) < 1.
For the second term study the small ball probabilities II(B) = II(f : [|G(f — fo)llw, <

J.) using the condition (2.9) on the concentration function. We see from (2.74) that
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o A fpe DT f)
EfO(H(D5|Y>1J:§>SEfO< -

1 re
[ ele(N=t=(TI(B)dv(f) 7

< 62(65/8)2 / EYE (e&:(f)*fa(fo)) dH(f)
(S G = fo)lly, < 62) Joe P

For f ~ II, denote the concentration function of the (image) Gaussian measure IT = £(G'f)

as

Gyqll%
I, IGall3,
GyeH, |IG(g—fo)lwy<6 2

o5 (9) log IT(f = |G fl[w, < 0).

Following Proposition 2.6.19 in [104] we next show that
TH(f: |G(f — fo)l2, < 6%) > e Pmn(/2),

Let g € H be such that ||G(g— fo)llw, < /2. Then ||G(f — fo)llw, < |G(f—9)|lw,+9/2.
We denote I1,(B) =1I(B — g) =1I(f : f + g € B). Using the Cameron-Martin theorem
[38, Corollary 2.4.3.] and the fact that f is a centred Gaussian random variable we can

write

LI(f = [IGOf = fo)llw, < 0)

> I(f - [G(f = g)lw, <6/2)

1 ) )
=3 <H—Gg (f HIG e < 2) + Ilg (f G flw, < 2))

_1 dll_5(f) 5 7 dil;(f) = =
2 (/{”ﬂ'wﬁi} i) +/{||ﬂ|wzsg} dIi(f) dH(f))

L (675 1 o) I i )
= — ~ e IR 4 e\in ) em T2 dll
2 ( (1w, <5} )
_liGallZ, 5
> (116 I < )

where Gg = § and Gf = f. The last inequality follows from the fact e~ 4 ¢* > 2 for all
x € R. We can then conclude

EY (I(DLY*) 1) < 0200:/2)? pom 5, (5=/211(De)
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since B} (egf(f)_gﬁ(f@) = 1.

Note that G is assumed to be linear and injective and hence the RKHS H = G(H) of
G f is isometric to H (see Exercise 2.6.5 in [104]). By assumption, |G f||w, < ¢l flyy for
all f € W, which implies

—logII(f - |G fllw, < 0) < —logIL(f = [flls < d/c).

We also have [|G((g— fo)llw, < ¢llg— follyy and hence ér f,(8) < ér.f, (6/c) for all §. Thus
by (2.9) and assumption (2.33) we can conclude

By (I(DEY*)1z:) < e20/9)" om0 O/ 29T (DE) < BP0/ ),

O
Proof of Lemma 2.3
Denote f, = f 4 7e1). Then the left hand side of (2.36) can be written as
EPe { (= fobhw, +7(GP, W), ya]
f o FF—Foh)wy +7(GOW) o +e (fr)—Le () +Le(f dHDs(f)
Jyw = dIIP ()
Using (2.6) we see that under P}’
T . (AN -
gs(f) - gs(ff) = g<G(f - fO)a Gw>W2 + ?HG’IZJHWQ - T<Gw7W>W2
and hence
U dII(f)
P [ 2w Ys] 2GR, Jp. ¢ ' o 75
‘ Ip. et=dII(f) ( )

Let II, be the shifted law of f., f ~ II. Then by the Cameron-Martin theorem [38,
Corollary 2.4.3.] we get, denoting D, , = {g = f- : f € D.},

dIl, o _E9? g
Jp. . ele(9) dH((gg))dH(> ngT e(hg)n—T5 WH%dH(g)

2.
o W dIT(g) I Eeﬂswwmg) (2.76)
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Since 1) is a fixed element in H, we see that €2||1)||3, — 0 as ¢ — 0. Using the definition
of D, in (2.35) we see, as € — 0,

e sup [(0, g)ul = & sup (&, f + Ted)u| < TPl + I7I2[[ 013, — 0.

QGDE,T fEDs

We have thus shown that a small shift of f along #H in (2.75) correspond asymptotically
to a shift in D.:

Jo “PdI(f) _ Jp., e Wdlllg) L T(De YY)
ng efs(f)d]_[(f) o fDE ees(g)dﬂ(g) ( 0( )) B H<D€’Y5)

(1+ o(1)).

Using Lemma 2.2 we see that II(D.|Y*) — 1 in P} -probability. We also note that

I(D:,) =11 (g : (1, g — Te) ]| N T(5£>

i 1|7 3
(U, g)yu| _ To. > 2)
<TII : - —
< (g T > — ITlel|v|3

o (5 /e)?

IN

Y

for any v/6 < t < T. Using Lemma 2.2 again we then conclude that II(D, ,|Y¢) — 1 in
P}g—probability.

2.C.4 Step V in the proof of Theorem 2.3: convergence of the
moments

The last step consists in replacing, in the result derived in the previous step, the centring

U, (defined in (2.61)) with the posterior mean f. = EY[f|V¢]. The proof only requires

minor adjustments from the proof of Theorem 2.7 in [166]. In particular, we show that
as ¢ — 0,

le!(fe = \IJE)”(H;;)* = [|B"eH(f - \IIE)|YE]||(H§)* = OP}:)E(I)- (2.77)

W argue by contradiction: let (€2, X, Pr) be the probability space on which Y& =
L' fy + eW is defined, and assume that for some Q' € X, Pr(Q') > 0, and £ > 0, we

have along a certain vanishing sequence (&,)n>1

1B e (f = T )Y @)z 26 Vwe Q. (2.78)
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In view of the convergence established in Step IV and since convergence in probability
implies almost sure convergence for a subsequence, we can find Qy € X, Pr(€) = 1,

such that along a further subsequence (denoted again as (g,,),>1 for convenience)
By (Llen (f = L)Y (), ) =0, Vw € Q,

as n — o0o. Thus, for each w € €, recalling the definition (2.63) of the process X.
with law L(e71(f — .)|Y?) on (HE)*, the sequence {X. (w), n > 1} of Borel random

*

elements in (Hp)* will convergence in distribution to the process X in (2.28). By

Skorohod’s embedding theorem [79, Theorem 11.7.2] we can find a probability space and
random elements with values in (Hy)*, X., (w) < X. (), X £ X, defined on it such

that X., (w) 22 X, or, equivalently,
HXEn (w) - XH(HE{)* 22 0. (279)

From the standard conjugacy property of Gaussian priors with respect to linear inverse
problems with Gaussian noise, X., (w) is a Gaussian random element in (Hy)* for each
w € €y, n > 1. Then, also Xen (w) — X is Gaussian, and by the Paley-Zygmund argument
in Exercise 2.1.4 in [104], (2.79) in fact implies the convergence of all norm-moments; in
particular:

E"%e, () = Ko — 0.

Thus, since X is a centred process, we obtain that for each w €
|E" e (F = B )Y @)l = B X @) — BX g, = 0.

contradicting (2.78) since Pr(£2y) = 1.



Chapter 3

Consistency of Bayesian inference
with (Gaussian process priors in an

elliptic inverse problem

For O a bounded domain in R% and a given smooth function g : © — R, we consider
the statistical nonlinear inverse problem of recovering the conductivity f > 0 in the

divergence form equation

V- (fVu) =y, z €0,
u(z) =0, x € 00,

from N discrete noisy point evaluations of the solution u = uy on O. We study the
statistical performance of Bayesian nonparametric procedures based on a flexible class
of Gaussian (or hierarchical Gaussian) process priors, whose implementation is feasible
by MCMC methods. We show that, as the number N of measurements increases, the
resulting posterior distributions concentrate around the true parameter generating the
data, and derive a convergence rate N~*, XA > 0, for the reconstruction error of the

associated posterior means, in L?(O)-distance.

3.1 Introduction

Statistical inverse problems arise naturally in many applications in physics, imaging,
tomography, and generally in engineering and throughout the sciences. A prototypical
example involves a domain @ C R? some function f : © — R of interest, and indirect

measurements G(f) of f, where G is a given solution (or ‘forward’) operator of some
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partial differential equation (PDE) governed by the unknown coefficient f. A natural

statistical observational model postulates data

where the X;’s are design points at which the PDE solution G(f) is measured, and where
the W;’s are standard Gaussian noise variables scaled by a noise level ¢ > 0. The aim is
then to infer f from the data (Y;, X;)¥ ;. The study of problems of this type has a long
history in applied mathematics, see the monographs [88, 128], although explicit statistical
noise models have been considered only more recently [127, 33, 34, 117]. Recent survey
articles on the subject are [23, 10] where many more references can be found.

For many of the most natural PDEs — such as the divergence form elliptic equation
(3.2) considered below — the resulting maps G are nonlinear in f, and this poses various
challenges: among other things, the negative log-likelihood function associated to the
model (3.1), which equals the least squares criterion (see (3.10) below for details), is
then possibly non-convez, and commonly used statistical algorithms (such as maximum
likelihood estimators, Tikhonov regularisers or MAP estimates) defined as optimisers in f
of likelihood-based objective functions can not reliably be computed by standard convex
optimisation techniques. While iterative optimisation methods (such as Landweber
iteration) may overcome such challenges [114, 192, 128, 129], an attractive alternative
methodology arises from the Bayesian approach to inverse problems advocated in an
influential paper by Stuart [220]: one starts from a Gaussian process prior II for the
parameter f or in fact, as is often necessary, for a suitable vector-space valued re-
parameterisation F' of f. One then uses Bayes’ theorem to infer the best posterior guess
for f given data (V;, X;)¥,. Posterior distributions and their expected values can be
approximately computed via Markov Chain Monte Carlo (MCMC) methods (see, e.g.,
[63, 62, 26] and references therein) as soon as the forward map G(-) can be evaluated
numerically, avoiding optimisation algorithms as well as the use of (potentially tedious, or
non-existent) inversion formulas for G™'; see Section 3.4.1 below for more discussion. The
Bayesian approach has been particularly popular in application areas as it does not only
deliver an estimator for the unknown parameter f but simultaneously provides uncertainty
quantification methodology for the recovery algorithm via the probability distribution of
IV, XN (see, e.g., [73]). Conceptually related is the area of ‘probabilistic numerics’
[47] in the noise-less case 0 = 0, with key ideas dating back to work by Diaconis [75].

As successful as this approach may have proved to be in algorithmic practice, for the
case when the forward map G is nonlinear we currently only have a limited understanding

of the statistical validity of such Bayesian inversion methods. By validity we mean here
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statistical guarantees for convergence of natural Bayesian estimators such as the posterior
mean fy = EV[f|(V;, X;)¥,] towards the ground truth fy generating the data. Without
such guarantees, the interpretation of posterior based inferences remains vague: the
randomness of the prior may have propagated into the posterior in a way that does not
‘wash out’ even when very informative data is available (e.g., small noise variance and/or
large sample size N), rendering Bayesian methods potentially ambiguous for the purposes
of valid statistical inference and uncertainty quantification.

In the present chapter we attempt to advance our understanding of this problem area
in the context of the following basic but representative example for a nonlinear inverse
problem: let g be a given smooth ‘source’ function, and let f : O — R be a an unknown

conductivity parameter determining solutions u = uy of the PDE

V(fVU):g, SCGO,

u(z) =0, x € 00, 42)

where we denote by V- the divergence and by V the gradient operator, respectively. Under
mild regularity conditions on f, and assuming that f > K,,;, > 0 on O, standard elliptic
theory implies that (3.2) has a unique classical C%-solution G(f) = u;. Identification of
f from an observed solution u; of this PDE has been considered in a large number of
articles both in the applied mathematics and statistics communities — we mention here
(199, 91, 116, 144, 8, 141, 123, 140, 220, 72, 215, 241, 73, 42, 26, 176, 47] and the many
references therein.

The main contributions of this chapter are as follows: we show that posterior means
arising from a large class of Gaussian (or conditionally Gaussian) process priors for f
provide statistically consistent recovery (with explicit polynomial convergence rates as the
number N of measurements increases) of the unknown parameter f in (3.2) from data in
(3.1). While we employ the theory of posterior contraction from Bayesian non-parametric
statistics [235, 236, 101], the nonlinear nature of the problem at hand leads to substantial
additional challenges arising from the fact that a) the Hellinger distance induced by the
statistical experiment is not naturally compatible with relevant distances on the actual
parameter f and that b) the ‘push-forward’ prior induced on the information-theoretically
relevant regression functions G(f) is non-explicit (in particular, non-Gaussian) due to the
nonlinearity of the map G. Our proofs apply recent ideas from [167] to the present elliptic
situation. In the first step we show that the posterior distributions arising from the priors
considered (optimally) solve the PDE-constrained regression problem of inferring G(f)

from data (3.1). Such results can then be combined with a suitable ‘stability estimate’
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for the inverse map G~! to show that, for large sample size IV, the posterior distributions
concentrate around the true parameter generating the data at a convergence rate N~
for some A\ > 0. We ultimately deduce the same rate of consistency for the posterior
mean from quantitative uniform integrability arguments.

The first results we obtain apply to a large class of ‘re-scaled’ Gaussian process
priors similar to those considered in [167], addressing the need for additional a-priori
regularisation of the posterior distribution in order to tame nonlinear effects of the
‘forward map’. This rescaling of the Gaussian process depends on sample size N. From a
non-asymptotic point of view this just reflects an adjustment of the covariance operator
of the prior, but following [75] one may wonder whether a ‘fully Bayesian’ solution of this
nonlinear inverse problem, based on a prior that does not depend on N, is also possible.
We show indeed that a hierarchical prior that randomises a finite truncation point in
the Karhunen-Loeve-type series expansion of the Gaussian base prior will also result in
consistent recovery of the conductivity parameter f in eq. (3.2) from data (3.1), at least
if f is smooth enough.

Let us finally discuss some related literature on statistical guarantees for Bayesian
inversion: to the best of our knowledge, the only previous paper concerned with (frequen-
tist) consistency of Bayesian inversion in the elliptic PDE (3.2) is by Vollmer [241]. The
proofs in [241] share a similar general idea in that they rely on a preliminary treatment
of the associated regression problem for G(f), which is then combined with a suitable
stability estimate for G~*. However, the convergence rates obtained in [241] are only
implicitly given and sub-optimal, also (unlike ours) for ‘prediction risk’ in the PDE-
constrained regression problem. Moreover, when specialised to the concrete nonlinear
elliptic problem (3.2) considered here, the results in Section 4 in [241] only hold for priors
with bounded C®-norms, such as ‘uniform wavelet type priors’, similar to the ones used
in [174, 171, 175] for different nonlinear inverse problems. In contrast, our results hold for
the more practical Gaussian process priors which are commonly used in applications, and
which permit the use of tailor-made MCMC methodology — such as the pCN algorithm
discussed in Section 3.4.1 — for computation.

The results obtained in [176] for the maximum a posteriori (MAP) estimates associated
to the priors studied here are closely related to our findings in several ways. Ultimately
the proof methods in [176] are, however, based on variational methods and hence entirely
different from the Bayesian ideas underlying our results. Moreover, the MAP estimates
in [176] are difficult to compute due to the lack of convexity of the forward map, whereas
posterior means arising from Gaussian process priors admit explicit computational

guarantees, see [113] and also Section 3.4.1 for more details.
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It is further of interest to compare our results to those recently obtained in [2],
where the statistical version of the Calderon problem is studied. There the ‘Dirichlet-
to-Neumann map’ of solutions to the PDE (3.2) is observed, corrupted by appropriate
Gaussian matrix noise. In this case, as only boundary measurements of uy at 0O are
available, the statistical convergence rates are only of order log™7(N) for some v > 0 (as
N — 00), whereas our results show that when interior measurements of uy are available
throughout O, the recovery rates improve to N~ for some \ > 0.

There is of course a large literature on consistency of Bayesian linear inverse problems
with Gaussian priors, we only mention [138, 195, 6, 133, 166] and references therein. The
nonlinear case considered here is fundamentally more challenging and cannot be treated
by the techniques from these papers — however, some of the general theory we develop in
the appendix provides novel proof methods also for the linear setting.

This chapter is structured as follows. Section 3.2 formally introduces the problem
and the Bayesian approach. Section 3.3 contains all the main results for the inverse
problem arising from the PDE model (3.2). The proofs, which also include some theory
for general nonlinear inverse problems that is of independent interest, are given in Section
3.5 and Appendix 3.A. Finally, Appendix 3.B provides additional details on some facts
used throughout the chapter.

3.2 A statistical inverse problem with elliptic PDEs

3.2.1 Main notation

Throughout the chapter, © C R?, d € N, is a given nonempty open and bounded set
with smooth boundary 9O and closure O.

The spaces of continuous functions defined on @ and O are respectively denoted
C(0) and C(0O), and endowed with the supremum norm || - ||o.. For positive integers
B €N, CP(O) is the space of S-times differentiable functions with uniformly continuous

derivatives; for non-integer 3 > 0, C#(0) is defined as

z,yeO : z#y

cﬁ<0>={fecW<o>:vm=w, sup 'Di,’cﬁy_,ffé](y>'<oo},
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where | 3] denotes the largest integer less than or equal to (3, and for any multi-index
i = (i1,...,1q), D*is the i-th partial differential operator. C#(0O) is normed by

‘ Dif(zx) — D!
fllesoy = 3 sup|D'f(z)| + sp P M;j(y)L
lij<|8) *€O li|=[8) TYEO : =Fy ‘iL‘ — y‘

where the second summand is removed for integer 3. We denote by C*°(0) = NzC?(O)
the set of smooth functions, and by C°(Q) the subspace of elements in C*(0O) with
compact support contained in O.

Denote by L?(O) the Hilbert space of square integrable functions on O, equipped
with its usual inner product (-, -);2(0). For integer a > 0, the order-ar Sobolev space on

O is the separable Hilbert space

HY(O)={f e L*(0):V|i| <a, ID'f € L*(O)}, (f.9)us)= >_{(D'f,D'g)r2(0).

li|<a

For non-integer a« > 0, H*(QO) can be defined by interpolation, see, e.g., [153]. For
any o > 0, H§'(O) will denote the completion of C2°(O) with respect to the norm
| - || o0y Finally, if K is a nonempty compact subset of O, we denote by Hg(O) the
closed subspace of functions in H%(Q) with support contained in K. Whenever there is
no risk of confusion, we will omit the reference to the underlying domain O.
Throughout, we use the symbols < and 2 for inequalities holding up to a universal
constant. Also, for two real sequences (ay) and (by), we say that ay =~ by if both
ay < by and by < ay for all N large enough. For a sequence of random variables 7y
we write Zy = Op,(ay) if for all £ > 0 there exists M. < oo such that for all N large
enough, Pr(|Zy| > M.ay) < e. Finally, we will denote by £(Z) the law of a random

variable Z.

3.2.2 Parameter spaces and link functions

Let g € C*°(O) be an arbitrary source function, which will be regarded as fixed throughout.
For f € C%(0), 8 > 1, consider the boundary value problem

V- (fVu) =g, z €0,

u(z) =0, z € 00. 33)

If we assume that f > K,,;, > 0 on O, then standard elliptic theory (e.g., [102]) implies

that (3.3) has a classical solution G(f) = u; € C(O) N CP(0O).
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We consider the following parameter space for f: for integer « > 1+d/2, K, € (0, 1),
and denoting by n = n(z) the outward pointing normal at x € 9O, let

J
.7:&7Kmm:{f€Ha((’)):inff(a:)>Kmm, fioo =1 of =0for1<j<a—1y.

2€0 " Ond jpo

(3.4)

Our approach will be to place a prior probability measure on the unknown conductivity

f and base our inference on the posterior distribution of f given noisy observations

of G(f), via Bayes’ theorem. It is of interest to use Gaussian process priors. Such

probability measures are naturally supported in linear spaces (in our case H$(O)) and

we now introduce a bijective re-parametrisation so that the prior for f is supported in the

relevant parameter space F,
® as in [176].

We follow the approach of using regular link functions

min "’

Condition 3.1. For given K, > 0, let @ : R — (K, 00) be a smooth, strictly
increasing bijective function such that ®(0) =1, ®'(t) > 0, t € R, and assume that all

derivatives of ® are bounded on R.

For some of the results to follow it will prove convenient to slightly strengthen the

previous condition.

Condition 3.2. Let ® be as in Condition 3.1, and assume furthermore that ®' is

nondecreasing and that liminf, , ., ®'(¢)t* > 0 for some a > 0.

For a = 2, an example of such a link function is given in Example 3.1 below. Note
however that the choice of ® = exp is not permitted in either condition.
Given any link function ® satisfying Condition 3.1, one can show (cfr. [176], Section

3.1) that the set F, k,,,, in (3.4) can be realised as the family of composition maps

For,m ={PoF:Fe H;O)}, a € N.
We then regard the solution map associated to (3.3) as one defined on H§' via
4. Hy(O)— L*(0), F—%9(F):=G(®oF), (3.5)

where G(® o F') is the solution to (3.3) now with f = ®o F € F, g

min °

In the results to
follow, we will implicitly assume a link function ® to be given and fixed, and understand

the re-parametrised solution map ¢ as being defined as in (3.5) for such choice of ®.
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3.2.3 Measurement model

Define the uniform distribution on O by p = dx/vol(O), where dx is the Lebesgue

measure and vol(O) = [, dx, and consider random design variables
(X)X, M pu,  NeN (3.6)

For unknown f € F,x we model the statistical errors under which we observe

the corresponding measurements {G(f)(X;)}X, by i.i.d. Gaussian random variables
W; ~ N(0,1), all independent of the X;’s. Using the re-parameterisation f = ® o F' via

a given link function from the previous subsection, the observation scheme is then

Y =9(F)(X;) + oW, 1=1,...,N, (3.7)
where ¢ > 0 is the noise amplitude. We will often use the shorthand notation YV) =
(Y;)XY,, with analogous definitions for X¥) and W), The random vectors (Y, X;) on
R x O are then i.i.d with laws denoted as Pi. Writing dy for the Lebesgue measure on
R, it follows that Pi has Radon-Nikodym density

dPt 1 ly— 212 /(252
pr(y,x) = a ><qu (y,z) = me =4 (F) @)/ (20%) yeR, z€0. (3.8)

We will write PY = ®Y | Pi for the joint law of (Y™, X(N)) on RY x OV, with E%., EY
the expectation operators corresponding to the laws Pi, PY respectively. In the sequel

we sometimes use the notation P} instead of P§" when convenient.

