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2 CHAPTER 1. INTRODUCTION
1.1 Introduction

My thesis mainly lies at the interface between probability theory and differential geometry. From
my perspective, these two beautiful fields of mathematics have always been closely connected.
The interplay of these two fields has led to significant advances, enabling the modeling of
sophisticated systems in physics, finance, machine learning, and beyond. For example, the
geometric perspective allows probabilists to leverage concepts like curvature [12], Riemannian
metrics [8, 9], and geometric structures [5] to gain deeper insights into probabilistic phenomena
such as the theory of concentration of measure, with applications in algorithm optimization and
machine learning (e.g. [58,85]). Of particular interest for us are the considerations of stochastic
processes in curved spaces. We refer to [43] [67] for the definition of Brownian motions and
stochastic differential equations (SDEs) on manifolds.

The manifold hypothesis has become a foundational concept in modern machine learning and
topological data analysis. It posits that high-dimensional data often lie on a low-dimensional
manifold embedded within a higher-dimensional space [84], 103, 114]. This paradigm under-
pins the efficiency of nonparametric methods in high-dimensional statistical models and has
spurred extensive research into manifold learning and analysis, e.g. [62), 91, [99]. For example,
[37] recently applied optimal transport to measure estimation on manifolds in this framework,
providing a robust nonparametric framework that accurately recovers distributions on complex,
high-dimensional data spaces with theoretical guarantees of efficiency and optimality. Never-
theless, previous studies were based on independent and identically distributed (i.i.d.) samples,
we are interested in this thesis with data stemming from stochastic processes exploring the
manifolds. The exploration of complex structures in view of understanding their geometric
and topological properties is an old idea, think of the PageRank algorithm for example [94].
Therefore, building on the foundational connections between probability theory and differential
geometry, we embark on our doctoral journey with an exploration of random walks and diffusion
processes on (random geometric graphs) on manifolds. This study opens up new perspectives
for us, revealing exciting ways to reconstruct manifold information through empirical obser-
vations of trajectories, explore minimax optimality in density estimation, and understand the
intricate dynamics of stochastic processes on manifolds such as their long-time behavior or their
contractivity properties.

As we navigate between these layers of complexity, our work gradually focuses on three central
themes: the convergence properties of random operators on manifolds [61], the estimation of
invariant measures associated with diffusion processes [38], and the minimax convergence rates
in density estimation on manifolds. More precisely, this document is organized as follows.

In this introductory chapter, we introduce various preliminary mathematical concepts necessary
to lay the groundwork for this thesis. Then, a summary of the thesis’s contributions will be
provided in Section

In Chapter [2], we investigate the convergence of random operators associated with points sam-
pled on smooth compact and connected manifolds, when their number tends to infinity. A
particular emphasis is put on the convergence of graph Laplacians built from these points. This
question was already much considered in the literature [55, [115] 24} 25]. Here, we extend the
existing results by weakening the assumptions on the kernel functions used in the graph con-
struction. This provides a uniform convergence rate for wider ranges of kernel-induced random
operators, including the exact generator of the k-nearest neighbor (k-NN) random walk. We
use these limits to establish the functional convergence, when the sample size grows to infinity,
of the random walks on the graph to stochastic diffusive processes on the manifold.

Then, in Chapter [3], we focus on the convergence properties in long time of occupation measures
associated with diffusion processes (X;):>0 on smooth compact connected manifolds, that can
be the limiting processes obtained in the previous chapter. We study these convergences in
Wasserstein distance, when the occupation measures are smoothed by the convolution with an
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appropriate kernel. The limits are the invariant measures of the diffusions. Thanks to the regu-
larization with the convolution, the convergence rates that we obtain improve those in [121]. We
establish the optimality of the convergence rates in the minimax sense. From the perspective of
manifold estimation, our work serves as a counterpart to the study conducted by Divol in [37],
with the key distinction that our data comprises trajectories of stochastic processes rather than
independent and identically distributed (i.i.d.) samples. Specifically, we consider the estimation
problem where the observed data are continuous sample paths of a diffusion process evolving
on a manifold.

Finally, in Chapter [4], we revisit the problem of density estimation on manifolds introduced in
[37], putting aside the stochastic process point of view for the moment. We extend these results
as well as those in related works [118, [90]. Specifically, we will demonstrate that the minimax
convergence rate established in [37, 90] holds for a broader class of density functions, not only
the one that are bounded below by a positive constant. Additionally, this provides a conver-
gence theorem generalizing the result in [118] in the case of density functions with possibly
unbounded support in R”™. An almost sure convergence result is also provided for the compact
manifold setting.

We start with presenting the fundamental concepts and basic results across various fields, in-
cluding Stochastic Differential Equations (Section , Differential Geometry (Sections and
[1.4), and Operator Theory (Section in the purpose of studying stochastic differential equa-
tions on manifolds. We then present the main results of the thesis in Section

1.2 Fundamentals of Stochastic Differential Equations

Stochastic differential equations (SDEs) are fundamental tools in modeling systems that evolve
over time under the influence of both deterministic and random forces. They have widespread
applications in fields such as physics, finance, biology, and engineering. In this section, we
summarize some basic concepts related to SDEs in the FEuclidean space R™, which will later
serve as a foundation for developing the theory of SDEs on manifolds. The interested reader is
referred to [68], 48] [101].

Let us consider a probability space (€2, F,P). An SDE in the Euclidean framework is charac-
terized by the following components:

e A drift coefficient vector b : R™ — R™, representing the deterministic part of the system’s
evolution.

e A volatility (or diffusion) coefficient matrix o = (a,i)KKm, 1<k<i, where o : R™ — Rm™*!
capturing the random fluctuations.

e A driving [-dimensional Brownian motion process B = (B}, B,..., Bé)@o, which intro-
duces the stochasticity into the system. The Brownian motion B is adapted to a filtration
(Fi)i=0 that satisfies the usual hypotheses: it is right-continuous and complete.

e An Fy-measurable random variable X independent from B that will be the initial con-
dition.

To focus on the essential ideas without unnecessary complications, we assume that the functions
b and o are continuous.
Let us now formalize our notations and go deeper into the properties of SDEs.

1.2.1 Strong Solutions, Uniqueness, and Explosion

In the study of SDEs, it is crucial to understand the concept of strong solutions, the uniqueness,
and the explosion of SDE solutions.
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Definition 1.2.1 (Strong Solution of an SDE). [73, p. 336/, [68, p. 165], [67, p. 7] Let
(Q, F, (Ft)t=0,P) be a filtered probability space, and consider the filtration, Brownian motion,
initial condition, drift and volatility functions introduced above. Let T be a (F;)-stopping time,
and let X = {X;:0 <t <7} be a(Ft)-adapted continuous semimartingale defined up to time
7. We say that X is a strong solution of the stochastic differential equation starting from Xg

dX, = b(X,)dt + o(X,) dB,, (1.1)

if, for all t > 0, the following integral equation holds:
tAT tAT
X =Xo+ / b(Xs)ds + / o0(Xs)dBs, (1.2)
0 0

where [ -dBs denotes the Ité integral [68, Chapter II].

Notice that the definition of a strong solution can be extended to SDEs driven by other stochas-
tic processes, such as fractional Brownian motion or Lévy processes. In such cases, the integrals
are interpreted in the sense appropriate to the driving process (e.g., the Riemann-Stieltjes in-
tegral or the It6 integral for Lévy processes).

A fundamental question in the theory of SDEs is under what conditions does a unique strong
solution exist. The following theorem addresses this question.

Theorem 1.2.2 (Existence and Uniqueness of Strong Solutions). [75, pp. 287-289], [67], Thm.
1.1.8]

Suppose that the functions b and o are locally Lipschitz continuous. That is, for every
compact set K C R™, there exists a constant Li > 0 such that for all x,y € K,

16(z) = bl + llo(z) — o) < Lillz =yl

Then, for any Fo-measurable initial condition Xg, the SDE (L.1) has a unique strong solution
X ={X; : 0 <t <7} up to an explosion time 7. In other words, for any other solution
Y ={Y;:0<t <7} of the same SDE with the same initial condition, we have 7 < T and

Y, =X; forallt<r.

Furthermore, on the event {T < 400}, we have almost surely that lim;_,, || X¢|| = oo, meaning
that T is the explosion time of X.

This theorem assures us that under the local Lipschitz condition, the SDE has a unique maximal
strong solution. However, it does not guarantee that the solution exists for all time. Solutions
may explode, becoming unbounded in finite time.

Example 1.2.3. Consider the one-dimensional SDE:
dX; = X} dt + X2dB;, Xo=1.

The unique solution for this SDE is Xy = 17—1&. We can see that even though the coefficients are
continuous, the solution for the above SDE explodes in finite time. More precisely, the explosion
time for this solution is 7y := inf{t : By > 1}.

A natural question arises: under what conditions can we ensure that solutions to an SDE do not
explode? The following theorem provides a sufficient condition that is weaker than Lipschitz
continuity.
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Theorem 1.2.4 (Non-Explosiveness Criterion). [68, Thm. 2.4, p. 177]
Suppose that the functions b and o are linearly bounded; that is, there exists a constant C' > 0
such that for all x € R™,

(@) [ + [lo(@)] < C+ [l])-

Then, for any initial condition Xy, the solution X; of the SDE (l.1)) exists for all t = 0 and
does not explode. Moreover, if E[|| Xo||?] < oo, then

E[IX¢]?] < oo forallt > 0.

This theorem indicates that if the coefficients of the SDE grow at most linearly, the solution
remains finite for all time, and its second moment is finite, provided the initial condition has a
finite second moment.

1.2.2 Weak Solutions

In some situations, it is important to consider the distribution of solutions rather than their
specific sample paths. This leads to the concept of weak solutions, where the focus is on the
existence of a probability space and processes satisfying the SDE in distribution.

Definition 1.2.5 (Weak Solution of an SDE). A tuple (Q, F, (Ft)t>0,P,; B, X0, X) is called a
weak solution of the SDE (1.1)) if:

(Q,F, (Ft)t=0,P) is a filtered probability space satisfying the usual hypotheses.

B = (By)t>0 is an l-dimensional Brownian motion adapted to the filtration (F¢)i>o0.

A Fo-measurable random variable Xj.

X = (Xy)i=0 is an R™-valued continuous adapted process satisfying the SDE (1.1) with
initial condition X.

In a weak solution, the probability space, the Brownian motion and the initial condition are
part of the solution, rather than being prescribed in advance.
An important relationship exists between the uniqueness of strong solutions and weak solutions.

Theorem 1.2.6 (Strong Uniqueness Implies Weak Uniqueness). [68, p. 166]
If the SDE (1.1)) has a unique strong solution for every initial condition Xo = x¢g € R™, then it
also has a unique weak solution. Specifically, for any two weak solutions (2, F, (F;),P; B, zg, X)

and (Q,]}, (.7:}), IS;B,CCQ,X>, the laws of X and X are identical:

Notation 1.2.7. In what follows, we will denote by P, the distribution associated to the weak
solution with initial position xo and E;, will be the corresponding expectation.

This theorem implies that the distribution of the solution is uniquely determined by the coeffi-
cients of the SDE and the initial condition when strong uniqueness holds.

Corollary 1.2.8. If the SDE ([1.1)) has a unique strong solution, then the solution X is adapted
to the natural filtration generated by the driving Brownian motion B.
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1.2.3 Semi-group and generators

Now, suppose that for each z¢p € R™, the weak solution of the SDE (|1.1)) started from Xy = zg
exists, is unique, and does not explode (e.g., when b and o are globally Lipschitz continuous).
We can then define a family of operators that describe the evolution of the system.

Definition 1.2.9 (Semigroup of an SDE). For anyt > 0 and any bounded measurable function
f:R™ =R, define

Ptf(xO) = Exo [f(Xt)]a
where (Xy) is a weak solution of the SDE (1.1|) starting from x¢. The family of operators (P;)i>0
is called the semigroup of the SDE .

The semigroup (P, )= satisfies the following property that reflects the Markovian nature of the
stochastic process X;:

Proposition 1.2.10 (Semigroup Property). For any s,t > 0, and any bounded measurable
function f, we have

Py(Pif) = Psysf.

The generator of the semigroup provides information about the infinitesimal behavior of the
process. It is defined as follows.

Definition 1.2.11 (Generator of a semigroup). Given a semigroup (P;)i>0 acting on a Banach
space B, the generator A is defined on the domain

bf—f
t

t—0t

D(A) = {feB} lim em’stsmB},

and for f € D(A), the generator is given by
Af = lim Lf-f

t—0+ t

In the context of SDEs, the generator can often be explicitly calculated.

Proposition 1.2.12 (Generator of an SDE). [68, Thm 6.1]
Consider the semigroup (P;);>o associated with the SDE (L.1). For any function f € C2(R™)
(twice continuously differentiable with compact support), we have

i 2/ =1
1m

t—0t

=Af in L™,

where the generator A is given by

1 & i
P Z:: &vl&rj )+ Zb (9:UZ (1.3)

i=1

and a"(x) are the entries of the matriz a(x) = o(z)o(z)".

This result shows that the generator of the semigroup associated with an SDE is a second-order
differential operator.

An essential tool in stochastic calculus is It6’s formula, which allows us to compute the differ-
ential of a function of a stochastic process. In the particular case of SDE, we have the following
formula for solutions of SDE:

Proposition 1.2.13 (It6’s Formula). Let X = {X; : 0 < t < 7} be a strong solution of the
SDE (1.1)), and let f € C32(R™). Then, for any t > 0, we have

tAT l

Fun) = 10+ [ ARy as+ Y [ (o (Vs ask,

where A is the generator defined in (1.3|), and Vf denotes the gradient of f.
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1.2.4 Girsanov’s Theorem

Girsanov’s theorem is a fundamental result that allows for a change of measure, effectively
transforming one SDE into another by adjusting the drift term. This has proved particularly
useful in financial mathematics and stochastic control, but not only in these fields.

Theorem 1.2.14 (Girsanov’s Theorem). [93, Thm. 8.6.4]
Let X = (X¢)i>0 be a strong solution of the SDE, for a given Brownian motion B and a initial

condition X,
dX; = b(Xt) dt + O'(Xt) dB;.

Suppose that there exist functions a : R™ — R™ and u : R™ — R! such that:

® U 1S continuous.

e For allx € R™, b(x) — a(x) = o(z)u(x).

t t
fr=ew (- [CuxgTas — 3 [ uceras)
0 0

is a martingale satisfying E[E7] =1 for some T > 0 fized.

e The process

Then, under the new probability measure Q defined by ‘;—8 = &p, the process X is a strong
solution of the SDE X
dX; = G(Xt) dt + O'(Xt) dB; YO<t<T,

starting from Xo and where Bt = B; + fot u(Xs)ds is a Brownian motion under Q.

Girsanov’s theorem essentially allows us to shift the drift of an SDE by changing the underly-
ing probability measure, provided that the Radon-Nikodym derivative 7 is a martingale with
expectation one. The process B, adjusts for the change in drift, ensuring that it remains a
Brownian motion under the new measure Q.

Our aim is to extend the notion of stochastic differential equations to manifolds, and therefore,
we now provide some fundamentals of Differential Geometry. We will recall in Section the
bases of Differential Geometry, namely the notions of topological manifolds and atlases. Then,
smooth manifolds and submanifolds are defined, allowing to introduce tangent spaces. All these
notations serve in Section to introduce the concepts of Riemaniann geometry that will be
needed to extend the results of SDEs to manifolds. The theory of SDEs on manifolds is strongly
based on the notion of infinitesimal generator and requires results in operator theory that are
recalled in Section The SDEs on manifold are introduced in Section in particular.

1.3 Fundamentals of differential geometry I: topological manifolds and sub-
manifolds of R?

In this Section, we give a concise introduction to most of fundamental geometric notions used
in this document. First, we define coordinate charts and atlases of manifolds. We also discuss
on vector fields, tangent spaces, curves and maps defined on manifolds. The main references
for this Section are [78, [40], and[59].

1.3.1 Topological manifolds, coordinate charts, change of coordinates

Let M be a topological space. Recall that M is called Hausdorff if for any two distinct points
p,q € M, there exist two disjoint open neighborhoods U,V of p and ¢, respectively.

The simplest manifolds are topological manifolds. In simple terms, a d-dimensional topological
manifold M is a topological space that locally look like open subsets of R?.
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Definition 1.3.1 (Coordinate charts). A d-dimensional coordinate chart (or just chart) on
M is a pair (U, p) where U is an open subset of M and ¢ : U — U is a homeomorphism from
U to an open subset U of RY. [78, p.4]

Definition 1.3.2 (Topological manifold). [78, p.3] A topological manifold of dimension d is
a Hausdorff topological space M with a countable base such that any point of M belongs to a
d-dimensional chart on M.

Example 1.3.3. Circles and triangles (see Fig. are then 1-dimensional manifolds because
locally, these shapes can be continuously mapped to open intervals of R.

O A

Figure 1.1: Examples of 1-dimensional manifolds.

Remark 1.3.4 (Boundary). Manifolds given by the definitions above are called "manifolds with-
out boundary’. Another category of manifolds are ‘manifolds with boundary’, where some points
(the boundary points) have no neighborhood comparable with Ri but rather locally homeomor-
phic to closed half spaces H? := {z € R : 2y > 0}. For the sake of simplicity, we do not treat
this category of manifold here.

Definition 1.3.5 (Local coordinate system). A local coordinate system z*, 22, ..., 2% is a d-uple

of functions from an open subset U of M to R such that (U, (z',22%,... 2%)) is a chart of M.

Notation 1.3.6. Within the scope of this section, the letters p and q will be used to denote
points on the manifold M, while x and y will represent the corresponding local coordinates of
these points (when the choice of local chart is clear). However, in some other sections, when
the number of mathematical objects under consideration increases considerably, the symbols p
and q will be saved for other mathematical objects, while x and y will be used to describe points
on the manifolds as well.

Normally, for convenience, given a chart (U, ), we identify the region U with its image ¢(U).
Hence in practice, when the choice of local chart is clear, we use interchangeably a point p and
its local coordinates z'(p), z2(p), ..., z%(p) to denote a same object.

Given two charts (U, ¢) and (V,4) of a d-dimensional topological manifold, then on their in-
tersection U NV, one can define two different local coordinate systems, say x',z2,...,z% and
y', y2, ..., y? corresponding respectively to ¢ and ). Thus, a point p € UNV can be represented
by either of two tuples of local coordinates (x!(p), 2%(p),...,z%(p)) and (y*(p), ¥%(p), ..., y%(p)).

The change of the coordinates (or transition map) from the local coordinate system (z*)
to (y*) is given then by the continuous function 1 o ¢~ 1.

1.3.2 Smooth structures, smooth manifolds, smooth functions

Although topological manifolds have their own appeal, many important applications of mani-
fold theory require us to move beyond topology into the realm where calculus is the primary
language.

To achieve this, it is not hard to see that a concept of ‘smoothness’ on manifolds is necessary.
In what follows, we will define a smooth manifold as a topological manifold endowed with
an additional smooth structure which can be understood as a structure that determines the
manifold smoothness.
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Definition 1.3.7 (Smooth structure). [78, p.4, p.13] A smooth atlas o/ on M is a collection
of charts on M, whose domains cover M, such that any two charts in o/ are smoothly compat-
ible, i.e., the transition map 1 o =1 is smooth for any pair of charts (1, ) with intersecting
domains.

A smooth structure o/ on a topological manifold M is a mazimal smooth atlas on M, i.e.,
any chart that is smoothly compatible with all charts in </ must also be a chart in .

Definition 1.3.8 (Smooth manifold). [78, p.13] A smooth manifold is then a pair (M, )
with & being a smooth structure on a topological manifold M. In other words, a smooth
manifold is a topological manifold endowed with a C*°-structure.

By a smooth chart on a smooth manifold, we will always mean a chart from its C* atlas. In
the sequel, since we will only deal with smooth manifolds and smooth charts, when there is no
ambiguity, the term ”chart” will be used as a synonymous term for “smooth chart” and the
term “manifold” will be used as a synonymous term for ”smooth manifold”.

Remark 1.3.9. Smooth structure of a manifold is not uniquely determined by its topological
structure as smoothness is not invariant under homeomorphism. Indeed, Milnor has shown in
[87] that one can construct two different smooth structures on the 7T-dimensional sphere S7.

On smooth manifolds, smooth functions are defined as

Definition 1.3.10 (Smooth function, derivation). [78, p.32]

Given a smooth manifold (M, <), a function f : M — R is said to be smooth if every local
coordinate representation of f, i.e. fo ™' with ¢ € o, is smooth. The space of smooth
functions on M is denoted by C*°(M).

We see that smooth functions on manifolds are mainly described locally via local charts. The
following theorem is an important property of smooth manifolds that provides a tool to globalize
local properties of manifolds by ‘gluing’ the local charts.

Theorem 1.3.11 (Partition of unity). [78, Th. 2.23] Let {Q4}aca be an abitrary open cover of
a smooth manifold M. Then there exists a family {1 }aca of functions of C*°(M) such that:

(1) 0 <1y <1 forall a € A.

(ii) supp(a) C Qa.

(11i) The family of supports {supp(Va)}taca is locally finite, i.e., any point in M has a neigh-
borhood that intersects with supp(1a) for only finitely values of A.

(iv) > ncaalp) =1 for all point p in M.

A such family of functions is called a partition of unity of M subordinate to the open cover
{Qa}aeA-

A particular case of the above theorem is when the open cover is chosen to be {U, M\ K} where
K is a closed set contained in U. In this case, we imply the existence of a smooth function
0 < ¢ <1 such that ¢ = 1 on K and ¢ = 0 outside U. Such a function ¢ is called a cutoff
function of K in U.

1.3.3 Tangent vectors, vector fields, differentials, covectors

Let M be a smooth manifold. In order to make sense of calculus on manifolds, we need to
define the tangent space at a given point on a manifold. For example, recall that in accordance
with the laws of mechanics, a curve can be obtained by specifying the velocity vector along
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the displacement. Velocity vectors are tangent vectors to the curve. When M is a lower-
dimensional subspace of R™, each tangent space of M can be understood as the set of vectors
in R™ passing through the point under consideration on M and tangent to M. This definition
is often referred to as the geometric definition of the tangent space [78), p.51]. However, such
a definition depends on the choice of the ambient space of M. To better capture the intrinsic
nature of tangent vectors, we have the following definition, which is commonly known as the
algebraic definition of tangent vectors.

Definition 1.3.12 (Derivation, Tangent vectors, Tangent space). A linear mapping v : C*°(M) —
R is called a derivation at a point p € M if it satisfies the following product rule:

v(fg) = gp)v(f) + f(p)v(g), (1.4)

for all f,g € C®°(M).

The set of all derivations at a point p is called the tangent space of M at point p, denoted by
T,M. Each element of T,M (that is, derivations at z), is also called tangent vectors of M
at p.

Remark 1.3.13 (Tangent spaces of R™). For M = R™ and any point p € R™, the tangent
space TpR™ can be identified with R™ by the identification:

R™ — T,R™

V> Dv‘p,

where Dv‘ 18 the directional derivative at p with respect to vector v.
Indeed, this mapping is a linear injection between two tangent spaces with the same dimension

(c.f. Theorem ).

It is easy to check that T}, M is vector space over R and that even though C*°(M) is an infinite-
dimensional vector space, the space T, M is finite-dimensional.

Theorem 1.3.14. [78, Prop. 3.10] If M is a smooth manifold of dimension d, for allp € M,
T,M s a vector space of the same dimension d.

The proof of Theorem [1.3.14]is essentially based on a Taylor-like expansion and the remark that
for all derivation v at p and smooth functions f, g such f(p) = g(p) = 0, we have v(gf) = 0.

Example 1.3.15 (Basis of tangent space T, M). Fiz a local chart (U, ) on M and a point
p € U. For any smooth function f on M, the local representation of f under (U, ) is just
a multivariable function on RY(Note that p(U) is an open subset of R?). Therefore, the usual
partial derivative along the i-th coordinate of the local representation, i.e.,

3(f o g‘071)

fr ox*

#(p)
defines a derivation of M at p. In the sequel, by abuse of notation, this derivation is denoted

0
by By p.

Proposition 1.3.16 (Basis of tangent spaces). [78, p.60] If M is a smooth manifold of di-
mension d, for any point p and any local coordinate system (x%) around p, the tangent vectors

i ’862 form a basis of T,M.
p 9T P

Da1 ) Oad

Definition 1.3.17 (Vector field). [78, p.174] A vector field V. on M is a family {V,}perm of
tangent vectors of M such that associates each point p € M with a tangent vector V, € T, M
at this point.



1.3. DIFFERENTIAL GEOMETRY 11

By Proposition [1.3.16} in a local coordinates (z!,z2,...,z%), the vector field V can be repre-
sented in the form:

, (1.5)

%_ZVZ 836’

for some real functions V', V2, ..., V" on the domain of the local coordinate system.

Definition 1.3.18 (Smooth vector field). [78, p.175] The vector field V is said to be smooth if
for any smooth local coordinate system, the corresponding functions V1, V2, ... V' are smooth.

Now, let p be a point in M and f be a smooth function on M. The mapping T, M > v — v(f)
defines a linear mapping on 7, M. This mapping is called differential of f at p.

Definition 1.3.19 (Differential). |78, p.62] [59, p.56] Fizx a point p in M and let f be a smooth
function in a neighborhood of p. The differential df, at p is a linear function on T,M given by

(dfp,v) =v(f) for any v € T,M. (1.6)

Thus, dfy, is an element of the dual space T; M of T, M, which is also called a cotangent
space. The elements of T7 M are then called covectors.

Any basis {e1, ea, ..., eq} in T, M has a dual basis {e!, €2, ..., e?} in the dual space Ty M, which
is defined by:
‘ ‘ 1, i=j
e ey =08 =3" ’
(e, es) J { 0, otherwise.

8.
ozt Ip

For example, the basis {

}1§i§d has the dual {d(z"),}1<i<q because

i 9 9 i
(d(z )pa@}l) T ot T 03

Hence, the covector df, can be represented in the basis {dxi}lgigd as follows:

d
0
=3 g

=1

dz),. (1.7)
p

Indeed, for any j =1,...,n

Z<8f 0,
P Ozt Tp 8zﬂ

Notice that in the general framework of smooth mappings between two manifolds, the differential
has a more general definition, say, as a linear mapping between tangent spaces, but we will not
explain this aspect here for the sake of simplicity.

QL

0 of ., of
p?a ]> 83:23 aIEJ_<f7 >

1=1 1=1

1.3.4 Smooth map, smooth curve

So far, we have focused on real-valued functions on a manifold M, meaning functions that map
M to R. Now that smooth manifolds are well-defined, we can extend this concept to mappings
between two manifolds. For example, to define a local representation of a mapping F' between
manifolds, we use local charts not only to describe the domain of F' but also to describe its
codomain.
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Definition 1.3.20 (Local representation of maps between manifolds, smooth maps, diffeomor-
phism). [78, p.34] Given two manifolds M and N, and a mapping F : M — N.

A local representation of F is a function of form ¥~ o F oy, where (U, ) and (V,1) are
respectively local charts of M and N such that, for the sake of well-definedness, the image F(U)
is included in V (see Figure .

The map F : M — N is said to be smooth if every local representation of F is smooth.

For smooth maps, their differentials are defined to be linear mappings between tangent spaces.

Definition 1.3.21 (Differential of smooth maps). [78, p.55] Given two manifolds M and N,
and a mapping F : M — N. For any point p € M, the differential dF, of F' at point p is the
linear mapping dF), : T, M — TF(p)N such that:

(dF,(v),g9) =v(Fog) VgeCl*(M).

Remark 1.3.22. When N = R, the smooth map F is indeed a real function. In this case,
notice that the tangent spaces of R can be identified with R (c.f. Remark , the above

definition is therefore consistent with the one given in Definition|1.5.19

Figure 1.2: Definition of smooth maps (source: [78, Fig. 2.2]).

F
M\ — N
U V
eU) 7 " ‘ v (V)
1[/0Fo(0_] L

One of the smooth mappings we often encounter is a smooth curve.

Definition 1.3.23 (Smooth curve). A smooth curve is a smooth map of the form v : I — M,
where I is an interval of R. In this case, the derivative of v at t, denoted by +'(t), is a vector
(i.e. derivation) in T,y M defined by:

(), f) = lim fO@) = f(a(s) _ B(faj 7) N (1.8)

s—t t—s

Note that when viewed as a manifold, a closed interval like [0, 1] falls into the category of
manifolds with boundary [78, p.25]. For simplicity, the definition of such manifolds is not
covered in this document. However, specific cases, including closed intervals and half-open
intervals, will be used when studying smooth curves.

Remark 1.3.24. If M is a manifold without boundary, any given smooth curve v : I — M
can always be extended to another smooth curve v : I — M, where I is an open interval.

1.3.5 Smooth embedding, submanifolds

While abstract manifolds are the primary focus of differential geometry, substructures like
circles and spheres within a Euclidean space R™ are visually more intuitive to perceive. These
substructures are called submanifolds of R™. The main interest of this section is to define
this mathematical object.
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Definition 1.3.25 (Smooth immersion, smooth embedding, embedded smooth manifold). [78,
p. 78, 98] Given two manifolds M and N .

A mapping F : M — N is called a smooth immersion if dF, : T,M — TF(p)N 1s injective
for all p € M. This map F is further called a smooth embedding if F is also a topological
embedding, i.e., F' is a homeomorphism between M and F(M).

An embedded submanifold of M is a subset S of M which is a topological manifold in the
subspace topology, and endowed with a smooth structure with respect to which the inclusion map
t: S — M is a smooth embedding.

Example 1.3.26.

(a) The unit circle S' is an embedded submanifold R?. The torus T? is an embedded subman-
ifold of R3.

(b) If W is an open set in R™ and H is any affine subspace of R™ that cuts through W, then
W N H is a smooth embedded submanifold of R™.

Example|[1.3.26(b) provides a trivial way to construct submanifolds of Eulidean spaces. Indeed,
any embedded submanifold locally has this type of relation with its ambient space, up to
diffeomorphism.

Figure 1.3: The tangent space to an embedded submanifold (source: [78, Fig. 5.12]).

T, M
M
/E L __p;tt dip(TyS)
v — ] =
S

Remark 1.3.27 (Tangent spaces of submanifolds are linear subspaces of the tangent spaces
of its ambient manifolds). Given an embedded submanifold S of M and the inclusion map
L: S — M, by definition, for allp € S, the differential d vy, : T, M — T, M 1is an injective linear
mapping. In other words, each tangent vector v in T'S is associated with a unique tangent vector
space dip(v) in TM. Thus, from here one, we adopt the convention of identifying TS with
its image under this map du, thereby thinking of T,S as a certain linear subspace of TyM (see

Figure .

Definition 1.3.28 (Vector fields tangent to submanifolds). Let S be an embedded submanifold
of M, and V' be a smooth vector field on M. V is said to be tangent to S if V,, € TS for all
peS.

1.4 Fundamentals of differential geometry II: Riemannian geometry

In order to make sense of distances and volumes on a smooth manifold M, a metric on M
has to be conceptualized. Riemannian geometry studies this aspect and its implications. The
main references for this section are ”Introduction to Riemannian manifolds” by Lee [7T9] and
”Riemannian Geometry” by do Carmo [41]. We will next see how this metric structure allows
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to define the gradient, V and divergence operators that are the bases to introduce the Laplace-
Beltrami operator and later the operators that will be the infinitesimal generators of diffusions
on manifolds.

1.4.1 Riemannian metric, gradient operator

Let M be a smooth d-dimensional manifold. A Riemannian metric (or a Riemannian metric
tensor) on M is a family g = {g(p)}pem such that for each p, g(p) is a symmetric, positive
definite, bilinear form on the tangent space 7}, M, smoothly depending on p € M.

Using the metric tensor, one can define an inner product (-,-)g in any tangent space T, M by

<777 §>g = g(p)(na 5)7
for all tangent vectors n,{ € T, M. Hence, T, M becomes a Euclidean space and the length of

any tangent vector £ is defined as
|f‘g =\ <§,5>g-

Given a local coordinate system z',z2, ..., 2% the above inner product of T, M has the form

d
&g =Y gi ('€,
ij=1
where (g;; (p))f j—1 1s a symmetric positive definite n x n matrix, and (n), (&%) are coordinates of
0 (see Equation ([1.5]) ). The condition that "g(p) smoothly depends

Ox? p}1<i<d
on p” means that all the components g;; are C*°-functions in the corresponding charts.

1, & in the basis {

Definition 1.4.1. [/0, p.38] A Riemannian manifold is a couple (M,g) where g is a Rieman-
nian metric on a smooth manifold M.

Let (M, g) be a Riemannian manifold. The metric tensor g provides a canonical way to identify
the tangent space T), M with the cotangent space T; M. Indeed, for any vector n € T), M, denote
by g(p)n a covector that is defined by the identity

&p)n,&) = (n, e (1.9)
It is easy to check that the mapping g(p) : T,M — T, M is linear and that given a local
coordinate system x!',z2, ..., 2% the matrix representation of g(p) with respect to the basis
0 : ; * : d
{@ p}lgigd of T, M and the basis {dxl}lgigd of TyM is (gi5)i j—1-

Besides, if £ # 0, g(p)¢ is also non-zero because (g(p)&,&) = (£,&)g > 0. Thus, g(p) is inversible
with the inverse mapping
g p): oM — TyM

whose the matrix representation in the above bases denoted by (gij)f j—1 that satisfies:

g ~1
(998 = [(o)dima] (1.10)

For any smooth function f on M, we define its gradient V f(p) at a point p € M by:
Vip) =g "(p)(dfy), (1.11)

that is, Vf(p) is a tangent vector version of df,. By the above remark on the matrix repre-
sentation of g~! and Equation (1.7), given a local coordinate system, the component of the
gradient V f can be calculated explicitly as follows:

d

_ )
(W= o (1.12)
j=1



1.4. RIEMANNIAN GEOMETRY 15

that is, Vf = szzl gij%aii. Now, if h is another smooth function on M, by using (|1.12])

and the fact that (g*) is the inverse of (g;;), we imply that:

d
- Of Oh
VIV E: ij
(V. Ve 9" o Oaid (1.13)

i,j=1

We end this Section by showing for all smooth functions f, h, we have:
V(fh) =hV(f)+ fV(h). (1.14)
Indeed, for any tangent vector v, by definition,
(d(fg),v) = v(fh) = fo(h) + ho(f) = f(dh,v) + h{df,v).
Thus, d(fh) = fdh + hdf. Hence, g (p)d(fg) = & ' (p) (f(p)dh + h(p)df) . Hence, we imply
(11.14).

1.4.2 Length, distance and volume

One of the main purposes of Riemannian metric is to rigorously define curve lengths, distances
and volumes on manifolds.

Let v : I — M be a smooth curve on the Riemannian manifold (M, g). The length of ~ is
defined as, [79, p.34],

Length(y) = [ 17(0)act, (1.15)

where ~/(t) has been defined in ((1.8). This definition of curve length allows us to construct the
distance between points on a Riemannian manifold.

Definition 1.4.2 (Geodesic distance). A smooth curvey : I — M is a geodesic if for allt € I,
V+/(t) = 0.

The geodesic distance between any two points p,q is the shortest length among all curves with
the same endpoints p and q:

dpm(p, q) = inf{Length(y) | v : I = [a,b] = M, ~y(a) =p, v(b) = ¢}

For geodesic curves, the acceleration V~+/(t) vanishes for any ¢ € I, which means that the ve-
locity |y/(t)|g is constant and the length of the curve between any two of its points is extremal,
since it has a zero derivative.

Denote by B(M) the smallest o-algebra containing all open subsets of M. The purpose of this
section is to show that there is a canonical volume measure p of M defined on the measurable
space (M, B(M)), which is called the Riemannian measure (or volume) of M.

Theorem 1.4.3. [59, p.59] For any Riemannian manifold (M,g), there is a unique measure
w on B(M) such that in any chart (U, ¢),

dp = +/det gdA, (1.16)

where g = (gi;) is the matriz representation of the Riemannian metric g in the local chart U,
and X is the Lebesque measure of R?.

There are various proofs for this theorem. Here, we propose one.
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A proof of Theorem[1.7.3. Because M is second countable and locally compact, there is a count-
able family of smooth charts {(U;, ¢;) }ien that covers M and Uj; is compact for each i. Let {1}
be a partition of unity of M subordinate to {U;};en. Let §¢ denote the representation of g in
the local chart (U;, ¢;). We consider the following linear mapping 7" : C.(M) — R

JUEDY /(b PRV (1.17)

Roughly speaking, T'(f) is the integration of f against u and each term on the right-hand side is
the integration of fi; on U;. Note that is well defined because the family of the supports
of {¢;} are locally finite, hence the compact set suppf intersects with finitely many supp(¢;).
Clearly, T is a positive linear mapping. Hence, by Riesz’s representation theorem [104, Thm
2.1] and the fact that M is a locally compact Hausdorff space, we imply that there is a measure
pon (M, B(M)) such that [ fdu =T(f).

To prove that u is indeed the Riemannian measure we are looking for, it is clearly sufficient to
show that given any chart (U, ¢),

w(U) = / Vdet hdA
o(U)

where h is the representation of g in the local chart (U, ¢). This is then reduced to prove that

for all 2 € N,
/ (%o«ﬁi)\/@dA:/ (i 0 p)Vdet hdA,
which is just a formula of change of coordinates (see Section or [40l p.44)). O

1.4.3 Divergence theorem, Laplace operator, Green formula

For any smooth vector field X on a Riemannian manifold (M,g), its divergence divX is a
smooth function on M, defined via the following theorem

Theorem 1.4.4 (A particular case of Theorem 16.32 [79]). For any smooth vector field X on a
Riemannian manifold (M, g), there is a unique smooth function on M, denoted by divX, such
that the following identity holds

/ (divX)ud,u:—/ (X, Vu)gdp, (1.18)
M M

for all u € C°(M).

Before explaining the proof of this theorem, let us take a smooth chart (U, ¢) of M, by (1.11)
and (1.9), we obtain for any function u € C°(U),

v Xgdn = [ g7 @, Xgn
- /U (du, X)dp

d
au k
Zl/ué‘x’“X V/det gdA

k=

d
0
k=1

d
1 0
k=1
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Thus by comparing to Equation (1.18]), we see that the divergence of X on (U, ¢) can be chosen
as:

d
v Z 1L 0 ok
leX = = Ttgw(X detg) (119)

Clearly, the uniqueness in the above theorem implies that the formula in Equation (1.19)) does
not depend the choice of ¢ in (U, ¢).

Sketch of the proof of Theorem[I.].]] We begin with proving the uniqueness and it is easy to
check that the uniqueness follows from the fact that if a continuous function ¢ satisfies that
fM gfdp =0 for all f € C°(M), g must be identical to 0.

The uniqueness then shows that the formula provided in Equation does not depend our
choice of local chart. Hence, Equation can be extended to define a smooth function
div X on M. Furthermore, this function div X satisfies that for any local chart (U, ¢) and any
function u € C°(U), we have that:

/M (divX)udp = — /M (X, Vu)dy.

It is easy to show this property is still true if u € C2°(M) by using a partition of unity of M
and noting that V(uv) = uVv +vVu and V(1) = 0. O

Having defined gradient and divergence, we can now define the Laplace operator (called also
the Laplace-Beltrami operator) on any Riemannian manifold (M, g) as follows:

A=divoV. (1.20)

That is, for any smooth function f on M, Af = div(Vf), so Af is a smooth function on M.
This can be formulated in terms of local coordinates.

Definition 1.4.5. [79, Prop 2.46] The Laplace—Beltrami operator on the manifold M is
the unique linear operator A : C*°(M) — C>*(M) such that for any smooth function f and any
smooth local coordinates (x*) on an open set U C M:

d

det Z

d of
D g Vdetg= |, (1.21)
= oxJ

where det g = det(g;;) is the determinant of the component matriz of g in these coordinates,
and (g"7) are coefficients of the inverse matriz of (gi;)1<ij<d-

If M is a Euclidean space, i.e., M = R™, its Laplacian A can easily be expressed as a finite
sum of second derivatives, and Definition [1.4.5| can be seen as a generalization of Laplacian
operators in Euclidean spaces R™ to manifolds. These operators play a central role in the study
of both heat equation on manifolds and Brownian motion on manifolds, as will be seen in what
follows. In the general case, when not in R™, the explicit expression for A is more complicated.
Fortunately, with additional assumptions about the embedding of M, such a formulation can
be achieved.

Theorem 1.4.6 (Hormander formulation for Laplacian). [67, Thm 3.1.4]
Suppose that M is a submanifold of the Fuclidean space R™ with induced metric. Let {£s}1<a<m
be the standard orthonormal basis on R™. For each x € M, let P,(x) be the orthogonal projection

of €4 to Ty M. Then, we have:
A= Z P2, (1.22)
a=1

In other words, for any smooth function f, Af =3 0" Po(Palf)).
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Remark 1.4.7. The number of vector fields P; here is m, which is always greater than the
actual dimension of M.

Theorem 1.4.8. If u,v are two smooth functions on a Riemannian manifold (M,g) and one
of them has a compact support then :

/ uAvd,u:/ <Vu,Vv>gd,u:/ vAudpu. (1.23)
M M M

Sketch of the proof of Theorem[1.].8 If both functions have compact supports, the above the-
orem follows directly from the divergence theorem (Theorem . When either one of them
does not have a compact support, we can use a cutoff function based on the support of the
other function to revert the problem to the previous situation. O

From this point to the rest of this section, we assume that readers are familiar with most of
the standard notions in theory of smooth manifolds, even with the notions we did not mention,
say, smooth mappings, tangent space T M, flow .

1.4.4 Normal coordinates

Given a Riemannian manifold (M, g), a normal coordinate chart of M is a kind of local charts
of M that is specifically made to bear many convenient geometric properties. For its definition,
existence and uniqueness, we refer the interested readers to [79, p 131-132]. In this section, we
will only recap the properties in which we are interested.

Theorem 1.4.9. [Derivatives of Riemannian metrics in normal coordinate charts][79, Prop.
5.24] Let ® : M D> U — R% be a normal coordinate chart at a point x in M such that ®(z) =
0 and (gij;1 < 4,5 < d) be the local representation of the Riemannian metric of M in the
coordinate chart ®. We have that for all i, j,

9i5(0) = dij,  gi;(0) = 0. (1.24)

To illustrate the benefits of using normal coordinates in computations, we consider the problem
of calculating the Laplacian and the gradient at a point x of smooth functions f,h: M — R.

Proposition 1.4.10. Suppose that ® : M > U — R? be a normal coordinate chart at a point
x in M such that ®(z) =0, then:

i. Af(p) = Af(0),
ii. (Vf(p), Vh(p)) = (VF(0), VA(0)).
where f, h are the local representation of f and h in the local chart ®.

Notice that in Equality . of Proposition [1.4.10] the symbol A on the left hand side stands for
the Laplace-Beltrami operator while the symbol A on the right hand side stands for the usual
Laplacian in R?. The same remark applies for Equality ii..

Proof for Proposition[1.4.10, Let (gi;) be the local representation of the Riemannian metric g
in the local coordinate chart ®. By Theorem we know that g¢;;(0) = d;;, thus, g7 =
8ij. (Recall that (¢g%) is defined as the inverse matrix of (g;;)). Hence, by comparing with
Equation [1.13] we have Equality ..

For Equality i., we will use Equation at * = 0. By noticing that det g(0) = 1 and
that every term involving derivatives of g;; and g% in the above formula vanishes, we have the
conclusion. O
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1.4.5 Tensor, differential forms, exterior derivative

We can upgrade the notions of tangent spaces and gradient to higher dimensions. Hessian oper-
ators, volume measures and integration theory are extended by tensors and differential k-forms.
This section can be skipped in a first reading. One of its main result is that the Laplace Bel-
trami operator can be expressed in terms of these objects.

The tensor bundle and exterior derivative on manifolds are additional concepts in differ-
ential geometry, built on top of the notion of the tangent space. These concepts are inspired
by their counterparts in tensor algebra and introduce an additional (algebraic) structure to the
existing differential objects.

Definition 1.4.11 ((k,!)-Tensor Bundle). [78, chapter 12]
Let V be a finite-dimensional vector space. The space of (k,l)-tensors on V is defined as:

1. T®RDY = TFV) @ THV*), where TF(V) denotes the k-fold tensor product of V, and
TY(V*) denotes the I-fold tensor product of the dual space V*.

For a smooth manifold M, we construct the corresponding tensor bundles as follows:
2. The bundle of covariant k-tensors on M is given by:
THT* M) = [] THTIM),
reEM

where T M is the cotangent space at © € M, and [] denotes the disjoint union over all
points in M. This bundle collects all covariant k-tensors at each point of the manifold.

3. The (k,l)-tensor bundle over M is defined as:

T M = T T®(TM),
reM

where T (T, M) is the space of (k,1)-tensors at the point x € M, constructed from the
tangent space T, M and its dual T; M.

In this definition, the (k,[)-tensor bundle encompasses all possible tensors that are contravariant
of order k and covariant of order [ at each point of the manifold M.

Definition 1.4.12. [78, p.360] The space of all smooth differential k-forms on M is
denoted by Q¥ (M) and is defined as:

OF(M) =T (A’“T*M) .

Here, T' denotes the space of smooth sections of a vector bundle, and A*T* M represents the
k-th exterior power of the cotangent bundle T* M.
Then, we define

Remark 1.4.13. The wedge product on QF for each k turns Q*(M) into an associative, anti-
commutative graded algebra.

Differential forms are antisymmetric tensor fields that play a crucial role in calculus on mani-
folds. They generalize the concepts of functions and vector fields and are fundamental in the
formulation of integration on manifolds, Stokes’ theorem, and de Rham cohomology.
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Lemma 1.4.14 (Characterization of Differential Forms). [78, p. 318]
A map
A:CP(M) x - xC®(M) = C®(M)

k copies

is induced by a smooth covariant k-tensor if and only if it is multilinear over C>°(M).
Moreover, if A is alternating (i.e., it changes sign upon swapping any two of its arguments),
then it is induced by a differential k-form.

This lemma provides a characterization of tensor fields and differential forms in terms of their
action on smooth vector fields.

Definition 1.4.15 (Pullback of Differential Forms). [78, p.284/
Given a smooth map F : M — N between smooth manifolds, the pullback F* : Q(N) — Q(M)
1s defined by:

F*(w)(Xl, ce ,Xk) =w (F*Xl, ce ,F*Xk) y

for allk €N, w e Q¥(N), and X1,..., X € C°(M).

Here, F, : T,M — TF(w)N is the differential (pushforward) of F at x € M. The pullback
F* allows us to transfer differential forms from N back to M wvia the map F, enabling the
comparison and manipulation of forms on different manifolds.

The pullback operation is fundamental in differential geometry, as it preserves the differential
structure when mapping forms between manifolds. It ensures that the integral of a form over a
manifold corresponds to the integral of its pullback over the preimage under F, aligning with
the change of variables in integration.

Definition 1.4.16 (Exterior Derivative). [78, Thm 14.24]
There exists a unique graded map d : Q* (M) — Q*(M), called the exterior derivative on M,
satisfying the following properties:

1. Linearity: d is linear over R.

2. Action on Functions: For all f € C®°(M) = Q°(M) and X € X(M), the exterior
derivative acts as:

df(X) =X/,
where X f denotes the derivative of f in the direction of X.

3. Nilpotency: The exterior derivative satisfies d od = 0, meaning that applying it twice
yields zero.

4. Leibniz Rule (Graded Product Rule): For all w € QF(M) and n € QY(M),

d(w An) = (dw) An+ (=1)kw A dn.

The exterior derivative generalizes the concept of differentiation to higher-degree differential
forms. It is a crucial operator in differential geometry and topology, playing a central role in
de Rham cohomology, Stokes’ theorem, and the theory of differential equations on manifolds.
The property d o d = 0 leads to the concept of closed and exact forms, which are essential in
the study of the topology of manifolds.

Notation 1.4.17. (Notation conflict) When d has multiple meanings, such as representing a
differential in o differential equation, we use d instead of d to denote the exterior derivative.

The following lemma highlights the naturality of the exterior derivative with respect to smooth
maps between manifolds. The pullback operation preserves the algebraic and differential struc-
tures of forms, making it a homomorphism of differential graded algebras.
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Lemma 1.4.18 (Naturality of the Exterior Derivative). [78, p. 366]
Given a smooth map F : M — N between smooth manifolds, the following properties hold:

1. Linearity of Pullback: The pullback F* : Q*(N) — Q*(M) is linear over R.

2. Compatibility with Wedge Product: For all w,n € Q*(N),

F*(w A ) = F*(w) A F*(n).

3. Commutation with Exterior Derivative: The pullback commutes with the exterior
derivative, i.e.,

F*(dw) = dF*(w),
for all w € Q*(N).

Proposition 1.4.19. The Laplace—Beltrami operator on the manifold M defined in (1.21)) can
be rewritten using the exterior derivative and its pullback:

Au=d®d*.

1.4.6 Linear connection and covariant derivatives

When exploring classical results or developing new ones on manifolds, we often begin by trans-
lating fundamental concepts from well-understood spaces such as the Euclidean space R? into
their corresponding, more general versions on curved spaces like manifolds. The primary fo-
cus of this section is to introduce one such translation. In particular, we will examine how to
define higher-order derivatives of functions on manifolds. To achieve this, we first introduce
the concept of a linear connection. Essentially, a linear connection is a rule that enables us
to differentiate vector fields along curves on a manifold; this operation is also known as the
covariant derivative. Once the covariant derivative is well-defined for vector fields, it can be
naturally and uniquely extended to more advanced objects, such as tensor fields.

This section is organized into three main parts. In the first part (Section [1.4.6.1)), we revisit
the standard concept of covariant derivatives for multivariable functions in R%. Next, in Section
we define the linear connection and covariant derivatives of functions on manifolds.
Finally, as an illustrative example, we present a coordinate-free Taylor expansion formula for
functions on manifolds in Section

The main references for this section are chapter 5 and chapter 6 in [79].

1.4.6.1 Covariant derivatives in R¢

Given a multivariable function p : R — R, the kth-order covariant derivative of p at a point
z, denoted by V¥p(z) (and occasionally by p*)(z) or Vkp}r in this thesis), is defined as the
multilinear map

VEp(z) :RTx --- x RT 5 R,

k times

given by
oFp
e OOk

Vkp(l’)(vla v 7'l)k) = Z rvtl)Zl e v;:‘k Oxet (.’13)

(a1,..op)€{L,...,d}F
Although this definition may appear cumbersome, it is merely a generalization of the standard
derivative. For example, when k = 1, V1p(z) coincides with the gradient Vp(z) since, for every
vector v € Rd,

(Vp(2),v)ra = V'p(z)(v).
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Similarly, when k = 2, V2p(z) is exactly the Hessian matrix Hp(z) of p, in the sense that for
all vi,vq € Rd,
(01, Hp(x) v2)ga = Vp(x)(v1, v2).

Using this objects, the Taylor expansion of p(x) about 0 up to order k can be expressed as
follows:

k 1
1_. 1
pa) = - 5V + 5 [ (1= T (s @ D)
i=0 '
where %7 denotes the element (z, ..., z) in (R?). Note that, this formulation of Taylor expansion
T,—/

is of minimal usefulness in multivariable calculus in practice. It only serves as an illustrative
example for our use case.

1.4.6.2 Linear connection and covariant derivatives of functions on manifolds

One significant advantage of R? over a general manifold in performing derivative computations
is that all tangent spaces can be naturally identified with a single vector space. For example,
given a tangent vector v € T,R%, for any other point y different form z in R? the tangent space
T de is canonically identified with R%, so that the corresponding tangent vector can also be
regarded as v. This clear correspondence does not hold on a general manifold. In fact, on a
general manifold there exist multiple ways to establish such identifications via different linear
connections. The process of establishing these identifications is known as parallel transport,
which depends entirely on the chosen linear connection and the paths connecting the points.
We will not discuss parallel transport here, and will focus solely on the concept of a linear
connection.

Definition 1.4.20 (Linear connection). [79, p.91] A linear connection on M is a map
V:X(WM) x X(M) — X(M),
written (X,Y) — VxY, satisfying the following properties:

(i) VxY is linear over C*°(M) in X. In other words, for all f1, fo € C*°(M) and X1,X5 €
X(M),
Vaxithx, Y = AVxY + f2Vx,Y.

(11) VxY is linear over R in' Y. That is, for all aj,as € R and Y1,Ys € X(M),

Vx(alyl—l-(IQYQ) = a1 VxY1 + aoVxYo.