3.2.4 The Bayesian approach

In the Bayesian approach one models the parameter F' € H§(O) by a Borel probability
measure II supported in the Banach space C'(QO). Since the map (F, (y,z)) — pr(y,x)
can be shown to be jointly measurable, the posterior distribution IT(:|Y ™ X)) of
F|(Y®™) XN)) arising from data in model (3.7) equals, by Bayes’ formula (p.7, [101]),

Jp e P dIL(F)

I(B]Y ™, XNy = oo, @I (E) any Borel set B C C(0), (3.9)
where v
1
(O(F) = =55 3 Vi =9 (F)(X)]? (3.10)
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is (up to an additive constant) the joint log-likelihood function.

3.3 Main results

In this section we will show that the posterior distribution arising from certain priors
concentrates near any sufficiently regular ground truth Fy (or, equivalently, fo), and
provide a bound on the rate of this contraction, assuming the observation (Y (V) X (V)
to be generated through model (3.7) of law Pg. We will regard o > 0 as a fixed and
known constant; in practice it may be replaced by the estimated sample variance of the
Y;’s.

The priors we will consider are built around a Gaussian process base prior II’, but
to deal with the nonlinearity of the inverse problem, some additional regularisation
will be required. We first show how this can be done by a N-dependent ‘rescaling’
step as suggested in [167]. We then further show that a randomised truncation of a
Karhunen-Loeve-type series expansion of the base prior also leads to a consistent, ‘fully

Bayesian’ solution of this inverse problem.

3.3.1 Statistical convergence rates with re-scaled Gaussian pri-

ors

We will freely use terminology from the basic theory of Gaussian processes and measures,
see, e.g., [104], Chapter 2 for details.

Condition 3.3. Let « > 1+ d/2, f > 1, and let H be a Hilbert space continuously
imbedded into H§'(O). Let II' be a centred Gaussian Borel probability measure on the
Banach space C(O) that is supported on a separable measurable linear subspace of C#(O),
and assume that the reproducing-kernel Hilbert space (RKHS) of II' equals H.

As a basic example of a Gaussian base prior II" satisfying Condition 3.3, consider
a Matérn process M = {M(z), v € O} indexed by O and of regularity o — d/2
(cfr. Example 3.2 below for full details). We will assume that it is known that Fy € H*(O)
is supported inside a given compact subset K of the domain O, and fix any smooth
cut-off function x € C°(0O) such that x =1 on K. Then, II' = L(xM) is supported on
the separable linear subspace C% (O) of C#(O) for any 8 < ' < a — d/2, and its RKHS
H = {xF, F € H*(O)} is continuously imbedded into H§(O) (and contains H(O)).
The condition F{y € H that is employed in the following theorems then amounts to the
standard assumption that Fy € H*(O) be supported in a strict subset K of O.
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To proceed, if IT" is as above and F’ ~ II’, we consider the ‘re-scaled’ prior

1

Wy = LN, FN = Njarimes

F (3.11)

Then Il again defines a centred Gaussian prior on C'(Q), and a basic calculation (e.g.,
Exercise 2.6.5 in [104]) shows that its RKHS #Hy is still given by H but now with norm

1[Iy = NVEH2D| Rl VF € H. (3.12)

Our first result shows that the posterior contracts towards Fj in ‘prediction’-risk at
rate N~(@+t1)/Ra+2+d) and that, moreover, the posterior draws possess a bound on their

CP-norm with overwhelming frequentist probability.

Theorem 3.1. For fized integer o > 5+ d/2, 5 > 1, consider the Gaussian prior Iy in
(3.11) with base prior F' ~ I satisfying Condition 3.3 for RKHS H. Let I (-|Y (™), X (V)
be the resulting posterior distribution arising from observations (YN X)) in (3.7), set
Oy = N~(atD)/QRat2+d) - ond gssume Fy € H.

Then for any D > 0 there exists L > 0 large enough (depending on o, Fy, D, o, 3, as
well as on O,d, g) such that, as N — oo,

Iy (F : |9(F) —9(F)|l12 > Loy|Y™, XM) = Opy (e PN, (3.13)

o

and for sufficiently large M > 0 (depending on o, D, )

My (F : ||Flles > MYWN) XNy = Opy (e~ PN, (3.14)

Following ideas in [167], we can combine (3.13) with the regularisation property (3.14)
and a suitable stability estimate for G~! to show that the posterior contracts about f;
also in L?-risk. We shall employ the stability estimate proved in [176, Lemma 24] which
requires the source function g in the base PDE (3.3) to be strictly positive, a natural
condition ensuring injectivity of the map f — G(f), see [199]. Denote the push-forward

posterior on the conductivities f by
Oy([Y™, XY= £(f),  f=®oF : F~Iy([y®™, x®). (3.15)

Theorem 3.2. Let Ty (-|[Y™), X)) 5y and Fy be as in Theorem 5.1 for integer 3 > 2.
Let fo = ®o Fy and assume in addition that inf,co g(x) > gmin > 0. Then for any D > 0
there exists L > 0 large enough (depending on o, fo, D, o, 3,0, Gmin,d) such that, as
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N — o0,

(a+1)(B-1)
2a+2+d)(B+1)

Tn(f: 1S = folle > INTY ™, X)) = Opr (e7PV8), A=
0

We note that as the smoothness a of f; increases, we can employ priors of higher
regularity o, . In particular, if Fy € C® = Nys0H®, we can let the above rate N=* be
as closed as desired to the ‘parametric’ rate N—/2.

We conclude this section showing that the posterior mean EU[F|Y(™) XN of
Iy (-[YN) X)) converges to Fy at the rate N from Theorem 3.2. We formulate this
result at the level of the vector space valued parameter F' (instead of for conductivities
f), as the most commonly used MCMC algorithms (such as pCN, see Section 3.4.1)

target the posterior distribution of F'.

Theorem 3.3. Under the hypotheses of Theorem 3.2, let Fjy = EV[F|Y™) XN be the
(Bochner-) mean of Iy (-|[Y™), XN)) . Then, as N — oo,

Py (| Fy = Follz2 > N7*) = 0. (3.16)

The same result holds for the implied conductivities, that is, for ||® o Fiy — fol|z2

replacing || Fy — Fpl|z2, since composition with ® is Lipschitz.

3.3.2 Extension to high-dimensional Gaussian sieve priors

It is often convenient, for instance for computational reasons as discussed in Section 3.4.1,
to employ ‘sieve’-priors that are concentrated on a finite-dimensional approximation of
the parameter space supporting the prior. For example a truncated Karhunen-Loeve-type
series expansion (or some other discretisation) of the Gaussian base prior I1’ is frequently
used [72, 113]. The theorems of the previous subsection remain valid if the approximation
spaces are appropriately chosen.

Let us illustrate this by considering a Gaussian series prior based on an orthonormal
basis {®;,, | > —1, r € Z%} of L?(R?) composed of sufficiently regular, compactly
supported Daubechies wavelets (see Chapter 4 in [104] for details). We assume that
Fy € H(O) for some K C O, and denote by R; the set of indices r for which the
support of @y, intersects K. Fix any compact K’ C O such that K C K’ and a cut-off
function x € C2°(O) such that y =1 on K’. For any real a > 14 d/2, consider the prior
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II; arising as the law of the Gaussian random sum

I, = L(xF), F= Y 2©R®, F<SNOM1), (3.17)

I<JreR;

where J = Jy — o0 is a (deterministic) truncation point to be chosen. Then I, defines

a centred Gaussian prior that is supported on the finite-dimensional space
Hy =span{x®P;., [ < J, r € R;} € C(O). (3.18)

Proposition 3.1. Consider a prior Il as in (3.11) where now F' ~ 1, and J = Jy € N
is such that 27 ~ NV @e+2+d) - Let [T (-[YN) | XIN)) be the resulting posterior distribution
arising from observations (YY), XN in (3.7), and assume Fy € HE(O). Then the

conclusions of Theorems 3.1-3.3 remain valid (under the respective hypotheses on «, 3, g).

A similar result could be proved for more general Gaussian priors (not of wavelet

type), but we refrain from giving these extensions here.

3.3.3 Statistical convergence rates with randomly truncated
Gaussian series priors

In this section we show that instead of rescaling Gaussian base priors II',II’; in a

N —dependent way to attain extra regularisation, one may also randomise the dimen-
sionality parameter J in (3.17) by a hyper-prior with suitable tail behaviour. While this
is computationally somewhat more expensive (by necessitating a hierarchical sampling
method, see Section 3.4.1), it gives a possibly more principled approach to (‘fully’)
Bayesian regularisation in our inverse problem. The theorem below will show that such
a procedure is consistent in the frequentist sense, at least for smooth enough Fj.

For the wavelet basis and cut-off function x introduced before (3.17), we consider

again a random (conditionally Gaussian) sum

M=L(xF), F= Y 29%E®, F<N©ON1) (3.19)
I<JreRy

where now J is a random truncation level, independent of the random coefficients Fj,,

satisfying the following inequalities

Pr(J > j)=e 28" yi>1.  Pr(J=j) e ¥ 500 (3.20)
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When d = 1, a (log-) Poisson random variable satisfies these tail conditions, and for d > 1
such a random variable J can be easily constructed too — see Example 3.3 below.

Our first result in this section shows that the posterior arising from the truncated series
prior in (3.19) achieves (up to a log-factor) the same contraction rate in L*-prediction
risk as the one obtained in Theorem 3.1. Moreover, as is expected in light of the results
in [236, 195], the posterior adapts to the unknown regularity ag of Fy when it exceeds

the base smoothness level a.

Theorem 3.4. For any o > 1+ d/2, let Il be the random series prior in (3.19),
and let TI(-|Y ™), X)) be the resulting posterior distribution arising from observations
(YN XN in (3.7). Then, for each ag > o and any Fy € Hy(O), we have that for
any D > 0 there exists L > 0 large enough (depending on o, Fy, D, a, O,d, g) such that,
as N — oo,

I(F 2 |9(F) = 4(F)e > Len|Y ™, XN) = Opy (7PN,

where &y = N~(@0+1)/Qeot2+d) |60 N Moreover, for Hy the finite-dimensional subspaces
in (3.18) and Jy € N such that 2V ~ NV/2o0+2+d) e qlso have that for sufficiently
large M > 0 (depending on D, «)

(F:F € Hyy, |Fllae < M2NONE YN, XN) =1 — Opy (e7PN). (3.21)
0

We can now exploit the previous result along with the finite-dimensional support
of the posterior and again the stability estimate from [176] to obtain the following
consistency theorem for Fy € H* if «ay is large enough (with a precise bound ag > o*

given in the proof of Lemma 3.2).

Theorem 3.5. Let the link function ® in the definition (3.5) of & satisfy Condition
3.2. Let II(-|[YW™) X)) ¢n be as in Theorem 3.4, assume in addition g > Gmin > 0
on O, and let TI(-|Y ™), XN)) be the posterior distribution of f as in (3.15). Then for
fo = ® o Fy with Fy € H*(O) for g large enough (depending on «,d,a) and for any
D > 0 there exists L > 0 large enough (depending on o, fo, D, a, O, Gmin, d) such that, as
N — o0,

] - _DNE ap+1)(a—1
O(f 2 If = follze > LN7P|y ™), X0 = Opy(ePN), p= (zéoizl(d)(ajl)'
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Just as before, for f € C* the above rate can be made as close as desired to N~1/2
by choosing « large enough. Moreover, the last contraction theorem also translates into

a convergence result for the posterior mean of F'.

Theorem 3.6. Under the hypotheses of Theorem 3.5, let Fyy = EV[F|Y™), XN be the
mean of TI(-|[Y ™M), X)) Then, as N — oo,

P (| Fy = Follz2 > N7*) = 0. (3.22)

We note that the proof of the last two theorems crucially takes advantage of the
‘non-symmetric’ and ‘non-exponential’ nature of the stability estimate from [176], and
may not hold in other nonlinear inverse problems where such an estimate may not
be available (e.g., as in [167, 2] or also in the Schrodinger equation setting studied in
[171, 176]).

Let us conclude this section by noting that hierarchical priors such as the one studied
here are usually devised to ‘adapt to unknown’ smoothness aq of Fy, see [236, 195]. Note
that while our posterior distribution is adaptive to g in the ‘prediction risk’ setting of
Theorem 3.4, the rate N~ obtained in Theorems 3.5 and 3.6 for the inverse problem
does depend on the minimal smoothness «, and is therefore not adaptive. Nevertheless,
this hierarchical prior gives an example of a fully Bayesian, consistent solution of our

inverse problem.

3.4 Concluding discussion

3.4.1 Posterior computation

As mentioned in the introduction, in the context of the elliptic inverse problem considered
in the present chapter, posterior distributions arising from Gaussian process priors such as
those above can be computed by MCMC algorithms, see [63, 62, 26], and computational
guarantees can be obtained as well: for Gaussian priors, [113] establish non-asymptotic
sampling bounds for the ‘preconditioned Crank-Nicholson (pCN)’ algorithm, which hold
even in the absence of log-concavity of the likelihood function, and which imply bounds
on the approximation error for the computation of the posterior mean. The algorithm
can be implemented as long as it is possible to evaluate the forward map F' — ¢(F)(x) at
x € O, which in our context can be done by using standard numerical methods to solve

the elliptic PDE (3.3). In practice, these algorithms often employ a finite-dimensional
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approximation of the parameter space (cfr. Section 3.3.2). See Section 1.2.2 for further
discussion on the implementation of the algorithm and for some numerical results.

In order to sample from the posterior distribution arising from the more complex
hierarchical prior (3.19), MCMC methods based on fixed Gaussian priors (such as
the pCN algorithm) can be employed within a suitable Gibbs-sampling scheme that
exploits the conditionally Gaussian structure of the prior. The algorithm would then
alternate, for given J, an MCMC step targeting the marginal posterior distribution of
F)(Y™), XN 1) followed by, given the actual sample of F, a second MCMC run with
objective the marginal posterior of J|(Y ™ XN ) A related approach to hierarchical
inversion is empirical Bayesian estimation. In the present setting this would entail first
estimating the truncation level .J from the data, via an estimator J = j(Y(N),X(N))
(e.g., the marginal maximum likelihood estimator), and then performing inference based
on the fixed finite-dimensional prior IT; (defined as in (3.19) with J replaced by J). See

[137] where this is studied in a diagonal linear inverse problem.

3.4.2 Open problems: towards optimal convergence rates

The convergence rates obtained in this chapter demonstrate the frequentist consistency
of a Bayesian (Gaussian process) inversion method in the elliptic inverse problem (3.2)
with data (3.1) in the large sample limit N — oco. While the rates approach the optimal
rate N~/2 for very smooth models (o — o0), the question of optimality for fixed «
remains an interesting avenue for future research. We note that for the ‘PDE-constrained
regression’ problem of recovering ¢ (Fy) in ‘prediction’ loss, the rate 6y = N~(@+1)/(2a+2+d)
obtained in Theorems 3.1 and 3.4 can be shown to be minimax optimal (as in [176,
Theorem 10]). But for the recovery rates for f obtained in Theorems 3.3 and 3.6, no
matching lower bounds are currently known. Related to this issue, in [176] faster (but
still possibly suboptimal) rates are obtained for the modes of our posterior distributions
(MAP estimates, which are not obviously computable in polynomial time), and one may
loosely speculate here about computational hardness barriers in our nonlinear inverse
problem. These issues pose formidable challenges for future research and are beyond the

scope of the present investigation.

3.5 Proofs

We assume without loss of generality that vol(OQ) = 1. In the proof, we will repeatedly

exploit properties of the (re-parametrised) solution map ¢ defined in (3.5), which was
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studied in detail in [176]. Specifically, in the proof of Theorem 9 in [176] it is shown that,
for all @« > 1+ d/2 and any Fy, Fy € H§(O),

19(F1) = 9 (Fo)llez0) S (1 + 1 Filleno) VIl er o) 11 = Fell oy (3.23)

where we denote by X* the topological dual Banach space of a normed linear space X.
Secondly, we have (Lemma 20 in [176]) for some constant ¢ > 0 (only depending on d, O
and Kin),

Sap 19(F)lleo < cllglloc < o0 (3.24)

Therefore the inverse problem (3.7) falls in the general framework considered in Appendix
3.A below (with § =k =1,v=41n (3.32) and S = ¢||g||« in (3.33)) ; in particular
Theorems 3.1 and 3.4 then follow as particular cases of the general contraction rate
results derived in Theorem 3.8 and Theorem 3.9, respectively. It thus remains to derive
Theorems 3.2 and 3.3 from Theorem 3.1, and Theorems 3.5 and 3.6 from Theorem 3.4,
respectively.

To do so we recall here another key result from [176], namely their stability estimate
Lemma 24: for o > 2+ d/2, if G(f) denotes the solution of the PDE (3.3) with g

satisfying inf,co g(2) > gmin > 0, then for fixed fy € Fok,,,, and all f € F,

min min

If = follzzo) S I fller oG (f) = G(fo)lla2 o) (3.25)

with multiplicative constant independent of f.

3.5.1 Proofs for Section 3.3.1
Proof of Theorem 3.2
The conclusions of Theorem 3.1 can readily be translated for the push-forward posterior
Iy (-[YM, XN from (3.15). In particular, (3.13) implies, for fy = ® o Fy, as N — oo,
fn(f  1G() = Gl > Lon]Y ™, X)) = Opn ("), (3.26)
0

and using Lemma 29 in [176] and (3.14) we obtain for sufficiently large M’ > 0

Oy (f : flles > MY, X)) < Ty (F = [|[Flles > MY, X)) = Opx

N (efDNziIQV).

(3.27)

From the previous bounds we now obtain the following result.
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Lemma 3.1. For Iy (-[Y®™, XM 6y and Fy as in Theorem 3.1, let Ty (-|[Y ™), X (N))
be the push-forward posterior distribution from (3.15). Then, for fo = ® o Fy and any
D > 0 there exists L > 0 large enough such that, as N — oo,

fy(f +1GU) = Glfolllz > LoV, XO0) = Opy (e7PV),

Proof. Using the continuous imbedding of C* ¢ H”, 8 € N, and (3.27), for some M’ > 0
as N — oo,
On(f < || fllze > M’]Y(N)j)((N)) — Opn (e—DN(SJQV)‘

Fo

Now if f € HP with || f||zs < M’, Lemma 23 in [176] implies G(f), G(f,) € H?1, with
IGU) s ST+ NfollZ5 ™ < oo, G llwssr S 14 [11l5gs ™ < M < oo;
and by the usual interpolation inequality for Sobolev spaces [153],

IG(f) = G(fo) = S IG(f) — G >HL2 [FD G (f) - Qo)1
SIG(S) — G(fo)]| /D,

Thus, by what precedes and (3.26), for sufficiently large L > 0

Tn(f 2 |G(f) — G(fo)llue > Loy VPV y ™) x (V)
<TIn(f 2 |G(f) — G(fo)llzz > L'on|Y N, XN 4 Tn(f || fllme > M"Y, X))
= Opy (e7PN),

as N — oo.

]

To prove Theorem 3.2 we use (3.25), (3.27) and Lemma 3.1 to the effect that for any
D > 0 we can find L, M > 0 large enough such that, as N — oo,

~ B—=1
iy (f N = follze > Lo Y<N>,X<N>)

< Ty (f NG = Gl > L'o0

_ Opg <€—DN6§V)'
0

Y<N>,X<N>) ST (f < I fllen > MY, X00)
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Proof of Theorem 3.3

The proof largely follows ideas of [167] but requires a slightly more involved, iterative
uniform integrability argument to also control the probability of events {F : || F||cs > M}
on whose complements we can subsequently exploit regularity properties of the inverse
link function ®~1.

Using Jensen’s inequality, it is enough to show, as N — oo,

P (E"[IF - Foll

Y<N>,X<N>} > N—A> — 0.
For M > 0 sufficiently large to be chosen, we decompose

E"[|F - R}

Y, X(N)} = " [||F — F0||L21{,,FH05§M}‘y(N>7X(m}
+ EM 1P = Foll2 g poan [V O, XN (3.28)

Using the Cauchy-Schwarz inequality we can upper bound the expectation in the second
summand by

\/EH (17 = B2,y 09, X T (F : [Flles > MY ™D, X)),

In view of (3.14), for all D > 0 we can choose M > 0 large enough to obtain

P (E"(IF - Foll

Y<N>,X<N>} Iy (F : || F|lcs > M)Y®™, X0y > N—”)

< Py (EH IF = o3

Y(N),X(N)} e PN > N_z’\) +o(1).

To bound the probability in the last line, let By be the sets defined in (3.34) below, note

—AN&2

that Lemma 3.3 and Lemma 3.9 below jointly imply that Iy (By) > ae ~ for some

a, A > 0. Also, let v(-) =y (- N By)/IIn(By), and let Cy be the event from (3.40), for
which Lemma 7.3.2 in [104] implies that Py (Cy) — 1 as N — co. Then

Fp, (E“ IF = Fyl[2[y V), X (V] 7PN > N”)

N fC(O) ||F - FOH%P Hz]il pF/pF0<Y;7 Xl)dHN(F) €_DN§]2V
o (By) Sy ILC pr /R (Yi, Xi)dv(F)

> N_2>\,CN) + 0(1)

N
<Py ( /C o |F — Foll32 [[ pr/pr (Yi, X;)dIy (F) > N%ew“mfv) +o(1)
=1



3.5 Proofs 97

which is upper bounded, using Markov’s inequality and Fubini’s theorem, by

a

. N
—em(D-A- Q)N‘SNNQ’\/C(O) ||F—Fo||izEfp\g(Hp (Yi, X; )dHN(F)~

Taking D > A+ 2 (and M large enough in (3.28)), using the fact that E%(Hf\;l
pF/pFO(YZ-,Xi)> = 1, and that E"||F||;: < oo (by Fernique’s theorem, e.g., [104,

Exercise 2.1.5]), we then conclude
P, (EH [IF = Foll 21 pmany YY), X V] > NA) =0, N-—=oo. (329

To handle the first term in (3.28), let f = ® o F and fy = ® o Fy. Then for all z € O,

by the mean value and inverse function theorems,

|F(2) = Fy(z)| = |27 0 f(z) = @7" o fo(x)| = Wlf(l‘) — fo(z)|

(m)]

for some n lying between f(z) and fo(z). If [|[F||cs < M then, as ® is strictly increasing,
necessarily f(x) = ®(F(x)) € [®(—M), ®(M)] for all z € O. Similarly, the range of fj is
contained in the compact interval [®(—M), ®(M)] for M > || Fp||o, so that

1

min.c—a,m ' (2)

@7 o f(z) — @7 o fo(a)] < [f (@) = fo(2)] S |f () = fo(x)]

for a multiplicative constant not depending on x € O. It follows

1F = Foll2qey <oy S I = foll2lge p<y

and
EM[[|F = Foll 21y semn |[Y 0, X S BV = folro

y(N)7)((N)} .

Noting that for each L > 0 the last expectation is upper bounded by

LN+ E" {Ilf — follz2Lgyr— poll oz [ Y, X))

< LN+ B f = fol 21y S, XNy (f < [1f = folle > LN YD), X0),

we can repeat the above argument, with the event {F : ||F||cs > M} replaced by the
event {f : ||f — follzz > LN}, to deduce from Theorem 3.2 that for D > A + 2 there
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exists L > 0 large enough such that

P (EMIS = follaly ™, X (S 1f = follie > LN YO, x0) > N)

5 ef(DfAfQ)N(SJQV N2

which combined with (3.29) and the definition of 5 concludes the proof.

3.5.2 Sieve prior proofs

The proof only requires minor modification from the proofs of Section 3.3.1. We only
discuss here the main points: one first applies the L2-prediction risk Theorem 3.8 with a
sieve prior. In the proof of the small ball Lemma 3.3 one uses the following observations:
the projection PyFy € H; of Fy € HY defined in (3.61) satisfies by (3.63)

||F0 — PJFO||(H1(O))* 5 2_J(a+1);

hence choosing .J such that 27 ~ N'/(2e+2+d) "and noting also that || Py Follcr < ||Foller <
oo for all J by standard properties of wavelet bases, it follows from (3.23) that

19(Fo) — 9 (PrFo)| 2 S | Fo — PrFoll gy S N-et/@Gav2td) — 5
Therefore, by the triangle inequality,
My (F 2 |9(F) — 9 (Fo)l12 > oy /) > Ty(F : |[9(F) — 9(PyFy) iz > q/o).

The rest of the proof of Lemma 3.3 then carries over (with P;Fj replacing Fp), upon

noting that (3.60) and a Sobolev imbedding imply

sup B || F||2: < 00, as well as || F||ge < ¢||F|l3, for all F € H;
JeN

for some constant ¢ > 0 independent of J. Moreover, the last two properties are sufficient
to prove an analogue of Lemma 3.4 as well, so that Theorem 3.8 indeed applies to the
sieve prior. The proof from here onwards is identical to the ones of Theorems 3.1-3.3
for the unsieved case, using also that what precedes implies that sup; E'||F||2, < oo,

relevant in the proof of convergence of the posterior mean.
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3.5.3 Proofs for Section 3.3.3

Inspection of the proofs for re-scaled priors implies that Theorems 3.5 and 3.6 can be
deduced from Theorem 3.4 if we can show that posterior draws lie in a a-Sobolev ball of
fixed radius with sufficiently high frequentist probability. This is the content of the next

result.

Lemma 3.2. Under the hypotheses of Theorem 3.5, there exists o* > 0 (depending on
a,d and a) such that for each Fy € Hp*(O), apg > a*, and any D > 0 we can find M >0
large enough such that, as N — oo,

I(F : | Fllge < MIY™, XMN) =1 = Oppy (e7PVeF),

Fo

Proof. Theorem 3.4 implies that for all D > 0 and sufficiently large L, M > 0, if
Jy € N:2/v o NV Qaot2+d) and denoting by

Ay = {F € My + | Fllae < M2V NEw, |9(F) — F(Fo)z= < Léw

then as N — oo
(AN Y™), Xy =1 — Opy (emPNew), (3.30)

Next, note that if I’ € H;,, then by standard properties of wavelet bases (cfr. (3.64)),
| F||ge < 28| F||z2 for all N large enough. Thus, for Pj, Fy the projection of Fyy onto
., defined according to (3.61),

1Pl ze < I|F = PryFollae + |1 Pry Folle 2™ F = Follze + | Foll e,

and a Sobolev imbedding further gives ||F||z < M'2/5%\/N¢y, for some M’ > 0. Now
letting f = ® o I and fy = ® o Fy, by similar argument as in the proof of Theorem 3.3

combined with monotonicity of ®', we see that for all N large enough

1

F — F <
” 0||L2 - @/(_M/QJNQ\/NgN)

I1f = foll 2

Then, using the assumption on the left tail of ® in Condition 3.2, and the stability
estimate (3.25),

1E = Follze S @ VNE) I f = lG(f) = G(fo) -
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Finally, by the interpolation inequality for Sobolev spaces [153] and Lemma 23 in [176],

IG(f) = G(fo) |2 S UG — GV NG () — Gfo) 1)
SV AG ) rress + (G fo)ll s )+
ST | gt e,

so that, in conclusion, for each F' € Ay and sufficiently large NV,
|Fllze S 14277 @NV Ny )l fll i (1 + | Fllge) 7
The last term is bounded, using Lemma 29 in [176], by a multiple of

a—1 (ag+1)(a—1) 2a3+(2+d)a2+(1+a+d)a+ad/2
2 0
SK[H 2JN04(2JN04, /NfN)Qa +2a+a _ N Copgt2+d)(at+1) N 2a0+2+d

the last identity holding up to a log factor. Hence, if

20+ 2+ d)o? + (1 + a+ d)a+ ad/2](a + 1)
(a—1)

ag > o =

then we conclude overall that || F||ge <14 0(1) as N — oo for all F' € Ay, proving the
claim in view of (3.30).
[l

Replacing 8 by « in the conclusion of Lemma 3.1, the proof of Theorem 3.5 now
proceeds as in the proof of Theorem 3.2 without further modification. Likewise, Theorem
3.6 can be shown following the same argument as in the proof of Theorem 3.3, noting
that for IT the random series prior in (3.19), it also holds that E™||F||2, < oo.

Appendix 3.A Results for general inverse problems

Let © c R?, d € N, be a nonempty open and bounded set with smooth boundary,
and assume that D is a nonempty and bounded measurable subset of R?, p > 1. Let
F C L*(O) be endowed with the trace Borel o-field of L?(0), and consider a Borel-

measurable ‘forward mapping’

4. F — L*(D), F—9(F).
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For F' € F, we are given noisy discrete measurements of ¢ (F') over a grid of points
drawn uniformly at random on D,

Y, =9(F)(X) +oW;, i=1,...,N, X;%pu W% N(0,1), (3.31)

for some o > 0. Above u denotes the uniform (probability) distribution on D and the
design variables (X;)Y , are independent of the noise vector (W;)X,. We assume without
loss of generality that vol(D) = 1, so that u = dx, the Lebesgue measure on D.

We take the noise amplitude ¢ > 0 in (3.31) to be fixed and known, and work under
the assumption that the forward map ¢ satisfies the following local Lipschitz condition:

for given 3,7,k > 0, and all F}, F, € CP(O)N F,
19(F1) — 9 () ey S L+ [[F1l[Gs o) V 1 F2ll s o) FY = Foll -0y~ (3.32)

where we recall that X* denotes the topological dual Banach space of a normed linear

space X. Additionally, we will require ¢4 to be uniformly bounded on its domain,
S = sup |9 (F)|| Le(p) < 00. (3.33)
FeF

As observed in (3.23), the elliptic inverse problem considered in this chapter falls in this
general framework, which also encompasses other examples of nonlinear inverse problems
such as those involving the Schrodinger equation considered in [171, 176], for which the
results in this section would apply as well. It also includes many linear inverse problems

such as the classical Radon transform, see [176].

3.A.1 General contraction rates in Hellinger distance

Using the same notation as in Section 3.2.2, and given a sequence of Borel prior prob-
ability measures Iy on F, we write ILy(-|[Y ™, X(™) for the posterior distribution of
F|(Y®™) X)) (arising as after (3.9) and (3.10)). We also continue to use the notation
pr for the densities from (3.8) now in the general observation model (3.31) (and implicitly
assume that the map (F, (y,x)) — pr(y, ) is jointly measurable to ensure existence of
the posterior distribution). Below we formulate a general contraction theorem in the
Hellinger distance that forms the basis of the proofs of the main results. It closely follows
the general theory in [101] and its adaptation to the inverse problem setting in [167] —

we include a proof for conciseness and convenience of the reader.
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Define the Hellinger distance h(-,-) on the set of probabilities density functions on

R x D (with respect to the product measure dy x dz) by

R (p1,p2) == /RXD {\/pl(y,x) — \/pg(y,x)} 2dydm.

For any set A of such densities, let N(n;.A, h), n > 0, be the minimal number of Hellinger

balls of radius 1 needed to cover A.

Theorem 3.7. Let Il be a sequence of prior Borel probability measures on F, and
let TIn(-|[Y™) X(N)) be the resulting posterior distribution arising from observations
(Y X)) in model (3.31). Assume that for some fized Fy € F, and a sequence oy > 0
such that 55 — 0 and VNéy — 0o as N — o0, the sets

Y1,X1) PF (Y1,X1) 2
B ::{F:El o W]<52,E1 lo 0} <52}, 3.34
satisfy for all N large enough
Iy (By) > ae *Nox, for some a, A > 0. (3.35)

Further assume that there exists a sequence of Borel sets Ay C F for which
Iy (AS) S e BN, for some B > A+ 2 (3.36)
for all N large enough, as well as
log N(6x; An, h) < CNS3, for some C > 0. (3.37)

Then, for sufficiently large L = L(B,C) > 4 such that L* > 12(B Vv C), and all
0<D<B—-—A-2,a8s N — o0,

Iy (F € Ay : h(pr,pr,) < Lon|Y ™, X)) = 1= Opy (e77VW), (3.38)

Proof. We start noting that by Theorem 7.1.4 in [104], for each L > 4 satisfying
L? > 12(B Vv C) we can find tests (random indicator functions) Wy = Wy (Y V) X WV)
such that as N — oo

ENWUy — 0, sup EN(1—Wy) < e BN, (3.39)
FEAN : h(pr,pry)>LoN
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Next, denote the set whose posterior probability we want to lower bound by
Ay ={F € Ay : h(pr,pr,) < Loy };
and, using the first display in (3.39), decompose the probability of interest as
P (A5 [y ), X) > D5 )
= P (T (A5 [y ™), X) 2 PV gy = 0)
+ Py <HN( YW XY > =PV gy = 1)
= Py <HN( A5, [V ) X (V)Y > o= DNOY gy = 0) +o(1).

Next, let v(-) = IIn(- N By)/IIn(By) be the restricted normalised prior on By, and

define the event N
Cy = { /B T 25 (v, X))dv(F) > 6—2N5?v}, (3.40)

N =1 PF,

for which Lemma 7.3.2 in [104] implies that P (Cy) — 1 as N — co. We then further

decompose
Piy (T (A5 [y ™), X) > =PV, — )

= Pr, (HN( 05 |y ), X N) > emPNR gy = o,cN) +o(1)
and in view of condition (3.35) and the above definition of Cy, we see that

Py (HN( A5 |y V) X)) > o=PNOX gy = O,CN)

Jag, Ty pr /Py (Vi Xi)dTn (F) -

Jr T pr/pe,(Yi, Xa)dTy (F) —

Jag, (1= W) 1L, pr/pr (Yi, Xa)dly (F)
IBN Hz]\il pF/pFo (Y;v XZ)dV(F)

_ pN
= PFo

€_DN512V, \I’N = 0, CN)

< Pj

> HN(BN)e_DN(SJQV7CN)

N
< Pp, / (1-wn) ]I PE (v, X)dIy(F) > ae=(A+D+2NeR |
Ay i=1 PRy
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We conclude applying Markov’s inequality and Fubini’s theorem, jointly with the fact
that for all F' € F

N dPl N
B | (1= w) I1 gt O X0] = B [1 = ),

0

N
W IL v X0] = B3,

to upper bound the last probability by

1
2 o(A+D+2NE, (/ EN[1L — Wy]dlIy(F) + / B[l — Uy]dlly(F)
a < {FE€AN : h(pry.pr)>Lén}

/ EN[1 - \IIN]dHN(F)>
{FeAS, : h(pry.pr)>LoN}

1 2
< ZeATDI2NG <2HN(A5V) +/ Efwv[l — \IIN]dHN(F))
a {FeAN : h(pry.pr)>Lén}

<e —(B—A-D—-2)Né%, _0(1)

as N — oo since B > A+ D + 2, having used the excess mass condition (3.36) and the
second display in (3.39).
O

3.A.2 Contraction rates for re-scaled (Gaussian priors

While the previous result assumed a general sequence of priors, we now derive explicit
contraction rates in L?-prediction risk for the specific choices of priors considered in
Section 3.3. We start with the ‘re-scaled’ priors of Section 3.3.1.

Theorem 3.8. Let the forward map & satisfy (3.32) and (3.33) for given B,~,k,> 0
and S > 0. For integer o > 5+ d/2, consider a Gaussian prior Iy constructed as in
(3.11) with scaling N¥/(4a+4x+2d) qnd with base prior F' ~ 11" satisfying Condition 3.3
with RKHS H. Let Ty (-|Y ™), XN be the resulting posterior arising from observations
(Y XY in (3.31), assume Fy € H and set 5y = N—(a+r)/(Zat2rtd),

Then for any D > 0 there exists L > 0 large enough (depending on o, Fy, D, o, and
B,7, k,S,d) such that, as N — oo,

Iy (F: [9(F) =9 (Fo)ll 2y > L5N’Y(N)>X(N)) - OP;V <€7DN612V)a (3.41)
0
and for sufficiently large M > 0 (depending on o, D, o, 3,7, kK, d)

Iy (F : ||[Flles > M[Y™ XNY = Opy (7PN, (3.42)

Fo
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Remark 3.1. Inspection of the proof (cfr. after (3.45)) shows that if x = 0 in (3.32),
then the RKHS H in Condition 3.3 can be assumed to be continuously imbedded in
H*(0O) instead of H{(O). The same remark in fact applies for x < 1/2.

Proof. In view of the boundedness assumption (3.33) on ¢, we have by Lemma 3.9 below

that for some ¢ > 0 (depending on o, 5)

pFo(YLXl) 2

< ql|9(F,)) — G (F)||%2,7.
8 (V). X)) < ql|9(Fo) =9 (F)ll72(p)

Hence, for By the sets from (3.34) we have {F : ||4(Fy) — 9 (F)||r2py < On/q} C
By, which in turn implies the small ball condition (3.35) since by Lemma 3.3 below

(premultiplying, if needed, dy by a sufficiently large but fixed constant)
Ty (F : |9(F) = 9(Fy) 2oy < O /a) Z e

for some A > 0 and all N large enough. Next, for all D > 0 and any B > A+ D + 2,
we can choose sets Ay as in Lemmas 3.4 and 3.5 and verify the excess mass condition
(3.36) as well as the complexity bound (3.37). Note that |F||cs < M for all F € Ay.
We then conclude by Theorem 3.7 that for some L’ > 0 large enough

HN(F S AN : h(pFapFo) < L/5N|Y(N),X(N)) =1- OP}?\] (e_DN(sJQ\/)
0

yielding the claim for some appropriate L > 0 using the first inequality in (3.57).
O

The following key lemma shows that the (non-Gaussian) prior induced on the regression
functions ¢ (F) assigns sufficient mass to a L2-neighbourhood of ¢ (Fy).

Lemma 3.3. Let Iy, Fy and dn be as in Theorem 3.8. Then, for sufficiently large ¢ > 0
there exists A > 0 (depending on c, Fy, o, 5,7, k,d) such that

[y (F : |9 (F) — 4(Fo)|2ip) < cdn) 2 e AN (3.43)

for all N large enough.



106 Chapter 3. Consistent Bayesian inference in an elliptic inverse problem

Proof. Since Fy € H, ||Fy||cs < oo by a Sobolev imbedding. Let M > ||Fyllcs V 1 be a
fixed constant. Using (3.32), we obtain for some k > 0

Iy (F: |9(F) =9 (Fo)| 2y < con)
> Uy (F 2 ||[F = Foll ey < ckM™"0n, [[F = Follos < M)
:HN(FZF—FQ EClﬂCQ),

where

Cy = {F ¢ |Fl ey < ckM 6y}, Chi={F:|Fllcs < M}

Then, recalling that the RKHS #Hy of IIy coincides with H with RKHS norm || - ||,
given in (3.12), now with scaling N¥/(4a+45+2d) — /N5y we can use Corollary 2.6.18 in
[104] to lower bound the last probability by

2

e I 2T () 1 Cy) = e VR IBIRIT (O N Cy)
e 3Nl (T (C) — TIn(CY))

v

To upper bound Iy (C%), note that by construction of Iy
My (C5) = Pr(|Fllgr > MN&),  F' ~ 10,

By Condition 3.3, F’ defines a centred Gaussian Borel random element in a separable
measurable subspace C of C?, and by the Hahn-Banach theorem and the separability of

C, ||[F'||c# can then be represented as a countable supremum
[#']|s = sup |T'(F")]
TeT

of actions of bounded linear functionals 7 = (T},)meny C (C?)*. Tt follows that the
collection {7},,(F")} men is a centred Gaussian process with almost surely finite supremum,
so that by Fernique’s theorem [104, Theorem 2.1.20]

E||F'||gs = E sup |T,,(F')| < oc; 7% 1= sup E|T,,(F')|* < oo.
meN

meN
We then apply the Borell-Sudakov-Tirelson inequality [104, Theorem 2.5.8] to obtain for
all N large enough,

Pr (| Flos = MVNSy) < Pr (|F'llos > El|F'|los + MV Nby/2) < e 5O/
(3.44)
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We proceed finding a lower bound for the prior probability of C', which, by construc-

tion of Ily, satisfies
My(F € Cy) =T (F: ||y < ckMVNGY,).

For any integer a > 0 and any s > 0, letting B (r) := {F € HS, ||F||g- <71}, 7 >0,
we have the metric entropy estimate:

log N (m; BS(r), || - lzwy) S (r/m)¥ @t vy > 0; (3.45)

see the proof of Lemma 19 in [176] for the case £ > 1/2, and Theorem 4.10.3 in [227] for
Kk < 1/2 (in the latter case, we note in fact that the estimate holds true also for balls in
the whole space H*). Hence, since H is continuously imbedded into H, letting By (1)
be the unit ball of H, we have By (1) C B§(r) for some r > 0, implying that for all n > 0

log N (5 By (1), || - llaay-) < log N (n; B (r), || - llgamy) S =@ (3.46)
Then, for all N large enough, the small ball estimate in Theorem 1.2 in [152] yields

—log IU(F" || F"|| sy < ckM ™V N6%)
< (CM—W\/N(S]Q\O—Qﬁ@—d/(a—l—n))_l
2d

= (MV/c)ﬁzdn_d [N~ (atr=d/2)/Qat2etd)) = 3a55=a

- (MV/C) 2oz+22dnfd N512V
Thus, for £’ > 0 a fixed constant, we obtain the lower bound

Iy (F: |9(F) =9 (Fo)|l2p) < con)

v

__2d
o AN ROl (ek/(Mv/c) NG, eé(M/T>2N52N>

AL

Vv

2d
having taken ¢ > 0 large enough (satisfying k'(M7/c)2et2n=a < %(M/T)2), and where
A= G| Foll, + K (M7 fe) s,
]

We now construct suitable approximating sets for which we check the excess mass
condition (3.36).
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Lemma 3.4. Let Iy and dy be as in Theorem 3.8. Define for any M,Q > 0
Ay ={F:F=F+F:||F|@y <Q, |Flln <M, |[Fles <M}.  (347)

Then for any B > 0 and for sufficiently large M,Q (both depending on B,«, 5,7, k,d),
for all N large enough,

Iy (AS) < 2e~ BN, (3.48)
Proof. By (3.44), taking M > +/B, we obtain for all N large enough that IIy(F :
|F|lcs < M) >1—e BN, Thus, the claim will follow if we can derive a similar lower
bound for

My(F: F=F+F: [Pl e < Qx, | Falln < M)
=1 (F': F' = F{+ F}, |F{| ey < QVNS3, [ Fyllae < MVNéy),

having used that N¥etdetd) — /NGy Using Theorem 1.2 in [152] as after (3.46), we
deduce that for some ¢ > 0

—logI' (F' + || F'||wy- < QVNS3) < q(QVNO3) o=
so that for any Q > (B/q)~(2at2x=d)/(2d)
— logIT’ (F’ N F |y < Q\/N(sfv) < B(VN§%) m+2=1 = BNJ%,. (3.49)

Next, denote by
My = —2~ (e~ BNR)

where @ is the standard normal cumulative distribution function. Then by standard
inequalities for ! we have My ~ v/BNdy as N — 00, so that taking M > v/B implies

(F: F' = F{+ F, |[F{ll < QVNSY, ||Fylln < MVNoy)
> (F': F' = F{+ F}, |[Fll ey < QVNGY, || Fjlla < My ) -

By the isoperimetric inequality for Gaussian processes [104, Theorem 2.6.12], the last
probability is then lower bounded, using (3.49), by

S (&I (F': [[F'|| ey < QVNGR)| + My) > @ (&7 [e PNN] 4+ My) =1 — e PN

concluding the proof.
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]

We conclude with the verification of the complexity bound (3.37) for the sets Ax.
Lemma 3.5. Let Ay be as in Lemma 3.4 for some fized M, Q) > 0. Then,

log N(6x; An, h) < CN63,,

for some constant C > 0 (depending on o, M,Q,«, 3,7, k,d,S) and all N large enough.