(iti) Vx(fY) = fVxY + (X[)Y for all f € C®(M),
where M denotes the space of all smooth vector fields on M.

Informally, for any point x € M, V XY'x is the "derivative” the vector field Y at x in the
direction X (x). Indeed, the ”locality” of the directional derivative is still reserved for linear
connection. That is,

Proposition 1.4.21 (Locality of linear connection). ([79, Proposition 4.5])VXY‘I depends
only on the values of Y in a neighborhood of x and on the value of X at x.

In the context of Riemannian geometry, though we will not go into the full details here, every
Riemannian metric on a manifold defines a unique linear connection known as the Levi-Civita
connection(cf. [79, Thm 5.10]). Consequently, unless otherwise specified, any mention of a linear
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connection or related concepts on a Riemannian manifold should be understood as referring to
this canonical Levi-Civita connection.

We now discuss the extensibility of linear connection. Note that no Riemannian structure is
assumed in the subsequent discussion.

Covariant derivatives of tensor fields

Every linear connection on a manifold defines a unique procedure for differentiating smooth
tensor fields.

Proposition 1.4.22. ([79, Prop. 4.15]). Let M be a smooth manifold with or without bound-
ary, and let V be a connection in TM. Then V extends uniquely to each tensor bundle
T(k’l)(./\/l), also denoted by V, so that the following conditions are satisfied:

(i) In TOO (M) = TM, V agrees with the given connection.
(i) In TOO(M) = M xR, V is given by ordinary differentiation of functions:
Vxf = Xf.
(iii) For any tensor fields F,G of appropriate types,
Vx(F®G) = (VxF) ® G + F ® (VxG).

(iv) V commutes with all contractions: if “tr” denotes a trace on any pair of indices, one
covartant and one contravariant, then

Vx (trr) = tr(VXT).

We are now ready to discuss covariant derivatives of a smooth function.
First order derivative, problem of notations
For a smooth function p: M — R, as discussed in previous sections, Vp is defined as the
mapping:
X € X(M) — X(p).

In other words, Vp is simply the 1-form dp.
Note that the gradient operator V does not exist on a general manifold; it arises only in the
presence of a Riemannian metric, which provides a canonical correspondence between 1-forms
and tangent vectors.
Furthermore, as one should have observed by now, the notation V is used in various contexts
within differential geometry. Its precise meaning should be inferred from the surrounding geo-
metric framework.
Second derivative and symmetry
The second order covariant derivative V2p of p, which is also called covariant Hessian, is then
defined by as:

V2p(Y, X) = X(Yp) — (VxY)p, (1.25)
where X and Y are smooth vector fields on M. In general, there is no symmetry in X and Y
for a general covariant Hessian. Nonetheless, within the framework of Riemannian metric, this
symmetric is valid.
Higher order covariant derivatives
For any k > 1, the k-th covariant derivative V¥p of p is then the C°° (M) multi-linear mapping

VEp i X(M) x -+ x X(M) — CZ®(M)

k times

defined by the recursive relation:
VEp = V(VF1Ip). (1.26)

Note that these objects do have local representations using Christoffel symbols. However, they
are not in the scope of this introduction.
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1.4.6.3 A Taylor expansion formula for functions on manifolds

In this section, to illustrate a concrete application of the above constructions, we present a
formulation for the Taylor expansion of smooth functions on manifolds. A key advantage of this
approach is that it is coordinate-free, meaning it does not depend on any local charts.

Definition 1.4.23. ([79, p.103]) A smooth curve v on a smooth manifold M is called geodesic
with respect to a linear connection V if:
Vi =0.

Theorem 1.4.24. Given a manifold M with a linear connection V : M x M — M. For any
smooth function p on M, two points x and y on M, a smooth geodesic curve v : [0,1] — M
connecting x and y, that is v(0) = x and v(1) = y. For any positive integer k, we have that:

k 1
p(y) — p(w) = ; %vz-pw@), 3(0), - 4(0) + % /O (1= )"V Ipl L (3(5),9(5), - 3 (s))ds.

i times k+1 times

Proof. Consider F'(t) = p(vy(t)). It is sufficient to show that for any k and s € (0,1)

F®(s) = V¥l (5(5), 4(5), -, 4(5))-

k times

Clearly, this is true for £ = 0. Suppose this is true for [, we will prove that it is true for k& := [+1.
Indeed, firstly, we have:

dF® Lt e .
F—Vﬁ VPLY(%%---,’Y)

[ times

Then, after Eq 4.12 in [79, p. 96] and the fact that V5% = 0, we see that:

Vs | 8L, G4 ) | = (V3 V') (s ).

[ times | times

Finally, after Eq 4.14 [79, p. 97], we have:

(VaV'2) (33, 0 9) = VDG Ao d).
—— N——
[ times l+1 times

Therefore, we have the desired conclusion. O

1.4.7 Frame bundle and horizontal lift

It is not always easy and beneficial to analyze a Riemannian manifold through its ambient space.
In this section, we will analyze the lifting of our initial manifold M to a more abstract manifold
called the frame bundle. This lift is the central concept of the Eells-Elworthy-Malliavin
construction of Brownian motion and remains the standard approach to study Brownian motion
and its variants on manifolds.

Our primary reference for this section is Chapter 2 of [67]. Our modest contribution lies in
refining the regularity aspects of various statements. We also suppose in this subsection that
readers are fairly familiar with Riemannian geometry.

Definition 1.4.25. A frame at x € M is an R-vector space isomorphism u : R* — T,M
between R and TpyM.
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In other words, suppose that {e; }1<i<q is the standard orthonormal basis on R?, then uey, ues, ..., ueg
make up a basis (equivalently, a frame) for T, M.

Definition 1.4.26 (Frame bundle). We use F(M), to denote the space of all frames at x.
Then the frame bundle of M is the disjoint union:

F(M) := [] F(M)..
zeM

Hence, the projection p : F(M) — M is a bundle over M. This bundle M naturally makes
into a smooth bundle of dimension d + d>.

Suppose M is equipped with a connection V : I'(TM) x I'(TM) — T'(TM).

Definition 1.4.27 (Horizontal curve). Let I be an open interval in R. A horizontal curve
(u)ier in M is a C'- choice of frames in F(M) such that for every vector v € R, (uw) is
parallel along (puy):.

On the one hand, a horizontal curve in FM clearly defines a unique C'-curve in M. The vice
versa is also true, that is,

Proposition 1.4.28. Given a C'-curve (v;) in M and a frame u € F(M), at x € M, there
is a unique horizontal curve (uy) along (v;) such that ug = u. Moreover, v € C* if and only if
u € Ck.

Then a tangent vector of the framebundle F(M) is defined to be horizontal as follows:

Definition 1.4.29 (Horizontal vector). For u € F(M), a tangent vector X € T, F(M) is said
to be horizontal if it is tangent to a horizontal curve.

In other words, X is horizontal if there is a horizontal curve (u;) such that ug = u and for all
F e CHF(M)),
d
—F = XF.
a7
Having defined the concept ’horizontal’, we can now introduce the main concept of this section:

the horizontal lift.

Definition 1.4.30 (Horizontal lift of a tangent vector of M). Given a tangent vector z € T, M,
for x € M, the horizontal lift H, of z at u € F(M), is the tangent vector at x of any horizontal
curve (ut) in F(M) such that ugp = u and ©(0) = z € Ty)M where x(t) := puy.

We use H,F (M) and HF (M) to denote respectively the space of all horizontal vector at u, and
the horizontal bundle of F(M). Indeeds, HF (M) — F(M) is a vector bundle of rank d [67,
p.38].

Definition 1.4.31. For any vector v € R?, the horizontal lift H, of v is the vector field u
H,. € T,F(M).

Hence, for any vector field Z € I'(TM), Hz can be rewritten as u — H,-17(u). Therefore, Hy
is C* if and only if Hy € C*.
We use H; to denote H, for each 1.

Remark 1.4.32. H,(fop) = (vf)op for all f € C1(M), veE TM.
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1.5 Fundamentals of Operator theory

In this section, we lay out foundational concepts in operator theory, particularly focusing on un-
bounded operators in Hilbert spaces. We have explored the definitions and properties of densely
defined, closed, symmetric, and self-adjoint operators, which are essential in understanding the
behavior of differential operators like the Laplacian. Additionally, we have introduced weighted
Riemannian manifolds and the weighted Laplacian, providing insights into how weight functions
influence spectral properties and the analysis on manifolds. These concepts will serve as build-
ing blocks for further exploration of functional analysis and its applications in mathematical
physics and differential geometry.

In this section, we introduce essential concepts related to unbounded operators on Hilbert spaces,
which are particularly important when dealing with differential operators like the Laplacian.
Let H be a separable Hilbert space, with inner product denoted by (-,-). Let A: D — H be
an unbounded linear operator on H, where D C H is the domain of A. The operator A maps
elements from its domain D back into H.

We begin by defining several fundamental properties of unbounded operators, which will be
crucial in our subsequent discussions.

Definition 1.5.1 (Densely defined operators, Closed operators, Symmetric operators, Positive
pperators). [105, p.347-348]
We say:

o A is densely defined if its domain D is dense in H; that is, for every u € H, there
exists a sequence (un) C D such that u, — w in H.

o A is symmetric if
(Au,v) = (u, Av) for all u,v € D,

This means that A equals its adjoint on D.

e A is positive if
(Au,u) >0 for allu € D.

This property ensures that the operator does not decrease the “energy” associated with wu.
o A is closed if its graph is a closed subset of H x H. Specifically,
Graph(A) := {(u, Au) € H x H : uw € D}
is closed in the Hilbert space H x H equipped with the product topology.

Understanding these properties is essential because they determine the behavior of the operator
and its suitability for analysis in various contexts.

Remark 1.5.2. An alternative and often practical characterization of a closed operator A is the
following: A is closed if and only if, for every pair (u,v) € H x H and any sequence (uy,) C D
satisfying
H H
Uy — u  and  Au, — v,

we have uw € D and Au = v. This means that if both u, and Au, converge in H, then the limit
point u belongs to the domain D, and the operator A acts continuously at u.

Remark 1.5.3. It is important to note that the domain D of A does not need to be closed
in H, and not every unbounded operator is closed. Some operators can be extended to closed
operators, known as their closures, while others cannot.

In certain cases, we can extend an unbounded operator to a closed operator, which is essential
for defining self-adjoint operators and studying their spectral properties.
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Proposition 1.5.4 (Closure of a symmetric operator). If A is a densely defined symmetric
operator on H, then there exists a unique extension A: D — H of A such that the graph of A
is the closure of the graph of A in H x H.

Moreover, we have:

1. A is symmetric.

2. The domain D of A is the completion of D with respect to the graph norm:

Julla = [lullz + [[Aullg-

Additionally, if A is positive, then so is A.

Proof. Tt is sufficient to show that the closure of Graph(A) in H x H is indeed a graph of an
unbounded operator.

Suppose the otherwise, i.e., there is a sequence (f,) C D and a non-null element v € H such
that with respect to the norm in H,

lim f, =0, lim Af,=u
n—oo n—oo
Thus, for every element g € D, by symmetry of A, we have:
(u,9) = lim (Afn,g) = lim (fn, Ag) =0
n—oo n—oo

Besides, D is dense in H. Hence, u must be 0, which is a contradiction. Hence, the conclusion.
O

Notation 1.5.5 (Closure). In the rest of this text, the operator A defined in Pmpositionm
is called the closure of A.

Remark 1.5.6. The second point in Proposition also implies that w € D if and only if
there exists a sequence (up) C D such that u, — u in H and (Auy,) is a Cauchy sequence in H.
This characterization is particularly useful when dealing with unbounded operators, as it allows
us to understand their domains through limits of sequences in D.

Next, we introduce the concept of the adjoint of an unbounded operator, which generalizes the
notion of the transpose of a matrix to infinite-dimensional spaces.

Definition 1.5.7 (Adjoint of an unbounded operator). [105, p.348] Suppose that A is densely
defined. The adjoint A* : D* — H of A is an unbounded operator defined by:

e The domain D* consists of all g € H such that the linear functional
D> f— (Af,9)
is bounded on D with respect to the norm of H.

e For each g € D*, there exists a unique element A*g € H such that
(A%g, f) = (g, Af) forall f € D.

Remark 1.5.8. Informally, the adjoint A* is the maximal extension of A that satisfies the
relation

(Af,g9) =(f, A*g) forall f € D, g€ D*.

It captures how A interacts with the inner product structure of H.
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Several important properties relate an operator to its adjoint.
Proposition 1.5.9. [105, Thm 13.9, Thm 13.11] Suppose that A is densely defined. Then:
e If A is symmetric, then A* extends A.
e The graph of A* is closed, so A* is a closed operator.
o If A is symmetric, then the double adjoint A** equals the closure of A, that is, A** = A.

These results highlight the significance of the adjoint operator in understanding the closure and
extensions of A.

Definition 1.5.10 (Self-adjoint and Essentially self-adjoint operators). Suppose A is densely
defined. We say:

o A is self-adjoint if A* = A; that is, A coincides with its adjoint.

o A is essentially self-adjoint if A is symmetric and its closure A is self-adjoint; equiv-
alently, A* = A.

Self-adjoint operators are crucial in quantum mechanics and spectral theory because they guar-
antee real eigenvalues and a complete set of eigenfunctions, which are necessary for the physical
interpretation of observables.

Proposition 1.5.11. If A is densely defined and symmetric, then A is self-adjoint if and only
if its adjoint A* is symmetric.

Proof. 1f A is self-adjoint, then A* = A is symmetric by definition. Conversely, if A* is symmet-
ric, since A* extends A and both are symmetric, it follows that A* = A, so A is self-adjoint. []

To illustrate these concepts, let us consider an example involving the Laplacian operator.

Example 1.5.12 (The Laplacian on L%((0,1))). Consider the Laplacian A = —% defined on
the dense subspace D := C>°(0,1) of the Hilbert space H = L?((0,1)). Here, C°(0,1) denotes
the set of infinitely differentiable functions with compact support in (0,1).

The closure A of A is defined on the Sobolev space H3((0,1)), which is the completion of C§°(0, 1)

under the Sobolev norm

HfHHg(o,U = [ fll20,0) + MAfl L2 (0,1)-

This space consists of functions in L?((0,1)) whose weak derivatives up to second order are in
L%((0,1)) and vanish at the boundary.

Although A is symmetric and positive on D, its adjoint A* is not symmetric and not necessarily
positive. For instance, consider the function f(x) = e with k € C. This function may not
belong to D but can belong to D*. We find that

A*f — _k2€kx — —k?2f,
where —k is not necessarily real or positive, depending on k. This example demonstrates that

an operator’s adjoint can have different properties from the original operator, emphasizing the
importance of understanding the domains and closures of operators.
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1.5.1 Weighted Riemannian Manifolds and Weighted Laplacians

In differential geometry and analysis, the concept of a weighted manifold extends the classical
notion of a Riemannian manifold by incorporating a measure with a smooth density function.
This framework is useful in various applications, including probability theory, geometric analy-
sis, and the study of heat kernels. We can refer the interested readers to [59].

Let (M, g) be a Riemannian manifold, where g is the Riemannian metric. Let 1 be a measure

on M.

Definition 1.5.13 (Weighted Riemannian manifold). The triple (M, g, 1) is called a weighted
Riemannian manifold if u is a measure on M with a smooth positive density p with respect
to the Riemannian volume measure volp,; that is,

w = pdvol .
For any smooth vector field X on M, the weighted divergence div,(X) is defined by

1
div,(X) := » div(pX),

where div denotes the usual divergence operator associated with the metric g.

The weighted divergence adjusts the classical divergence to account for the measure pu, incor-
porating the effect of the density function p.

Definition 1.5.14 (Weighted Laplacian). For any smooth function f on M, the weighted
Laplacian A, f is defined as
A, f=div,(Vf),

where V f is the gradient of f with respect to the metric g, see Section|1.4.1.

The weighted Laplacian generalizes the standard Laplace-Beltrami operator by including the
weight function p, making it essential in studying diffusion processes and heat flow on weighted
manifolds. As an example, for two positive functions p, ¢ € C?, the operators Apq given for any
test function f of class C2 on M by

Apg(f) == qAf + (q¢V1In(pq), V), (1.27)

are weighted Laplacians associated with the weighted Riemannian metric g = ¢ g and with the
measure du = p dvoly. When we take ¢ = &, we recover the generator

AL+ (Vp. V)

studied in [25] [55], 61]. When g = 1, we recover a Langevin diffusion studied in [121] and whose
generator £ is defined for any test function f of class C? on M by

L(f) :zAf—l—(Vlnp,Vﬂ:Af+<v;9,Vf>. (1.28)

Remark 1.5.15. By applying Green’s identity (a generalization of integration by parts), we
find that A, is a symmetric operator on L?(p). Specifically, for any f,g € C*°(M), we have

/(Auf)gduz/ div,(Vf)gdu
M M
. / (Vf, V) i
M
f

- [ 1@ an

Here, (-,-)g denotes the inner product induced by the Riemannian metric g. This symmetry is
crucial for spectral analysis and ensures that the operator has real eigenvalues.
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The spectral properties of the weighted Laplacian are of significant interest. Under appropriate
conditions, its spectrum consists of a discrete set of eigenvalues that can be compared to those
of the standard Laplacian.
Let

0=X <M <Ny <+

denote the eigenvalues of —A,, (counted with multiplicity). Similarly, let
O=X <A< A<

denote the eigenvalues of the usual Laplacian —A 4.
To study the behavior of MY, we recall the following variational characterization known as the

minimax principle.
Theorem 1.5.16 (Minimax Principle). [59, Theorem 10.18] The eigenvalues of —A,, satisfy

M= sup inf. R ,
k dimE=k—1 feEL+\{0} u(f)

where:

o The supremum is taken over all (k—1)-dimensional subspaces E of W'(M, 1), the Sobolev
space of functions with square-integrable first derivatives.

e EL denotes the orthogonal complement of E in L?(u).

e The Rayleigh quotient R, (f) is defined by

Vf|2d
- S0

Using this principle, we can compare the eigenvalues of the weighted and unweighted Laplacians.
Lemma 1.5.17. There exists a constant C' > 0 such that for all k > 1,
CIN S M <O\

In other words, )\z and A\ are comparable up to a constant factor that depends on the weight
function p but not on k.

Proof. Let R(f) denote the Rayleigh quotient with respect to the unweighted measure:

B fM |V £]2 dvolg
R(f) - f./\/l f2 dvolg :

Since p is smooth and positive on M, there exist constants pmin, Pmax > 0 such that
0< Pmin < P(m) < Pmax for all x € M.

Therefore, for any f € W1(M, p),
pmin/ V2 dvolg < / V2du < pmax/ 1 2 dvoly,
M M M

and similarly for the denominator involving f2.
Using the minimax principle and these inequalities, we can relate the eigenvalues i and Ay
through the constants puyin, and pmax, yielding the desired comparison. O
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By applying Weyl’s asymptotic formula, which describes the behavior of eigenvalues of elliptic
operators on compact manifolds, we obtain the following corollary.

Corollary 1.5.18. For a fized measure u, there exists a constant £ > 1 such that

K/flkZ/d < )\l]: < HkZ/d,

where d is the dimension of the manifold M.

Remark 1.5.19. An alternative approach to obtaining this result is to use spectral theory for
elliptic operators. Specifically, as A, is an essentially self-adjoint elliptic differential operator
on the weighted manifold (M, g, i), one can apply results from spectral theory, such as those
found in [107, Problem 15.4, p. 131], to derive the asymptotic behavior of its eigenvalues.

These results demonstrate that the introduction of a smooth positive weight function does not
drastically alter the spectral properties of the Laplacian. The eigenvalues remain comparable
to those of the standard Laplacian, preserving the essential analytical and geometrical features
of the manifold.

1.5.2 Semigroup theory

In this section, we will explore some basic concepts of semigroup theory, thereby laying the
groundwork for further analysis of SDEs through an approach from an analytical perspective.
Our main reference for this section is the book [72] by Engel and Nagel.

Let (B, || - ||) be a Banach space. Keep it mind that in most of our cases, B is LP-spaces with
1<p< oo

Definition 1.5.20. [72, p.14,p.36,p.40] A family (P;)i>o0 of bounded linear operators on B is
called a semigroup on B if

PP, = Psyy for all s,t >0,
{Pg = Id.
Then, this semigroup (P;)i>0 is said to be
e strongly continuous if t — P, f is continuous for all f € B.
e contractive if |P;|| <1 for allt.
Given a strongly continuous contraction semigroup (F;), its generator is defined as:

Definition 1.5.21. The generator of a semigroup (P;)i>0 is defined as the unbounded operator

A :D(A) = B such that D(A) = {f € B : lim;_,o+ tht_f_ exists} and

Lf-f
—

Af = lim

t—0t+

Not all operators can be generator of semigroup. Generators of semigroup have many specific
properties. For example,

Theorem 1.5.22. [72, p.51] The generator of a strongly continuous semigroup is closed and
densely defined. In addition, it determines the semigroup uniquely.

More precisely, the following theorem is due to Hille and Yoshida gives the necesssary and
sufficient conditions for an unbouned operator A to be able to generate a strongly continuous
contraction semigroup.
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Theorem 1.5.23 (Hille-Yoshida). [72, p.73] An unbounded linear operator A on B generates
a strongly continuous contraction semigroup if and only if:

o A is densely-defined and closed,
e Spec(A) C (—o0,0], and
o [(AId—A)7| < & for all X >0,
where the spectrum Spec(A) := {\ € C: AId — A is not bijective}.

Remark 1.5.24. When Ad — A is bijective, by closed graph theorem, its inverse (\Id — A)~!
is a continuous closed operator. Therefore, ||(\Id — A)71| < oco.

Note that in practice, we usually only determine the value of Af for f within a small, well-
behaved subspace D of D(A), rather than for the entire domain D(A). In fact, D(A) is rarely
expressed in a simple manner, and Af in many cases must be defined indirectly, which can
introduce unnecessary complexities into the reasoning process. Thus,

Definition 1.5.25. We also say that an unbouned operator (A, D) generates a semigroup
(Py)>0 if the closure of (A, D) is the generator of (P;)i>o.
1.5.3 Contractivity of semigroups

In this thesis (see Chapter , the contractivity properties of the semigroups will be use, as
they are related with the long-time behavior or the associated stochastic processes. Let us first
introduce this notion (see e.g. [120, Section 2.6.3)).

For p and ¢ € [1,+0o0], and for an operator P, we define the operator norm:

1Pllp—sq = sup {||Pfllg : f € L7, | fllp < 1}. (1.29)
Definition 1.5.26. A semigroup (P;)i>0 is called :
o ultracontractive if || Pt|l2—00 < +00 for any t > 0.
o supercontractive if | P;||a—a < +00 for any t > 0.
o hypercontractive if || Pl|l2—4 < 1 for some t > 0.

Many criteria associated with measure concentration and functional inequalities exist in the
literature and we refer to [120] for a complete exposition.

Lemma 1.5.27. [120, Theorem 3.5.5.] The semigroup (P;) associated to the operator A is
ultracontractive. In other words, for each t > 0, there is a minimal positive value uy > 0, such
that for any bounded measurable function f, we have

1Peflloo < well fllLr (- (1.30)

1.5.4 Stochastic differential equations and diffusions on manifolds

In this section, we now explain what are semi-martingales on manifolds and extend the notions
of stochastic differential equations seen in Section to manifolds. We will revisit several
foundational results in the theory of SDEs on manifolds, and our primary focus will be on
relaxing the regularity conditions typically imposed on the coefficient functions of SDEs. The
main source guiding this exploration is Chapter 1 of Hsu’s book [67] where the smoothness of
coefficient functions is assumed in general. We can also refer to [6§].
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1.5.4.1 Semimartingales on M

Definition 1.5.28 (M-valued semimartingale). Let T be a stopping time. A continuous, M-
valued process X defined on [0,7) is called an M-valued semimartingale if f(X) is a real-valued
semimartingale on [0,7) for all f € C*(M).

Continuous real-valued martingales can be written as solutions of SDEs driven by Brownian
motions (see [69, Section II.2]). On manifold, the stochastic integrals are expressed using
the Stratonovitch integral (see [98, page 82]) rather than the It6 integral, that leads to less
convenient formulas when working on manifolds. The Stratonovitch integral is defined as follows:

Definition 1.5.29 (Stratonovitch integral). Let X, Y be two continuous real-valued semimartin-
gales. The Stratonovitch integral of Y with respect to X, denoted by fOtYs odXs, is defined by

t t
1
/ Y, 0 dX, ::/ YedX, + 5 (V. X),.
0 0

where the first term is the Ité integral of Y with respect to X and (.,.) is the bracket process
(also known as the quadratic covariation process).

With the Stratonovitch integral, the classical It6 formula can then be written is the following
way (see [08, Theorems 20-21, pages 277-278], [68, Th. III.1.3 p.101]), for a continuous d-
dimensional semimartingale X and a function f : R? — R of class C?: f(X) is a semimartingale
and

d ¢
Fe0) = £000) = Y- [ SE ) 0ax, (131)
=1

Because of this chain rule that holds under a more convenient form as in the ordinary calculus,
the Stratonovitch integral is better fitted to differential calculus on manifolds than the usual
1t6 integral.

We recall that a vector field V' on a manifold M is a family {V ()}, such that Vo € M,
V(z) € Ty M (see for e.g. [T7, Chapter 4]). In local coordinates (z!, 22, ..., %), a smooth vector
field V can be represented as

d
, 0
_ )
i=1 T
where V1, ..., V¥ are real smooth functions on the domain of the local coordinate system, and

where {%}1 <i<d denotes a basis of T, M.

Proposition 1.5.30 (Theorem 1.2.9 in [67]). Let I > 1. Consider the Stratonovich SDE

l
dXy =) Va(Xy) 0 dBy + Vo(Xe)dt (1.32)

a=1

where (Vi )o<a<i are C? vector fields on M and B = (B%)1<q< is the standard I-dimensional
Brownian motion. Then, there exists a unique strong solution to (1.32)) (up to explosion time)
whose infinitesimal generator is

l

Af@)= 3 37 (V21) (@) + (o f)(e),

a=1
where (V2 f)(z) := (Va(Vaf))(z), and whose carré du champ operator is given by

l

D(f.9) = 5 O ValValo)

a=1
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where by definition
(A(fg) — fA(g) — gA(f)) -

N | —

L(f,g9) =

Notice that (1.32) is a SDE on M because the V,’s are vector fields on M. Extending these
fields to the whole ambient space allows to solve the SDE in R™ using Picard’s iterations.
Provided the initial condition lies in M, then the solution remains on the manifold, [67, Prop.
1.2.8].