Proof. If F € Ay, then F' = Fy + F, with || Fi||(g~)- < Qn and ||Fy||ge < M, the latter
inequality following from the continuous imbedding of H into H§. Thus, recalling the

metric entropy estimate (3.45), if

(Hy,...,Hp} C BS(M'), P <e """ — gV (5,
is a dy-net with respect to || - [|(g=y+, we can find H; such that ||Fy — H;||(g=y» < dn.
Then, using the second inequality in (3.57) below and the local Lipschitz estimate (3.32),

h(pr, Hi) S 19 (F) — 9 (H;)| 22(p)

(L NEles v IHilloa) I E = Hillrre)--

IZANRZAN

Recalling that if F' € Ay then also ||F||cs < M, and using the Sobolev imbedding of
H® into C” to bound ||H;||¢s, we then obtain

h(pr, Hi) S|F — Hillzey- S NF = Fall ey + [ F2 — Hil| sy S O

It follows that {Hj, ..., Hp} also forms a ¢’dy-net for Ay in the Hellinger distance for
some ¢’ > 0, so that

log N (8 Aw, h) < log N(o /s BSOM), | - liey) S N%.

O

3.A.3 Contraction rates for hierarchical Gaussian series priors

We now derive contraction rates in L?-prediction risk in the inverse problem (3.31), for
the truncated Gaussian random series priors introduced in Section 3.3.3. The proof again

proceeds by an application of Theorem 3.7.
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Theorem 3.9. Let the forward map 9 satisfy (3.32) and (3.33) for given 5,7,k >
0 and S > 0. For any o > [+ d/2, let II be the random series prior in (3.19),
and let H(-\Y(N),X(N)) be the resulting posterior distribution arising from observations
(YN X)) in (3.31). Then, for each ag > o, any Fy € H(O) and any D > 0 there
exists L > 0 large enough (depending on o, Fy, D, o, 3,7, K, S,d) such that, as N — 0o,

I(F : |4(F) — 9(F0) 2oy > Len|Y ™, XY) = Opy (e7PN), (3.50)

Fo

where £y = N~(@0tr)/Qaot2etd) 100 N Moreover, for H; the finite-dimensional subspaces
from (3.18) and Jy € N such that 2/~ ~ NV @eot25+d) "y glso have that for sufficiently
large M > 0 (depending on D, «, 3,d)

I(F:F €My, [|Flae < M2NNG YN XY = Opy (7PN, (3.51)

Fo
We begin deriving a suitable small ball estimate in the L2-prediction risk.

Lemma 3.6. Let II, Fy and &y be as in Theorem 3.9. Then, for sufficiently large g > 0
there exists A > 0 (depending on q, Fo, o, 3,7, k,d) such that

(F : |9(F) =9 (Fo)ll iz < aéw) Z e N (3.52)

for all N large enough.

Proof. For each j € N, denote by II; the Gaussian probability measure on the finite
dimensional subspace #; in (3.18) defined as after (3.19) with the series truncated at j.
For Jy € N : 2/8 o N1/ Qaot26+d) -t

2Ind1og 2INd o N/ Qa0 t2etd) |60 N — N¢Z (3.53)
so that, recalling the properties (3.20) of the random truncation level J, for some s > 0,

PI‘(K _ JN) Z 672"Nd10g2"Nd > efsNﬁif
for all N large enough. It follows

(F : |(F) = 9(Fy)llez < gén) = Ty (F < |9(F) = 4(Fo)ll2 < aén) Pr(K = Jy)
2 (F 2 |9(F) =9 (Fy)|12 < gén)e NN,
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Next, let
PrFo=x Y, (Fo,®u)2®

I<JN,TERy
be the ‘projection’ of Fy onto H,,. Since Fy € Hy* C C” by a Sobolev imbedding, it

follows using (3.32) and standard approximation properties of wavelets (cfr. (3.63)),

oc0+m

19 (Fo) = 4 (Pry Fo)ll 2y S |1 Fo = Py Follamye S 277V = N7 om0 bra,
which implies by the triangle inequality that

oy (F |9(F) =9 (Fo)l[ 2 < gén)
> (F 9 (F) =9 (PryFo)llre < aén — |9(Fo) — 9 (P Fo)llr2)
> Ty (F 2 |9(F) =4 (Pry Fo)lle < d'€w).-

Using again that H® imbeds continuously into C” as well as (3.32) and (4.30), we can
lower bound the last probability by

Iy (F: 9 (F) =9 (PryFo)ll 2y < d&n, | F' = Pay Follmao) < €n)
> 11y (F 2 |F — Py Follca oy < ¢"én, |F — Py Follaeoy < &n)
> 1y (F : |[F = Py Folleo) < ¢"6n),

which, by Corollary 2.6.18 in [104] and in view of (3.59) is further lower bounded by
*%”PJNFDH%LJ . m —s'|| Fol|% o . m
e NIy (F 2 [[Fllge < ¢7En) = @ meo Il (B 2 [[F e < q76n).
Now since f +— xf, x € C*(0), is continuous on H*(O),

Ly (P [Pl < "0 = Pr (v X 2R

I<JIn,r€ERy

S q///£N>
H«

dim(HJN)
ZPr( > angtgfv)
m=1
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for some t > 0, where Z,, SN (0,1), and where we have used the wavelet characterisation

of the H*(R?) norm. To conclude, note that the last probability is greater than

Pr( dim(H,y,) max )\Zm] < \/E§N>

deim(HJN

_ ag+k _ d/2
> Pr < max ‘Zm’ < ¢ N 2a0+2~Fd N 2a0+2n+d)
- m<dim(H sy ) -

ag+r+d/

m<dim(H sy )

Finally, a standard calculation shows that Pr(|Z;| <t) 2t if t — 0, and hence the last
product is lower bounded, for large N, by

_ ag+k+d/2
dim(H s, ) log (t/N 2ap+2+d )
=€

agtrtd/2\ dim(Hyy)
<t’N_ 2a0+2r+d )
e—t”2JNd log N

_ e7#//1\[5]2\] .

]

In the following lemma we construct suitable approximating sets, for which we check
the excess mass condition (3.36) and the complexity bound (3.37) required in Theorem
3.7.

Lemma 3.7. Let II, {y and Jy be as in Theorem 3.4, and let H;, be the finite
dimensional subspace defined in (3.18) with J = Jy. Define for each M > 0

Ay = {F € Hyy, |IF|lae < M2JNQN§]2\,}. (3.54)

Then, for any B > 0 there exists M > 0 large enough (depending on B, o, 5,d) such that,

for sufficiently large N
TI(AS) < 2¢ BV, (3.55)

Moreover, for each fixred M > 0 and all N large enough
log N(&n; An, h) < ONEY (3.56)

for some C > 0 (depending on o, a, 3,7, k,S,d).
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Proof. Letting Z,, *$ N(0,1), noting ||F||%. < 22/ve Sicivwer, Fio for all F e Hy,, (cfr.

(3.59)) and using (3.53) and (3.20), we have for sufficiently large N

I<ININ,TER,

II(AY) < Pr(J > Jy) + Pr ( o R < MNS?V)

IN

e 2N log2N? | P Y 7% > MNE&,

m<dim(H sy )

< e BN 4 pr S (2% —1)> MNé&,

m<dim(H sy )

for any constant 0 < M < M? — 1, since dim(H,, ) < 2/v¢ o~ N#/Co+2+d) — 5(N¢Z).
The bound (3.55) then follows applying Theorem 3.1.9 in [104] to upper bound the last
probability, for any B > and for sufficiently large M and M, by

M2(NeX)?
- -~ °N7 5
e 4d1m(’HJN)+MN§?V SG_BNEN.

We proceed with the derivation of (3.56). By choice of Jy, if F' € Ay then ||[F||%. <

N @)/ @a+26+d) Ne2 - Hence, by the second inequality in (3.57), using (3.32) and the
Sobolev imbedding of H* into C?, if F}, F5, € Ay then

h(pr,,pr) S I19(F1) — 9 (F) 22 ()
< (1 + (N2 NEy)) | Fy — Fa | (any

5 N2af21+d (\/NSN)V Z (Fl,lr _ F2,lr)2-

ZSJN,T‘GRl

Therefore, using the standard metric entropy estimate for balls Bge(r), 7 > 0, in

Euclidean spaces [104, Proposition 4.3.34], we see that for N large enough

log N(&n; Ans h) < log N(ENN"’“ISZ” (VNEN)T; Buamonsg (MVNER), || - ||Rdim<ﬂm>>

3MV/Néy

< dim(H,, ) log =
P ey N (VNew)

< Né.
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3.A.4 Information theoretic inequalities

In the following lemma (due to [30]) we exploit the boundedness assumption (3.33) on ¥
to show the equivalence between the Hellinger distance appearing in the conclusion of

Theorem 3.7 and the L?-distance on the ‘regression functions’ 4(F).

Lemma 3.8. Let the forward map 4 satisfy (3.33) for some S > 0. Then, for all
Fl, e F

1 — e 5%/ 1
4—52|’<(4(F1) _g(FQ)H%?(D) < hZ(pFl,sz) < @Ilg(ﬂ) _g(F2)||%2(D)' (3.57)

Proof. Note h*(pr,, pr,) = 2 — 2p(pr,, Pr,), where

p(pry,Pr,) = /]R - VoE . 2)pe, (v, 7)dyds

is the Hellinger affinity. Using the expression of the likelihood in (3.8) (with D instead
of O), the right hand side is seen to be equal to

e =4 (EN@P ~ly=F(E) @)}/ (40%) g .

1
/RXD V2mo?

@ 2 2 2 €_y2/(202) 2
G (F1)(2)]*+[9 (F2)(2)]*}/ (40 )[ ey[g(Fl)(I)‘i‘g(&)(x)]/(?a )dy dz

_ / o—Ag(F)( e
D R 2702

:/ e (G (F) (@) +[F (F2)(2)]7}/ (40?)  [4 (F1) (@) +9 (F2) (2)]?/ (802) 4.

D

having used that the moment generating function of Z ~ N(0,0?) satisfies Ee!? =

et/ 2t € R. Thus, the latter integral equals

/ e~ G (F)(@)*+9 (F2) (2)]? =29 (F2) (@)9 (F2) (@)} (80%) 1 — ko= {9 (F1)(X) =9 (F2)(X)}?/(80%)
D

To derive the second inequality in (3.57), we use Jensen’s inequality to lower bound
the expectation in the last line by

o B (F)(X) 4 (F2)(X)}?/(80%) _ e*”fg(Fl)*g(FQ)”i%fD)/(8‘72).

Hence

oI (85

R (pry,pr,) < 2|1 —

whereby the claim follows using the basic inequality 1 — e~/ < z/c, for all ¢, z > 0.
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To deduce the first inequality we follow the proof of Proposition 1 in [30]: note that
for all 0 < z1 < 29

z z e 72 —1
6—z1 S ie—zz + <1 _ 1) — 21 + 1
22 22 22

Then taking z; = {4(F})(X) — 9(F,)(X)}?/(80?) and 2z, = S?/(202?),
—{G(F1)(X)-9(F2)(X)}?/(80°) e /7 —1 2
e (- < S IGE) S (B sy +1
which in turn yields the result.

]

The next lemma bounds the Kullback-Leibler divergences appearing in (3.34) in terms

of the L?-prediction risk.

Lemma 3.9. Let the observation Y; in (3.31) be generated by some fixed Fy € F. Then,
for each F € F,

Y1, X1) 1
EL 271?0(1,1] — —||9(Fy) —<4(F)|?
Fy | 108 pr(Y1, X1) UQH (£o) ( )HL2(D)>
e (Vi X1 2S5 4 o)
D ; +o
B}, log 22 L] < S22 g (R — 9 (F) oy,

pF<}/17X1)
Proof. 1t Y1 =9 (Fy)(X1) + oW, then

pFo (}/17 Xl)

pF(S/la Xl)

= _Z}ﬂ{[g(ﬁb)()ﬁ) 4+ oWy — g(Fo)(Xl)]Q _ [g(FO)(Xl) + oW, — g(F)<X1)]2}
= 2;2{%(}70)()(1) —~G(F)(X1)}* + iWI{Cj(FO)(Xl) — G (F) (X))}

log

Hence, since EW; =0 and Xy ~ p,

Ell’o log M] = E" [;‘z{g(Fo)(Xl) —9(F)(X1)}?

1
= 9 (Fo) — 9(F) o
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On the other hand,

g0 X0

pF(Yl,Xﬁ

= {;ﬂ{%(Fo)(Xl) —G(F) (X))} + in{%(Fo)(Xl) - g(F)(Xl)}}

<2 {N{%(Fo)(xl) — g(F)(Xl)Pr +2 EWl{%(FO)(Xl) - %(F)(Xl)}r
252

whence the second claim follows since EW{ = 1.

Appendix 3.B Additional background material

In this final appendix we collect some standard materials used in the proofs for convenience

of the reader.

Example 3.1. Take

1
¢ : R — (0,00), P(t) = ml{xo} + (1 + )10,

and let ¢ : R — [0, 00) be a smooth compactly supported function such that [ ¥(¢)dt = 1.
Define for any K, € (0,1)

(1) = Kpin + 1= Komin Kmiw o(t) teR (3.58)

= DNmin * s . X
¥+ ¢(0)

Then it is elementary to check that ® is a regular link function that satisfies Condition
3.2 (with a = 2).

Example 3.2. For any real a > d/2, the Matérn process with index set O and regularity
a—d/2 > 0 (cfr. Example 11.8 in [101]) is the stationary centred Gaussian process
M = {M(x), = € O} with covariance kernel

Cloyy) = [ e vp(de),  p(dg) = (1+ €]E)"dg, 2,y € O.

Rd

From the results in Chapter 11 in [101] we see that the RKHS of (M(z) : x € O) equals
the set of restrictions to O of elements in the Sobolev space H%(R?), which equals,

with equivalent norms, the space H*(O) (since O has a smooth boundary). Moreover,
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Lemma 1.4 in [101] shows that M has a version with paths belonging almost surely
to C% for all / < a —d/2. Let now K C O be a nonempty compact set, and let
M be a C%-smooth version of a Matérn process on O with RKHS H*(0). Taking
F'" = xM implies (cfr. Exercise 2.6.5 in [104]) that II' = L£(F”) defines a centred Gaussian
probability measure supported on C#', whose RKHS is given by

H=A{xF, FeH*O)},

and the RKHS norm satisfies that for all F' € H*(O) there exists F* € H*(O) such that
xF = xF* and
IXE |3 = 1F" |+ 0)-

Thus if F/ = xF' is an arbitrary element of H, then
[E e = IXE" ([ S NE™ e = [[F"[la¢;

which shows that # is continuously embedded into H§'(O).

Remark 3.2. Let {®;,, [ > —1,r € Z} be an orthonormal basis of L?(R?) composed
of S-regular and compactly supported Daubechies wavelets (see Chapter 4 in [104] for
construction and properties). For each 0 < a < 5, we have

H(RY) = {F € L2(RY) : 3722 (F, By gy < oo},
l,r
and the square root of the latter series defines an equivalent norm to || - || go(re). Note

that S > 0 can be taken arbitrarily large.

For any a > 0 the Gaussian random series

Fp= Y FR2"%, F2NO01)
I<j,reRy
defines a centred Gaussian probability measure supported on the finite-dimensional space
7-_[j spanned by the {®;,.,l < j,r € R;}, and its RKHS equals 7-_[j endowed with norm

||Hj||§qj = Z 22laH12r = H]:IJ'H%{“(Rd) WL_Ij € ﬁj

I<j,reRy

(cfr. Example 2.6.15 in [104]). Basic wavelet theory implies dim(H,;) < 27¢.
If we now fix compact K’ C O such that K C K’, and consider a cut-off function

X € C(0O) such that x = 1 on K’, then multiplication by ¥ is a bounded linear operator
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X : H*(RY) — H(O). It follows that the random function

Fi=x(F)= Y F27%®,, F, SN01)

I<j,reRy

defines, according to Exercise 2.6.5 in [104], a centred Gaussian probability measure
II; = L(F;) supported on the finite dimensional subspace H; from (3.18), with RKHS

norm satisfying

(5, )

I<j,reRy

<

J

> lecblrngj:\/ S odep?. (3.59)
l

I<j,reRy <j§reRy

Arguing as in the previous remark one shows further that for some constant ¢ > 0,
[Hjll o0y < cllHjllag, — VHj € Hj. (3.60)

Remark 3.3. Using the notation of the previous remark, for fixed Fy € H§(O), consider

the finite-dimensional approximations

P;Fy = Z <F0, (I)lr>L2Xq>lr S Hj, J €N (361)

lg]’,TGRl

Then in view of (3.59), we readily check that for each j > 1

IPsEsll, < [ 32 22(Fo, ®u)3a < [|Follego) < oo. (3.62)

1<j,reRy

Also, for each £ > 0, and any G € H"(O), we see that (implicitly extending to 0 on
RN\ O functions that are compactly supported inside O)

(Fo — P1Fy, G) 20y = (Fo — P1Fo, X'G) 12 (ray

where ' € C2°(0), with ¥’ = 1 on supp(x). We also note that, in view of the localisation
properties of Daubechies wavelets, for some J,,,;, € N large enough, if [ > J,,;, and the

support of ®;, intersects K, then necessarily supp(®;.) C K’, so that

X(I)lr = (I)lr Vi > Jmiru (S 72’l-
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Therefore, for j > J,in, by Parseval’s identity and the Cauchy-Schwarz inequality

(Fo — PrFy, X'G) 12(re)
— Z 2[0¢<FO7 (I)l’r’>L2(Rd)2lln<XlG7 q)l/r’>L2(]Rd)2ill(a+n)
U'>5,r'€Ry
< 2—j(a+f€) Z 22lo¢<F0’ (I)l’r’>%2(Rd) Z 22l“<X'G, Cbl’r’>%2(Rd)
U'>jr'eRy U>jr'eRy

< 277 Byl 110 0) X Gl v .

It follows by duality that for all j large enough
1Fo = PiFoll a0 S 277 Foll o) (3.63)
We conclude remarking that
1F | me0) S 2 Fl20),  YF € Hyy 52 Jomin. (3.64)

Indeed, let j > Jpn, and fix F' € H;; then

F = PsznF + <F - PsznF) = Z FVZTX¢ZT’ + Z ET®ZT'
1< min,TERy Imin<I<J,mrERY
But as H,,,,, is a fixed finite dimensional subspace, then we have ||P;, . F|lgs0) S

| P Fll 22(0) < || F || £2(0) for some fixed multiplicative constant only depending on Jy,.

On the other hand, we also have

Jmin<l§j7T€Rl
< 2Y°| P20,

yielding (3.64).

Example 3.3. Consider the integer-valued random variable
J = llogy (¢~ (1)) +1, T~ Exp(1),
where ¢(x) = zlogz, x > 1. Then for any j > 1

Pr(J > j) = Pr(¢~Y(T) > 2%) = Pr(T > 2% log 2/%) = ¢~ 2182
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. _9jd(1_9o—d j—1)d .
On the other hand, since e=2/*(1=27D10g20"V% _y () 59 5 s o

Pr(J = j) = Pr (209 < ¢7}(T) < 27)

—2(i—1)d (G-1)d —2Jd Jjd
_62 log 2 +1_6210g2 -1

_9(i-1)d (G—1)d _9jd(1_o—d (G-1)d
e 2 log 2 (1—6 27%(1—-27%) log 2 )

> —27d Jog 274
< € .



Chapter 4

Nonparametric Bayesian inference
for reversible multi-dimensional

diffusions

We study nonparametric Bayesian models for reversible multi-dimensional diffusions
with periodic drift. For continuous observation paths, reversibility is exploited to prove
a general posterior contraction rate theorem for the drift gradient vector field under
approximation-theoretic conditions on the induced prior for the invariant measure. The
general theorem is applied to Gaussian priors and p-exponential priors, which are shown
to converge to the truth at the minimax optimal rate over Sobolev smoothness classes in

any dimension.

4.1 Introduction

Consider observing a continuous trajectory X7 = (X; = (X},..., X3 : 0<t < T) of
the multi-dimensional Markov diffusion process given by the solution to the stochastic
differential equation (SDE)

dX; = b(X,)dt +dW,,  Xo=mz9€R >0, (4.1)

where (W, = (W},...,Wg) : t > 0) is a standard Brownian motion on R% and b =
(b1,...,bg) is a Lipschitz vector field. We are interested in nonparametric Bayesian
inference on the drift term b in the practically important case when the diffusion process
is time-reversible. By a result of Kolmogorov, this is equivalent to the drift b equalling
the gradient vector field VB of a potential function B : R? — R (e.g., [15], p. 46).
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In many applications, reversibility arises due to physical considerations and is a key
property which one wants to incorporate into the model. Indeed, one is often interested in
inference on the potential B, which carries important physical information. For example,
the SDE (4.1) with b = VB arises as the Smoluchowski-Kramers approximation to the
Langevin equation for the motion of a chemically bounded particle [143, 58, 213], in which
case B describes the chemical bonding forces. Other applications of the reversible diffusion
model (4.1) in physics and chemistry include vacancy diffusion and Lennard-Jones clusters
[185, 186] and chemical reaction equations [41].

A Bayesian who wants to model reversible diffusion dynamics must do so explicitly via
the prior, namely by constructing one that draws gradient vector fields for b. The natural
approach is then to directly place a prior on the potential B rather than on b, which is
the approach we pursue here. Moreover, B typically has a strong physical meaning and
estimating it is often the primary inferential goal, in which case explicitly modelling the
potential provides interpretable inference. Our goal is to provide theoretical guarantees
for this Bayesian approach, which arises directly from physical considerations in the
modelling step.

The theoretical performance of nonparametric Bayesian procedures for drift estimation
is well-studied in the one-dimensional case d = 1 [232, 187, 110, 238, 174, 1, 237].
However, much less is known in the general multi-dimensional setting d > 2, even for
nonparametric frequentist methods. In the continuous observation model, Dalalyan and
Reif3 [68] established pointwise convergence rates and Strauch [217-219] obtained adaptive
rates, both using multivariate kernel-type estimators. In the Bayesian setting, Nickl and
Ray [173] obtained L? and L™ posterior contraction rates, as well as Bernstein-von Mises
results, for certain non-reversible drift vector fields - more discussion can be found below.

In this chapter, we obtain contraction rates for the posterior distribution of B about
the true potential By in the model (4.1). We prove a general theorem for diffusions
governed by gradient vector fields based on the classical testing approach of Bayesian
nonparametrics [99, 235], and firstly apply it to Gaussian priors for B, obtaining minimax
optimal rates over Sobolev smoothness classes in any dimension. Gaussian priors are
widely used in diffusion models [187, 208, 110, 238, 237, 20, 173] and are a canonical
choice, not least for computational reasons [181, 208, 231]. Apart from the non-reversible
results in [173], these are the first multi-dimensional Bayesian contraction results for
diffusions, and the first for potential-modelling priors.

In applications, the potential B is often spatially inhomogeneous for physical reasons,
for instance being spiky in some regions and flat or smooth in others (e.g., molecular

communication [98]), see Figure 4.1 for an illustrative example. Gaussian priors are
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N A
- .

o

Fig. 4.1 Left: an example of a spatially heterogeneous potential B. Right: the corre-
sponding gradient vector field VB. Note the axis scales are different for clarity.

known to be unsuited to modelling such inhomogeneities (see, e.g., [5]), which has
motivated the use of heavier tailed priors, especially Besov space priors in the inverse
problems [195, 4, 73, 5] and medical imaging [209, 239] communities. To address such
physically motivated situations, we also consider modelling the potential using heavier-
tailed p-exponential priors [5], for which we establish minimax optimal rates. Such
priors have been employed to recover spatially inhomogeneous functions, such as those
with a ‘blocky’ structure with sudden changes from one block to another. They have
a number of attractive properties including edge preservation, discretization invariance
(147, 146], promoting sparse solution representations, while also maintaining a log-concave
structure that aids posterior sampling. Contraction rates for such priors have recently
been obtained in direct linear models [5], and we present here a first extension to a
nonlinear diffusion setting.

The multi-dimensional case d > 2 is intrinsically more challenging than the one-
dimensional case. The testing approach has been used for model (4.1) first by van
der Meulen et al. [232] to obtain contraction rates in the ‘natural distance’ induced
by the statistical experiment, which is a ‘random Hellinger semimetric’ depending on
the observation path (X; : 0 < ¢ < T'). In dimension d = 1, the theory of diffusion
local times can then be used to relate this random path-dependent metric to the L2-
distance [232, 187, 238], but when d > 1 such local time arguments are not available. In
the multi-dimensional setting, Nickl and Ray [173] relate this random Hellinger metric
to the L2-distance for specific truncated Gaussian series product priors on b. They
exploit concentration properties of the high-dimensional random matrices induced by the
Hellinger semimetric on finite-dimensional projection spaces to relate this problem to a

random design type regression problem. However, this approach crucially uses that the
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priors for each coordinate of b = (by, ..., by) are supported on the same finite-dimensional
projection spaces, which is typically only the case if by, ..., by have independent priors.
Since product priors for b draw gradient vector fields b = VB with probability zero, they
are inherently unable to model reversibility.

Aside from requiring different priors, modelling the potential B introduces funda-
mentally new features to the inference problem at hand. Whereas one can relate the
non-gradient vector field case to a direct linear regression type model [173], modelling
B is equivalent to modelling the invariant measure (see (4.6)) and leads to a genuinely
nonlinear regression problem. We must thus employ a completely different approach to
[173] here, using instead tools from nonlinear inverse problems [167, 2, 106, 177, 168]
- our work can thus also be viewed as a contribution to the Bayesian inverse problem
literature.

Instead of Hellinger testing theory, we develop concentration inequalities for prelimi-
nary estimators to directly construct suitable plug-in tests following ideas in [103], see
also [195, 174, 1, 2, 160]. In the present setting, the invariant measure ju;, of the diffusion
describes the probabilities

(A Tim — / LX)t (4.2)

T—oo T Jo

corresponding to the average asymptotic time spent by the process (X;) in a given
measurable subset A of the state space. In the reversible case, we can exploit the
one-to-one correspondence i, o €28 (see (4.6) below) between the potential B and the
invariant measure puy, to construct estimators for B based on preliminary estimators
for . We then combine elliptic PDE and martingale techniques with concentration of
measure arguments to obtain exponential inequalities for such estimators, and hence
bounds for the type-II errors of suitable tests.

As in [181, 187, 238, 1, 97, 237, 173], we restrict to the periodic setting and thus peri-
odic potentials B. Under this simplification, a potential B still implies the corresponding
(periodised) diffusion is reversible ([97], Proposition 2) and so our results maintain the
key modelling link between reversibility and potential functions. As well as ensuring
mixing of the diffusion, periodicity simplifies the elliptic PDE arguments involved in
studying the mapping properties of the generator of the underlying semigroup, see, e.g.,
[24]. The underlying PDE techniques in principle extend to the non-periodic setting
under certain conditions [182], albeit at the expense of additional technicalities that are

beyond the scope of the present chapter.
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As well as deriving theoretical results, we also discuss numerical implementation in
the continuous observation model considered here. Posterior sampling using simulation
techniques is well-studied for ‘real-world’ discrete data, including for some priors we
study here, which we highlight when discussing concrete prior choices. For recent work on
this active research topic, see for example [27, 181, 208, 231, 210, 20, 97] and references

therein.

4.2 Inference for reversible multi-dimensional diffu-

sions

4.2.1 Basic notation and definitions

Let T? be the d-dimensional torus, isomorphic to [0, 1]¢ with the opposite points on the
cube identified. We denote by LP(T?) the usual Lebesgue spaces on T¢ equipped with
norm || - ||, and by (-, )2 the inner product on L?(T?). We further define the subspaces

P21 = {f € LX(T%) : /W fdo = o} o IA(TY) = {f € LX(T%) : /w fdp = 0} ,

where 4 is a probability measure on T¢.

Let C(T?) be the space of continuous functions on T¢, equipped with the supremum
norm ||+||ee. For B > 0, denote by C?(T?) the usual Holder space of | 3]-times continuously
differentiable functions on T¢ whose |3]"-derivative is (8 — | 3])-Holder continuous. We
let H*(T%), o € R, denote the usual L2-Sobolev spaces on T¢, defined by duality when
a < 0. We further define the Sobolev norms || f||yw1a = ||flly + X0, |0, f
that || - |12 is equivalent to || - || g1.

Let {®, : 1 € {-1,0}UN, r =0,...,max(2/¢ —1,0)} be an orthonormal tensor
product wavelet basis of L?(T¢), obtained from a periodised Daubechies wavelet basis of
L*(T), which we take to be S-regular for S € N large enough; see Section 4.3. in [104]

for details. For J € N, define the finite-dimensional approximation space

|4, and note

V= span{q)lr 2 1< J, r=0,..., max(2" — 1,0)} (4.3)

and let P; : L?(T?) — V; be the associated L2-projection operator. Note that V; has
dimension v; := dim(V;) = O(27%) as J — oo. For 0 <t < S, 1 < p,q < oo, define the
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Besov spaces via their wavelet characterisation:

B;qcﬂ‘d):{fem(ﬂ‘d) 191, = 2t (Zw@lr )<oo},

replacing the /P or {?-norm above with £*° if p = oo or ¢ = oo, respectively. Recall
that H'(T¢) = B,(T?) and the continuous embedding C*(T¢) C B!__(T9) for t > 0, see
Chapter 3 in [211].

When no confusion may arise, we suppress the dependence of the function spaces on the
underlying domain, writing for example B;q instead of Blt)q(']fd). We also employ the same
function space notation for vector fields f = (f1,..., f4). For instance, f € H* = (H*)®?
will mean each f; € H® and the norm on H® is ||f||g« = S%, ||fillzre. Similarly,
199l = s 10291l

We write <, 2 and ~ to denote one- or two-sided inequalities up to multiplicative

~) o~y

constants that may either be universal or ‘fixed’ in the context where the symbols appear.
We also write ay = max(a,0) and a Vb = max(a, b) for real numbers a,b. The e-covering
number of a set © for a semimetric d, denoted N(e;0,d), is the minimal number of

d-balls of radius € needed to cover ©.

4.2.2 Diffusions with periodic drift and Bayesian inference

Consider the SDE (4.1) with drift b = VB, for a twice-continuously differentiable and
one-periodic potential B : R¢ — R, that is B(z +m) = B(z) for all m € Z¢,

dX, = VB(X,)dt +dW,,  Xo=mz9€R? t>0. (4.4)

There exists a d-dimensional strong pathwise solution X = (X; = (X},..., X%) : ¢t > 0)
with cylindrically defined law on the path space C([0, 00); RY); see, e.g., Chapters 24 and
39 in [19]. For T > 0, let X7 := (X; : 0 <t < T) and denote by P} the law of X7 on
C([0,T],R%). We omit the dependence on the initial condition X, = z since it plays no
role in our results.

By periodicity, we can consider B as a function on T¢. In model (4.4), the law PL
depends on B only through b = VB (see (4.7) below), which is thus only identifiable up to
an additive constant. We therefore without loss of generality assume that [;. B(z)dx = 0,
i.e., B € L*(T%). Our goal is to estimate the drift b = VB : R — R? from an observed
trajectory X7 ~ PL. We will sometimes write P when a technical result also applies to

possibly non-gradient vector field drifts, but this will be clarified in each instance.
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The periodic model effectively restricts the diffusion to the bounded state space T¢.
More precisely, while the diffusion defined in (4.4) takes values on all of R?, its values
(X;) modulo Z¢ contain all the relevant statistical information about VB (note that (X;)
will not be globally recurrent on R?). This allows us to define an invariant measure on
T, since it holds that (arguing as in the proof of Lemma 6 in [173])

1 T
T/O @(Xs)ds i /Td Spd:uba T — oo, VSO € C<Td)a

where 11, is a uniquely defined probability measure on T? and we identify ¢ with its
periodic extension to R? on the left-hand side. The measure y;, thus inherits the usual
probabilistic interpretation as the limiting ergodic average in (4.2).

Recall that the periodic generator Ly, : H2(T?) — L?(T?) of the possibly non-reversible
diffusion from (4.1) is

d o2 d
Ly = ;A+b.v = ;;§$?+¢21 bi(-)(;ii. (4.5)

The corresponding invariant measure u; is known to be the weak solution of the PDE
Lipy =0 on T where Lj = 1A —b.V —V -b is the L2-adjoint operator of Ly, see, e.g., p.
45 in [15] (in a slight abuse of notation, we use p;, for both the probability measure and
its density function). If b = VB for some potential B € C%(T¢), one can check directly
that

6QB(ac)

— d

is a classical C? solution to L zup = 0 and hence is the unique invariant probability
density function of the diffusion (again in a slight abuse of notation, we write pp instead
of uyp when b = VB). In particular, if we have a potential B, then we can recover b
from py, via b =VDB = %V log s, a connection we exploit in our proofs.
The log-likelihood for B € C?(T4) for our observation model is given by Girsanov’s
theorem (e.g., Section 17.7 in [19]):
dP%

o ne B Ty
£r(B) = log G (X7)

1

T T
= [ IVBX,)|Pdt + / VB(X,).dX,,  (47)
2.Jo 0

where B is the law of a d-dimensional Brownian motion (W; : 0 <t < T). We consider
a Bayesian approach to the problem, assigning a (possibly T-dependent) prior II = Il
to B, which for identifiability we assume is supported on L?(T%) N C?(T%). The posterior
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II(-|XT) then takes the form

r(B)dI1(B)
r_ Jae 2 (rmd
IM(A|X") = Jomne) @BV B any Borel A C C*(T). (4.8)

Note that this induces a prior and posterior for both b = VB and pp. In the following,
we study the concentration of the posterior about the ‘ground truth’ gradient vector field
by = V By, assuming that the observation X7 ~ Pgo is generated according to the SDE
(4.4) with B = By.

4.3 Main results

4.3.1 Gaussian process priors
Posterior contraction rates

Gaussian priors are widely employed for diffusion models [181, 187, 208, 110, 238, 231,
237, 20, 173] and we provide here theoretical guarantees for such priors. We consider a
class of Gaussian process priors constructed from a base Gaussian probability measure
[Ty, which we assume satisfies the following condition. We refer, e.g., to Chapter 2 in
[104] for definitions and terminology regarding the theory of Gaussian processes and

measures.

Condition 4.1. For a > d/2+(d/2—1), let Iy, be a centred Gaussian Borel probability
measure on the Banach space C(T?) that is supported on a separable (measurable) linear

subspace of C\W/2TRV2(T) for some k > 0, and assume its reproducing kernel Hilbert
space (RKHS) (H, || - ||l%) is continuously embedded into the Sobolev space H*T'(T?).

Examples of Gaussian processes priors satisfying Condition 4.1 include the periodic
Matérn process and high-dimensional Gaussian series expansions, see Examples 4.1-4.2
below.

To account for the nonlinearity of the problem, we rescale the base Gaussian processes
following ideas from the Bayesian inverse problem literature [168, 2, 106, 177, 168].
Given a random draw W ~ Ily, satisfying Condition 4.1, consider the following rescaled

function: W)
._ X d

whose law II we take as the prior for the potential B. It follows that II is a centred

Gaussian probability measure on C(T¢), with the same support and RKHS as Iy, but

with rescaled RKHS norm ||h||3, = T4®2d)||b|y.
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The rescaling enforces additional regularisation in the induced posterior distribution
for the invariant measure pp, implying in particular a bound for ||pg||c/2+x)v2, needed
to control the nonlinear map B + up given in (4.6) under the posterior. Such issues
are commonly encountered in nonlinear inverse problems, where one often requires the
posterior to place most of its mass on sets of bounded higher-order smoothness in order
to use stability estimates. Note that such priors are special cases of the rescaled Gaussian

process priors considered in several benchmark statistical settings in [233].

Theorem 4.1. Let I1 be the rescaled Gaussian process prior for B in (4.9) with W ~ Iy,
satisfying Condition 4.1 for some a > d/2+ (d/2 — 1)y, k>0, and RKHS H. Suppose
that By € H**Y(TY) and that there exists a sequence Byr € H such that || By — Bor|cr =
O(T~*/@+DY and ||Bor|ly = O(1) as T — oo. Then for M > 0 large enough, as
T — o0,

PETI(B : |VB — VBylls > MT~/Cetd| XT) — 0.

The resulting posterior thus contracts about the truth at the minimax rate (cfr. [68])
for any dimension d. We recall that the law P} depends on the potential B only through
VB in (4.4), and thus it is natural to study recovery of the gradient vector field VBy. In
fact, after making the identifiability assumption B, By € L?(T¢), the norm ||VB — V By
is equivalent to the usual Sobolev norm ||B — By||y1.

Theorem 4.1 requires that the true By be approximable by elements By 1 of the RKHS
of W at a suitable rate, which reflects the notion of smoothness being modelled by the
Gaussian process prior. One can thus think of this condition as ‘By is (a4 1)-smooth’ in
both the Sobolev and prior sense. For instance, if the Gaussian prior already models
Sobolev smooth functions (e.g., a Matérn process prior - see Example 4.1), then this

poses no additional conditions.

Examples of Gaussian priors

We now provide concrete examples of Gaussian priors to which Theorem 4.1 applies. As
discussed in Section 4.2.2, the potential B is only identified up to an additive constant,
which we without loss of generality select via [pa B(z)dx = 0. For series expansions, one
can enforce this by setting the coefficient of ey = 1 (Fourier basis) or ®_;5 = 1 (wavelet
basis) equal to zero. For more general Gaussian processes, one can simply recenter the
prior draws by B +— B — [pa B(x)dx.

A common choice for this problem is a mean-zero Gaussian process with covariance
operator equal to an inverse power of the Laplacian [187, 238, 237], for which posterior

inference based on discrete data can be computed efficiently using a finite element method



130 Chapter 4. Bayesian inference for reversible multi-dimensional diffusions

[181] (note that in the continuous model considered here, Gaussian priors for B are
conjugate, see Lemma 4.1 below). Such priors can be defined via a Karhunen-Loéve
expansion in the Fourier basis and are equivalent to periodic Matérn processes, see
Appendix 4.A.1 for details

Example 4.1 (Periodic Matérn process). For a+1> d/2+ (d/2)V 2, consider the base

Gaussian prior

W(z) = (2m)"? kgd a +47T2HzHZ)(aH)/ngek(x), g S N(0,1), xeT (4.10)
corresponding to the series expansion of a periodic Matérn process with smoothness
parameter o+ 1 — d/2 (cfr. Appendiz 4.A.1 for details). By the Fourier series charac-
terisation of Sobolev spaces, its RKHS H equals H*Y(TY) with equivalent RKHS norm
| llx = || - llga+r. Furthermore, W defines a Borel random element in CO‘H_%_”(Td)
for all m > 0, which is a separable linear subspace of C'¥>T)V2(T) for some r,n > 0 if
a+1>d/2+(d/2) V2. Condition 4.1 therefore holds for periodic Matérn processes.

We may thus apply Theorem 4.1 to the periodic Matérn base prior in (4.10) and
any By € H*"YTY) = H with o + 1 > d/2 + (d/2) V 2 by taking the trivial sequence
Bor = By € H*"(T?).

Another common approach to prior modelling is to obtain a high-dimensional dis-
cretisation by a truncated Gaussian series expansion. We illustrate this considering a
wavelet expansion for concreteness, but analogous results can be derived for any basis

compatible with the Sobolev smoothness scales, such as the Fourier basis.

Example 4.2 (Truncated Gaussian series). Let {®;,, | > —1,7 =0,...,max(2"4—1,0)}
be a periodised Daubechies wavelet basis of L*(T¢) as described in Section 4.2.1, and

consider the base prior

W(LC) = Z Z 27l(a+1)gqu)lr(x)7 gir 1"1\(‘1 N(07 1)7 VS Tdv
I<J T
for some a > d/2+ (d/2 — 1), where 27 ~ TY+d) “which tends to infinity as T — oo,
is the optimal dimension of a finite-dimensional model for a-smooth functions. The

support of Iy, equals the finite-dimensional approximation space Vy, which is a separable
linear subspace of C\¥/*"VX(Td). Its RKHS H equals V; with norm

Rl3, = 32 3222V h, ip)af® = IR, hE VD,

I<J T
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so that Iy, satisfies Condition 4.1.

For By € HY(T4) N C*T(T?), the wavelet projections Byr = P;By € V; = H
satisfy || P;Bolly < || Bollger < 0o and ||By — PrBy|lcn < 2770 ~ T=2/(a+d) - Theorem
4.1 therefore applies with y, a Gaussian wavelet series and all By € HT(T?)NC+1(T9)
with o > d/2 + (d/2 —1),.

In Section 4.3.2, we extend the last result to truncated p-exponential series priors. For
p = 2, Theorem 4.2 below shows that the above additional smoothness requirement By €

C**t1(T4) can be removed under the slightly stronger minimal smoothness assumption
a+1>(d/2)V2+d/2.

Conjugacy of Gaussian priors

For the continuous observation model X7 = (X; : 0 <t <T), the likelihood (4.7) is of
quadratic form in the potential B, and hence Gaussian priors are conjugate as we now
show. This parallels the known conjugacy property of Gaussian priors for the drift vector

field b [187], which in our setting corresponds to Gaussianity of the posterior on VB.

Lemma 4.1. Let Il be a centred Gaussian Borel probability measure on L?(T?) that is
supported on C?(T4) N L2(T%). Then the posterior distribution (4.8) is almost surely
(under the law of the data X*') Gaussian on L*(T?).

The C?(T?) condition is a standard assumption on B to ensure the existence of a
strong pathwise solution to the SDE (4.4), see, e.g., [19], and thus is natural in our
setting. Conjugacy implies that posterior sampling is straightforward to implement in
this model. Consider a discretisation step by a Karhunen-Loeéve (KL) truncation, taking
as prior the random function

iid

K
B(x) =Y ukgrhi(z), g~ N(0,1), €T (4.11)
k=1

for some fixed K € N, scaling coefficients vy, > 0, and some ‘basis’ functions (hy, k € N) C
C*(T4)NLA(T?) (e.g., the Fourier or wavelet bases). Identifying a function B = K | By hy,

with its coefficient vector B = (B4, ..., Bx)? € RX, a standard conjugate computation
yields
BIX" ~ N ((S+T ) H, S+, (4.12)
where T = diag(v?,...,v%) is a K x K diagonal matrix and
K T

eRFN H=

T
> = l / Vhi(X,) . Vhw (Xe)dt
0 ke

( /0 ' m()@).d}g)
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Additional details and the proof of Lemma 4.1 can be found in Appendix 4.A.1. For
concrete basis choices for the KL-expansion (4.11), ¥ and H can be computed from the
data, allowing direct posterior sampling according to (4.12). Gaussian conjugacy no
longer holds for the more realistic discrete data setting, where more advanced sampling
techniques must be employed, see for instance [181, 208, 210, 20].