From the It6 formula, remark that the distribution of the solution of the SDE (|1.32) is also
characterized by the fact that for all f € C*°(M),

F(X0) = £(Xo) /ZVf )odB2 + /vof

As for Euclidean semimartingales, we can show that all continuous semimartingales on M solve

a SDE of the form (1.32]).

Proposition 1.5.31 (Chapter 2 [67]). If (X;) is a continuous semimartingale on M, then
there are m smooth vector fields Vi,...,Vy and a R™-valued semimartingale W = (Wi)lgigm
such that:

dXy =) Vi(Xy) o dW,
=1

where f -odW} denotes the Stratonovich stochastic integral with respect to the Brownian motion
W (see [68, Chapter III]).

1.5.4.2 Brownian motion on M

We are now in position to define the Brownian motion on the manifold M. Let {{a}< <
be an orthonormal basis on R™ of which M is here considered to be a submanifold. For each
x € M, we consider P,(x) the orthogonal projection of e, to T, M. Let us note that P, is a

vector field on M. In a local coordinate system (z!, 22, ..., z%),

Z Pl 830’

Recall Equation ((1.22]) from Theorem that the Laplace-Beltrami operator satisfies A =
Sy P? and remark that for two real-valued functions of class C? on M, we have:

(Vf,Vh) :i (Pof)(Pah). (1.33)

Then, as an application of Proposition [1.5.30 we have the following result.

Proposition 1.5.32. There exists a unique strong solution starting at x € M to the following
SDE

dX; = WZP (X;) o dBY, (1.34)

that has the infinitesimal generator A. This solution is defined as the Brownian motion on
the manifold M.
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Example 1.5.33. Consider M = S™ the unit sphere of R™*1. The projection to the tangent
sphere at x € S™ is

P(z)§ = £ — (€ v)z, (1.35)
for any € € R™L. From this, we deduce that (1.38) becomes:

t m
X :X3+/ Z(la:i—XsaX;)odB?, 1<i<m+1, Xo=(Xg,...XJ"™) es™ (1.36)

This is known as Stroock’s representation of the spherical Brownian motion.

1.5.4.3 Other diffusions on M

Another application of Proposition [1.5.30]is that the SDE corresponding to the operator Ay,
defined in ([1.27)) is:

dXy = Z\/ (X¢) Po(Xt) o dBy' +Z< Pogq)(Xt) +q( a(lnp))(Xt)>(Paf)(Xt) (1.37)

for (B“)1<a<m independent Euclidean 1-dimensional Brownian motions. Taking ¢ = 1, we
deduce that the unique solution to the SDE

dX; = ﬂi P,(X;) o dB® + i P, (Inp)(X3) Po(X;)dt, (1.38)

has the infinitesimal generator Lf = Af + (Vinp, Vf), which reduced to A and ((1.38) if we
have additionally that p = 1.

1.5.5 Non-smooth non-symmetric elliptic operators on manifolds

In this section, we investigate second-order differential operators on manifolds, particularly
focusing on those that may lack smoothness or symmetry (with respect to a certain measure).
Our objective is to establish a theoretical foundation that ensures the rigor of analyses related
to diffusion processes generated on manifolds. Specifically, we consider operators of the form:

d. 2 f
b (x 4 —— 1.
Z 1ol ijzla (*) 5ra7 (©): (1.39)
where z is a point on a manifold M, f is a twice differentiable function on M, and (z!, 22, ..., 2%)

are local coordinates around z. The coefficients b*(z) and a”(z) are assumed to be twice
differentiable functions.

Amongst other classic results, the main result of this section is the establishment of conditions
under which a non-smooth, non-symmetric elliptic operator A on a manifold M generates a
unique Feller semigroup and is essentially self-adjoint when considered as an operator on L?(u).
This result provides a foundation for our later analysis on manifolds.

For readers interested in the special case of smooth symmetric elliptic operators in R, we rec-
ommend the discussion presented by Baudoin in Chapter 4 of [14].

Assumption 1. Throughout this section, we adopt the following notations and assumptions:

e The operator A : C2(M) — Co(M) is an elliptic differential operator. In any local co-

ordinate system (z*, 22, ..., xd) on M, the corresponding coefficient functions a¥(x) and

bi(x) are twice differentiable.
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e The manifold M is a d-dimensional embedded submanifold without boundary of R™.

o The measure p is a probability Borel measure on M.

e The space W (M) denotes the set of all continuous processes taking values in M.
We now present the results concerning the operator A and its associated semigroups.

Proposition 1.5.34. Suppose there exist functions b : R™ — R™ and & : R™ — R™*™ satisfying
the following conditions:
(i) The functions b and & are bounded and locally Lipschitz continuous.

(ii) The operator A, defined by

~ 1 m B an m _ 8f .
= — ~1] i OJ ) ~ _ o
Af 2 ijz_la O OTI + ;b i’ with a = 66 ',

extends the operator A; that is, Af = Af for all f € C2(M).
Then, the operator A generates a unique semigroup (Pt)¢=o on Co(M). Moreover, this semigroup
18 a contraction, strongly continuous, and has the Feller property.

Proof. Since b and & are bounded and locally Lipschitz continuous, the stochastic differential
equation (SDE) o .
dX; =b(Xy)dt + 6(Xy) dB,

has a unique strong solution for any initial condition Xy = z € R™, where B is a standard
Brownian motion in R”. This uniqueness is ensured by standard results on SDEs with Lipschitz
coefficients, see Theorem [1.2.2

The associated semigroup (P;)¢=o on R™ is defined by

Pof(@) =B [F(%)]

for f € Co(R™). This semigroup is strongly continuous and satisfies the Feller property, meaning
it maps continuous functions vanishing at infinity into themselves and preserves the maximum
norm. The boundedness of the coefficients ensures that P; is a contraction semigroup.

Since A extends A, for any f € C2(M), we have Af = Af. Therefore, any A-diffusion process
X" starting at x € M is also a A-diffusion process when considered in R™. By the uniqueness
of solutions to the martingale problem associated with A, the processes X and X* have the
same law on the path space W(R™) when started at = € M.

Therefore, for all f € C2(M), extended to f € C2(R™), and for all 2 € M and t > 0, we have

Pif(z) = Pf ().

This equality shows that the semigroup ()0 on Co(M) inherits the contraction, strong con-
tinuity, and Feller properties from (F%):>0. The uniqueness of (/%) follows from the uniqueness
of (Pt) ]

Remark 1.5.35. The boundedness of the coejﬁcientsl; and & is crucial for ensuring the strong
continuity of the associated semigroup. Relaxing this condition may lead to semigroups that are
not strongly continuous, which would complicate the analysis.

Remark 1.5.36. Since M is an embedded submanifold, under the initial assumptions on A,
there always exists a second-order elliptic differential operator A on R™ that extends A. The
challenge lies in ensuring that A satisfies the boundedness and Lipschitz conditions required in
Proposition . Constructing such an extension may involve extending the coefficients b*(x)
and a¥ (z) to functions on R™ with the desired properties.
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As a direct consequence, we have the following corollary.

Corollary 1.5.37. If M is compact, then A generates a unique semigroup (P;)i=o on Co(M).
Moreover, this semigroup is a contraction, strongly continuous, and has the Feller property.

Proof. On a compact manifold, continuous functions are automatically bounded, and locally
Lipschitz functions are globally Lipschitz. Therefore, the conditions of Proposition are
satisfied without the need for further adjustments. The conclusion follows directly. O

We next consider the extension of the semigroup to Lebesgue spaces L°.

Theorem 1.5.38. Suppose that M is compact, u a positive measure on M, and that for all
f € C3(M), we have
/ Afdu=0.
M

Then, for each s € [1,00) and t > 0, there exists a unique continuous operator Pt(s) s Lo (p) —
L*(u) such that

POf =Pyt foradl f €Co(M).

Proof. Let A : D(A) — Cy(M) denote the closure of A in Cy(M). Since A generates a contrac-
tion semigroup on Co(M), for all f € C2(M) and t > 0, we have P.f € D(A).
For such f and t, there exists a sequence (g, )nen C D(A) such that

AP, f = nh_}rgo Ag, in Co(M).

Therefore,

/ AP, f du = lim/ Agn dp = 0.
M n—o0 M

This implies that the mapping ¢ — [ s Pefdp is constant in . Since at ¢ = 0 we have
Sy Pofdu= [, fdu, it follows that

/ Ptfdu—/ fdu forallt > 0.
M M
Consequently, for f € Co(M),

1 Pefllor = 1 fllprqy  and (| Peflpecny < I1flnoe (-

By the Riesz—Thorin interpolation theorem, P; extends uniquely to a contraction on L*(u) for
each s € [1,00). The density of C.(M) in L®(u) ensures that this extension is unique and

continuous. We denote this extension by Pt(s). O
We now address the essential self-adjointness of A.

Theorem 1.5.39. If A : C2(M) — Co(M) C L*(n) is symmetric and the measure p has a
strictly positive density on M, then A is essentially self-adjoint when considered as an un-
bounded operator on L?(p).

Proof. Since A is symmetric on the Hilbert space H = L?(p1), we have
/ Afdp =0 forall f € C3(M).
M

By Theorem 1.5.38: with s = 2, the closure A : D(A) — H of A generates a semigroup (Pt(Z))t>0
on H, satisfying P, 2)f = P,f for all f € C.(M).
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The operator A is symmetric, being the closure of a symmetric operator. Moreover, since A
generates (Pt(Q))t>0, we have Pt(Q)f € D(A) for all t > 0 and f € C.(M).
Consider the function

F(S) = <Ps(2)fa Pt(z)sg>L2(,u,)a

for fixed t > 0 and f,g € C.(M). This function is constant in s € [0,¢]. Indeed, for 0 < s < ¢,
we compute

d — _
G = (APP 1 P2 g) 12y — (PO f, AP g) 12 = 0,

since A is symmetric. This implies that
F(s) = F(0) = (f, PP g) 12 for all s € [0, 4].
Therefore, the semigroup (Pt(z)) is self-adjoint, meaning that (Pt@))* = Pt(z). Consequently,

the generator A is self-adjoint, and since A is densely defined, it follows that A is essentially
self-adjoint. O

Remark 1.5.40. Although A is symmetric, this does not guarantee that its adjoint A* is
symmetric unless A is self-adjoint. The essential self-adjointness of A means that its closure
A is self-adjoint, ensuring that the operator has a unique self-adjoint extension. This property
1s significant in applications, as it allows the use of spectral theory to analyze the operator and
the semigroup it generates. One approach to understanding this relationship is to analyze the
Semigroup (Pt(Q)) and its connection to the associated stochastic differential equation. For further
discussion, see Section 4.5.1 in [1])], where a similar problem is considered in the Fuclidean
setting.

1.5.6 Wasserstein distance

The Wasserstein distance (also known as the Earth Mover’s distance) is a metric that measures
the distance between two probability distributions on a given metric space. It is commonly used
in optimal transport theory. The most frequently used version is the Wasserstein-1 distance
and the more general Wasserstein-q distance.

Definition 1.5.41. [72, p.436] Let (M, p) be a metric space, and let p and v be two probability
measures on M. The Wasserstein-q distance between i and v, for ¢ > 0, is defined as:

Wa(p,v) = ( inf /MxM p(xvy)qdv(w,y)y,

YE(p,v)

where:
o p(x,y) is the metric (or distance) between two points x and y in the space M,

o II(u,v) is the set of all couplings (or transport plans) of p and v, meaning the set of all
probability measures v on M x M with marginals p and v.

The Wasserstein distance measures the ”cost” of transforming one probability distribution into
another, where the ”cost” is defined by the metric p(x,y), which measures the distance between
points x and y, and the optimal transport plan 7y, which minimizes the total cost of this
transformation.

In particular, for the Wasserstein-1 distance (with ¢ = 1), the distance can be interpreted as
the minimum amount of ”work” required to move probability mass from the distribution u to
the distribution v.
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Example 1.5.42 (1-Wasserstein distance on R). For probability distributions p and v on the
real line R, the Wasserstein-1 distance can be simplified to:

1
Wi, v) = /0 FCY(t) — B d,

where Fljl and F; ! are the quantile functions (inverse cumulative distribution functions) of u
and v, respectively.

This gives a way to compute the Wasserstein distance between two distributions in 1D based on
their quantiles.

It can also be shown that Definition [1.5.41) for ¢ = 1 is also equivalent to:

Wi(p,v) = sup </ﬁfmr—/ ﬂw>, (1.40)
f is 1-Lipschitz \J M M

see [43, Proposition 2.6.6].

Intuitively speaking, the Wasserstein distance provides a way to compare probability distribu-
tions in terms of how much ”effort” is needed to morph one distribution into another based on
the underlying metric space. Thus, the nature of the underlying also a special role in Wasserstein
distance analysis.

For example, when M is a Riemannian manifold, beyond focusing on measure coupling to
estimate the corresponding Wasserstein distances, Peyre [96] proposed the following estimate,
providing an upper bound for the Wasserstein distance using an analytic norm.

Theorem 1.5.43. Given a compact Riemannian manifold (with or without border) M
Then, for all probability measures p and v on M, we have:

Wa(p,v) <2\l — vl -1

where

o= vlgni= s ([ gda—0)).
g:fa IVg2du<l \IM

Moreover,

Wa(p,v) <2 sup </ gd(p — V)), (1.41)
g€ Lip(M): M
S IVglPdp<t

where Lip(M) denotes the space of all Lipschitz continuous functions on M.

Proof of Theorem [1.5.43. The result is due to [96] but we provide a new proof, as the one
provided by Peyre holds only under additional assumptions that were not detailed in his paper
and that are not necessary in this proof. Consider the Hamilton-Jacobi semigroup (Q¢)¢>0 on

Lip(M):

Quota) = inf {0l + g0 p >0 0 € Lin()

where p is the geodesic distance of M.
From [81, Theorem 2.5, for any ¢ continuous bounded, Qo¢ = lim;_,0 Q1 = ¢, ||[VQ1®|oo is
bounded for all £ > 0, and Q¢ solves the Hamilton-Jacobi equation:

Q= —5IVQu, >0, (1.42)
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As used in [120], the Kantorovich dual formula implies that (see [119, Theorem 2.10]):

1
Wi = s {(v(Qid) - (@),
¢€Lip(M) bounded

Consider the following curve on the space of measures (ft)o<¢<1 defined by
pe = (1 —t)pu + tv.

By taking the derivative along ¢, we have that for all ¢ continuous and bounded:

G0u@0) =3 ( [ 1vQuPau) + [ Quae-p.

We now analyze the above term. Let ¢ be in (0, 1).
If [\, |VQo|?duy > 0, by the fact that —%aQ +ab < %bZ for all a, b real, we have:

5 ([ vk ) + [ @waw-p

1 (Jm Qipd(v —p)® 1 ( >2
2 2 d(p— 1.43
= 2 [ IVQol2du = 2 geLSingl); /Mg (b —v) (1.43)
fM [Vg|2du:<1

If [\ IVQio|*dpe = 0 and [, Qi¢d(v — p) = 0, clearly we have
1 9 1 2
—= IVQid|°du | + [ Quod(v — p) < = sup gd(p—v)| . (1.44)
2\ m M 2 geLip(M): M
S IVglPdpe<1

If [, IVQi|*dpy = 0 and [, Qi¢d(v — ) # 0, using the Lipschitz function a x Q¢ on M for
any arbitrary a € R\ {0}, we remark that

2
sup (/ gd(p — 1/)) = 00, (1.45)
g€Lip(M): M
fM [Vg|?du:<1
and clearly
1 9 1 2
-5 IVQio“dpy | + Qipd(v —p) < 5 sup gd(p—v) | . (1.46)
2\J/m M 2 geuipM): \Jm
S IVglPdue<i
Hence, for all t € (0, 1),

2
v ([’
g€Lip(M): M

S [VglPdue<t

DN | =

(@) <

which implies

1 2
Wi < [ s ( / gd(u—m) dt.
0 geLip(M): M

S IVg1Pdpe<1
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Besides, py > (1 — t)p for all ¢ € (0,1). Thus, for all g with [, [Vg[?du; < 1, we have
(1 —1t) [ IVg|*dp < 1. This leads to the fact that for all 0 < o < ¢ < 1, the following holds

WA (g ) < /01 | (-1 /Mgd(u—V)>2dt

g€Lip(M
(1=t1) [ [VglPdu<1

_ +4)2 2
Sﬁii@ sup </9MM—W>-
— U1 g€Lip(M): M

o IVgl2du<t

Hence, for any n € N* and 0 < tp < t; < ... < t, < 1, we have:

n

- t; —ti—1
WQ(Mtoautn) < Z WQ(Mti717/"Lti) < Z el sup (/ gd(:u - V))
i=1 i=1 1- ti M

g€Lip(M):
S IVgl2du<t

Thus, for all 0 < ty < t; < 1, by convergence of the Riemann sum,

t1 1
Wa(pity, pre,) < ( dt) ey </ gdﬂ_y>
2 (Lhto s fhe1) w V1I—t gELip(M): M ( )
S IVglPdu<t
_ 2(\/1—t0—\/1—t1) sup </ gd(,u—y)>,
g€Lip(M): M
S IValPdp<1

By taking tg — 0 and ¢; — 1, we obtain that:

W) <2 sup (/ gd(u—V)>,
g€Lip(M): M
Sa IVgl2dp<t

which is our desired conclusion. O

1.6 Thesis contributions

In this section, I present a summary of the results obtained through my research and collabo-
rations from the following papers:

e Strong uniform convergence of Laplacians of random geometric and directed k-NN graphs
on compact manifolds, Guérin, H., Nguyen, D.-T., and Tran, V., 2022, doi.org/10.
48550/arXiv.2212.1028, [61]

e Measure estimation on a manifold explored by a diffusion process, Divol, V., Guérin, H.,
Nguyen, D.-T., and Tran, V. C., 2024, doi.org/10.48550/arXiv.2410.11777, [3§]

e 1-Wasserstein minimax estimation for general smooth probability densities, D.-T. Nguyen,
2024+, in preparation.

The organization of this section is as follows: Section discusses the convergence of graph
Laplacians based on [61], Section presents the results from [38], and Section introduces
our initial findings from the forthcoming paper.


doi.org/10.48550/arXiv.2212.1028
doi.org/10.48550/arXiv.2212.1028
doi.org/10.48550/arXiv.2410.11777
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1.6.1 Convergence of graph Laplacians

In this work, [61], we investigate the convergence of random operators on compact smooth
manifolds, with particular emphasis on the convergence of graph Laplacians built from random
samples.

More precisely, its goal is to study the uniform convergence speed of the following random
operators defined on random points, and to derive probabilistic bounds on their

deviations.

1.6.1.1 Analysis Framework

We work with a compact smooth d-dimensional submanifold M of R™, endowed with the Rie-
mannian structure induced by the ambient space R™. Let (X;);en be a sequence of independent
and identically distributed (i.i.d.) points sampled from the probability measure p(x)u(dz) on
M, where p € C?(M) is a continuous density function with respect to the volume measure p of
M.

These are two principal types of random measure we will work with in this paper. The first one
is the graph Laplacian induced by a fixed kernel K : Ry — R4 and a deterministic sequence of
bandwidths (hy,):

Ann (D)) = e S (550 (060 - 10, (147

where K satisfies the following assumption.

Assumption 2. The kernel K : Ry — Ry is a measurable function with K(co) = 0 and
bounded variation H, such that:

/ a3 dH (a) < .
0

The second is the graph Laplacian induced from a family from k-nearest neighbor graphs cor-
responding to a sequence of integers (ky)n>0:

AN () o= e SO () () - (o). (1.48)
n =1

— Tn(T)
where r,(x) is the shortest radius such that there exists at least k,, points X; with 1 <1i <d
that lie in the ball Brm(z,r,(z)), i.€.,

Tn(x) := min {r : there are at least k,, index i € [1,n] such that: ||z — X;|| <r}.

1.6.1.2 Previous Work & Contributions

The convergence of graph Laplacians constructed from random samples has been extensively
studied in the literature [I15, [55]. Giné and Koltchinskii [55] considered Gaussian kernels and
established convergence results under strong smoothness assumptions on the kernel K. Their
work provided foundational results for the statistical analysis of graph-based methods.

Calder and Garcia Trillos [25] obtained deviation inequalities for random operators similar
to those we study, but their results did not include uniformity over classes of test functions.
Additionally, their analysis required stronger assumptions on the regularity of the kernel and
the underlying manifold.
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Our work generalizes these previous results by weakening the assumptions on the kernel func-
tion and providing uniform convergence results over a class of functions. This allows for non-
continuous or non-smooth kernels, such as indicator functions, broadening the applicability of
our results to a wider range of graph structures used in practice, including e-geometric and
k-nearest neighbor (kNN) graphs

1.6.1.3 Main Theorems

Theorem 1.6.1 (Uniform Convergence of Random Operators). Under Assumption @ on the

loghﬁ1
hdt? — 0 as n — oo, we have that, almost surely, for every

kernel K, where h, — 0 and
function f € C3(M),

log byt
S A, n()(z) = A(f)(@)] = O \/fh—gﬁmn , (1.49)

where A is the second-order differential operator on M defined as:

AP (@) = o ({900, T 5(0) + o)A S @),

with V and A being the gradient and Laplace-Beltrami operators on M, respectively, and

1
co = d/ K ([v]l2) l|v]3 do.
Rd

Remark 1.6.2. The constant facteur the convergence speed estimation (1.49) depends only on
the embedding M C R™, K and || f||cs.

Here, to obtain results on uniform convergence, we apply the use of the Vapnik-Chervonenkis
theory from the [55] paper with our generalized kernel. This result broadens the scope of
investigation in Ting’s work [I15], where uniform convergence was considered only for a finite
number of points.

This proof also provides a deviation inequality:

Theorem 1.6.3 (Deviation inequality). There exists a constant C' > 0 such that for all n,h,d

satisfying: hV \/% <6<,
P (sup sup [Apn(f)(x) = A(f) ()] > c’a) <exp (—nh25?).
fEF zeM

where F :={f € C3(M) : || f|lcs < 1}.

On top of that, we observe that the bandwidths used to define Ay, ,, are not necessarily deter-
ministic or pre-determined for the convergence result to be valid. Indeed, only certain suitable
convergence conditions for (h,) are required.

This observation leads to our extension of our analysis to the convergence of Laplacians con-
structed from k-nearest neighbor (kNN) graphs.

Theorem 1.6.4. Under Assumption 1 on K and the condition 0 < ppin < p(x) < Pmax for all
x € M, along with the following conditions on k,,, the number of nearest neightbors to consider,

n 1 (k7 [k,
lim — =0, and lim — <> log () =0,
n

n—oo N n—oo n
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we have that, almost surely,

-] () 2 (2) 7+ (5) )

Here, AKNN is a normalized graph Laplacian constructed from the kNN graph with k,-nearest
neighbors for the first n random points (X;)1<i<n, see Equation (1.48).

1.6.2 Convergence in Wasserstein distance of occupation measure with convolu-
tion

The manifold hypothesis has become ubiquitous in modern machine learning, explaining the
efficiency of nonparametric methods in high-dimensional statistical models [23]. This paradigm
has motivated statisticians to study inference problems under manifold constraints [91], 52} 2,
30, 99]. Given n i.i.d. samples from a distribution p supported on a d-dimensional manifold M,
the task of estimating either y or geometric quantities related to M naturally arises. In this
section, p is a probability measure on M, while the volume measure is denoted by dz.
However, when leaving the i.i.d. setting, the literature is less abundant. A natural framework
arises when data is generated through an exploration process, such as a random walk on a graph
approximating the manifold (e.g., the PageRank algorithm [94]). In the limit, this random walk
converges to a continuous-time diffusion exploring the manifold.

Our goal is to propose reconstruction methods for the measure p based on the observation of the
sample path (Xt)te[QT]' In this work, we introduce a kernel-based estimator for the invariant
measure u of a diffusion process on a manifold M, providing improved convergence rates in the
Wasserstein distance compared to previous methods. By smoothing the occupation measure
pr, we achieve minimax optimal rates under mild regularity conditions on the density p and
the diffusion generator A. These results contribute to the understanding of statistical inference
in non-i.i.d. settings on manifolds and have potential applications in machine learning and data
analysis involving manifold-valued data.

1.6.2.1 Analysis Framework

Consider a diffusion process (X¢);e[o,7] on a compact submanifold without boundary M C R™,
generated by a uniformly elliptic C2-differential operator A, symmetric with respect to some
invariant measure pu.

The general framework includes operators of the form A,,, defined by in Section m

1.6.2.2 Previous Work & Contributions

In R™, the estimation of the invariant measure of a diffusion has been extensively studied
[30, 142, [95], T02]. For manifold-valued data, the problem of reconstructing the stationary measure
w from a sample path was first addressed by Wang and Zhu [121] for the generator £. They
considered the occupation measure up, defined for every bounded measurable test function f
by

1 (T
/ f(x)pr(dx) = T/ f(Xs)ds. (1.50)
M 0
They showed that for the process with generator L,
71 if d <3,
Es (Wi(ur, )] ST In(1+T) ifd=4, (1.51)

T-2/(d-2) if d>5,
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where E, denotes the expectation taken from the diffusion process starting at x € M, and Wy
is the 2-Wasserstein distance with the geodesic distance p on M.

We extend these results beyond the i.i.d. setting by studying the convergence properties of an
estimator fi7, of p, obtained by smoothing the occupation measure pr with a kernel K of
bandwidth A > 0. When d > 5 and for an appropriate choice of h, we obtain the rate of
convergence

Es W3 (B, w)] S T %2, (1.52)

where p has a density of regularity ¢ > 2. This rate not only holds for the Langevin diffusion
with generator £ but for all diffusion paths (X¢).c[o,7] Whose generator A is a uniformly elliptic
C2%-differential operator, symmetric with respect to j.

Furthermore, we show that these rates cannot be improved by providing minimax rates of
convergence for this problem.

1.6.2.3 Main Theorem
The first result we obtained is an indirect estimate for the the convergence of fir .

Theorem 1.6.5 (Estimation from a Diffusion with Generator A). Let d > 1 and p be a positive
C? density function with associated measure p. Let (Xy)=0 be a diffusion with generator A
which is a uniformly elliptic C?-differential operator, symmetric with respect to .