4.3.2 p-exponential priors

We next consider modelling the potential function B using the class of heavier-tailed
p-exponential priors [5], known in the inverse problems literature as Besov priors [147].
These priors are constructed via random basis expansions, assigning i.i.d. random coeffi-

cients distributed according to the probability density function
fp(x) xe 7, reR, pell,2].

This generalises the series construction of Gaussian priors (p = 2), allowing heavier-tailed
random coefficients for p < 2, while preserving a log-concave structure favourable to
computation, see Remark 4.1. The class includes products of Laplace distributions
(p = 1), which have recently received significant interest in the Bayesian inverse problem
community [142; 70, 195, 50, 73, 4] due to their edge-preserving and sparsity-promoting
properties. For Laplace priors, these advantages stem from the ¢!-type penalty induced
by the prior, which promotes sparse reconstructions that have been observed to perform
better in practice for the recovery of spatially-irregular, blocky structures such as images,
see, e.g., [193, 151, 142, 49, 124] and references therein. It is therefore of interest to
provide theoretical guarantees for these methods which are employed in practice.

We consider p-exponential priors defined via a truncated wavelet expansion. Let
{®,, I > —1,7r =0,...,max(2"% — 1,0)} be a periodised Daubechies wavelet basis of
L?(T?) as described in Section 4.2.1. For p € [1,2] and s > 0, consider the p-ezponential
measure [5] Iy arising as the law of the random function

d

W(x) = XJ:Z 2_1(‘”“%—;’)5”@”(@, r €T (4.13)

=0 7

where the truncation level satisfies 27 ~ TV(a+d) a5 J — 0. Note that this class
includes both the product Laplace prior (p = 1) and Gaussian series prior (p = 2). For
identifiability, the wavelet coefficient corresponding to ®_19 = 1 is again set to zero to
enforce the zero-integral condition, so that W € L?*(T%) almost surely. Similar to the

Gaussian priors considered in the previous section, we introduce a suitable scaling of
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W ~ Iy, taking as prior II for B the law of

W(z)

B(z) = ——=
(re)

,  weT% (4.14)

This is the correct scaling, since scaling at a different rate yields suboptimal contraction
rates even in the simpler Gaussian white noise model [5, Proposition 5.8]. The next
theorem shows that the resulting posterior contracts about the truth at the minimax
optimal rate in any dimension d, extending the Gaussian white noise results of [5] to the

present nonlinear diffusion setting.

Theorem 4.2. Let I be the scaled p-exponential truncated series prior (4.14), where
Wis as in (4.13) for some a > [(d/2 4+ k) V 2] +d/p—1 and p € [1,2]. Suppose that
By € HYY(T9). Then, for M > 0 large enough, as T — oo,

PLII(B : VB = VB, > MT-*/@*|xT) — ¢,

For p = 2, Theorem 4.2 implies the result in Example 4.2 for truncated Gaussian
wavelet series priors, but removes the additional assumption that By € C**1(T?) under

a slightly stronger minimal smoothness assumption on «.

Remark 4.1 (MAP estimation and sampling). For the p-exponential prior (4.14), the
posterior density for any B = 3, ;, B, ®;, € V; takes the form dII(B|XT) oc e=¥7(5),

where

d

T3ard
v (B) = ~r(5) + L Bl

B =

1 T
=32 X BubBu [ | 900 (X0). V@ (X )t
I<JrU<Jr! 0
_d

T T 2a+d %
W Vo V(I)lr(Xt).dXt] L IEr 3 ot ts=3) By pp.

I<J,r p I<J,r

Since p > 1, Wy (B) is, given the data X7, a convex functional of B, implying that the
posterior is log-concave. Computation of the Bayesian MAP (maximum-a-posteriori)
estimator, defined as the minimiser over V; of W7 (+), can then be performed using efficient
high-dimensional convex optimisation algorithms [46, 109, 57]. Furthermore, (approx-
imate) sampling from the posterior distribution is also feasible by employing MCMC
algorithms for log-concave distributions. In particular, non-asymptotic convergence

guarantees suitable for high-dimensional settings have been derived for gradient-based
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Langevin Monte Carlo methods [69, 81, 82] (also for the relevant non-smooth case p = 1,

using suitable proximal regularisation of the log-posterior density [183, 83]).

4.3.3 A general contraction theorem for multi-dimensional dif-

fusions with gradient drift vector field

The results for Gaussian and p-exponential priors presented in the preceding sections
are based on the following general contraction rate theorem for the drift b = VB. We
employ the testing approach of [99], which requires the construction of suitable tests
with exponentially decaying type-II errors. This has been done in [232] for the ‘natural
distance’ for this model, which is an observation-dependent ‘random Hellinger semimetric
In dimension d = 1, this can be related to the L? distance using the theory of diffusion
local times, something which is unavailable in dimension d > 1. We instead directly
construct plug-in tests based on the concentration properties of preliminary estimators
following ideas from the i.i.d. density estimation model [103]. In the present multi-
dimensional diffusion setting, suitable estimators can be obtained by exploiting the
one-to-one connection between the potential B and the invariant measure pg given by
(4.6).

Theorem 4.3. Let q € [1,2], J € N, er — 0 and & — 0 satisfy 27 — oo , Te2 — o
and T~1/22742 1 e = O(&7), and let I1 = Ilp be priors for B supported on the Banach
space C*(T?). Assume further that

o/ld/24rt(d/24r=Dl e — O(1) and ~— T~Y2/ldtrHd/24r=14] — (1) (4.15)
for some k > 0. Consider sets

Ar s [ p@)de =1, p@) 2 6, Nllowssora < m, = Popllwia < Cater |
(4.16)

for some §,Cx,m >0 and define Or = {B : VB = +Vlog i for some i € Ap}. Let By

be the true potential and suppose that pg = % satisfies ||po — Pypiol|lwia < Dor.

Td

Suppose further that

(i) 1(0F) < e (@HTet,
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(ii) there exist deterministic sets SBy for B with TI(SBy) > e €Tt and

d T
Pk ( sup Z/O 102, B(X,) — 04, Bo(X,)|*ds < Ts§> — 1. (4.17)

BESBT i=1
Then for M > 0 large enough, as T — o0,
PLIL(B: VB = VB, > M&r|X™) = 0.

Remark 4.2 (Small ball probability). One can always take SByr = {B : >, ||0., B —
Oz, Bo||%, < €%}, in which case (4.17) holds automatically. However, for truncated wavelet
series priors, this leads to unnecessary smoothness conditions on the true underlying
function By, which can be avoided by instead taking SBr = {B : |[VB — VBo|[72(,,, <
g2} and verifying (4.17) directly (cfr. Lemma 4.4). Note that SBr is required to be
deterministic in order to apply certain martingale arguments in the proof of Theorem
4.3.

Beyond the ‘usual’ conditions arising from the testing approach [99], the main
additional assumption in the last theorem is that the prior puts most of its mass on a
set of potentials O, where the corresponding invariant measures € Ay can be well
approximated by their wavelet projections P;u (cfr. the last inequality in (4.16)). If this
is the case, it suffices to study the deviations of the wavelet projection estimator fiz about
its expectation P;u. We then use results from empirical process theory, martingale theory
and PDEs in order to obtain suitable concentration inequalities, and hence exponential
probability bounds for the type-II errors of suitable tests.

A significant additional difficulty in carrying out this program is the nonlinearity
of the map B + up given by (4.6). One can relate the error of VB — VB, to that of
e — pp, by a type of stability estimate, see the proof of Lemma 4.3 below. However,
without controlling the norm || || ca/21xv2, the constant for this stability estimate grows
rapidly, rendering it unusable in the proofs. This reinforces the connection of recovery of
the gradient vector field V By in the diffusion model (4.4) with nonlinear inverse problems,
where similar phenomena are often encountered, and indeed motivated the use of rescaled
priors to overcome these considerable technical challenges [168, 2, 106, 177, 168].

4.3.4 On models with non-constant diffusivity

We comment on some implications for likelihood-based estimation in generalizations of the
models (4.1) and (4.4). Consider observing a continuous trajectory X7 = (X; : 0 <t < T)



136 Chapter 4. Bayesian inference for reversible multi-dimensional diffusions

from a diffusion dynamics of the form
dX, = b(X,)dt + XY3(X,)dW,,  Xo=mz9 €R? ¢ >0,

with non-constant local variance (diffusion or volatility matrix) ¥ : R — R%?. For
general positive-definite (), this model is not identifiable and so we restrict to the case
of scalar local variance X(X;) = o(X;)I, where o : RY — [0,00) and I, is the d x d
identity matrix.

In this model, one can exactly recover the quadratic variation process of any component
of X, namely ([X], = [J0(Xs)?ds : 0<t<T),i=1,...,d, and hence {o(X;) : 0 <
t < T} is perfectly identified from the data X7. In the well-studied scalar case d = 1,
this corresponds to knowledge of {o(z) : inficjo.1) Xi < < sup;epo ) Xi} and yields the
conventional wisdom in the statistical diffusion literature with continuous data that
one can treat o(-) as known, usually taking o(z) = 1 for simplicity as we do here. For
dimension d > 2, while we still perfectly identify o along the trajectory of the diffusion,
this trajectory now has zero Lebesgue measure in R? (note that for d > 2, the diffusion
process will not be recurrent). Thus the diffusivity function o(+) is a non-trivial parameter
and there may still be statistical interest in modelling it.

Consider placing a prior on o(-) and let P, , = qu;a be the law of the above process.
Girsanov’s theorem (e.g., Section 17.7 in [19]) implies that the two measures P, , = Py o
are singular unless o = ¢’. The likelihood e‘T®?) is thus zero unless o ezactly matches
the observed diffusivity along the trajectory. Therefore, for a Bayesian posterior to be
well-defined, the prior must assign positive probability to {o(+) : o(X;) = (£[X"];)"/?, 0 <
t < T}, ie., it must be conditioned to match these values along the trajectory. Since the
random trajectory X7 typically has fractal-like behaviour, this is a highly non-standard
and non-trivial prior construction. It is a somewhat unusual feature of this model that
any prior for o(-) must heavily rely on the observed data XT. Similar considerations
apply to other likelihood-based procedures, such as maximum likelihood estimation.

The above features stem from the continuous observation model and do not occur in
the more realistic low frequency discrete observation model, where estimation of (b, o)
is an ill-posed inverse problem, see [108] for the scalar case d = 1. While both cases
are interesting mathematically, the continuous and discrete models are fundamentally
different problems with regards to estimating the diffusivity o(-). We are unaware of any

results concerning minimax rates in dimension d > 2 in the low frequency setting.
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4.4 Proof of Theorem 4.3

We employ the general testing approach for non-i.i.d. sampling models [100] combined
with tools from the diffusion setting [232]. In order to construct suitable plug-in tests,
we extend ideas from the i.i.d. density model [103] to the multi-dimensional diffusion
setting with drift arising as a gradient vector field b = VB.

We start with the following contraction rate theorem, which applies also to non-
reversible diffusions, based on the existence of abstract tests. In a slight abuse of notation,
denote by P! the law of (X; : 0 < ¢t < T) from model (4.1), i.e., we do not assume
b = VB in the next result.

Theorem 4.4. Let dr be a semimetric on the parameter space D C C1(T?) for the drift
b and let 11 = 11y be priors for b. Let er — 0 satisfy VTer — oo, let ér — 0, Dy C D

and let ¢ be a sequence of test functions satisfying

P(;‘EQST — 0, sup Pr(1—¢r) < Le~(C+4Ter
beDr dT(b,bo)ZDfT

for some C, D, L > 0 with [1(D5) < (CHa)Ter Suppose further that there exist deter-

-
ministic sets SBr C D with II(SBr) > e=CTer and

T
L ( sup [ b(X,) = bo(X,) *ds < T52T> 1,
beSBr /0

where by is the true drift function. Then for M > 0 large enough, as T — oo,

PETI(b s dr(b,bo) > M&r|X™T) = 0.

The proof of Theorem 4.4 follows similarly to results in [99, 232] and is deferred to
Appendix 4.A.2. The required tests are contained in the next lemma, whose proof can
be found in Section 4.4.2 below.

Lemma 4.2. Let ¢ € [1,2], J €N, ep — 0 and & — 0 satisfy 27 — oo, Te2 — oo and
T~Y227412 e = O(&7). Assume further that

2J[d/2+m+(d/2+n—1)+]8T _ O(l) and T—1/22J[d+fi+(d/2+n—1)+] — 0(1)

for some k > 0. Consider sets

Ar C {u : /Tdu(w)dw =1, p(z) 26, ||plleasimve <m, ([w— Ppllwre < CAfT}
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for some §,Cy,m > 0 and define Op = {B : VB = Vlogp for some p € Ar}. Let
By and pg be the true potential and invariant measure, respectively, and assume that
o — Prpollwra < Doép for some Dy > 0. Then for any M > 0, there exist tests ¢r
such that for D = D(q,d,m,Cx, Do, M) > 0 large enough,

Phér — 0, sup PE(1— ¢r) < de”MTr.
BeOy : |VB—VBy|q>Dér
Proof of Theorem 4.53. The conclusion of Theorem 4.3 follows by applying Theorem 4.4
with the set Dr = {b = VB : B € O}, the distance dr(f,g) = ||f — g||, and the tests
¢ constructed in Lemma 4.2.
0

4.4.1 A concentration of measure result for empirical processes

The following concentration inequality is a key technical tool in the proof of Theorem
4.3, providing uniform stochastic control of functionals of the (possibly non-reversible)
diffusion process (4.1). It is based on a chaining argument for stochastic processes with
mixed tails (cfr. Theorem 2.2.28 in Talagrand [222] and Theorem 3.5 in Dirksen [76]). We
again write P! for the law of X7 to emphasise that we do not assume b = VB in the next
result. Recall the notation L? = {f € L?: Jpa fdz = 0} and L2 ={f€L”: [rafdu=0}.

Proposition 4.1. Suppose b € C@/2VY(TY) for some k > 0, and let Fr C V;NL,, (T?)
for J satisfying 27@/2T5+d/245=1+] < /T Define the empirical process

Gr(f) = \/17 [ sxgds, e

and let Dr,. := dim(Fr) and |Fr|g— := supsex,. [|fllz—. Then for allT > n >0 and
x>0,

Py (ﬁ“}P Gr(f)] = C|Frlp1 (DY + v+ T3 laretGrn(Dy @}) <27,
esSr

where C' depends on d, k,n and upper bounds for ||b gla/z+n-11 and || fip||oo-

Proof. We first note that since b € C*, a corresponding unique invariant probability
measure (1 = j, indeed exists by Proposition 1 of [173]. For f € L2 NV, C L2 N H%**x
and b € C¥?** by Lemma 4.8 and the Sobolev embedding theorem, the Poisson equation
Lyu = f has a unique solution L, '[f] € L? N HY*+2 ¢ C? satisfying LyL; '[f] = f.
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For such f, we may thus define

= [ VL) aw,

= 1 (%) — L 1A10%) — [ Ll (X )ds
= L' [f)(Xr) — Ly '[f1(Xo) = VTGrlf],

where we have used It6’s lemma (Theorem 39.3 of [19]). Thus for Fp C L2 N HY/*¥*,

1 2
sup |G < — sup |Z + — sup ||L; ! 0o 4.18
sup (Gl €~ sup |Ze(1)] + 7 sup |15 (4.19

We derive a concentration inequality for sup; |Z7(f)| and hence for sup; |Gr[f]].

Recall Bernstein’s inequality for continuous local martingales (p. 153 of [198]): if M
is a continuous local martingale vanishing at 0 with quadratic variation [M], then for
any stopping time 7" and any y, K > 0,

y2
Pr ( sup |My| >y, [M]r < K) < 2e 2K, (4.19)
0<t<T

For fixed f, (Zr(f) : T > 0) is a continuous square integrable local martingale with

quadratic variation [Z.(f)]r = [ ||VL, ' [f](X,)|?ds. Applying Bernstein’s inequality,

Py (12e(f)l z 2) < B (122(H)] 2 2. [Z.(Dr < Kz () + B ([Z.(f)lr > Kr(f))

<2exp (g ) + B (2Dl > Ko ()
(4.20)

for any x > 0 and K7 (f) > 0. We now upper bound the right-hand side.

Since z + ||z]|? is a smooth map, the function
(@) = VL@ = [ IVL 1) duty)

is in L2 N HY*** for all f € Fp. Recall the distance dj (f,g) :== X 0., L, ' [f — g]lI%
defined in Lemma 1 of [173]. Using the Sobolev embedding theorem, Lemma 4.8 and the
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Runst-Sickel lemma ([173], Lemma 2),

dL('Vf: O) S Hryf ’|Hd/2+n—1

d
S 20 Ly (1) = 10w, Ly I o sz
i=1

d
S D0, Ly ool L (1l rearzsn—sry + IV Ly [FI 220 1Ll rasesn—s
1=1

S W Narzeeslfll prearzen-v -1+ Nitll ool £ 17

5 Hf”Hli/QﬂflHfHH<d/2+n71)+—1,

where the constants depend only on d, x and upper bounds for Hb”BL‘i{i“*”“ and || 4] co-
Applying the exponential inequality in Lemma 1 of [173] to the class {v;,0} gives for
y =0,

P (IGrly)l = 2772 Ly rglllse + Cldi (77, 0)(1 + ) < 772,

One can identically prove that || Ly [vf]|leo S IIf | zra2te—t]l f]| garzsn—1.—1 with the con-
stant depending on the same quantities as above. Since VTGrlys] = [Z.(f)]r —
THVLb_l[f]H%Q(N), this and the last two displays yield

B (|12.(0)r = TUV L (2| = CVTUf lararzss-a | Fll sz -1 (1 4+ y)) < e7¥/2

for all T > 7 > 0. Since by Lemma 4.8, [V Ly ' [f]l|72(,) < liellsoll f]I7-1, substituting the

last display into (4.20) with K (f) = CT|| f|%-: +CVT| f|| gaszen— || f || jyearzn-1, -1 (1+)
gives for all x,y > 0

P (1Ze(f)] = @)

2

T 2
< 2exp <— > + e V2,
2CT |1+ + 2CVT | f | garzsns | f |l garzse 2 (1 + )

For f € Vyand u > —1, || f13e = i<y 30 224 (f, Ppr)of? < 22740 £1|2,_.. Using
this bound, that 27[@/2+x+(d/24x=D+] < /T and setting y = x/(CT||f||%-1)"/?, the last
display gives

IQ
Pl (1Z > 1) < — :
v (| Zr(f)] = ) < 3exp ( 2CT | f11%- + 2C2J[d/2+n+(d/2+n—1)+}||f||H11.)
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Using the linearity of f +— Zp(f) and rearranging, we get the following Bernstein

inequality:
Pl (122(f = 9) = CIIf = glls (VTz 4 272002001 5)) < gz,

where again C' depends on d, x, 7 and upper bounds for |[b[| ja/2+x-11v1 and ||| e

We now apply Theorem 3.5 in Dirksen [76], which is a reﬁoilo(;ment of Theorem 2.2.28
in Talagrand [222], to bound the supremum of the random process (Zr(f))rer,. In
particular, the last display shows that the process has ‘mixed tails’ (cfr. (3.8) in [76])
with respect to the metrics d;(f,g) = C2/[/2FrHd/245=14]| £ — gl 51 and do(f, g) =
CVT|f — gllz—. The diameters Ay, (Fr) and Ay, (Fr) appearing in the second display
of Theorem 3.5 in [76] can be bounded by

Adl (.FT) = fSlélg dl(f, g) S 202J[d/2+”+(d/2+“*1)+] ’FT’H—%
»g T

Ay (Fr) = sup dolf,g) < 2CVT|Fr|y,
f.9€FT

so that Theorem 3.5 of [76] yields that for all x > 0,

Pg( sup |Zr(f)] = C (72(}}7 dz) + 1 (Fr,di) + | Fr|m— {\/Tx + 2‘][%”“%“_1)*%}) )

feFr

< e ®

— Y

where 71,72 are ‘generic chaining functionals’. Using the estimate (2.3) in [76], and

recalling that Fr C V; has dimension Dz, we can bound 7,(Fr, ds) by a multiple of

o0 Ady (Fr) 3Ny, (F
/0 \/logN(n;]:T,dg)dng/o . \ID;Tlog (W)dn

- le/fA(h (Fr) /01 V0og (3/u)du

< CiDYANVT | Frly

for C7 > 0, where the first inequality follows from the usual metric entropy estimate for

balls in finite-dimensional Euclidean spaces [104, Proposition 4.3.34]. Similarly, v, (Fr, d;)
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is bounded by a multiple of

9] Adl (]:T)
/ log N(n; Fr,dy)dn < Dg, / log dn
0 0

< CyDpp Ag, (Fr) < CyDp, 271024 @2 D Fr o

3A4, (.7-"T)>
n

In summary, Theorem 3.5 of [76] implies that for all > 0
pr <sup |Z2(f)| = C\Frlg— V(DY + Va) + 27l a+n0s Dy o x)}) <e®
feFr

This provides the concentration inequality for the first term in (4.18). For the second

term in (4.18), using the Sobolev embedding theorem and Lemma 4.8,

125 Moo S LG LM rarzen S NLF Nl praszens

< 2J[%+H}||f”H*1 5 2J[g+n+(g+n—1)+}|j_~T|H71

for all f € Fr, where the constant depends on d, #, 7 and an upper bound for [[b]| yia/2+x-1v1.
The result then follows from the last two displays and (4.18).
O

4.4.2 Construction of tests and proof of Lemma 4.2

Using Proposition 4.1, we now derive concentration inequalities for a preliminary estimator
fir of the invariant measure p, uniformly over certain sets I'(d, m) below. We can then
exploit the correspondence p ox e?? to obtain an estimator for the gradient vector field
VB = iVlogu = 5(Vp)/p based on fip. Consider the wavelet estimator for the invariant

measure

fr(x) =33 B (x),  xeT (4.21)

<J r

where Blr = %fg &, (Xy)dt and J — oo as T — oo. We now prove the required
concentration inequality for the induced estimator %V log fir of VB under the conditions
of Theorem 4.3. Recall that P; denotes the L2-projection onto the wavelet approximation
space V given in (4.3), and that we write f € L2 if [ra fdu = 0.