Let 0 < h < hg for some constant hg depending on M and K. Assume that either K is
nonnegative or that d > 4 and Th® > cIn(T) (in which case, hy additionally depends on the
C'-norm of p). Then,

h4—d
ifd > 5,
2
~ uAp
sup Ex [WE(Ars, mn)] < co lmex g2, $ mO/0) ey (1.53)
1 ifd<3
T TES

where:
o Ly is the convolution of p with K.
e ¢y depends on M.
e u 4 is the ultracontractivity constant of A (see Section .
® Dmin and Pmax are bounds on p.

Remark 1.6.6. The role of the ultracontractivity constant 4 is to control the additional latency
in the convergence speed due to the deviation from pu, the invariant measure, of the initial
measure of X.

In general, ultracontractivity refers to a property of certain semigroups (e.g., those generated
by diffusion operators), which ensures that the semigroup maps L* functions to L™ functions
in a controlled way. This property can be characterized by an ultracontractivity constant that
quantifies this mapping strength.

Thus, by performing a bias-variance decomposition for the initially considered Wasserstein
distance, along with an optimal bandwidth selection, we obtain the following result, which is
the desired convergence rate:

Theorem 1.6.7. Under a suitable choice for the bandwidth h = h(T'), when T converges to
infinity, we have:

9/~ 2042
sup By (W3 (firp, p)] ST 202, (1.54)
xeM
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We then analyze the minimax optimality of this result and prove that these rates are minimax
optimal.

Proposition 1.6.8. Let £ > 2 be an integer. Then, for Kmin, Pmin SMall enough and pmax,
Umax, L large enough,

T-1/2 fd <4,
R(Pry) Z{ S v (1.55)

T 2t+d—2 Zf d>5
where R(Pr,y) is the minimax rate over the class Pry of diffusion processes with generators
satisfying the conditions specified above.

This matches the rates achieved by our estimator fizp, confirming its optimality.

1.6.3 1-Wasserstein minimax estimation for general smooth probability densities

In Chapter |4} we revisit the problem of approximating probability measures with smooth den-
sity under the Wasserstein metric, a topic extensively studied in recent literature [118], 90, [37].
Specifically, given a sample consisting of n independent and identically distributed (i.i.d.) ran-
dom variables drawn from an unknown probability measure u, our objective is to construct
from this sample an estimator i, for x4 that attains optimal asymptotic convergence rates with
respect to the Wasserstein metric W (fin,, ) when the sample size n goes to infinity.

1.6.3.1 Analysis framework

Recognizing that convergence rates of empirical measures in Wasserstein distance crucially
depend on the dimensional characteristics of the underlying space [46, 00, 37], we divide our
analysis into two distinct scenarios. The first scenario addresses the case where the measure
 is absolutely continuous with respect to the Lebesgue measure on the Euclidean space RZ.
The second scenario considers the setting in which u is supported on a low-dimensional space
M, which we assume to be a compact d-dimensional manifold without boundary, smoothly
embedded in a high-dimensional Euclidean space R™ (m > d).

Besides, in statistics, the regularity control on density functions is usually expressed in terms of
Besov norms [57]. Nevertheless, Besov norms are interpolations of Sobolev norms Hj(M) [80,
p.152,153]:

1/q
HfHHs Rd) = < max ||Vipl|? (T )dac) with s € N and f € C®(R?),

d 1<i<s
1/q
1 g omy = </ max |Vp||4 (T )da:) with s € N and f € C*(M).

For the sake of simplicity, in this chapter, Sobolev norms are the only measure of regularity for
density functions we will use.

Case of R<.

Let us begin by examining the Euclidean scenarios (R%, | - ||2).

Let 4 be a probability measure on R? with density p with respect to the Lebesgue measure of
R? and X1, Xo, ..., X,, be a sample of n i.i.d. random elements sampled from . In this setting,
we analyze the asymptotic behavior of the kernel measure estimator u, ; as the sample size n
tends to infinity and the smoothing bandwidth A decreases at an appropriate speed to zero.
This kernel estimator is explicitly defined by:

X y||2
o (dy) hiK 1% — yll2 d 1.
Fin,hn(dy) E < z > Y, (1.56)
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where h is the smoothing parameter, and the kernel function K : Ry — R is bounded, measur-
able, and supported on [0, 1], satisfying the normalization condition:

/RdK(Ha:\Q)dx ~ 1. (1.57)

This method of estimator construction is called kernel smoothing [63, Chapter 6]. Note that,
the normalization condition Eq (4.5)) implies that

ﬁn,h(Rd) = 17 (158)

regardless of the choice of n and h.
Then, we formalize the definition of ”k-vanishing kernel” used previously:

Definition 1.6.9 (k-vanishing kernel). Let k be a positive integer. A kernel function K : Ry —
R is said to be a k-vanishing kernel on R? if, for every integer s € {1,2,...,k}, the kernel
satisfies:

/ K (Je]l2)] 2] dz < 00, and / K(la]l2) ] dz = 0.
Rd Rd

Case of a manifold M.

Now, let us discuss the framework for the scenario where the measure p is supported on a
compact manifold M of dimension d > 3 (without boundary), smoothly embedded into a
Euclidean space (R™, || - ||2)-

Since M is smoothly embedded in R™, it inherits a natural Riemannian metric induced by the
ambient Euclidean structure. With this metric, M becomes a Riemannian submanifold. We
denote by p the geodesic distance associated with this induced metric.

For any probability measure p € P(M) with density p with respect to the volume measure
on M. Let (Xi, Xo,...,X,,) be a sample of n i.i.d random variables of p. In this scenario, we
investigate the convergence of the kernel estimator ﬁﬁ/‘h as the sample size n tends to infinity
and the smoothing bandwidth h decreases appropriateiy to zero:

finy(d Z . (”Xy”z)dy, (1.59)

where || - ||2 is the distance with respect to R™, dy on the right side represents the volume
measure on M, and the kernel function K : R; — R is also a measurable bounded function
with support in [0, 1] such that satisfies Eq (4.5)).

Note that, unlike in the previous scenario (cf. Eq. (4.6]), the mass of ﬁth need not equal 1 in
general. To address this issue, the author in [37, p. 7] proposed replacing the kernel K by its
pointwise normalized version in the definition of the kernel estimator ﬁﬁ’th This normalization,
however, introduces additional approximation steps and complexity into their analysis. In our
treatment, we observe that such normalization may lead to avoidable computational complica-
tions. Hence, we retain the original kernel K and instead construct our estimation of u via ﬁth
differently.

1.6.3.2 Previous Work & Contributions

Within the Euclidean framework, our results partially overlap with those of [118]090] in the case
of compactly supported measures under the 1-Wasserstein metric. For this case, compared to
[118],[90], we broaden the existing minimax results to include all probability densities possessing
first moments, without restrictions on the boundedness of their support. Besides, the estimators
given in [I18, [90] are wavelet-based, while our choice is kernel estimators which are generally
believed to be more basic and less computationally expensive [62]. Besides, our estimator
achieved the minimax convergence rate.
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For the compact manifold setting, in comparison with [37], our results emphasize that when
focusing on the practically relevant 1-Wasserstein distance [10], the minimax results presented
therein remain valid without imposing additional conditions on uniform lower and upper bounds
for probability densities. Additionally, we establish that our estimator achieves convergence
almost surely at the same rate. To the best of our knowledge, this stronger mode of convergence
has not been previously demonstrated.

An additional refinement we introduced compared to [37], though of minimal practical signif-
icance, is the relaxed regularity requirement on the kernel function K. This adjustment was
made primarily to deepen our theoretical understanding of the problem. More specifically, many
calculations in [37] rely on a Taylor expansion up to relatively high order of K, which is a natural
approach within the context of manifold learning. However, we have always believed that there
must be a deeper geometric rationale behind why this seemingly ‘brutal’ Taylor expansion is
effective.

1.6.3.3 Main results

Our primary theoretical contribution in R? setting is summarized by the following Theorem

and its Corollary

Notation 1.6.10 (Modified Vinogradov notations). Throughout this chapter, for A > 0 and
B >0, we use occasionally A <, B as shorthand for the inequality A < CyB for some constant
C, depending only on a. The same goes for A 2, B. [112, p.5]

Theorem 1.6.11. Let kK > 1 be an integer, assume d > 3, and suppose the kernel K is a
k-vanishing kernel on R% as specified in Definition .

Then, there is constant C' such that for all integers s € {1,2,...,k—1}, any real number q > d,
and h € (0,1), the following bound holds:

1—d/2

Vn

E Wi (finn, 1)) < C (((qu))”? T \pHHf(Rd>h5“> :

where the q-th moment of p is defined as

M= [l (o) (1.60)

Moreover, the constant factor C' can be chosen to depend only on the integers k,q and the
uniform norm ||K ||« := sup, |K(z)| of K.

Corollary 1.6.12. Assume that d > 3. If the density p of p satisfies that Mgy1(u) < oo and
HpHHf(Rd) < 00,
Then there exist an explicitly defined kernel measure estimator [i, and a constant C such that:

14s

EOW(fin, 1)) < C x 0™ H555, (1.61)
where the constant C' only depends on d, || K ||oc, May1(p), and ||p| s ra)-

We intentionally omit the cases d = 1 and d = 2, as these dimensions are already fully covered
by classical results regarding empirical measure approximations [46]. Besides, fiy, j, is possibly
be a signed measure, but this will not affect the definition of W, in .

Our primary theoretical contribution in manifold setting is summarized by the following theorem
and corollary:
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Theorem 1.6.13. Let k > 1 be an integer, assume d > 3, and suppose the kernel K is a k-
vanishing kernel on R as specified in Definition . On top of that, we assume K is Lipschitz
on [0, 1].

Then, there is a constant C, such that for all integers s € {1,2,...,k — 1} and n, the following

bound holds:
1—d/2

vn

where the Wasserstein distance is defined as in Eq (4.3).
Moreover, the constant factor C' can be chosen to depend only on M C R™, the integer k, the
uniform norm || K||s := sup, |K(x)| of K, and the Lipschitz constant of K‘[o it

M~ h s
E (Wi, inh,(M)p)) < C < + llpll g gy o “) ,

Corollary 1.6.14. Assume that d > 3. If the density p of p satisfies that ||pHHf(Rd) < 00,
Then there exist an explicitly defined kernel measure estimator fi, such that:

- _ 1+4s
EOWi (fins 1) §d7||PHHf(Rd)vS nod+. (1.62)
Moreover, almost surely,
. 1+s - . A+s ~
lim sup n@+2s Wi (fin,, ) = lim sup na+2s EOWV; (fin, 1)) < oc. (1.63)

n—oo n—oo

1.7 Future works

Possible future research directions include:

e Central limit theorems: An interest that is frequently discussed is to construct central
limit theorems for the empirical transportation cost Te(pn,v) [32, 110], where

7:3(:”7 V) ;= inf / c(m,y)dﬂ(m,y), (164)
mell(p,v) Jxxy

where TI(u,v) is the set of all joint probabilities on X' x ) with marginals p,v. In an
ongoing work, we expect to extend the previously known results on central limits of
empirical transportation to some compact metric spaces. The limit law is proven to be
a supremum of a centered Gaussian process (By)tcc,(x) indexed by continuous bounded
functions on X whose covariance function is

Covp : Cp(X) X Cp(X) — Ry
(f,9) — Cov(f(X1), g(X1)). (1.65)

We expect to prove that under suitable but general assumptions on y or X

d
(Tl v) = To(uv) =25 sup  (By), (1.66)
0 (4, ¢) €D (p,v)

where ®.(u,v) is the set of optimal potentials of the transportation problems 7.(u, V).

e Branching diffusions on manifolds: In [38](cf. Chapter [3) and [121], it has been
shown that the occupation measure of diffusion processes on manifolds exhibits intriguing
convergence properties when evaluated in the Wasserstein distance. However, there is a
scarcity of literature addressing the convergence behavior—either in terms of the Wasser-
stein distance or through entropic optimal transport—of branching diffusion processes.
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We expect that in a first step, we can be able to establish a convergence rate for the oc-
cupation measure of a branching process that is comparable to those known for standard
diffusion processes. That is to study the convergence of:

WQ(ﬁTa:u)u

where fi7 is a suitable choice of occupation measure for a branching process X.

Entropic optimal transport: Recently, the theoretical statistics community has exhib-
ited a growing interest in entropic optimal transport, culminating in several fascinating
findings [97, 39]. One notable result is that the fluctuations (normalized with a n'/?
factor) of the entropic transportation cost between an empirical measure ji,, and a fixed
measure v converge in distribution to a Gaussian random variable[34]. This Gaussian
behavior is in stark contrast with the Wasserstein distance, for which such convergence
typically requires additional conditions on the support of the measures and the underlying
spaces[32] [33].

We anticipate that similar results can be obtained for diffusion processes. More precisely,
let (X¢)i>0 be a diffusion process in R?. We aim to establish a central limit theorem for
the entropic optimal transportation cost in the form

\/ﬁ(S(,uT,V) —E(S(pr, V))) @, N(0,0%),

n—oo

where

1 T
== ox.d
ur T/o X, ds

denotes the occupation measure of the process, S(ur,v) represents the entropic trans-
portation cost between u7 and v, and o? is an appropriate variance parameter.
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Consider n points independently sampled from a density p of class C? on a smooth compact
d-dimensional sub-manifold M of R™, and consider the random walk visiting these points
according to a transition kernel K. We study the almost sure uniform convergence of the
generator of this process to the diffusive Laplace-Beltrami operator when n tends to infinity,
from which we establish the convergence of the random walk to a diffusion process on the
manifold. This work extends known results of the past 15 years. In particular, our result does
not require the kernel K to be continuous, which covers the cases of walks exploring kNN and
geometric graphs, and convergence rates are given. The distance between the random walk
generator and the limiting operator is separated into several terms: a statistical term, related
to the law of large numbers, is treated with concentration tools and an approximation term that
we control with tools from differential geometry. The case of kNN Laplacians is detailed. The

o1
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convergence of the stochastic processes having these operators as generators is also studied, by
establishing additional tightness results of their distributions on the space of cadlag functions.

2.1 Introduction

Let M be a compact smooth d-dimensional submanifold without boundary of R™, which we
embed with the Riemannian structure induced by the ambient space R™. Denote by || - |2,
p(+,+) and p(dz) respectively the Euclidean distance of R™, the geodesic distance on M and
the volume measure on M. Let (X;,i € N) be a sequence of i.i.d. points in M sampled from
the distribution p(z)u(dz), where p € C? is a continuous function such that p(z)u(dz) defines
a probability measure on M.

In this article, we study the limit of the random operators (A, »,n € N):

A () (&) 1= — ZK(”””‘X”) (F(X) — f(a), zeM (2.1)
=1

nhg” — hn

where K : R; — R4 is a function of bounded variation and (h,,,n € N) is a sequence of positive
real numbers converging to 0.

Such operators can be viewed as the infinitesimal generator of continuous time random walks
visiting the points (X;);e[1,,), Where [1,n] = {1,...n}. Such process jumps from its position
r to the new position X; at a rate K(||z — X;||2/h,)/(nh%*?) that depends on the distance
between z and X;. Notice that here, the FEuclidean distance is used. When walking on the
manifold M, using the geodesic distance and considering the operator

Ao 1)) = i K (P55 ) (060 - @), e
noo=1 "

could be also very natural. In fact, for smooth manifolds, the limits of the two operators Ay, ,
and .thn are the same, as is indicated by [51, Prop. 2]. In view of applications to manifold
learning, when M is unknown and when only the sample points X;’s are available, using the
norm of the ambient space R™ can be justified.

The operator can also be seen as a graph Laplacian for a weighted graph with vertices
being data points and their convergence has been studied extensively in machine learning liter-
ature to approximate the Laplace-Beltrami operator of M (see e.g. [108, [55] B3] [15, 16], 113]).
Nonetheless, most of these results are done for Gaussian kernel, i.e., K(a) = e~%, or sufficiently
smooth kernels. These assumptions are too strong to include the case of e-geometric graphs or
the ¢ true’ k-nearest neighbor graphs (abbreviated as kNN), and that correspond to choices of
indicators for the kernel K. In recent years, many works had been done to relax the regularity
of K and gave birth to many interesting papers (e.g. [25] [115]), as discussed below.

In the sequel, under a mild assumption on K (weaker than continuity, see Assumption |3/ below)
and a condition on the rate of convergence of (h,), we show that almost surely, the sequence of
operators (Ap,, ») converges uniformly on M to the second order differential operator A on M
defined as

A= o (T Va0 + gpdaa()) (22)

for all function f € C3(M), where Vo and Apq are respectively the gradient operator and
Laplace-Beltrami operator of M (introduced in Section and

1 1 o0
=1 / K (Joll2) [[ol3dv= 28,y / K (a)a®*da, (2.3)
d Rd d 0
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where Sy_1 denotes the volume of the unit sphere of R%. Moreover, a convergence rate is also
deduced, as stated in our main Theorem below (Theorem [2.1.1)) that we will present after having
enounced the assumptions needed on the kernel K:

Assumption 3. The kernel K : Ry — R4 is a measurable function with K(oo) = 0 and of
bounded variation H such that: -
a3 dH (a) < oco. (2.4)
0
Recall that the total variation H of a kernel K is defined for each nonnegative number a
as H(a) = supy_;—; |K(a;) — K(a;—1)|, where the supremum ranges over all n € N and all
subdivisions 0 = a9 < -+ < a, = a of [0,a]. Assumption [3| is the key to avoid making
continuity hypotheses on the kernel K.

Theorem 2.1.1 (Main theorem). Suppose that the density of points p(x) on the compact smooth
manifold M is of class C%. Suppose that Assumptions@for the kernel K are satisfied and that:

log b, !
%80n_ _ (2.5)

lim h, =0 and lim
n——+oo " ’ n—+00 nhﬁ”

Then, with probability 1, for all f € C3(M),

log hy,!
5D [ A, n(1)(@) = AUN@)] = O | |+ | (2:6)

Notice that the window h,, that optimizes the convergence rate in is of order n~1/(d+4)
up to log factors, resulting in a convergence rate in n=/4*t4)_ This corresponds to the optimal
convergence rate announced in [66].

An important point in the assumptions of Theorem is that K is not necessarily continuous
nor with mass equal to 1. This can allow to tackle the cases of geometric or kNN graphs for
example.

This theorem extends the convergence given by Giné and Koltchinskii [55, Th 5.1]. They con-
sider the kernel K(a) = e~ and control the convergence of the generators uniformly over a
class of functions f of class C3, uniformly bounded and with uniformly bounded derivatives up
to the third order. For such class of functions, the constants in the right hand side (RHS) of
(2.6) can be made independent of f and we recover a similar uniform bound.

The condition results from a classical bias-variance trade-off that appears in a similar

way in the work of Giné and Koltchinskii [55]. Notice that the speed \/ log hn' /(nh&T2) is also

obtained by these authors under the additional assumption that nhfﬁ‘l /logh, ! — 0. We do
not make this assumption here. When the additional assumption of Giné and Koltchinskii is
satisfied, our rate and their rate coincide as: h2 = o(logh,'/(nhdt?)). Hein et al. [65, 6]
extended the results of Giné and Koltchinskii to other kernels K, but requesting in particular
that these kernels are twice continuously differentiable and with exponential decays (see e.g.
[65, Assumption 2] or [66, Assumption 20]). Singer [I08], considering Gaussian kernels, upper
bounds the variance term in a different manner compared to Hein et al., improving their con-
vergence rate when p is the uniform distribution.

To our knowledge there are a few works where the consistency of graph Laplacians is proved with-
out continuity assumptions on the kernel K. Ting et al. [115] also worked under the bounded
variation assumption on K. Additionally, they had to assume that K is compactly supported.
In [25], Calder and Garcia-Trillos considered a non-increasing kernel with support on [0, 1] and
Lipschitz continuous on this interval. This choice allows them to consider K(a) = 1 j(a).
Calder and Garcia Trillos established Gaussian concentration of Ay, »(f)(x) and showed that
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the probability that |Ap, »(f)(x) — Af(z)| exceeds some threshold § is exponentially small, of
order exp(—C§?nhd+?), when n — +oco. In this paper, thanks to the uniform convergence in
Theorem we obtain a similar result with additional uniformity on the test functions f:

Corollary 2.1.2. Suppose that the density p on the smooth manifold M is of class C%, and
that Assumptions [q and ([2.5) are satisfied. Then there exists a constant C' > 0 (see (2.58)),

such that for allm and 6 € [hn Va/ IZigf; , 1] , we have:

P (Sup sup |Ap, n(f)(z) — Af(z)| > Cl5> < exp(—nhjt?5%), (2.7)
feF zeM

where F is the family of C3(M) functions bounded by 1 and with derivatives up to the third
order also bounded by 1.

The fact that the convergence in Theorem [2.1.1] is uniform has several other applications. For
example, it can be a step to study the spectral convergence for the graph Laplacian using the
Courant-Fisher minmax principle (see e.g. [25]). Interestingly, the uniform convergence of the
Laplacians is also used to study Gaussian free fields on manifolds [29].

The result of Theorem [2.1.1] can be extended to the convergence of kNN Laplacians in the
following way. Recall that for n,k € N fixed, such that & < n, the kNN graph on the vertices
{X1,... Xy} is a graph for which the vertices have out-degree k. Each vertex has outgoing
edges to its k-nearest neighbor for the Euclidean distance (again, the geodesic distance could
be considered).

For x € M, the distance between x and its k-nearest neighbor is defined as:

R, i (z) = inf {7’ >0, Z Lz—xi|o<r 2 k} (2.8)
i=1

The Laplacian of the kNN-graph is then, for x € M,

kNN o 1 - | X — x| N f(r
AN D)= s St (T iy ) UK - s 29)

A major difficulty here is that the width of the moving window, R, j,(z) is random and de-
pends on x € M, contrary to the previous h,. The above expression corresponds to the choice
of the kernel K'(a) = 1jgjj(a). The case of kNN has been much discussed in the literature but
to our knowledge, there are few works where the consistency of kNN graph Laplacians have
been fully and rigorously considered, because: 1) of the non-regularity of the kernel K and 2)
of the fact that the kNN graph is not symmetric, more precisely, the vertex X; is among the
k-nearest neighbors of a vertex X, does not imply that X is among the k-nearest neighbors
of X;. Ting et al. [I15] discussed that if there is a kind of Taylor expansion with respect to x
of the window R, , (), one might prove a pointwise convergence for kNN graph Laplacian,
without convergence rate. In the present proof, we do not require such Taylor-like expansion.
Let us mention also the work of Calder and Garcia Trillos [25] where the spectral convergence
is established. In other papers such as [2§], is considered for defining the window width
h,, but the kernel K remains continuous.

We will prove the following limit theorem for the rescaled kNN Laplacian:
Theorem 2.1.3. Under Assumption @ if the density p € C2(M) is such that for all x € M,

0< Pmin < p(l“) < Pmax, (210)
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and if

—1-2/d
lim Fn _ 0, and lim 1(’“") log <k”) =0, (2.11)
n

n—+oo N n—+oo n

we have with probability 1,

sup [AN(1)(0) — A o) =0( g (1) &(;)W{’j)l/d). (2.12)

This theorem is proved in Section Notice that the important point in the assumption
(2.10)) is the lower bound, since in our case of compact manifold, any continuous function p is
bounded. The condition and the rate of convergence in come from that fact that
the random distance R,, 1, (z) stays with large probability in an interval [k thy, khy) for some
k > 1 independent of x and n, and for a sequence h,, independent of x. This property is based
on a result of Cheng and Wu [28]. The proof of Theorem follows the main steps presented
in the proof of Theorem with some slight modifications.

Notice that the assumption is satisfied for

k?n = C’nl_o‘, with o € (0, m),

for instance. Optimizing the upper bound in (2.12)) by varying « in the above choice gives:
4
kp = Cnd+i,
yielding again a convergence rate of O( log(n) n_l/(d+4)).

Finally, we make the link between the convergence of the generators and the convergence of
the associated stochastic processes. As mentioned at the beginning of the article, the generator
A, n can be seen as the infinitesimal generator of continuous time random walks (X™),,>o
visiting the points (Xi)ieﬂl,n]]' Their trajectories are described by the following stochastic dif-
ferential equation (SDE):

t
x™ = x™ ¢ / / / Licnl
0 JNJRy g< 1

SndTz

n

<|XiX§n) |2> (XZ B Xé?j)) Q(dS, d’L, de) (213)
K _

with initial condition Xén) and where Q)(ds, di,df) is a Poisson point measure on Ry x N x Ry,
independent of X(()n), and of intensity ds ®n(di) ® df, with ds and df Lebesgue measures on R
and n(d7) the counting measure on N (see e.g. [68] for an introduction on SDEs driven by Poisson
point measures). Consider T > 0 a fixed time. These random walks on [0,7] are stochastic
processes with paths in the space D([0, 7], M) of cadlag M-valued processes, embedded with
the Skorokhod topology (see [211 [70]), and converge to a diffusion on the manifold M with

generator A:

Theorem 2.1.4. Let T > 0 be fixed. Suppose that the density p on the smooth manifold M 1is
of class C? and that Assumptions@ and are satisfied. Assume additionally that the initial
conditions (Xén))n>0 converge in distribution to a probability measure v on M. Then, the
sequence of random walks (X™),>o converges in distribution, and in the space D([0,T], M),
to the diffusion X that is the unique solution of the martingale problem associated with the
operator A with initial distribution v.
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Similarly, we introduce the random walk associated to the kNN-generator as the solution of the
following SDE:

(n),kNN ¢ (n),kNN
DN

t
t
licnl 1 . N X, — X" Q(ds, di, d6).
L 05 (o) I o (i) (A Qi 00

(2.14)

Theorem 2.1.5. Let T > 0 be fixed. Suppose that the density p on the smooth manifold M 1is

of class C* and that Assumptions @ (2.10) and (2.11)) are satisfied. Assume additionally that
n), kNN
(X5

the initial conditions n>0 converge in distribution to a probability measure v on M.
Then, the sequence of random walks (X(")’kNN)n>0 converges in distribution, and in the space
D([0,T], M), to the diffusion X that is the unique solution of the martingale problem associated
with the operator A with initial distribution v.

The rest of the paper is organized as follows. In Section [2.2] we give the scheme of the proof.
The term |Ap, »(f)(x) — A(f)(z)| is separated into a bias error, a variance error and a term
corresponding to the convergence of the kernel operator to a diffusion operator. In Section [2.3]
we provide some geometric backgrounds that will be useful for the study of the third term, which
is treated in Section [2.4] The two first statistical terms are considered in Section [2.5] which
will end the proof of Theorem Corollary is then proved at the end of this section.
In Section [2.6] we treat the convergence of kNN Laplacians: after recalling a concentration
result for R, 1, (), the proof amounts to considering a uniform convergence over a range of
window widths. The functional limit theorems, showing the convergence of the random walks
to diffusive limits are shown in Section

Notation 2.1.6. In this paper diam(M), Bra(0,7) and Sg_1 denote respectively the diameter
of M, max yem(||lz — yll2), the ball of RY centered at O with radius v and the volume of the
(d — 1)-unit sphere of R%.

2.2  Outline of the proof for Theorem m

First, we focus on the proof of Theorem Recall that p(-,-) denotes the geodesic distance
on M and that p(dz) is the volume measure on M. We define two new operators Ay, Aj, for
each h > 0,z € M, f € C3(M):

D)= s [ K (1) 1) - FaDpmnn) (2.15)
ADte) = [ K (P50 (00— fptutan), (2.16)
The difference between A, and A}, relies in the use of the extrinsic Euclidean distance || - || for

Ay, and of the intrinsic geodesic distance p(-,-) for Aj,. Recall here that these two metrics are
comparable for close x and y:

Theorem 2.2.1 (Approximation inequality for Riemannian distance). [51, Prop. 2/ There is
a constant ¢ such that for x,y € M, we have:

lz = yll2 < pz,y) < llo = yll2 +clz - yll3.
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Let us sketch the proof of Theorem [2.1.1] By the classical triangular inequality,

[An,n(£)(@) = A @)] < A @) = A, (£)(@)]
[ A, (@) = An, (@)
[ An, (1)) = Ay (1) @) (2.17)

The first term in the RHS of (2.17)) corresponds to the convergence of kernel-based generator
to a continuous diffusion generator on M. The following proposition is proved in Section [2.4.2

Proposition 2.2.2 (Convergence of averaging kernel operators). Under Assumption @ and if
p is of class C2. Then, for all f € C3(M), we have:

sup | A (f)(x) = A(f) ()| = O(h).
reEM

This approximation is based on tools from differential geometry and exploits the assumed regu-
larities on K and p. Similar results have been obtained, in particular by [55, Th. 3.1] but with
continuous assumptions on K that exclude the kNN cases.

The second term in (2.17)) corresponds to the approximation of the Euclidean distance by the
geodesic distance and is dealt with the following proposition, proved in Section [2.4.3

Proposition 2.2.3. Under Assumption[3, and for a bounded measurable function p, we have,
for all f Lipschitz continuous on M:

sup [An(f)(@) = Au(f)(@)| = O(h).
reM

For the last term in the RHS of (2.17]), note that:

EAn, nf ()] = An, f(2),

because (X;,i € N) are i.i.d. This term corresponds to a statistical error. The following
proposition will be proved in Section [2.5| using Vapnik-Chervonenkis theory:

Proposition 2.2.4. Under Assumption [3 and for a bounded measurable function p, we have,

for all f € C3(M),

[log hyy!
xsélfgt |Ahn7nf($) — Ahnf(xﬂ = O W‘i‘hn , a.S.

It is worth noticing that there is an interplay between Euclidean and Riemannian distances. On
the one hand, the Vapnik-Chervonenkis theory is extensively studied for Euclidean distances,
not for Riemannian distance. On the other hand, approximations on manifolds naturally use
local coordinate representations for which the Riemannian distance is well adapted.

2.3 Some geometric backgrounds

2.3.1 Riemannian manifold

Let us recall some facts from differential geometry that will be useful. We refer the reader
to [27), [79] for a more rigorous introduction to Riemannian geometry. Let M be a smooth
d-dimensional submanifold of R™.
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At each point x of M, there is a tangent vector space T, M that contains all the tangent vectors
of M at x. The tangent bundle of M is denoted by TM = UycpT, M. For each x € M, the
canonical scalar product (-,-)gm of R™ induces a natural scalar product on 7, M, denoted by
g(x). The application g, which associates each point x with a scalar product on T, M, is then
called the Riemannian metric on M induced by the ambient space R™. For £, n € T, M, we use
the classical notation (£,7)g to denote the scalar product of £ and 1 w.r.t to the scalar product

g(x).

Consider a coordinate chart ® = (z!,...2%) : U — R? on a neighborhood U of x. Denoting by
{ % . % PO % }x} the natural basis of T, M associated with the coordinates (x!,...z4).

Then, the scalar product g(x) is associated to a matrix (gij); je[1,q) in the sense that in this
coordinate chart, for £ and n € T, M,

d

1,j=1

where (£%), (n7) are the coordinates of ¢ and 7 in the above basis of T, M. Notice that, for each

ivj e lLd] )
Tl g

and g;; : U C M — R is smooth. For a real function f on M, we will denote fits expression
in the local chart: f = f o ®~!. Recall that the derivative 91 i defined as:

0

, —
j
. Ox

oxJ
a—f = 8—f o .
oxJ oxJ
Also we denote
Gij = gijo @, (2.20)

which will be called the coordinate representation of the Riemannian metric in the local chart ®.

Charts (from U C M — R%) induce local parameterizations of the manifold (from R — U C
M). Among all possible local coordinate systems of a neighborhood of = in M, there are normal
coordinate charts (see [19, p. 131-132] or the remark below for a definition). We denote by &,
the Riemannian normal parameterization at x, i.e., £ ! is the corresponding normal coordinate
chart.

Remark 2.3.1 (Construction of £, 1). For the sake of completeness, we briefly recall the con-
struction of [79]. Let U be an open subset of M. There exists a local orthonormal frame
(Ei)iepi,a) over U, see [79, Prop. 2.8, p. 14]. The tangent bundle TU can be identified with
U x R% thanks to the smooth map:

U x R?
(x, (v1,...v4))

TU

F
v = Z;jzl 'UzEz‘x

UG

(2.21)

So for each x € U, F(z,-) is an isometry between R? and T, M.

Recall that by [79, Prop 5.19, p. 128], the exponential map exp(:) of M can be defined on a
non-empty open subset W of TM such that Ve € M, 0, € W, where 0, is the zero element
of TuyM. Then, the map expoF : (z,v) — E,(v) := expo F(z, (v1,...,vq)) is well-defined on
F~YWNTU) and E;1 is a Riemannian normal coordinate chart at x € U, smooth with respect
to x.
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Let us state some properties of the normal coordinate charts.

Theorem 2.3.2 (Derivatives of Riemannian metrics in normal coordinate charts). [7Y, Prop.
5.24] Forx € M, let ' : U € M — R? be a normal coordinate chart at a point x such that
E () =0 and let (gij; 1 < i,j < d) be the coordinate representation of the Riemannian metric

of M in the local chart £;1. Then for all i, j,

9ij(0) = dij,  gi;(0) =0, (2.22)
where 0;; is the Kronecker delta. Additionally, for all y € U,
p(zy) = 1€ W)l (2.23)

Notation 2.3.3. For any function f : R* — R*, we denote by f' : R — R* the linear map that
represents the first order derivative of f. Similarly, we denote respectively by f" : R* x R% — RF
and f" : R x R? x R? — RF the bi-linear map and the tri-linear map that represent the second
order derivative and the third order derivative of f. Thus, the Taylor’s expansion of f up to
third order can be written as

flo ) = £@) + P @) + 307 @)00) + 51"+ e0)w,0,0),

for some e € (0,1).

For the normal parameterizations &,, we now state some uniform controls that are keys for our
computations in the sequel.

Theorem 2.3.4 (Existence of a "good” family of parameterizations.). There exist constants
c1,c2 > 0 and a family (Ex,x € M) of smooth local parameterizations of M which have the
same domain Bgra(0,c1) such that for all x € M,

i. &1 is a normal coordinate chart of M and E,(0) = x.

i. For v € Bga(0,c1), we denote by (gi;(v);1 < i,j < d) the coordinate representation of
the Riemannian metric g(E4(v)) of M in the local parameterization £,. Then for all

ONS BRd(O,Cl)J
\, [det 52, (v) - 1‘ < eofv]2. (2.24)

iti. We have ||Ex(v) — z||2 < ||v||2. In addition, for all v € Bra(0,c1),

1€2(v) — & = E,(0)(v) 2 < ealv]l3, (2.25)
and
1€2(v) — 2 — E,(0)(v) — %5;/(0)(%0)”2 < calfvll3, (2.26)

Proof for Theorem [2.3.4} Let U be an open domain of a local chart of M. Following Remark
and noticing that there is always an orthonormal frame over U, we can define a family of
normal parameterizations (€;)zer-

First, we easily note that ||£;(v) — z||2 < ||v||2 thanks to Theorem [2.2.1| and ([2.23]).
Restricting U if necessary (by an open subset with compact closure in U), there exists constants
1, c2 > 0 such that exp oF' is well-defined on U x Bra(0, ¢1) and that all v € Bra(0,¢1), (2.25)-
hold by Taylor expansions of £,. Equation is a consequence of the smoothness of
&, and Theorem

Clearly, for each point y € M, we can find an open neighborhood U of y and positive constants
c1 and ¢ such as above. Hence, such open sets form an open covering of M. Therefore, by the
compactness of M, there exists a finite covering of M by such open sets U and therefore, the
constants ¢; and co can be chosen uniformly for all &,. O
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2.3.2 Gradient operator, Laplace-Beltrami operator

Given a Riemannian manifold (M, g), the gradient operator Vs and the Laplace-Beltrami
operator A, are, as suggested by their names, the generalizations for differential manifolds of
the gradient Vgrm, the Laplacian Arm in the Euclidean space R™.

For a function f of class C! on M, the gradient Vf is expressed in local coordinates as

d
V@) = Y w5k 5] (2.27)
ij=1

. ) ] ) . d
1] .. Va1 = O
where (g )1<i,j7<d is the inverse matrix of (917)1@',]',@' Since ) =197 95k = d;1, we note that

for f, h functions of class C',

d

V), Vi) = 3 g8 2L o1 (2.28)

4 Ozt 0xzJ
4,j=1

The Laplace-Beltrami operator is defined by (see [67, Section 3.1])

ij of
Zzl ﬁ W( det(g)g M). (2.29)

When using normal coordinates, the expressions of the Laplacian and the gradient of a smooth

function f at a point z match their definitions in R.

Proposition 2.3.5. Suppose that ® : U € M — R? is a normal coordinate chart at a point x
in M such that ®(x) = 0, then:

i. (Vaaf (@), Varh(z))g = (Vraf(0), Vrah(0)).

ii. Apf(x) = Agaf(0),
Proof for Proposition[2.3.5 Recall that g;j(z) = 9;;(0). By Theorem we know that
Gi;(0 ) = 5U, thus, A”( ) = 6;; and 4. is a consequence of (2.28). For the equality 4., we
use . Since for the normal coordinates det g(0) = 1 and since the derivatives of g;; and

g9 Vanish at 0, we have the conclusion. O

2.4 Some kernel-based approximations of A

The aim of this Section is to prove the estimates for the two error terms in the RHS of
and prove the Propositions|2.2.2]and |2 Both error terms are linked with the geometry of the
problem and use the results presented in Sectlon The first one deals with the approximation
of the Laplace-Beltramy operator by a kernel estimator (see Section, while the second one
treats the differences between the use of the Euclidean norm of R™ and the use of the geodesic
distance (see Section [2.4.3)).

2.4.1 Weighted moment estimates

We begin with an auxiliary estimation. The result is related to kernel smoothing and can also
be useful in density estimation on manifolds (see e.g. [18§]).

Lemma 2.4.1. Under Assumption[3, uniformly in x € M, when h converges to 0, we have:

# /M Lowy>a i <p(32’ y)> pu(dy) = o(h), (2.30)

1 2 = yll2
L d+2 /M Lo@ay)ze i ( A p(dy) = o(h), (2.31)
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and there is a generic constant ¢ such that for all point x € M and positive number h > 0, we

have:
1 p(@,y) 3
gz | B\ T ) lr—vlln(dy) < ch, (2.32)
1 p(z,y)
Rz /MK< 7 ) e =ylindy) < e (2.33)
1 [z —yll2
s [ () e i) < an (2,34
1 T —Yl2
jd2 /MK (HhH> lz = yl3u(dy) < ¢ (2.35)

Proof of Lemma[2.4.1] Using Lemma [2.9.5 we have:

p(z,y)
/M Leyza ( A )u(dy) < M filcle ( )

< stan o)1 ()

=MAGA;MW) H(a)

hd+3“(dﬁ/;) / a3dH (a). (2.36)
(e1/h.0)

Thanks to the boundedness of [;°a®3dH (a), we obtain (2.30). Then, as a consequence of

(2.30)), by the compactness of M, we easily observe that uniformly in z € M, when h converges
to 0,

1 p(z,y
it [ Lteme 6 (252 o= ol tan) = ol

So, to prove Inequality (2.32)), it is left to prove that uniformly in z, when h converges to 0,

1 ple,y)
I= g [ eee (252 o = wlitutan) = 00, (237

Recall that in Theorem we showed that for each point x € M, there is a local smooth
parameterization &, of M that has many nice properties, especially p(z,y) = [|€; (y)]|2 for all
y within an appropriate neighborhood of x by . Thus, the term [ in the left hand side
(LHS) of can be re-written in its coordinate representation under the parameterization
&; by using the change of variables v = £, (y):

1 2
= v e (’ l > |z — Ex(v)][34 /detgy; (v)dv.
R )

Then, using Theorem and Theorem [2.3.4] (i and iii),

co ||UH2> 2
< ( Jol3(1 + ealfo]3)dw
hHH3 I g (0.e1) ’

R

co / (H H2>
< [o]l3(1 4 c2ci)dv
hd+3 BRd(O cl)

‘s ol :
< et 8 (15 ) 1ot + cacha

= c2(1+ eacf) /d K([v]l2)l|v]3dv, (2.38)
R
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Using the spherical coordinate system when d > 2
[e.e]
I < cea(1+ cacd) [/ K(a)a® x ad_lda] X
0

X

/[ o sin®2(01) sin9(0) sin(@d_g)del
0,27 x[0,7]9—

= ca(1+cac?) Sqy [/ K(a)ad+2da] .
0

For d =1, we use that le (Jo))|v|Pdv = 2 x fo )al*2da.
Hence, by Lemma [2.9.5] in the Appendix, and Fubml S theorem, we have:

I <cy(1+caed)Sq /000 (H(o0) — H(a)) a®da

= co(1 4 cac?)(d+3)7 1Sy 4 / bA3dH (b) < oo. (2.39)
[0,00]

Therefore, Inequality (2.32)) is proved. The proof of Inequality (2.33]) is similar.
For Inequalities (2.31)), (2.34]) and (2.35]), we observe that they are indeed consequences of ([2.30)),

(2.32)) and (2.33]). Consider for example (2.31]), using again Lemma and Theorem [2.2.1}

1 |z —yll2
hd+2/f\/l 1p(x,y)2clK (h :u(dy)

< [ Moo [H(OO) o i) | LG8
—hd1+2 /M Lo@y)ze [ - <h(1 + ci,(ci;ﬁ(ﬂ/lﬁ)ﬂ #(dy)
hd1+z / | Loz K ( (3;1 y)> pu(dy), (2.40)

for K(a) := H(oo) — H (W and where the second inequality uses that H is a non-
‘

decreasing function. So Inequality (2.31)) corresponds to Inequality m 2.30] where K is replaced
with K. Clearly, the function K is of bounded variation and satlsﬁes Assumption |3, which

conclude the proof for (2.31)). The arguments are similar for and - O

2.4.2 Proof of Proposition

In this section, we prove Proposition dealing with the approximation of the Laplace
Beltrami operator by a kernel operator.

In the course of the proof, some quantities involving gradients and Laplacian will appear repet-
itively. The next lemma deal will be useful to deal with these expressions and its proof is

postponed to Appendix

Lemma 2.4.2. (Some auziliary calculations) Suppose that f,h : R™ — R, k : R — R™ are
C2-continuous functions, that k(0) = x and suppose that G : Ry — R is a locally bounded
measurable function. Then, for all ¢ > 0:

/ G([vll2)(Vrm f (@), K (0)(v))(VRmh(z), K'(0)(v)) dv
Bra(0,c)

= (VRra(f 0 k)(0), Vra(h o k)(0)) <611/

R (0,c

G(Ilvlg)l\vllidv), (2.41)
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and
[y G [ {Fam ) K000 + 3400001

3 @00 K O)(0)|a

_ %ARd(fok)(O) (;/B

Let us now prove Proposition As M is compact, M is a properly embedded submanifold
of R™ (see [78, p.98]). Hence, any function of class C3 on M can be extended to a function
of class C? on R™, see [78, Lemma 5.34]. So without loss of generality, assume f and p are
respectively C3 and C? functions on R™ with compact supports.

Recall that we want to study ’jh( f)—A(f )‘ where A and A, have been respectively defined

in (2.2) and (2.16)). So, introducing the constant ¢; > 0 of Lemma and noticing that f
and p are uniformly bounded on the compact M, to prove Proposition [2.2.2] we only have to
prove that uniformly in z € M,

G(Ilv\z)!\vllgdv)- (2.42)

RrRd O’C

A = iz [ e (P52 (1) = H@Dptontan)| = O

Besides, thanks to the compactness of M and to the regularity of f and p, Taylor’s expansion
implies that there is a constant ¢4 such that for all x,y € M:

‘(f (y) = f(x)p(y)
1 "
— (T @)y = o+ 37" — 21— 2) Jote)

— (VR f(2),y = 2)(Vrmp(z),y — )| < callw = yll3. (243)

Hence, by Inequality (2.32)), it is sufficient to prove that uniformly in z,

himiies [ Suaree i (P22) (01,0 ) (Freple).y — )t
oVl £)(0). ¥ aalp) g + O .40

and

nimiis [ Lgaed (P22 [0 =) + 37000 0 =) |

1

:§COAM(f)(x) +0(h). (2.45)

The proof is similar than the study of I given by (2.37)) in the proof of Lemma 2.4.1 We
re-write the considered integrals in coordinate representations. Using the change of variables

v=E;(y), we have

Ji = hd1+2 /BRd(o,cl)K <||1;Lllz) (Ve f(2), Ex(v) — 2)(Vrmp(z), E4(v) — @de_
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By properties ii. and #ii. in Theorem [2.3.4] we have

[v]l2
J1— /BRd(O o K <h> (ViR f(2),Ex(v) — 2)(VRmp(x), EL(v) — x)dv

[[o]]2

12 ol lexte) - alfao

C
<o Ve @ Vap(e)ls [ K(
d(Y,C1

Bg

e ||v||2
<5 zra VR f(@)l2] VRmp(2)]l2 0 lvll2d
Bra(0,c1)

0201

v
< Ve (@) V() / (” H2>H I3dv.
Rd ;€

As in the proof of Lemma we deduce that the latter is bounded by O(h).
Besides, using again Property #4i. in Theorem [2.3.4] we have that uniformly in z,

1 ol o
w1 [, o K (52) s )
(Vrmp(x),E(v) — x)dv — J11| = O(h) (2.46)

with
P / K(”””Z) (Ve £(2), £4(0)(0)) (Vrmp(x), £L(0)(v))dv
U e\ R IV Sa RPE S ‘

Let us now compare Ji; to the first term of the generator A. Using Equation (2.41) of
Lemma [2.4.2) with G(||v|]2) = (HUH"’) k = &, and Proposition [2.3.5, we have:

Ju :# (tli /BRd(O,a) <‘UH2> [v]|3d ) (Vra(f © €2)(0), Vra(p o &:)(0))

1

B Cz /R K (llvll2) Hvll%dv) (VS (2), Vup(w))g + o(h),

where the last estimation is uniform in x € M and comes from the second estimation in
in Lemma m Thus, we have proved Equation for Jq.

The proof for Jy, given by , is similar to what we have done for J;. For identifying the
Laplace-Beltrami operator in the last step of the proof, we use Equation of Lemmam
and the second point of Proposition [2.3.5] Therefore, we have proved Proposition [2.2:2] O

2.4.3 Proof of Proposition m

Let us now prove Proposition [2.2.3l This proposition deals with the difference between the
geodesic distance on M and the Euclidean norm of R™.

By Inequalities ([2.30]) and ([2.31]) of Lemma we know that uniformly in =, when h converges
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Thus, by regularity of f, boundedness of p and compactness of M, uniformly in x, when h
converges to 0,

(5 (M) e (P2 )10 = P i) = o),

So, we only have to prove that uniformly in z,

S (252 = e (B2 150 - 10001 <canttn) = 0059,

Or equivalently, using the change of variables v = £, 1(y) and p(z,y) = ||E;1(y) |2 by ([2-23)),

/BRE[(O’CI> K <||1;L|!2> K <M>’\f 0 £,(v) = F(@)| p o Ex(v)y /detE (v)dv
= O(h™*?).

Besides, by regularity of f, boundedness of p and compactness of M, there is a constant c
such that |f(z) — f(y)| < [z — y||2. Moreover, by Property ii. of Theorem the function
v — detgy;(v) is bounded on Bga(g,). Hence, it is sufficient to show that uniformly in z,

.= /B 'K <”’UH2> K (Hgsv(v)h— 95”2>' 1€4(v) — 2[|2dv = O(R4H3).

Recall that ||€;(v) — a:||2 < |lvll2 (by Theorem refTheorem: Existence of a ”good” family of
normal coordinate systemsA). By Inequation (2.72) in Lemma [2.9.5, we have

<
! \/B (/(WHU’JQ] dH(a)) [|v]|2dv
:/B (/ 1|5z(v)x2<ath2dH(a)> l|v]]2dv.

+
Also by Theorem [2 . there exists a constant c3 such that Va,y € M, p(z,y) < c3llz — y|5 +
|z — y||. The polynomial function z — z+c32? is an increasing bijective function and we denote
by ¢ its inverse. Thus, for all z,y € M, ¢(p(z,y)) < ||z — y|2.

Consequently, introducing ¢(p(z, E.(v))) = ¢(||v]|2), we deduce

r< [ ([ toeansindfi@) oo
Bri(o,cp) R+

2/ </ ||UH2'lahg||v||2<ah+C3(ah)3d'U> dH((a),
r+ \JB

by Fubini’s Theorem. Finally, using the spherical coordinate system as in the proof of Lemma/|2.4.1

we see that:
c1
I ng—l/ </ leah<r<ah+03(ah)3dr) dH(a’)
R+ \Jo

ah+cs(ah)?
<Sy1 / Tah<e, X / ridr | dH (a)
R+ ah

<Su /R ) (1ah§cl x c3(ah)® [ah + cs(ah)?®] d) dH (a)

R4(0,¢1

R4(0,¢1)

RA(0,c1)

R (0,c1)

<Su1 / e3(ah) ™ (1 + ese2) dH (a)
Ry

=Sg-1c3(1 + c3cf )dhd+3/ a®3dH(a).
R+



66 CHAPTER 2. CONVERGENCE OF GRAPH LAPLACIANS
This ends the proof of Proposition [2.2.3] O

2.5 Approximations by random operators

In this section, we study the statistical error and prove Proposition
Notation 2.5.1. For a C3-function f : M — R, we denote respectively by || f'|loos || f” loos | F* [l oo

the standard norm of multi-linear maps, i.e.

1 lloo = sup | () (v, w)].
zeM,(v,w)e(Rm)?
llvlla<1flwllg<1

Recall that for o € [1,m] and x € R™, we denote by x® the a-th coordinate of x.

Let us consider the following collection F of C3-functions

Fi={f €M) [fllo < LI o < LI oo < 11" Nl <1} (2.47)

Let X be a random variable with distribution p(z)u(dxz) on M. We introduce the following
sequence of random variables (Z,,,n € N):

Zy = sup sup | Ap, o (f)(@) = E[Ap, n(f)(2)]
fEF zeM
- 1Xi — 2 N
g (2 (1 (B8 ) oo st

—E[K(”X;x‘) 1 - 1) )|

Recall that for all function f and point z, E[Aj, »(f)(z)] = An, (f)(x). We want to prove that

with probability 1,
[log hy!

The general idea to prove this estimation is that instead of proving directly this convergence
speed for (Z,,), we show that its expectation also has this speed of convergence, that is:

-1

[log hy,!
lim sup Lde + hy, E(Z,)| < oo, (2.49)
n— 00 s

then (2.48]) will follow easily from Talagrand’s inequality (see Corollary in Appendix) and
Borel-Cantelli’s theorem, as explained in Section The detailed plan for the proof of ([2.48))
is as follows:

Step I: Use Taylor’s expansion to divide Z,, into many simpler terms each.

Step II: Use Vapnik-Chernonenkis theory and Theorem to bound the expectation of each
terms.

Step III: Use Talagrand’s inequality to conclude.

After using Talagrand’s inequality, we have a non-asymptotic estimation of

)

for some suitable constant § and will be able to prove the Corollary at the end of this
section. This term is of interest of many papers [83] 65 25].

o <sup 51 [ A (&) — Elnn (D))
feEF zeM
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2.5.1 About the Vapnik-Chernonenkis theory

Before starting the proof, we first recall here the main definitions and an important result of
the Vapnik-Chernonenkis theory for the Borelian space (R™, B(R™)) we will need. Other useful
results are given in Appendix [2.9.1] For more details on the Vapnik-Chernonenkis theory, we
refer the reader to [35, (56l 92]. In this section, we will recall upper-bounds that exist for

n

Z (f(Xi) — E[f(X3)])

=1

supE
fer

when the functions f range over certain VC classes of functions that are defined below.

Let (T, d) be a pseudo-metric space. Let ¢ > 0 and N € NU{+oo}. A set of points {z1,...,zn}
in T is an e-cover of T if for any = € T, there exists i € [1, N| such that d(z,x;) < e. Then, the
e-covering number of T is defined as:
N(e,T,d) :=inf{N € NU {400} : there are N points in T
such that they form an e-cover of (7',d)}.

For a collection of real-valued measurable functions F on R™, a real measurable function F'
defined on R™ is called envelope of F if for any x € R,

sup | f(a)| < F(x).
feF

This allows us to define VC classes of functions (see Definition 3.6.10 in [56]). Recall that for a
probability measure @) on the measurable space (R™, B(R™)), the L?(Q)-distance given by

o) ([ 150 - g<x>12@<dx>)l/2

defines a pseudo-metric on the collection of all bounded real measurable functions on R™.