Lemma 4.3. Let ¢ € [1,2], 27 — oo and ep — 0 satisfy T2 — oco. Assume further that

2J[d/2+l€+(d/2+l€71)+]8T — O(1> Cmd T*1/22J[d+l€+(d/2+ﬁfl)+] — 0(1)
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for some k > 0. Define

L=T(,m)= {u : /]I‘d p(z)de =1, u(x) > 8 for all v € T ||pl| claszemve < m}

for some 6,m > 0. Then there exists C = C(§,m,q) > 0 such that for all T > 0 large
enough and all M > 0,

sup  Pf(|[Viog fir — Vieg plly = Cllu — Prpllwra + C(1+ M) (T7227% +e7))
B:VB:%Vlogu,
pel’

< 4o~ MTer
Proof. All constants in this proof are taken uniform over d, m > 0 in the definition of the
set I' above and we write b, = %V log pt. We first derive a preliminary L*°-convergence

rate (r for fir, for which we establish an exponential inequality. Write

= —7= sup [Gr[h,]]

\/— T yetd

| = Pyplloe = sup

z€Td

/ZZ% ) = (1, @ip )2 Py () ds| =

0 i<y r

with hg(u) = Y1y 30 [ @i (w) — (1, @i )o] @i () € VN LY, and Grlf] = = J f(X,)ds
the empirical process for u-centered functions f € Li. Recalling that the periodised

father wavelet ® 1o =1 ([104], p. 354) and that sup, 3=, ®;,(z)? < 279,

2
[ 222 N0y, (x
=0 r
J
<3276 || P2 S Jg27
=0

ZZ K, (I)lr 2¢)lr )

I<J r

where Jy = J1{4—2y and we have used ||Pyploso < [|ptlloo+ It — Prptlloo S (14277 ||l L _
< m. Applying Proposition 4.1 with Dz, = dim(T¢) = d, | Fr|g-1 = sup,era bzl =
O(J)/? 27W/2-1+) and o = MTe2 — oo then gives

PbT (HlaT - PJ/’LHOO > C(l + M)J;/22J(d/2*1)+€T) < 2€7MT5%

for T > 0 large enough, having used that 2714/2+#+(d/2+r=1+lo) < 1 Note that the
constant in the last display depends on d, x and upper bounds for ||ulle < [|pllp . Sm
and ||b,|| pla/z+—1ivi. For this last quantity, by the chain rule, for p > ¢ bounded away
from zero, [|bullpa. S [V1ogullpa, . S [logpllgats S [[1og pllcass S 1+ ||l catr for all
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a > 0. Thus in particular, [|b,|| gia/zes-1v1 S 1+ ||pllc/zemve S T+ m is also uniformly
bounded over I'. Combined with the bias bound ||p — Pypllee S 277 ||pllsL . S 277m,
this yields

PY (i — pllo = C(1+ M)J2272 Ve eq 4 C277m) < 27 M50 (4.22)

with C' a uniform constant over I'. Set ¢p = C(1 + M)Jy/*27@/2Dicp 4 02-7m <
2J1d/2 4 (d/24r=1) ] 4 27T — 0. On the event {||fir — ptlloo < (7}, for 2 € T4 peT
andt=1,...,d,

Opifir(x) _ Onpi()

|8x1 IOg ﬂT(x) - axz IOg ,u(x)| =

fur () p()
O, 1 — Oy, — [
fir () fur () ()
O, 1 — Oy, i -
< Oifir () = Orpl@)| | 00 1(2)| i () — p()]
0 —Cr 6(6 — Cr)
Taking the ¢ power, integrating, using that ||0,, ptl|o < [|utllc2 < m and (4.22) gives for
large enough 7" > 0,
inf  PE([Vlog /i — Viogally < O, m)llir — pllwrs) > 1 - 2¢~ M7
B : VB—%Vlogu,
pel’

(4.23)
since (7 — 0. It thus suffices to prove an exponential inequality for ||ir — p||wr.a.
For 1 < ¢ < 2, we have the continuous embedding H'(T¢) = W2(T?) c Whe(T9).

For the variance term, by Hilbert space duality,

i = Polln = swp | [ (@) = Pop(a)]i(a)da

peC> : [l y-1<1

= sup DD i = Pir)a(p, Pur)e

weVy t lellg-1<l i<y

= s [ S 00) — (@)l ) ads

1
eV i el |1 o (235

1
- sup |GT[g ]| 9
VT pevy s llplyast 0



4.4 Proof of Theorem 4.3 145

where gy (u) = 1< 30 [Pir (u) — (11, Pir)2] (@, Pir)2 € V; N L. Using that &9 = 1, for
lella- <1,

2

9ol 7-1 = D327 {0, @i )a? + D0 (w, Rirdalep, Biv o

=0 T I<J T
< Nl + (. @)of?

< (L4 [l F) el F-
ST+ |pllEe <1+ m2

Applying now Proposition 4.1 with Dz, = dim(V;) = O(279), | Fr|y-1 = sup,, [|golla—1 S
1+m and x = MTe3 — oo gives

PL (HﬂT — Pyu|lgr > C(1+ M) (T—1/22Jd/2 I 5T)> < 26—MT52T7

where we have used 27/1%/2+#+(d/2+r=+lo ), < 1 and 7—1/2271d+r+(d/24x=1)+] <1 and where
the constant in the last display again depends on d, x and m. Using the embedding
HY(T?) ¢ WH(T?), 1 < g < 2, this yields

L (Ir = pllwra > [l = Papllwra + C(L+ M) (T7122792 4 1)) < 27275,

Combining the last inequality with (4.23) proves the result.
O

Proof of Lemma 4.2. Consider the test ¢r = 1{||V log fir — V1og 10|, > Moér}, where
fir is the wavelet estimator in (4.21) and M, is to be selected below. Since T~%/2274/2 ¢
er S & and ||Prpo — pollwre < Doér by assumption, Lemma 4.3 gives that for any
M > 0 and large enough T" > 0,

Plgo (| Vlog fir — Vlog pollq = C(Do + 14+ M)ér) < fo—MTeh

Taking My > C(2+ Dy), the type-I error then satisfies PL ¢r < 4eTer — 0.

Turning to the type-II error, since ||u — Pjullwia < Cpér for all p € Ar, and
Ar C T'(5,m) for I'(6,m) the set in Lemma 4.3, applying that lemma yields that for all
M > 0 and large enough 7" > 0,

sip PL(IVlogir — Vieguly > C(Ca + 1+ M)gr) < de™T5
B : VB=3Vlogy,
pel’
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Now consider B € O (implying VB = 1V logu for some p € Ay) such that |[VB —
VBl = 3||Viogu — Viog pollg > Dér. Applying the triangle inequality and the last
display,

PL(1— ¢r) = PE(||V1og fir — Vog oy < Moér)
< Pg([[Vlog po — Vlog pllg — [V 1og p — Vog fir|l, < Mor)
< PR((2D — My)ér < ||Vlog pn — Vlog firy) < 4e 7o,

for D > My/2+ C(Cy + 1+ M)/2. This completes the proof.

4.5 Proofs for Gaussian and p-exponential priors

4.5.1 Proof of Theorem 4.1

We verify the assumptions of Theorem 4.3 with ¢ = 2, ep = & ~ T-*/atd) and
27 ~ T1/(atd) 1In particular, the quantitative conditions (4.15) in Theorem 4.3 are then
satisfied for all @ > d/2 + (d/2 — 1),

As pointed out in Remark 4.2, the ‘small ball condition’ (assumption (ii) in Theorem
4.3) follows if we show that for some C' > 0,

d
=1

Note that
d 1/2 d
(Z 04,8 — axiBono) <3008 — 00 Bollse < |1B = Bolls.
=1 =1

and since || By— Bo.r||cr = O(T~*/?2+d)) = O(er) by assumption, it thus suffices to lower
bound II(||B — Byr|lc1 < er/2), upon replacing e with a multiple of itself if necessary.
Recall that the RKHS H p of the scaled Gaussian process B = W/T%4e+2d) — W /(\/Ter)
equals the RKHS H of W, with scaled norm ||||3, = vTer||h|j%. Since || Bor|ly = O(1),
using Corollary 2.6.18 of [104] we lower bound the probability of interest by

e W 1(| Bl < e7/2) Z e TH Iy (|W e < VTER/2)
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for some ¢; > 0. Since v/Te2 — 0 for a > d/2, the small ball estimate (4.29) below gives
M ([Wllor < VTeq/2) > em VIR = emente,

for some ¢y, c3 > 0. Taking C' = ¢; + ¢3 < o0, the last two displays yields (4.24) as
required.

For M > 0 and p = 2, let Br be the set in (4.27) and define Ay = {up =
e*B/ de e*Bdr : B € Br}. Taking M > 0 large enough, Lemma 4.5 (i) implies that
I1(BS) < e (+9T<% a5 required by assumption (i) in Theorem 4.3. We now show that

A7 satisfies the inclusion condition (4.16). Since ||Blle < ||B||lcwzimve < m for every
B € By, it holds that up > e™*™ > 0 for all ug € Ar. Moreover, using again the
boundedness of B € By,
om || 2B (d/2+r)V2
1B llcwrzenve < €€ lcwninove S 1+ [|Bllowziove + [|Bllglaszrmve < clm),

where for d < 3 the second inequality (with C(¥/2+5)V2 = C?2) follows readily by differenti-
ation, while for d > 4 it is implied by Lemma 4.6 upon noting that C(#/2+*)V2 — Cd/2+r —
BY2+% since d/2 + k ¢ N (cfr. Chapter 3 in [211]). Finally, the bias bound follows
from Lemma 4.7 with p = 2. This shows that Ar satisfies the required assumptions in
Theorem 4.3.

It remains only to consider the true potential By. However, since By € H**!, Lemma
4.6 similarly implies that ||o — Prpollwre < 277 pol| gre+1 = e7. The result thus follows
from Theorem 4.3.

]

4.5.2 Proof of Theorem 4.2

We verify the assumptions of Theorem 4.3 with ¢ = p, ep = & ~ T—*/(e+d) and
27 ~ T1/(2e+d)  The quantitative conditions (4.15) are satisfied since we have assumed
> [(d/2+ k) V2] +d/p—1>d/2+(d/2—1),. The remaining assumptions are verified
using tools for p-exponential random elements mainly due to [5].
We first consider assumption (ii) in Theorem 4.3. Since a > [(d/2+k)V2]+d/p—1 >
d/2+ (d/2 + k) V 1, and since the prior II arising as the law of B in (4.14) is supported
on V; N L%, Lemma 4.4 below implies that it is enough to show that for some M,C > 0

(VB — VB[ 12(u0) < Mep) > e CTeF,
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where 119 o< €270 is the invariant density and || f||72,,) = Jra [f(2)[*po(x)dz. Since py is
bounded, the probability on the left hand side is greater than

H(”VB — VB()HQ S m16T) Z H(HB — BO||H1 S m2€T)

for some my, my > 0. Let P;By the wavelet projection of By € H**' N L2 onto V5. Then
|Bo — PyBollzr < 2772 ~ e, so that by the triangle inequality the latter probability
is lower bounded by II(||B — P;By||z: < mger) for some m3 > 0. In the language of
[5], the Z-space (Definition 2.8 in [5]) associated to the p-exponential random element
B = W/(T%@+d)/p — W /(Te2 )P is equal to V; N L2, with norm

J P 1
||h||z=(Ts%zzf’l(a“*g‘i)|<h,<1>lr>2|p> = (T3)" |l porr,  h€Z. (4.25)

=0 r
Since P;By € Z, by Proposition 2.11 in [5] the probability of interest is thus greater than

1
_ETa%HBo||§;a+1
P

e_%”RJBOHZ’H<||BHH1 < m35T> > e Z H(||B||H1 < m35T>,

where || By|| g+t < 00 in view of the continuous embedding H*+'(T?) C By (T?) holding
for all p < 2 (e.g., p. 360 in [104]). We conclude estimating the above centred small
ball probability. Using Theorem 4.2 in [13] (whose conclusion can readily be adapted for
double index sums), we have as T' — oo,

~1ogI1(|[ Bl < maer) = —log Iy (|W || < ma(Te})rer)
~ [(@bed] T

_ 2
=Ter.

Thus, for ¢; > 0 a large enough constant and C' = ¢; + || Bo|[%,a11/p < 00, we obtain as
pp

required that II <||VB — VBo||r2(40) < M52T) > ¢~ COTer,
The remaining conditions in Theorem 4.3 are verified arguing as in the proof of
Theorem 4.1, using the sets By in (4.27) with M > 0 large enough and p € [1, 2], taking

Ap = {up = €*P/ [rae*Pdx : B € Br}, and noting that since By € B, we have by

Lemma 4.6 that ||,u0 — PJ,U/OHWLP < 2_Ja||/,60||Bpap+l 5 ET.

~Y

O
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Lemma 4.4. Suppose By € H**Y (T4 N L*(T?) for a > d/2+ (d/2 + k) V 1 and some
k>0. Ifep =T~2/C4d) " J e N satisfies 27 ~ TV gnd M > 0, then as T — oo,

1 T
PL s T/ IVB(X,) — VBo(X,)|2ds < M2 + o(c2)
BeV,NL? : |VB=VBol 2(,, <Mer 0

— 1.

The restriction to L? is for identifiability and simplifies certain norms. A similar

result holds under other identifiability constraints.

Proof. We first show that £ [ [|[VB(X,) — VBy(X,)||?ds is close to its ergodic average
IVB — V Bol|72(,,), uniformly over SBr = {B € V; N L?:||[VB = VBollr2(uy) < Mer}.
Define

ko)’

Fr={fs(@) = ||VB(x) = VBy(2)|* = |VB = VBo|[}2(y) : B € SBrU{Bo}}.

Since x + ||z||* is a smooth function, SBr C V; and By € H*'!, it holds that Fr C
L2 N H*. By Lemma 4.8, the Poisson equation Lp,u = fp (writing Lp, for Lyp,) has
a unique solution L,;é [fg] € L? for any B € SBy. Applying Lemma 1 of [173], since
a>d/2+ (d/2+ k) V1, gives that for any z > 0,

21 L% -
Pg, ( sup |Gr[fs]| = sup 2|| L, Lf5lll0

+ Jr (V2 + 192a;)> <e ™2 (4.26)
fBEFT feFr \/T g

where Jr, = fy 7 \/log 2N (r; Fr, 6d1)dr, d3(f,9) = Sy 05, L5 1 — g]I% and Dy, is
the dj-diameter of Fr. We now proceed to bound Jz..

For B € SBr, write h; = 0,,(B — By) so that fp = S0, h? — [|hil|72(,,)- Using the
Sobolev embedding theorem, Lemma 4.8 and the Runst-Sickel lemma ([173], Lemma 2),
for k > 0,

dr(fs, f5) S |fs — fallmarees—

d
S nE =2 [0 = b2
i=1 T

Hd/2+n—1

d
N Z 1hs = hillso|[i + Rl gpeaszen—, + ||hi = Ral| geaszen— [P + Pil| oo
i=1

+ lolloollhi = hill2llFes + hill2l 1] praszen,
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where the constants depend only on d, x and [[VBol| gujzes-1 S | Boll giarzen-rivarzin S
|| Bo|| gra+1, and we note that ||zo|ee < e*lPoll> < 0o using (4.6). Since B, B € V;, we have
i = Pallge S 1B~ Bllgees < 27|~ Bl for w> 0 and |lhg— il < 1B~ Bllgy_
274/2| B — B|| 1. Furthermore,

i + hillge < sup || B — Bollgurr S sup || B — PyBo|| gt + || Bo — PyBol| e
BeSBr BeSBr

< 2% sup ||B = PyBollm + 277 || By || ot
BeSBr

Note that ||VB — VBy||12(u) = [[B — Bol|m since pio is both bounded and bounded
away from zero and B, By € L2. Therefore, SUpPgess, ||1B — PrBollm + 2779 By|| grat1 <
C(M + 1ep, so that ||h; + hllge < C(M + 1)27%p. Similarly, using the Sobolev
embedding theorem,

IhitBulle £ sup 1B~ Bollsy, < sup B~ PsBollsy, + 1B~ PsBollay,
BeSByr BeSBr
<27 sup ||B = PyBollm + 2772 || Byl o
BeSBr
< C(M +1)27%2¢.,

Combining these bounds yields
di(f5, fp) < C(M + )220 | B — Bl .

Since SBr C (Vy, || - ||g1) is finite dimensional, using the last display and the usual

covering argument for balls in finite dimensional spaces (e.g., [104], Proposition 4.3.34),

log N(7; Fr,6dr) <log N (733[3’% C(M + 1)271/2+ @2 D le || HHl)

< dim(V;) log <C’(]\/[ + 1)271/2Hd/24r =Dl qup ||B — BHH1/T>
B,BeSByp

< dim(Vy)log (CRr/T),

where C' > 0 and
Ry = (M + 1)2271d/2+(d/24r=1)4] 2 _,

under the current assumption on a.. Recall the inequality [ \/log(A/z)dzx < 4a,/log(A/a)

for any A > 2 and 0 < a <1 ([104], p. 190). Using this inequality, the last display with
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dim(V;) = O(27%), and that Fr has dp-diameter Dz, < Ry — 0, we obtain

Jr, < dim(V) / " log([CRr) v 2/7)dr < 272D, \Jlog([CRr] V 2/ Dy ).

Taking Dz, ~ Ry in the last display gives Jz, < 2742Ry (1 + log(l/RT)) . Arguing
as for the bound for di(fp, f5) above, one has for all B € SBr,

||LE;[fB]||oo ~ ||fB||Hd/2+~ 1

<Z ne - /Tdhfduo‘

Hd/2+k—1

d
Z |hi||OO||hi||H(d/2+m—1)+

=1
2 [d/2+(d/2+ﬁ—1)+](M + 1)252

where the constants depend only on d, &, ||ft0]|ee and ||V Bo || glaszr—11 S || Boll giasz+n—1i+asz41

< || Bol| gre+1. Substituting this bound and Jz, < 2742 Ry (1 + log(l/RT)> into (4.26),

rt ( sup [Grlfall 2 02 Rr (1+ lox(1/Rr) <1+x>) <
fBEFT

for any x > 0. Set

a—d/2—(d/2+Kr—1)
(p = MpT~ V22742 R, (1 + log(l/RT)) =0 (MT log TT™ 2a+d +5?p>

which satisfies (7 = o(¢2.) for My — oo growing slow enough, since o > d/2+|d/2+r—1]|.
Then using the definition of the empirical process Gr|[fg], for any My — oo,
T LT 2 2
P sup f/ IVB(X,) = VBy(X)|ds — VB = VBo|2au| = Cr | =0
Bessr |1 Jo

as T' — oo. The result then follows because on the complement of the event in the last

display,

sup f/ IVB(X,) — VBy(X,)|*ds < sup [[VB—VBylli2(,) + (r
BeSBr BeSBr

< M?g3 + o(3,).
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4.5.3 Concentration inequalities and bias bounds

In this section, we build on techniques for Gaussian process priors [235], p-exponential
priors [5] and rescaled priors [167] to obtain the prior bias bounds needed to apply our

general contraction theorem for multi-dimensional diffusions.

Lemma 4.5. For s,M,x > 0, p € [1,2] and sequences ey = T~°/CoFd)  z, —
T—(etD)/@otd) gefine the sets

Br={B =B +B::||Bille <z, |Billcr < er. | Ballgsr < M, | Bllowssavs < M.
(4.27)

Assume either:

(i) p=2 and B =W/(NTer) for W ~ Iy a Gaussian process satisfying Condition
4.-1;

(ii) B = W/(TsQT)% for W ~ Iy a p-exponential random element as in (4.13) with
a>(d/2+Kk)V2+d/p—1.

Let 11 be the law of B. Then, for every K > 0, there exists M > 0 large enough such
that TI(BS) < e~ KTt

Proof. (i) In the Gaussian case, define the sets

Bry:={B=DBi+ Bx:||Billx <&r,[|Billc <er, || Bl ggyr < m},
BT72 = {B . ||B||C(d/2+n)\/2 < m}

To upper bound II(B7) it thus suffices to upper bound II(B%,) and II(B%,). Since
190l ot = llgllmar < collglls for all g € H under Condition 4.1, Borell’s isoperimetric
inequality ([104], Theorem 2.6.12) gives

TI(Br,)
=y (W = Wy + Wy : |[Willeo < VTerer, [Willer < VTer, [[Wal gorr < mvTer)
> @ (07! Iy (W : |Wllw < VTerer, |[Wler < VT2})) +mVTer/c)),  (4.28)

where @ is the standard normal cumulative distribution function. Now for H; and H"

the unit balls of H and H**! respectively, we have under Condition 4.1 that

IOg N<T;H1, || . ”C’l) < log N(T; C()HIQ—H, || . HC’1> 5 7_—01/047
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where the last inequality follows by arguing as in Theorem 4.3.36 of [104]. By Theorem
1.2 of Li and Linde [152], this yields

2, ~2d/(20—d)

My (|[Wller <) > e @ as n — 0, (4.29)

for any d/2 < s < 0o and some ¢; = ¢1(d, o, ¢g) > 0, which implies, since v/Te? — 0,

—2d/(2a—d) _ e—C%Tﬁ% ‘

My ([Wler < VTe}) > e VT
Using the same argument, now with the bound
log N(7:Ha, || - lloo) < log N(73coHP || - [loo) S 7Y,

it follows for some ¢, > 0 that Iy (|W|e < VTergr) > e 7. The Gaussian
correlation inequality (which holds for Gaussian measures in separable Banach spaces,
see Lemma 4.9 below) then gives for c3 = ¢} + ¢3

My ([Wleo < VTerzr,|[Wller < VTe})
> M (I[W oo < VTerzr) My (|Wler < VTe})

Z 6703T€§« .