Definition 2.5.2 (VC class of functions, ). A class of measurable functions F is of VC type
with respect to a measurable envelope F' of F if there exist finite constants A,v such that for all
probability measures @ and € € (0, 1)

N (|| Fllz2. F, L2(Q)) < (Afe)".

We will denote:
N(e, F) = sup N (e, F, L*(Q).
Q
We now present a version of the useful inequality (2.5) of Giné and Guillou in [54] that gives a
bound for the expected concentration rate. For a class of function F, let us define for any real
valued function ¢ : F — R,

()7 = sup |o(f)].
feF

Theorem 2.5.3. (see [54, Proposition 2.1 and Inequality (2.5)]) Consider n i.i.d random vari-
ables X1, ..., Xy with values in (R™, B(R™)).

Let F be a measurable uniformly bounded VC-type class of functions on (R™,B(R™)). We
introduce two positive real number o and U, such that

o2 > sup Var(f(Xl)), U>sup|flleec and 0<o<2U.
fer fer

Then there exists a constant R depending only on the VC-parameters A, v of F and on U, such

that:
E [

< R(\/ﬁa\/ llog o| + [log a|).

f
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Notice that there exists also a formulation of the previous result in term of deviation probability
(see e.g. [86, Theorem 3]), that would lead to results similar to the ones established in [25].

2.5.2 Step I: decomposition of 7,
We first upper bound the quantity Z, with a sum of simpler terms.

Lemma 2.5.4. For any function f € F, there is a constant ¢ > 0 such that for alln > 1,

22, < YV Y Y 1Y 4 2neh (2.50)
a=1 a,f=1

where

0= [ [ (P o7 - (e (B2 ) |
e

(o2 o) |

" (1=l I ~ ol
Y®) .= K (! X;—z|3 —E|K X —z|3
0= sup 1551 (1252 ) 1 —2l ) x - o

@
Il
—_

e

s
Il
—

V%8 = sup
zeM

Proof. Since for any f € F, the differentials up to third order have operator norms bounded by
1, then, by the Taylor’s expansion theorem, for any (z,y) € (R™)2, we have

1
fy) = f(z) = /@)y = 2) + 5 /(@) (y — 2,y — @) + 75 (y; @)
where 7 is some function satisfying

sup |7 (y, 2)| < |f" iz =yl = llz = yl3. (2.51)
ferF

Thus, using the notation of the lemma, we deduce

m m
nhit?Z, <Y Y+ Y vl
a=1

a=1,8=1
with
- HXz'—wH2> [ <HX—96H2> D
Y :=su K|{— | X;,2) —E|K| ——— | 7¢/(X, 2 .
n f%é( ( ™ (Xi,x) I (X, z)
xTE

Using ([2.51]), we now control Y, by Yf’), as follows
n
X, —x X —=z
S0 (1) - ol sup [ (157 ) g
i—1 hnp, zeM hn

X —
<Y® 4+ 2n sup E {K <||x|2> | X — ng] .
reM hy

Y, < sup
reM

Since the function p is bounded on the compact M, using Inequation (2.34) of Lemma [2.4.1
we deduce that Y, < Yn(s) + 2nchd*3, which conclude the proof. d
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2.5.3 Step II: Application of the Vapnik-Chervonenkis theory
2.5.3.1 Control the first order terms E[Y,%]

Let o € [1,m] be fixed. Given the kernel K, to bound the first order term Y%, we introduce
three families of real functions on M :

G:={ony:-:y,2€ M,h >0}, G :={¢py:yec M,h>0}

and Gy = {(y(z) : y € M},

with
‘;Oh,y,z T s K ||$*hyH2 (xa _ Zo‘)
: lz—yll2
Yhy: x — K 5
Gy : r — % —y*

Since K is of bounded variation, by [92, Lemma 22|, G; is VC-type w.r.t a constant envelope.
Since M is a compact manifold, by Lemma G is VC-type wrt to a constant envelope.
Thus, using Lemma [2.9.3] we deduce that G is a VC-type class of functions because G =
G1 - Ga. So, by Definition there exist real values A > 6,v > 1 depending only on the
VC-characteristics of G; and Gy such that, for all € € (0,1),

N(e,G) < <i>v

Now, let us consider the following sequence of families of real functions on M:

: T —Yll2
Hp ={pny:y €M}, with oy : 2 +— K (HhH> (% —y®).
n
Proposition 2.5.5. Let (X;);>1 be a sample of i.i.d. random variables with distribution p(x)u(dz)
on the compact manifold M and X a random variable with the same distribution. We assume
that p is bounded on M.
Then, if the kernel K satisfies Assumption @ and the sequence (hy)n>0 satisfies Assumption

(2.5), we have
[log hyt

Proof. Since H,, C G, by Lemma for all n, we have N (g, H,) < (?)U. Hence, by theorem
there exists a constant R depending only on A, v and U such that:

n

> (F(X0) = E[f(X)])

i=1

1

n hg-ﬁ-? E

E <R (\/ﬁa llogo| + |log0\) .

> F(Xi) — E(£(X))
=1

Hn

where U is a constant such that U > sup;cyy, || fllos, and o is a constant such that 4U? > 02 >

sup ey, E[f2(X)].
Since H,, C G, we can choose U to be the constant envelope of G (thus, independent of n).
Besides, we see that:

||x - yH o o
fSEH?IgnE [F2(X)] < HKHooxsgﬁ /MK (hn) (=% — y*)*p(y) u(dy).

By Inequation of Lemma, we deduce that, there is ¢ > 0 such that

Sup E [£2(X)] <K o [Iplloop(M)chit 2, (2.53)
EHn
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which goes to 0 when n — +o00. Choose 02 = 02 = || K|oo||pl|copt(M)chdF2. For n large
enough, o, < 2U. Hence, using Assumption (2.5 on the sequence (hy)n,>1, we deduce

_0 loghy!' log ht

N - nhﬁ“ + nhﬁ“
_o| . ]l 5; !
nthrQ

This concludes the proof. ]

X))

hd+2

The conclusion of the above proposition means that:

1 log hyt
A\ T

2.5.3.2 Control the second order terms E[Yr‘f"ﬂ}

The way to bound the second order term Y;" B , for a, B € [1,m], is similar to the previous step,
but instead of considering H,,, we consider the following VC-type family of functions:
x [R—
{fn% r—)K(thH> (:ca—ya)(xﬁ—qﬂ):yGM,zEM,}.
n

We notice that, for any r.v. X,

E[sup ‘gQ(X)‘] < diam(M)QE[sup |FA(X ‘]

Using (2.53), we deduce sup,cz, E[g*(X)] = O(hd+2), and

n 1
> ol - E[g(Xi)])‘ o\

E sup

nhd+2 9€L,

Therefore, we conclude that:

1 log hy 't
a,f n
hd+2E[Y ]=0 Th?{m

2.5.3.3 Control the third order terms E[Yé?’)]

This step is essentially the same as the two previous steps, except that the considered family of
functions is a little bit different, which is:

Kp = { — K (Hxh y”) lz—yl*:y EM}.
With the same arguments as before, we obtain:

log hy*
’I’Lh?ﬁz

1
nhz+2

E[Y,ﬂ -0

Now, thanks to Step I, Step II and Lemma [2.5.4] we have shown that:

log hyyt
nhd+?

E[Z,] = O iy | (2.54)
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2.5.4 Step III: Conclusion

Recall that the set of function F is defined by (2.47)). Since p is bounded on M, by (2.35|) of
Lemma there exists ¢ > 0 such that Vf € F,Vz € M

2
£ !K (”Xh“””') (F(X) - f(:v))2]

IX — ]

< ||K||o E | K
< I [ (1

) X - xn‘ﬂ < 1K ooch®>.

In other words,

X —z|\?

sup sup E [K (M) e - f(:c))2] < Kk
feF xeM n

Thus by choosing o := 0, = /|| K||scch&?, and using Massart version of Talagrand inequality

(c.f. Corollary [2.9.1) with the functions of the form y — K(%)(f(y) — f(x)), for all n
sufficiently large and any positive number ¢,, > 0, with probability at least 1 — e~ 'n,

sup sup nh@ 2 A, . (f)(2) — E[An, o(f)(2)]] <9 (nhfsz[Zn] + opV/nty, + btn) . (2.55)
feFyeM

where, in this case, the constant envelope b is equal to
b := || K||codiamM.

Choose t, = 2logn, by Borel-Cantelli’s lemma, with probability 1

[log hit | logn

Besides, under Assumption (2.5) on the sequence (hp)n>1, lim nhit? = 400, hence log ' =

sup sup | Ap, n(f)(@) — E[Ap, n(f)(2)]
feEF xeM

n—-+o0o
O(logn). Thus with probability 1,
log hy*
sup sup |Ap, n(f)(2) — E[Ahn,n(f)(x)] =0 a2 +hy,
fEF zEM nhy

This ends the proof of Proposition Hence, Theorem [2.1.1] is proved.

2.5.5 Proof of Corollary

Using the results of the above sections, we can now prove Corollary First, we see that
by the proofs of Propositions and ([2.54)), there is a constant C' > 0 such that for all
h>0,n€eN:

sup sup [E[Ap,(f)(z)] — A(f)(z)| < Ch, (2.56)
feEF zeM
and
1
STl By (2.57)

nhg+2
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Then by choosing t, := 6*nh&t? in (2.55) with § € [h, V v/ 12%5521,1], we know that with

—§2nhdt?

probability at least 1 — e ,

9 (nhd+2E[Z,] + on/nt, + b,
sup s A n(F)(2) — ELA o (H)(@)]] < L ELZ] + ouy ),
feFyeM nhy,

Besides, by (2.57]), we have:

d+2 -1
nhSTE[Z,] + op/nty, + bty <C ( log hy, hn) N onp/nty, + bty

nh%+2 nh%JrZ nh7d1+2

log hyt .
_C (,/Zim + hn> + VK [Joocd + || K [loo (dimM) 52

< (20 + VKl + | K loo(dimM) ) &

In addition, after (2.56)), we have:

sup sup [Ap, »(f)(x) = A(f)(z)| <sup sup [Apn, n(f)(x) = E[An, n(f)(@)]]
feEF xeM fEF xeM

+ sup sup |E[Ap, »(f)(z)] — A(f)(2)]
fEF zeM

<sup sup [Ap, n(f)(2) = E[Ap, o (f)(@)]| + Chn
fEF zeM

<sup sup |Ap, n(f)(x) = E[Ap, n(f)(2)]]| + C.
feF zeM

Therefore, by letting
C" = 9[2C + /|| K ||soC + || K || s (dimM)] + C, (2.58)
where C' is the constant appearing in (2.56) and (2.57)), we have:

P (sup sup [An, () (@) — A(F) (@)] > 0’6)

fEF xeM

<P (Sup sup [Ap, n(f)(2) — E[Ap, o (f)(@)]| > C'6 — C5>
feF xeM

- P(sup up [ A (1)) — ELAn, o (F)(@)]| > 9 (20 + VTR Toe + 1Ko (dimM) 6)

feF xzeM
< exp (752nhi+2>.
This proves Corollary

2.6 Convergence of kNN Laplacians

We now consider the case of random walks exploring the kNN graph on M built on the vertices
{Xi}i>1, as defined in the introduction.

Recall that for n € N, k € {1,...n} and ©z € M, the distance between = and its k-nearest
neighbor is defined in and that the Laplacian of the kNN-graph is given by, for x € M,

n

AN (@)= — S 1, (”X"””) (X)) — f(x)). (2.59)

B nRZ?,ﬁL () = Rk, ()
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Notice here that the width of the moving window, R,, 1, (x), is random and depends on z € M,
contrary to hy, in the previous generator Ay, , defined by (2.1]).

To overcome this difficulty, we use the result of Cheng and Wu [28, Th. 2.3], with h = 1oy,
that allows us to control the randomness and locality of the window:

Theorem 2.6.1 (Cheng-Wu, Th. 2.3). Under Assumption[3, if the density p satisfies (2.10)

and if

k
lim = =0, and lim " = 400,
n—+oo N n—-+oo log(n)

then, with probability higher than 1 —n=19,

/
Ry, (z) 1| :0((’“1)2 Z@ log”>, (2.60)

Ny Vi dp=1/d () (k)4 - n d kn

where Vg is the volume of unit d—ball.

As a corollary for Theorem we deduce that the distance R, j, () is, uniformly in  and
with large probability, of the order of h,:

P(Vz € M, Ry, (%) € [hn(x) — Yoy ha(x) +9]) = 1 —n 1, (2.61)

with

_ ki \ 4 ko \YY 3V13 [logn
hn(x) = le/dp Ud(m)(i) , and 7y, =2 <7:> + 7 kg; : (2.62)
We will then derive the limit Theorem for the rescaling of the kNN Laplacian using next
result, proved right after.

Theorem 2.6.2. Suppose that the density of points p on the compact smooth manifold M 1is
of class C*. Suppose that Assumptions @ for the kernel K are satisfied and that (hy,,n € N)

satisfies (12.5)), i.e.

log bt _ 0

lim h, =0 and lim
n—+oo " ’ n—+00 nhﬁ”

Then, for all real number k > 1, with probability 1, for all f € C3(M),

log hy !
sup  sup [ A (f) (@) — A(f) (@) = O [ 4/ o+l | (2.63)
k= hp<r<kh, reM nhy,

where A, and A are respectively defined by (2.1)) (replacing h,, with r) and (2.2]).

Proof of Theorem [2.1.3 Assume that Theorem is proved. We know that the event {Vx €
M, Ry, () € [hn(x) —Yn, hn(x) +7n]} is of probability 1—n~10. Therefore, by Borel-Cantelli’s
theorem, with probability 1, there exists N := N(w) € N such that:

Vn> N :Vz e M, Ry, () € [hn(z) — Y, hn(z) + 0.

Thus with probability 1, for all n > N(w), we have:

AN () (@) = AN (@) < sup | Apa(f)(@) = A(f) ()]

T‘G[an,bn}
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with:

1/d ka\ 1d ~1/d [ kn )
an:Vd/ p;;{(d<;> — 9, and bn:Vd/p;liI{ <rj> + Yn.- (2.64)

Notice that for n large enough, a, will be positive. Using Theorem [2.6.2] with h,, = b, and
K= (pmax/pmin>1/d + 1, we see that [a,, b,] C [8 Ay, khy]. The result follows with the choice
of number of neighbors k,, in coming from with our choice of h,. The rate of
convergence in (2.12) result from . O

Proof for Theorem [2.6.3 The proof for the above theorem is essentially the same as the proof
we presented for Theorem except some necessary modifications. Decomposing the error
term as in , we have to treat with similar terms. The approximations involving the geom-
etry and corresponding to Propositions and can be generalized directly to account
for a supremum in the window width r € [k~1h,, khy]. Let us consider the statistical term.

We recall that F is defined by (2.47). Following the previous computations of Section we
introduce the following sequence of random variables (Z,,,n € N), where here K = 1j0,1):

Zumswy s sup [Ann(D)@) ~ EL4 ()2
FE€F k= hpn<r<wxh, T€M
> (o () e - s

1 sup sup sup 2
e[ () g - ) ).

U dr2
nhn+ feEF s 1hp,<r<wkhp teM
T

Similar to what we did in Section [2.5.2 we can show that there is a constant ¢ independent of
n such that:

m m
nhit2Z, <3 Ve + > VP4V 4 onchdts, (2.65)
a=1 a,f=1
where
v - X — ] X — =]
Y= sup sup Z [K <M> (X3 —aME (K <2> (X% — xo‘)>}
Kk™Lhp<r<kh, TeM | 7] r r
n
- X;—x
Yoh = sup sup [K <H1H2> (X — a:o‘)(Xf —P)—
K™ Lhp<r<kh, TeM | 7] r
X —
E (K <H m”2> (X —a®)(XP - x5)> ] ’
r
- X — =] X — |
~ i — T||2 — L2
@i s s S () g - e [ (B g
K Lhp<r<kh, TeM |, 7] r r

We now treat these terms by applying Vapnik-Chernonenkis theory. Let us start with the
control the first order terms E[Y,?]:
In Section [2.5.3.1] we have already shown that the family

G:= {¢h7y7z:xr—>K(H:E_]1yH2> (aza—za):y,ze./\/l,h>0}

is a VC class of functions, and that there exist real values A > 6,v > 1 such that, for all

e€(0,1), N(e,G) < (A/2¢)".
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Now, on top of this, we consider the following sequence of families of real functions on M:
— { . -1
n=1Pry:Yy <MK hngrgmhn},

with ¢y 1 2 — K (@) (z* — y*). Because each H,, is a subfamily of G, it is still a
VC class for which we can use the Talagrand inequality The latter can deal with the
additional supremum with respect to the window width. Similarly to what we did in the proof
of Proposition [2.5.5], we obtain that:

n

> (F(X0) — E[f(X))])

=1

1
n h%+2

log byt

E ;
n hgllJrQ

=0

Hn

which means that as n — oo,

1 = log hy*
a0 = O\

The control the second and third order terms are done as in Sections [2.5.3.2] and [2.5.3.1] using
the same trick and the classes of functions

I, = {xHK(Hx_yH> (2% —y*) (2P — %)y e Myge M7 h, <r < Iihn}

r
and

Kp = {xHK(er y”) ||:U—y||3:yEM,n_lhnSTS/@hn}.

This provides:

1 log hyy't 1 ~ log hy !
a’IB n n
nhd+2E[Y ]=0 \/ nhdt2 |’ and hd+2E[Y( )] 0 \/ nhdt2 | (2.66)

Therefore, we can deduce the conclusion by using the same argument presented in Section

2.5.4 O

2.7 Tightness and convergence of the random walks

2.7.1 Proof of Theorem m

Let K be a kernel that satisfies Assumption [3| Let n > 1 be fixed. Recall that the generator
Ap, n can be related to a random walk X ™) on the sample points {X1,...,X,}, which is
solution of the following stochastic differential equation:

g [ e
R+ o< 1

< h,,dl+2

n

<|Xi—X§") |2> (Xi — X)) Q(ds, di, df)
K &

with initial condition Xén) and where Q(ds,di,df) is a Poisson point measure on Ry x N x Ry
independent of X[gn), and of intensity ds ® n(di) ® df, with ds and df Lebesgue measures on

R+ and n(di) the counting measure on N.

Remark 2.7.1. The initial distribution ofXén) can have support on the sample points { X1, ..., X},
but mot necessarily. It can be any distribution on the manifold M. In any case, the random
walk reaches the sample points {X1,...X,} — and stays in this set — after the first jump.
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(n)

Proposition 2.7.2. For a fized n > 1, a random variable X5~ and a Poisson point measure
Q(ds,di,dd), there exists a unique strong solution of the stochastic differential equation (2.13)).
For any real-valued measurable bounded function f on M, we have that

t
JW”ZfM?”ﬂX@)LAAMAﬁﬂﬁbﬁ (2:67)

s a square-integrable martingale with predictable quadratic variation:

ar= [ ZK<HXhH> (FOX) — SXE) as. (268)

1

Proof. The proof is straightforward as the process takes its values in the compact manifold
M. The jump rate remains therefore bounded and the path of the random walk X () can be
constructed algorithmically for any time ¢ € R,.. The second part of the proposition comes from
stochastic calculus for jump processes (see [68, Th. 5.1, page 66]). O

Let T' > 0 be a positive fixed time. The proof of Theorem is now divided into several steps.
First, we prove that the sequence of processes (X (™),5¢ is tight in the path-space D[0, T], M).
By Prohorov’s theorem (e.g. [21]), the sequence is therefore sequentially relatively compact.
The convergence of the generators Ay, , to A defined in will yield that any limiting value
is solution of the martingale problem associated with A, which is well-posed.

Lemma 2.7.3. Under the hypotheses of Theorem the sequence (X")p>o is tight in
D[0,T], M).

Proof. We check conditions (7'1) and (7'2) in Aldous criteria for tightness (see e.g. [T}, [6]).
Because M is compact, only (72) needs to be considered. Thanks to Markov inequality, it is
sufficient to show that for any & > 0, there exists § > 0 such that for any couple of stopping
times (Sy, Ty)n>0 satisfying 0 < S,, < T,, < (S, + 6) AT, we have for all n sufficiently large
that:

P(p(x{), X)) > ¢) <. (2.69)

By Markov inequality and Theorem [2.2.1} it is sufficient to study E[HX gi) — Xéﬂ:)

] [/ﬂizhﬂz(}X x{" m)wy e d]

1 1Xi — ]
ﬂmii H2( G I = all3

J}EM

1 Iz = yll2
<0 sup /K(h lz = yllzp(y)n(dy)

zeM Np n
| — =l 11 ol
22K< 2 gy e (P g ]

Since p is bounded on the compact M by continuity, using (2.35)) of Lemma [2.4.1] and using

the estimate of Yéa’ﬁ ) in Section [2.5.3.2 based on the Vapnik-Chervonenkis theory, we deduce
that there is a constant C' > 0, which does not depend on n nor &, such that

2
]. We
2

observe that,

E[ng — x{

1
—l—5hd+2E sup

zeM

n) |
E|| X - Xp)|| | <Co. (2.70)

Choosing § = £2/C yields (2.69). O
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Consider now a limiting value Y € D([0, T], M) of the tight sequence (X™),o. There exists a
subsequence converging in distribution to Y. Using Skorokhod representation theorem (see [20,
Th. 29.6 p.399]) we can assume that this convergence holds almost surely and with an abuse
of notation, we keep the notation (X™),,>q for the subsequence converging to Y.

Lemma 2.7.4. Under the hypothesis of Theorem any limiting value Z of the sequence
(X™),50 is a solution to the martingale problem associated to the generator A and with initial
measure V.

Proof. By assumption, Zj has the distribution v, so it is sufficient to show that for all 0 < ¢y <
ty <ty <--- <ty <s<tand functions g1, g2, g2, ..., 9k g € C(M), f € C3(M), we have:

{fse) - )]

Let us denote by ¥ the application:

¥y e D([0,T7, (ng Y, ) < )—f(ys)—/:Af(yu)dU>-

We have:

- t
<] (T ) (o) = 0 - [ oxiona) |
L \i=0 s
k t
+E[<[hMX¥U>b/(AMmﬂXKD—AﬂX90d4
=0 s

log byt
nthrQ

=0 | (t—s) +hn |,

by Proposition and Theorem The application ¥ is not continuous on D([0,T], M)
in general, but since the limiting process is continuous a.s., we have that (X (")) converges to
U(Y) a.s. We can then conclude the proof as E[¥(Y')] = 0 by using the dominated convergence
theorem. O

Proof of Theorem [2.1.7). From Lemmas[2.7.3]and [2.7.4] the limiting processes are all solutions of
the same martingale problem associated with (A, v). The well-posedness of the latter martingale
problem is a consequence of Theorem 1.2.9 in [67]. Hence the limiting processes all have the
same distribution and the sequence (X (™),~o converges in distribution to the limit stated in

Theorem [2.1.4] O

2.7.2 Convergence of the kNN random walk

We prove Theorem For the sake of notation, the random walk X " NN s now denoted
by X Let us recall its SDE:

X, — x{™
(/// Lo 1o [ 1K= X N2 ) - x) Q(as, ai, a0)
Ry "Rd+2 (X(n>> Rn ki, (X(n))

with

Rn,k(iU) = inf {T‘ >0, Z 1||zfX¢||2<r > k}
=1
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The related martingale is thus,
t
M = ) = ) = [ AN ) as

with predictable quadratic variation:

o, X; — X n
M ft_/ Zl[m] 'k(X()”)Q (F(X5) = F(X0))? ds.

As in the proof of Lemma to obtain the tightness of the distribution, thanks to Aldous
criterion, it is sufficient to show that for any € > 0, there exists 6 > 0 such that for any couple of
stopping times (Sy, Ty )n>0 satisfying 0 < S, < T;, < (S, +0) AT, we have for all n sufficiently
large that:

P(p(x{ x{7) > ¢) <e.

We observe that, using the quantities h,(x) and -, defined by (2.62)) in Section

P(p(x{) x4 > <) <P (o) X >>55£|Rnkn<w> )] <

(sup | R e () — B ()] > %>
reM

1

2E(

Introducing (ay,, by,) given by ([2.64), we have [h,(z) — Y, hn(z) + 0] C [an, by] for all x € M.
Thus, on the event {sup,c ¢ |Rn i, (2) — hn(2)| < v}, we have:

2lsup$6M | R ke (x)hn(x)’@n) +n

s -],
Th X X(n
g/ // Lienlye 1 1y 1% = X5~ ll2 HX X()H O(ds, di, d6)
n JNJRy nrIE2 (x(M) Rmkn(Xs,) 2

Tn
/ / / Licndoe s Lixx (0 a<s
n R+

We deduce that

o

, Q(ds, di, o)

n) _ ym]?
E |:HXSn XTn 9 1supmeM |Rn,kn (Z)hn($)|<'yn:|
T, ™ 1
- /n Z:Wlll&—xs(i’nzsbn Xi
2
d+2 lsup Z 1HXZ Z‘H2<b7LHX’i - 33”2]

o / 9
Sz [ Y- z = yll; p(y)u(dy
a2 lo—yllo<bn 12 p(y)u(dy)

N

]

/\

|

As in the proof of Lemma [2.7.3] we use for the first term in the right hand side that p is
bounded on the compact M and (2.35) of Lemma For the second term we use the

n
2 2
> 1, —alla<b 1Xi — 215 — E[luxrxuzsanXl — x\lz}
=1

. ) £ 1
ag+2 zEM | T
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estimate of ¥;*? in Section based on the Vapnik-Chervonenkis theory, and the fact that
[an, bn] C [K Ay, khy]. We deduce that there is a constant C' > 0, which does not depend on n
nor g, such that

n) |
E|| x5 - Xp)|| | <Co. (2.71)

This shows that the sequence of random walks is tight. The identification of the limiting mar-
tingale problem follows the proof of Theorem [2.1.4] using Theorem [2.1.3]
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2.9 Appendices

2.9.1 Some concentration inequalities
2.9.1.1 Talagrand’s concentration inequality

As a corollary of Talagrand’s inequality presented in Massart [86, Theorem 3], where for sim-
plicity we choose € = 8, we have the following deviation inequality:

Corollary 2.9.1 (Simplified version of Massart’s inequality). Consider n independant random
variables &1, ... ,&, with values in some measurable space (X,X). Let F be some countable
family of real-valued measurable functions on (X,X) such that for some positive real number b,

| flloc < b for every f € F.

n

> (1) -€lsie) | |

i=1

Z :=sup
ferF

then with o2 = sup e Var(f(&1)), and for any positive real number ,

P(Z > 9(E[Z] + ov/na + bx)) < e ™.