Using the standard inequality ®~!(y) > —/2log(1/y) for 0 < y < 1, the right hand side
of (4.28) is thus lower bounded by

P ((m/co - \/503)\/T5T) .

Defining my = —®' (e~ 57%7 /3), this further gives my < /21082 + V2K Ter, which
can be made smaller than (m/cy — v/2¢3)v/Tep by taking M = M(K, ¢y, ¢3) large enough.

For such M, the last display is lower bounded by ®(my) = 1 — ®&(®~! (e K77 /2)) =

1— %e‘KTS%.

To bound II(B%,), recall that by Condition 4.1 W defines a Gaussian Borel random
element in a separable linear subspace S of C(#/2+%)V2_ Using the Hahn-Banach theorem,

we may thus represent its norm as

||W||C(d/2+n)\/2 = sup |L(W>‘,
LeLl
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where L is a countable set of bounded linear functionals on (S, || - || c(a/2+x)v2). Applying
Fernique’s theorem [104, Theorem 2.1.20] to the centred Gaussian process (X (L) = L(W) :
L € L), we have E|W/||cw/zinve = Esupyc, |X(L)| < D < oo, and for m = m(D) > 0

large enough and since VTer — 00,
(Bt,) < I ( W wzinve — EW || gasimve > M\/_ET) < Qe D'M*Tet

for some fixed constant D’ > 0. Taking M > 0 large enough, the right-hand side can be
made less than ze=* 77, concluding the proof.

(ii). Turning to p-exponential priors, define the set

Bp={B=Bj+B,+Bj : Ble V;n L ||Bj|« <zr,
1 1
B || gsrarz-arp < ME(TER)2 7>, || Byl got < M},

We lower bound the prior probability of B/ using the generalization of Borell’s inequality
to p-exponential measures. The space of admissible shifts (cfr. Proposition 2.7 in [5]) of

the scaled p-exponential random element B = W/(T=2)» is Q = V; N 1.2, with norm

: 1
Ihlle = (7€) é(zzzﬂ(“““ iin. o), |) = (T<2) " Bl srossvarz-am, hE Q.

=0 7

Then, recalling the Z-norm defined in (4.25), Proposition 2.15 in [5] implies

M(B}) =TI(B = B + By + By : | Billoo < Zr, | Bbllo < (MPTe3)3, || Byl 2 < M(Te3)7)

1
1— exp (—(MP/k)Te2
2 B o) P O RTE)

for some k = k(p) > 0. By an analogous small ball computation as in the proof of
Proposition 6.3 in [5], it follows that as T" — oo

1
—logII(|| Bl < &7) = —log Iy ([|Wl|oo < Er(Te7)?)
[5T(T€T)7]"+1 7 = Tex.
Thus, for some constant ¢; = ¢ (o, p,d) > 0, we have II(B}) > 1 — e~ [(MP/R)-ellTeq g4

that for any K > 0 we can choose M = M (K, c1, k) = M(K,«,p,d) > 0 large enough to
obtain II(B}) > 1 — e KTer,
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We conclude the proof by showing that B}, C Br. First, since B} € V; we have
1B |lcr < 27||B)||oe < TV e+ )z, = cp) and therefore both norm bounds on B; = B} in
(4.27) are satisfied. Also note that

(d/24r)V2

| B! || ptajosmve < 27W2HRVY BY| < T 2aka 2p = o(1) (4.30)

since by assumption oo + 1 > (d/2 + k) V 2 + d/p. Next, since also Bj € V;, using the
continuous embedding H*+!(T%) C By (TY), p < 2,

1Bl gors S IBallsross < 2G| Byl yasrearn-arn

ya
2

~ Mz,

=

< 2Jd(%*%)M§(T52T)%*

Thus, taking By = Bj; + B implies || Bs|lgatr S MP/2 + M < M for M > 1 as required.
Finally, using (4.30) and the continuous embedding Bg,' C C(4/2+%)V2 ‘holding for all
a+1>(d/2+k)V2+d/p,

IBllgarzsove < | Billowzimve + || Bell par S M,

concluding the proof.

Lemma 4.6. Let 1 <p,q < oo andt > d/p. If || Bllc < m, then
le®ll5, < C(L+1Bllsy, + | Blls,)

for some constant C' = C(m,t,p,q) > 0.

Proof. Consider a function f € C*°(R) such that f(x) = ¢* — 1 for |z| < m and
1 £l < 2m. Since || Bl < m, we have f o B(z) = eP@ —1 for all z € T¢. By
Theorem 11 of Bourdaud and Sickel [45],

€ = Uiz, < ellflogr e 1Bl + 1B,

rq —

for some ¢ > 0. Since ||1||;, < oo for periodic Besov spaces, the result follows.
[

Lemma 4.7. For a, M,k > 0 and p € [1,2], let By be the set in (4.27), with er, &1 as in
Lemma 4.5. If 27 ~ TV (Ce+d) then there exists a finite constant C' depending on o, d, m
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and the wavelet basis {®;.} such that

2B
{MB = m B e BT} C{u: llp = Ppllwrr < Cert.
T

Proof. Since ||B|ls < ||Bllc2 < M for every B € By, this implies e M < [, e?Bdr <

2M < €2M H62B

e and hence ||up — Prug||wir — Pje*B||y1s, so it suffices to bound the

last quantity. For a function f on the torus T?, denote by f its periodic extension to
R?. Recall that the periodic projection satisfies Pyf(z) = fea Kj(z,y)f(y)dy for all
x € (0,1)¢, where Kj(x,y) = 2743, cpa (272 — k)p(27y — k) is the unperiodised wavelet
kernel and ¢ is the unperiodised father wavelet used in the construction of the periodised
wavelet basis (see (4.127) in [104]). Using that [pa K;(x,y)dy = 1 for all z € (0,1]¢ and

writing B = By + By as in (4.27),

0x, (€ — Pye*®) ()] =
2B1(x) 2Bs(z) _ _2Ba(y)

< '8@ (e ! /Rd Ky(x, y) (e — e )dy)‘

2B1(z) _ ,2B1(y)\,2B2(y)
+ axl(/RdKJ('xay)(e € )6 dy)‘

20,,B1(x) [6232(””) — PP ()] + Oy, [6232(I) — P22 ()]

axi /Rd KJ(I,y) (6231(z)+232(az) . eQBl(y)+232(y))dy‘

2B1(z) __ ,2Bi(y)\,2B2(y)
] [ oK) )20y

+ 6231 (z)

20, B1() [ Ks(a,y)eP 0y,

Using that [pa 0, K(z,y)dy < 27 by the localization property of wavelets and that
le* — 1| < x for small |z|, the last display is bounded by a multiple of

2Bl Bille 62BQ_PJ62BQ T
1

+ 62”Bl°°‘8z.(6232 — PJeZBQ)(x)

+ 212 | o+ 2B o | Pre™ ().

Taking p™ powers and integrating, and using the embedding Bf, (T?) C L?(T?) [104,
Section 4.3.2], then yields

~Y

102, (€% — Pye*P) |, X[ Byl €252 — Pre®P2 g, + 1Bt €252 — Pre?Be| gy

+ 272150 || By [l oo + 1P| By, | Pre*™ | o,
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By Lemma 4.6,

€% )l g S 1+ Ballggyr + [ Balliis < e(m, ),

a-+1
BPP

which implies

1/p
”6232 . PJ62B2 Hle,l _ Z 9l(1+d/2—d/p) ( Z ’<€232, @lr>2|p)
I>J r

1/p

I>J

< [|€*P2 | gagr Y271
sy

S 27]04'

By a similar computation, ||e?5? — P;e?52 5o, S 27+ while by Holder’s inequality

with exponents (p/(p — 1), p),

1/p

||PJ6232 “331 — Z 2l(d/2—d/p)(z |<6232’ @lr>2|p>

I<J T
p—1

< < Z[Q—l(aﬂ)]pﬂ) i <Z opl(a+1+d/2-d/p) Z (252 ¢1T>2|p) 1/p

1<J 1<J r
S e | g

<1,

Combining the above bounds, using the definition of e7,&7 in Lemma 4.5 and that
27 ~ T1/(2+d) e thus obtain that for any B € By,

10, (€25 — Pye®P)||, < eXFrep2 (ot 4 (Pro-Ja | 9l 2Me 4 (Pre,

5 Er.
By a similar, in fact easier, computation, we also obtain

H€2B _ PJQQBH:D S 62<§T2—J(a+1) + 62M€_T

= 0(€T>.

The required bias bound then follows from the last two displays.
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Appendix 4.A Additional material and technical re-

sults

4.A.1 Some properties of Gaussian priors
Periodic Matérn processes

The Matérn process on R? with smoothness parameter o + 1 — d/2 > 0 is a stationary

Gaussian process with covariance kernel (Example 11.8 in [101])

Clay)=Cla—y) = [ D51+ g, oy eR” (4.31)

R4

Using a standard approach to periodization [194], one can construct a corresponding

stationary periodic kernel via the Poisson summation formula:

Cper(‘ray) = Cper<x - y) = Z C(l’ -y + m)u z,y € Rd-

meZd

Since the Poisson summation formula preserves the Fourier transform (Theorem 8.31 of
[95]), Cper has Fourier coefficients

—2rik.u _ —2rik.u _ (2m) d
/Tde C’per(u)du—/Rde C(u)du = 1T a2 FP)oT k ez,

the last equality following from (4.31) and the Fourier inversion formula (e.g., Section

8.3 in [95]). Thus, using the Fourier series of Kpe(u), the periodised Matérn kernel has
series representation

Cpul,y) = (2m)" 3 T ren(@)ey)

el 0+ 4 |

kezd

where {ey, k € Z%} is the Fourier basis of L*(T?), i.e. ex(z) = €™*2. Theorem 1.21
in [101] then implies that the centred Gaussian process M = {M(x), = € T¢} with

covariance kernel Cpe; has RKHS
H= {h = > hper: B3, = (2m) D0 B (1 + 4x?(k|?) ! < oo} :
kezd kezd

By the Fourier series characterisation of Sobolev spaces, we thus have H = H**1(T?) and

|| - || is an equivalent norm to || - ||ga+1. The above computation also implies that the
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periodic Matérn process has Karhunen-Loéve series expansion given by (4.10), equivalent
(up to constants) to the mean-zero Gaussian processes with inverse Laplacian covariance
appearing in [181, 187, 238, 237].

For the regularity of the sample paths, by Proposition 1.4 in [101], which applies
also to the periodised kernel Cy.,, the periodic Matérn process has a version M whose
sample paths are in C’O‘“_%_”(Td) for any 7 > 0. By Lemma 1.7 in [101], this version
then defines a Borel random element in C"(T?) for all 7 < o + 1 — d/2. In particular,
C"(T?) is a separable linear subspace of C¥/2+®V2(T?) for some x > 0 provided that
a+1>d/2+(d/2)V2and r > (d/2+ k) V2. In conclusion, the periodic Matérn process
satisfies Condition 4.1 for o + 1 > d/2 + (d/2) V 2.

Gaussian conjugacy formulae and proof of Lemma 4.1

We first provide details for the derivation of the conjugate formula (4.12). For basis
functions (hx, k € N) € C?NL?, and fixed K € N, identifying a function B = X | Byhy
with its coefficient vector B = (B, ..., Bg)T € R¥, we can write the log-likelihood (4.7)

in quadratic form as

1
B) = -3 / 35" BBt h(Xi)0s b (Xi)dt + Z / Z By 0y, (X)) AX;

j=1k,k

- Iy BB, V Vh(X,). Vi (X,)d ] n Z By [/ Vhi(X;). dXt]

2k:l~c’

1
= —iBTEB +B™H,

for 3 and H defined as after (4.12). Under the same identification, we may regard the
prior (4.11) as a multivariate normal distribution on R¥ with diagonal covariance matrix

T = diag(v?,...,v%). Then, by Bayes’ formula, the posterior density is given by

1 - 1 1 —
dH(B\XT)  elrB) =3B T'B _ —3BTSB+B"H-3BTT"'B

Completing the squares then gives

dII(B|XT) o e~ 2B ) HIT T B- (3471 7 HH]

which completes the derivation of (4.12).

Proof of Lemma 4.1. We follow ideas in [187]. For K € N, let Px : L?* — L? be the

projection onto the Fourier approximation space Ex = span{ey, |k| < K}, ex(z) = e2 k=
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Consider the approximate posterior

[, et PB)aT(B)

2 2
Jon €1 PxBIGTI(BY)’ A C C* N L*? measurable.

T (AJXT) =

Since {7 (Px B) only depends on Py B, Tk (:|XT) can be decomposed as the product of
a Gaussian measure on Fy (satisfying the conjugate formula (4.12)) and a Gaussian
measure obtained as the push-forward of II under the projection operator onto the
orthogonal complement of Ef in L?. It follows that IIx(-|X7) is Gaussian in L?. We
now show that, a.s. under the law of the data X7, Il (-|XT) — I(-|XT) weakly in L?
as K — oo, which in turn will conclude the proof since the class of Gaussian measures in
closed with respect to weak convergence.

For B € C?, we have ||B— PgB||g> — 0as K — oo. It follows that e‘r(PkB) — ¢fr(B)
a.s., since, given the data X7, the function B + £7(B) in (4.7) is continuous with respect
to the H%-norm. We next show that the limiting function e7(®), B € C?, is dominated

by a Il-integrable function. Under Pgo, using 1t6’s lemma (Theorem 39.3 of [19]),
T
tr(B) < [ VB(X,).dX,
0
1 /T
— B(Xr) — B(X,) — 5/ AB(X,)dt
0

1 & T
<2Blw+5> | d,
2:50

52
@B(Xt)

and using Young’s inequality with € and p = ¢ = 2, we obtain that for all n > 0,

2 1 & T no? 2
tr(B)< 2+ B2 + = / - ’BX dt
B <2 BB+ 53 [+ e
2 B2 4T dIn, ., dT+8 ndT+2), .,
< < O Mgy, — B|..
<2y Bk B, By, X8, 2Dy,

In conclusion, for all n > 0,
elr(B) < e(dT+8)/(4n)en(dT+2)HBH2C2/4_
Taking > 0 small enough, since II can be regarded as a Gaussian measure on C?,

Fernique’s theorem [38, Theorem 2.8.5] implies that the right hand side in the last display

is II-integrable. By the dominated convergence theorem, we then conclude that a.s. under
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the law of the data X7, as K — oo,

/ T PB) I (B / (B 411( B),
CQ

and likewise, for all measurable A ¢ C2 N L2, by boundedness of the indicator function

1A(')7
/ e (PRB)JI1(B) = /QezT(PKB)lA(B)dH(B) — / erBaI(B),
A c A

showing as required that T (-|XT) — II(:|X7T) weakly in C? (and also in L?).

4.A.2 Proof of Theorem 4.4

The proof follows by the standard arguments for test-based contraction rates, see, e.g.,
Theorem 2.1 of [99], with the only difference being how we control the denominator in
the Bayes formula. We now detail this argument, which is a modification of Lemma 4.2
of van der Meulen et al. [232] adapted to our setting. By (4.7), the log-likelihood ratio
equals (replacing VB with b), under P,

dP} T

tog G (XT) = [ 10X,) — (X)L, = 3 [ IB(X) = bo(X) s = M = 3.
bo

Set II = I1(- N SBr) /TI(SBr) to be the normalised prior restricted to the set SBr. Since

Pl (supyesp, [M®]r < Te3) — 1 by assumption, we henceforth work on this event. By

Jensen’s inequality,

dPT dI1(b) dPT _
1 > / 1 Xp)dII Mb — LINdTI(D).
Og/dPT I(SBr) — JsBr 6 dPT( r)dlI(b) = sBy L 2[ JrdII(b)

For fixed T' > 0, define

ZtT:/S MPdTI(b Z/ /S X)) = o i (X,)dII(b)dW,

where the last equality follows from stochastic Fubini’s theorem (Theorem 64 of Chapter
IV in [190]) since SBr is deterministic. The process (Z! : ¢ > 0) is a continuous local

martingale under qu(: with quadratic variation

th_/ </SBT- s)—bo,i(Xs)dn(b))zds.
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Using Jensen’s inequality, Fubini’s theorem and the definition of SBr,

2Ty < /O T; /S (X)) = b () PT(b) ds

= /SBT /0 16(X5) — bo(X,)|Pds dII(b) = /S BT[Mb]Tdﬁ(b) < Te2.

By Bernstein’s inequality (4.19), for any x > 0,

2
T (17T T (1T T 2 -
PL(127) > x) = P (121] > @, [2")r < Te}) < 2exp <—2Tg%> .
Setting = LTe% gives P} (|Z}| > LTe%) — 0 for any L > 0. On the event {|Z]| <
LTe%}, which has Pbig -probability tending to one, and using the second to last display,

M — L[M)7dTI(b) = ZF — L /S o, M) > —(L +1/2)Teh.

SBr

In conclusion, we have shown P} ([ p}/pf dI1(b) > e (LHUDTETI(SBy)) — 1 for any

L > 0. Substituting in TI(SBy) > e~CTt gives PL([ py/poydIl(b) > e~ (CHLA12TR) ]
for any L > 0.

[

4.A.3 A PDE estimate

In the proofs we used a stability estimate for solutions to the Poisson equation Lyu = f,
where the generator L, of the diffusion is the strongly elliptic second order partial
differential operator given in (4.5). For some basic facts about this elliptic PDE, see
Section 6 in [173], while for more general theory for periodic elliptic PDEs, see Chapter
I1.3 in [24]. The following stability estimate is only proved for ¢ > 2 in Lemma 11 of
[173], but the proof can be extended to general t € R.

Lemma 4.8. Let t € R and assume b € C"2/(T). For any f € L2 (T?), there exists a
unique solution Ly '[f] € L3(T?) of the equation

Lbu:fa fe L2(Td)a
satisfying LyL; '[f] = f almost everywhere and [ra Ly *[f](z)dx = 0. Moreover,

L5 [ e S 1 f e,



4.A Additional material and technical results 163

with constants depending on t,d and on an upper bound for [|b| ;-2

Proof. Recall the multiplication inequality for Besov-Sobolev norms with ¢ > 0 ([229], p.
143),

I£9llsy, < c(t.p,q, DI f sy, llgll. < ¢ poq, D flly,llgller,

which by duality implies that for ¢ > 0,

lgellse, , < ct,p,a. D fll g9/l
p'q

g¥
fallg=t = sup /fidx
19l a e Tggll,

ey <
prq
where 1/p+1/p' = 1/qg+ 1/¢" = 1. Combining the last displays yields the multiplier

inequality
1f9llsy, < c(ltl,p.q, I fllsy, llgllgn_»  tER. (4.32)

The proof of the result then follows as in Lemma 11 of [173] upon using the multiplier
inequality (4.32) instead of (3) when establishing (69) in that paper. We omit the details
here.

]

4.A.4 The Gaussian correlation inequality

The Gaussian correlation inequality states that for any closed, convex and symmetric

around the origin sets K, L in R? and any centred Gaussian measure p in R¢, we have
p(KNL) > p(K)u(L).

The inequality was proved by Royen [206]; see also [148] for a self-contained presentation
and proof. In the proof of Lemma 4.5 we have used the following extension to Gaussian
measures on separable Banach spaces, which was referred to, without full details, in

Remark 3 (i) in [148]. We include a proof for completeness.

Lemma 4.9. Let i be a centred Borel Gaussian measure on a separable Banach space B.
Let K, L be closed (with respect to the topology induced by || - ||s), conver and symmetric

around the origin subsets of B. Then,
(KN L) 2 p(K)u(L).

Proof. For X ~ pu, the Karhunen-Loéve expansion ([104], Theorem 2.6.10) of X implies
that there exists a complete orthonormal system {z,, n > 1} of the RKHS of X and
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i.i.d. standard normal random variables (&,),>1, such that X,, = ¥ | &z, converges
almost surely to X in the norm of B. We first show that for any closed, convex and

symmetric around the origin set K C B,

u(K) = lim Pr(X, € K). (4.33)

n—oo
First, since K is closed and X,, — X almost surely, and hence also in law, the Portmanteau

lemma ([234], Lemma 2.2) implies

limsup Pr(X, € K) < Pr(X € K).

n—oo

On the other hand, since K is convex and symmetric around the origin, by independence
of the random variables (¢,),>1 and Anderson’s inequality [104, Theorem 2.4.5], denoting
by v, the law on B of the tail of the series 3772, &z,

i=n+1

:/]BPr(Xn—i—a:eK) vo(dz)

< Pr(X, € K).

The two above inequalities thus jointly establish (4.33). Now let K, L C B be arbitrary

closed, convex and symmetric around the origin sets and define

Kn:{z:(21,...,zn)ER”:Zzixi€K}QR"

=1

and analogously L,,. It is straightforward to check that K, is a convex and symmetric

subset of R™. Furthermore, if {z(¥},5; C K, converges to some z = (z1,...,2,) € R,
then

SN L0

Sz =Yz §i£r11axn|\xiHBZ\zi — zi| =0, k — oo,

i=1 i=1 BT i=1

so that, K being closed in B, >>7 ; z;z; € K and z € K,,. This shows that K, is closed,
convex and symmetric around the origin in R™. Denoting by v, = L(&,...,&,) the
standard Gaussian measure on R”, (4.33) then implies p(K) = lim,, o 7, (K;). Note
that identical considerations apply to L and L, and, since K N L is also closed, convex
and symmetric around the origin in B, also to K N L and K, N L,.
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Applying this and the Gaussian correlation inequality for the finite-dimensional

Gaussian measure 7,

WK ALY = 1 (Ko O L) 2 i inf 3 (Ko) (L) = p(K)p(L).
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