2.9.1.2 Covering numbers and complexity of a class of functions

If S C T is a subspace of T, it is not true in general that N (e, S,d) < N(e,T,d) because of
the constraints that the cencers x; should belong to S. However, we can bound the covering
number of S by T’s as follows

Lemma 2.9.2. If S C T is a subspace of the metric space (T, d), then for any positive number
€
N(2¢,5,d) < N(e,T,d).

Proof. Let {z1,...,zn} be a e-cover of T and for any i € [1, N], let us define K; := {x € T :
d(z,z;) < e}. Of course, K; may not intersect S, hence, without loss of generality, assume that
for a natural number 0 < m < N we have that K; NS # () if and only if i« < m. Let y; be any
point in K; NS for ¢ € [1,m]. Since {x1,...,2n} is a € cover of T, for any y € S, there exists
a i < m such that y € K; N S. Hence, d(y,y;) < 2¢. Consequently, yi, ..., ym be a 2e-cover of
(S,d). O
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Let us consider the Borel space (R™, B(R™)). If F,G are two collections of measurable functions
on X, we are interested in the ”complexity” of F -G = {fg|f € F,g € G}.

Lemma 2.9.3 (Bound on e-covering numbers). Let F,G be two bounded collections of measur-
able functions, i.e, there are two constants ci,co such that

1flloo < c1 and ||glloc < o forall f € F , geqg.
then for any probability measure @,
N(2ecies, F -G, L*(Q)) < N(ecr, F, L*(Q))N (2, G, L*(Q))-

Proof. If f1, fa, ..., fa is a eci-cover of (F, L*(Q)) and g1, g2, ..., gm is a eca-cover of (G, L?(Q)),
then for any (f,g) € F x G, we have:

|f(x)g(x) — fi(w)g; ()| < [f(x) — fi(z)lez + erlg(z) — gi()].
which implies that {fig; : 1 <i <mnand 1< j <m} is a 2ecica -cover of F - G. O

The following lemma is just a simplied version result of the theory of VC Hull class of functions
(Section 3.6.3 in [50]).

Lemma 2.9.4. If f is a bounded measurable function on the measurable space (R™, B(R™)) and
D = [a,b] C R is a compact interval, then

F:={f+d:de D},
1s VC type with respect to a constant envelope.

Proof. Let N = [ZF?“], fi = f +ie for all i € 1, N]. So, by the definition of F, for all g € F,
there is an ¢ € [1, N] such that |g(z) — fi(z)| < e for all x € R™. Thus, for all probability
measure @ on R™, we have: |lg — fil12(g) < €, which makes H := {f; : i € [1, N]} be a e-cover
of L?(Q). Hence,

N(s, F,L3(Q)) < N < (b ; @)

So F is a VC-type class of functions with A = b—a, v = 1,F = max(1, || fl|cc+]|al, || fllo+[0]). O

2.9.2 Some estimates using the total variation

Lemma 2.9.5. If K : [0,4+00) — R is a bounded variation function with H(a) its total variation
on the interval [0, al, for all a,b € [0, 00], with a < b,

IK(b) — K(a)| < H(b) — H(a). (2.72)

Besides, if K satisfies Assumption[3, then, when b goes to infinity,
KOH = o(1)  and / K (a)a®da = o(1/b). (2.73)
b

Proof of Lemma[2.9.5. Inequality (2.72)) comes directly from the definition of total variation.
We note that: -
b (H (00) — H(D)) < / o 3dH (a).
b
Then, by Assumption
lim %3 (H(c0) — H(b)) = 0.

b—+00
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Then, as:

K(b)bd+3 <

b3 (H (o) — H(D)),

we have proven the first estimation in (2.73)).
For the second estimation, we see that:

(d+2) /boo bK (a)
_ _bd+3(H(
< _ bd+3( (

Therefore, we have the conclusion.

2.9.3 Proof of Lemma

Thanks to the symmetry of the Euclidean norm || - |2, we observe that for any 7, j € [1,d],

a®da < (d+ 2)

/ d+2dH
/ d+3dH

oo 0
G(||v||2)v*v?dv =
/BRd(Ovc) %fBRd(o,C) G(||v][2)[[v]I3dv

Thus, LHS of (2.41) is equal to:

/
dB
d/

B

i)
_d BL4(0,c

R )

Hence, we have ([2.41]).

R4 0,c

R4 (O,C

T d
G([v]l2) o) 3dv [Z
o
G([o]l2) o]3dv [Z o

G(l[vll2)llvl3dv

<VRmf

—_

8(h ok)
ox’

(0)

=1

%) (Vanh(o)

(Vra(f 0 k)(0), Vra(h o k)(0)).

h b(H (o) — H(a))a%da

if i # j,
if i = j.

o (o>>]

For (2.42), for all 4, thanks again to the symmetry of the Euclidean norm || - [|2, we have

Thus, LHS of (2.42)) is equal to

I

Besides, since k(0 ) =z,

82

[ cllelwian=o.
BRd((),C)

ok

) A (o o)

Rd 0,c

ok
e (0)]

3 gm0} + 3 (o, 2 0)
8(:?2;% i afjaxl g]; (0)
e ) 0]

= Aga(f o k)(0)
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G([lvll2)[v]3dv
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This ends the proof of Lemma [2.4.2]



Chapter 3

Convergence in Wasserstein distance of occupation
measures with convolution
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differential geometry literature, which helped us to tackle some concepts more efficiently.

From the observation of a diffusion path (Xt)te[o,T] on a compact connected d-dimensional
manifold M without boundary, we consider the problem of estimating the stationary measure
w of the process. Wang and Zhu (2023) showed that for the Wasserstein metric W, and for d > 5,
the convergence rate of T-1/(4=2) ig attained by the occupation measure of the path (Xt)eepo,m)
when (X);ec[0,7] is a Langevin diffusion. We extend their result in several directions. First, we
show that the rate of convergence holds for a large class of diffusion paths, whose generators
are uniformly elliptic. Second, the regularity of the density p of the stationary measure p with
respect to the volume measure of M can be leveraged to obtain faster estimators: when p
belongs to a Sobolev space of order ¢ > 0, smoothing the occupation measure by convolution
with a kernel yields an estimator whose rate of convergence is of order T~ (¢+1)/(26+d=2) = yye
further show that this rate is the minimax rate of estimation for this problem.

83
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3.1 Introduction

The manifold hypothesis has become ubiquitous in the modern machine learning landscape,
where it is commonly used to explain the efficiency of nonparametric methods in high-dimensional
statistical models [23]. This paradigm has motivated statisticians to study inference problems
under manifold constraints [91} 52, 3], [4, 36, 99]. Given n i.i.d. samples from a distribution p
supported by a d-dimensional manifold compact M, the task of estimating either p or geomet-
ric quantities related to M naturally arises. The picture is now well-understood. For example,
minimax rates are known for the estimation of M with respect to the Hausdorff distance [53],
for tangent space estimation [117, 4], and for curvature estimation [2 4, [17, [I]. The estimation
of the measure p has been tackled in a pointwise manner [19], with respect to the Wasserstein
distance [37, [109], or with respect to more general adversarial losses [I11]. Once again, mini-
max rates of estimation are known and are typically achieved by kernel-like estimators. Yet,
the literature is far less abundant when we leave the i.i.d. setting.

However, a framework in which the data is generated through an exploration process is also
natural. This setting is especially relevant in scenarios where the manifold is seen as the con-
tinuum limit of a large graph, the latter being explored by a random walk (think for instance
of the famous PageRank algorithm [94]). At the limit, this random walk converges to a con-
tinuous time diffusion exploring the manifold. Formally, we will consider that we have access
to a sample path (X;).co,7] on [0, 7] of a diffusion process on a submanifold M C R™, that is
generated by a uniformly elliptic C2-differential operator A, essentially self-adjoint with respect
to some invariant measure u. Our goal is to propose reconstruction methods for the measure
based on the observation of the sample path (X):c(o,77-

The general framework we work in encapsulates in particular operators of the form A,,, given
for any test function f of class C2 on M by

Apg(f) = qAf + (qVIn(pq), V), (3.1)

where p, ¢ € C? are two positive functions, with p being the density of the measure u with
respect to the volume measure dz on M and V and A denote respectively the gradient and
the Laplace-Beltrami operator on M (see e.g. [120]). When we take ¢ = &, we recover the
generator

SAT (VP V)

studied in [25, 55, [61]. When ¢ = 1, we recover a Langevin diffusion, whose generator L is
defined for any test function f of class C? on M by

L(f) :_Af+(V1np,Vf>—Af+<v;),Vf>. (3.2)

Processes with this kind of generators can be obtained as the limits of random walks (without
and with renormalization) visiting points sampled independently with identical distribution
(ii.d.) p(dx) = p(x)dz on M, see e.g. [25], 55, [61].

In R™, the question of estimating the invariant measure of a diffusion has been treated abun-
dantly, see [30, 42, 05l 102] (notice that the problem could also be studied with the different
point of view of non-parametric estimation for diffusion processes, see e.g. [31]). For manifold-
valued data, the problem of reconstructing the stationary measure p from a sample path was
first addressed by Wang and Zhu [121] for the generator (3.2). They consider the occupation
measure pup of the process, defined for every bounded measurable test function f by

1 T
[ s@urtan) = £ [ 1) s (3.3)
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Let P(M) be the space of probability measures on the compact connected d-dimensional Rie-
mannian manifold M. We introduce the 2-Wasserstein distance on P(M), defined by

1/2
Waln, i) = in (/ p(x,w%r(dx,dy)) ,
meC(p1,p2) \J MxM

where p is the geodesic distance on M and C(puq, p2) is the set of measures on M x M with
first marginal p; and second marginal ps. Wang and Zhu [I12I, Theorem 1.2] showed that for
the process with generator L,

71 when d < 3
. W3 (ur, 0] S 4T In(1+T)  whend =4 (3.4)
T d—2 when d > 5,

where E, stands for the expectation taken from the diffusion process starting at © € M. As
noticed by Divol [37], in the context of i.i.d. random variables X7, ... X, sampled from p on
M, the rate of convergence can be increased by smoothing the empirical measure. Our purpose
here is to extend this result beyond the i.i.d. setting, by studying the convergence properties
of an estimator fi7} of i, obtained by smoothing the occupation measure pr with a kernel K
of bandwidth A~ > 0. When d > 5 and for an appropriate choice of h, we obtain the rate of
convergence

2/~ 2042
(= [WQ (MT,hv M)] 5 T 2Fd=2 ’ (3'5)

where p has a density of regularity £ > 2. The above rate does not only hold for the Langevin
diffusion with generator £, but for all diffusion paths (X¢);c(o,7] Whose generator A is a uniformly
elliptic C2-differential operator, essentially self-adjoint with respect to . Furthermore, we will
show that these rates cannot be improved by providing minimax rates of convergence for this
problem.

In Section we define the estimator jir;, and enounce precisely our main result. In Section
[3:3] we review some useful notions of Riemannian geometry. In Section [3.4] we start the proof
by treating the stationary case, i.e., when the initial measure of the SDE is u, and then give a
generalization for a general initial measure.

Notation. Throughout the paper, we fix a smooth compact d-dimensional connected submani-
fold M of R™, without boundary, and embedded with the Riemannian structure induced by the
ambient space R”. The volume measure on M is denoted by dz. Without loss of generalization,
we assume that vol(M) = 1. Unless stated otherwise, quantities cg,ci,... are constants that
are only allowed to depend on the manifold M. We write ¢, for a constant depending on an
additional parameter a. The geodesic distance on M is denoted by p, and B(z, r) is the geodesic
open ball centered at © € M of radius r > 0. We also let Bra(u,7) be the open ball centered at
u € R? of radius 7.

For 4 a probability measure, we will denote by L?(u) the space of real-valued measurable
functions f on M such that [ |f |?dp < oo. More generally, for p > 1, we let LP(x) denote the
space of LP functions with respect to y, with [ - || 1»(,) the corresponding norm. For k > 0, we
denote by C*(M) the space of k-times continuously differentiable real-valued functions defined
on M, endowed with the norm

[ flleray := sup sup [V f(2)], (3.6)
0<i<k zeM

where Vif(z) is the ith iterated covariant derivative of f at z. By abuse of notation, we use
the same notation for the uniform norm ||.||, on Ry, on M, and on R%.
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3.2 Main results

We consider the framework described at the beginning of the paper. Let p(dx) = p(z)dx be a
probability measure on M with a positive density p of class C?, and (Xt)t>0 be a diffusion on
M with generator A.

Assumption 4. A : C®(M) — C%(M) is a uniformly elliptic C*-differential operator of second
order on M, symmetric with respect to the measure p.

This diffusion admits p as stationary measure. In the sequel, this generator is extended, as is
usually done, to L?(y) functions. We introduce a concept closely associated with second-order
differential operators, known as the “carré du champ” I'(f, g) for the operator A:

L(f,9) = ( (fg9) — fA(g) — gA(f)) (3.7)

Given that A is symmetric with respect to u, for any smooth functions f and g, it follows that:

/M I(f.g)dp = - /M fA(g)dp = — /M A(f)gdp. (3.8)

Since M is compact, from the regularity of p, there exist pmin, Pmax > 0 such that,
Vo € M, Pmin < p(x) < Pmax- (39)

Furthermore, the uniform ellipticity, the continuity of A and the compactness of M imply that
there exist positive constants kmin, Fmax such that for all functions f,

K'min|vf|2 < F(f7 f) < K'max|vf|2' (310)

We denote by E,, and P, the expectation and probability taken for the diffusion process with
initial distribution pg. When pg is a Dirac measure 6., with x € M, we will simply write E,
and P,.

Let T > 0 be a time horizon, and assume that we observe the diffusion (X;);>p on the time
window [0,T]. We consider the occupation measure pr on [0, 7] of the diffusion (X;):>0 as the
positive measure defined by . As explained in the introduction, the occupation measure can
be seen as a first naive estimator of the measure y, that will be improved upon by convolution
with a kernel K.

Let K : Ry — Rbe a (signed) Lipschitz-continuous function supported in [0, 1], with [5q K (||u]])du
1. We define for h > 0 and (z,y) € M?,

Kn(,y) = nhtx)KC"”;y”), (3.11)

with nh(x)z/ K ||:U;y||

enough, ensuring that the kernel K}, is well-defined. We consider the following estimator of the
density p of u obtained by convolution of the occupation measure pr with Kj. For x € M,

dy. We will show later (in Lemma|3.4.2)) that n, > 0 for h small

prop(T / Ky (z, x)pr(dz) / Ky (X, z)d

_T/o nh(Xs)K<’Xsh_xH)ds. (3.12)

Thanks to the definition of 7, we notice that

/ prp(x)de = 1.
M
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However, the function pr, is not necessarily a density, as it may not be nonnegative everywhere
(recall that K is a signed function). Still, we will show in this article that the function prp
approximates the density p and is nonnegative, and is therefore a density, with high probability.

Let x¢ be an arbitrary fixed point of M. We introduce two random measures pi7p,, and fiz,, on
M, defined by

pr,n if prp is a nonnegative measure,

prp(dz) = prp(@)de, and br, = { (3.13)

Ozo otherwise.

The measure fi7 ), is introduced for purely technical purposes. Indeed, the measure ppj) may
not be a probability measure (with exponentially small probability), so that the risk Wa (prp, 1)
may not even be defined, whereas Wa(fi p, 1) is always defined.

Remark 3.2.1. It would have been arguably more convenient to work with a kernel based on

the geodesic distance p, i.e. a kernel K defined by Kp(z,y) := ﬁhl(x)K<p(fl’y)), with np(x) =

fM ( )dy For instance, we can easily prove that (h*dﬁh) converges to 1 uniformly

h>0
on M, with a speed of convergence of order h?. Such a property also holds for ny,, but only
for sufficiently smooth kernels K satisfying some moments assumptions (see Definition .
However, for statistical purposes, the use of the Fuclidean distance in seems natural in
the context where the manifold M (and hence the geodesic distance p) is unknown. Yet, the
study of the convolution with the kernel I?h is of own interest and is treated in [?]. Moreover,
remark that since the manifold M is assumed to be compact, the geodesic distance p(-,-) on M
and the Euclidean distance || - || of R™ are known to be equivalent, see e.g. [51l, Proposition 2].

We are now in position to state our main result, which gives the rate of convergence of firj to
p when the diffusion path (Xi)icpo,7] exploring the manifold has generator .A. More precisely,
our purpose is to upper-bound

sup Ex W3 (i 0)]. (3.14)
reEM
For any initial measure jg, we can write E,, as a mixture E, -] = [E;[]uo(dz). Hence, a

bound on the uniform risk defined in (3.14)) automatically imphes a bound on the risk for any
initial measure. As often, such a bound is obtained by decomposing the loss into a bias term
W3 (un, 1) and a variance term E, [W3 (Zirp, )], where

pn(de) = pp(x)de with  pp(x / Ky (z,z)p(2)dz (3.15)

= (55 o

is the intensity measure of the random measure pr .

The control of the variance term E, [Wg(ﬁﬂh,uh)] relies on fine spectral properties of the
generator of the diffusion. The proof of the following result is detailed in Section for a
diffusion starting from its invariant measure p and in Section for a diffusion starting from
a general initial distribution. The bound on the variance in the following theorem depends on
the ultracontractivity constant u 4 of the generator A, defined in Section

Theorem 3.2.2 (Estimation from a diffusion with generator A). Letd > 1 and p be a positive
C? density function with associated measure . Let (X¢)i>0 be a diffusion with generator A
satisfying Assumption[f) Let T > 2 and let 0 < h < hg for some constant hy depending on M
and K. Assume that either K is nonnegative or that d > 4 and that Th® > cIn(T) (in which
case, ho additionally depends on pmin and on the C-norm of p). Then,

hi—d

) — ifd>5

-~ U max n -
S%MMWWMSW%ﬂwé<WQNﬂ (3.16)
TE min 1

L ifd <3,
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where ¢cg depends on M, and ¢ depends on M, K, Pmin, Pmax a1nd Kmin-

The second term in the risk decomposition is the bias term W22 (th, 1), which was already studied
by Divol in [37]. Let ¢ > 0. We introduce the Sobolev space H‘(M) as the completion of the
set of smooth functions on M with respect to the norm:

vi 2 d 1/2
I llecan = s, ([ 19712 aw)
As M is compact, we note that for any f € C/(M), £l ey < N flleeany and Cl(M) is a
subset of HY(M).

Under additional technical conditions on the kernel K (recalled in Section , Divol showed
that if p € HY(M) for some ¢ > 0, then

W%(:“‘hnu) < Cl%}ﬁe—’a?

min
where ¢; depends only on M and K, see Proposition As a corollary of Theorem
and (3.17)), we obtain a tight control on the risk of the estimator fiz .

(3.17)

Corollary 3.2.3. Let d > 5 and p be a positive C? density function with associated measure fi.
Further assume that p has a controlled Sobolev norm ||p|| gre(pq) for some € > 2. Assume that K
is a kernel of order larger than € (in the sense of Definition . Let (Xt)i>0 be a diffusion
with generator A satisfying Assumption [ Let T > 2 and let 0 < h < hy and assume that
The > ¢In(T), where hg, ¢ are the constants from Theorem . Then,

9~ HPH?{Z(M) 2042 U.Ap?nax 2 h4_d
sup E, [WQ (,uT,h,,u)} <2c——5—h +2 co——5 || K||

o0
zeM Phiin Phin T

where cq s the constant from Theorem and ¢y is the constant in (3.17)). In particular, for
h of order T—Y(2+d=2) it holds that

(3.18)

_ 2042

sup Eq (W3 (firp, p)] ST~ 20vd—2. (3.19)

reEM
The results of Theorem and Corollary are non-asymptotic results. It is a remarkable
fact that the constants in the previous corollary only depend on the generator A through the
uniform ellipticity constant ki, and the ultracontractivity constant u 4. From a statistical
perspective, this implies that the knowledge of the exact SDE satisfied by the sample path
(Xt)tefo,7) 1s not needed to estimate the invariant measure p. Only an a priori estimate on the
uniform ellipticity constant ki, of the generator A of the sample path and its ultracontractivity
constant u4 have to be known. For instance, the same reconstruction method will apply for
estimating a sample path with either of the generators £ or A, for ¢ = p/2 mentioned in the
introduction.
Comparing with the results of Wang and Zhu in [I21] for the operator £, we note that for
d > 5, the rate Tﬁﬂ?ﬁ% is faster than the rate of T~ 22 that they obtained for the occupation

measure pr, see (3.4]). Actually, our results allow us to recover their rate of convergence, for
any generator A satisfying Assumption [4]

Corollary 3.2.4. Let d > 1 and p be a positive density function of class C2. Let (Xt)i>0 be a
diffusion with generator A satisfying Assumption[j Then, for all T > 2,

) 71 when d < 3
sup E, [W2(ur, )] < co (1 + me) T'In(1+7T) whend=4 (3.20)
M min __2
e T 7 when d > 5,

for some constant ¢y depending on M.
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Proof. Let K be a nonnegative Lipschitz-continuous kernel supported in [0, 1] with [qq K (||ul])du =
1. As K is positive, urp is always a probability measure, so that fip, = pr . For any prob-
ability measure v, we define its convolution v}, by K} as in . We prove in Lemma
that for any measure v and h > 0 small enough, W3(vy,v) < c||K||ooh? for some constant c.
Hence, both W3 (ur, ur.) and W2 (u, ps) are of order h%. Then,

Eo (W3 (ur, p1)] < 4B, W3 (urs prn)] + 4E2 W3 (i, pin)] + 4WV3 (1, 1)
< SCHKHoth +4E, [W22(MT,h7 ,Uh)]~

We pick h = T2 for ¢ > 5 and h = T-Y2 for d < 4 and apply Theorem to
conclude. O

Finally, we address the optimality of our statistical procedure using minimax theory. Consider
a class Pr of probability distributions of diffusion processes (X¢);cjo,r)- For Pr € Pr, we let
w(Pr) be the invariant measure of the diffusion process (X;);>0 whose restriction to [0, 7] has
distribution P7. The associated minimax rate of convergence is defined as

R(Pr) =inf sup Ep, [Wa(ji, u(P7))), (3.21)
i PrePr

where the infimum is taken over all estimators [, i.e. measurable functions of the observation
(Xt)efo,r), and where the expectation is over processes (X¢);e[o,r) distributed as Pr. To put
it another way, the minimax rate is the best risk an estimator can attain for the problem of
estimating the invariant measure of some diffusion process (X¢);c[o,r) whose distribution lies in
Pr.

For parameters £ > 2, Kmin, Pmin, Pmaxs Umax, L > 0, we consider the statistical model Pr, =
Pr¢(Kmin, Pmins Pmax, Umax, L) consisting of all the distribution of diffusion processes (Xt)te[o,T]
on M with arbitrary initial distribution, generator A satisfying Assumption [4] with constant
Kmin and ultracontractivity constant u 4 smaller than .y, and whose invariant measure p has a

C? density p on M with Il zrecany < L and ([plleraqgy < L, satisfying pmin < p < pmax. Remark

—~ . S 5
that the kernel density estimator fi7 attains (for d > 5) the rate of convergence 7~ 2¢+d-2

41
uniformly on the class Pr,. Hence, the minimax rate satisfies R(Pry) < T~ 2¢¥3-2. The next
proposition, proved in Section |3.6] states that this rate cannot be improved.

Proposition 3.2.5. Let £ > 2 be an integer. Then, for Kmin, Pmin SMall enough and pmax,
Umax, L large enough,
T-1/2 ifd <4

T =iz ifd > 5. (3:22)

RW&HZ{

For d > 5, these rates match with the rates obtained by our kernel-based estimator firp,
whereas for d < 4, the empirical estimator up attains the minimax rate (up to logarithmic
factors), according to the results of Wang and Zhu [I2I] for the Langevin generator £, or
according to Corollary for a general generator A.

Remark 3.2.6. The estimator jir, has a density with respect to the volume measure dz on
M. As a consequence, computing i}, requires the knowledge of the manifold M, prohibiting
the use of this method in the situation where the manifold M is unknown. However, we expect
that similar methods to the ones developed in [37] will allow us to create an estimator vola
of the volume measure. Such an estimator of the volume measure is based on a patch-based
reconstruction of the underlying manifold M developed by Aamari and Levrard [§)]. Guarantees
for this method are only known in the case of i.i.d. samples, although we believe that the results
of [4)] could be adapted to the setting of this paper, where a diffusion path is observed. Such an
estimator of the volume measure could then be used through a plug-in method to design a new
estimator pit), that would not require the knowledge of the manifold M.
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3.3 Preliminaries

We detail in this section some tools, notation, and general results on elliptic operators on
compact manifolds. Recall that M is a smooth compact d-dimensional connected Riemannian
manifold without boundary.

3.3.1 The Laplace-Beltrami operator

Recall that by Green’s theorem, the Laplace-Beltrami operator is symmetric, with for all f, g €
C* (M),

/M (Af)gdr = — /M (Vf,Vg)dzr = //vt f(Ag)dz. (3.23)

The operator A defines an essentially self-adjoint operator over L?(dz) with a discrete spectrum
(see e.g. [26, Chapter I, Section 3]). We denote by

O0=X <A <A< <

the eigenvalues of (—A), and by (¢i)i>0 the respective eigenfunctions of A (note that they are
of class C* on M). The first eigenfunction ¢q is constant and the family (¢;);>0 forms a Hilbert
basis of L?(dx): for any f € L?(dz),

+oo
[= ;ﬂi% with Bi = /M foidx.

The first nonzero eigenvalue A is of particular importance and is called the spectral gap.
The inverse operator A™! is defined on L3(dx) := {f € L?(dz) fM fdxr = 0} by

-> §¢ (3.24)
i=1 """

We introduce the operator (—A) ™2 defined for f € L%(dz) by

( 1/2

3.3.2 Green function of the Laplace Beltrami operator

The Green function G of A is a linear bounded operator G : L?(dz) — L?(dz) which is, in some
sense, an inverse of A in L!(dz).

Proposition 3.3.1 (See Appendix A in [7], or Theorem 4.13 in [I1]). We define diag(M) =
{(z,x): x € M}. There erists a unique continuous function G € C®(M x M\ diag(M)),
which has the following properties

(i) Yo € M, G(z,-) € L'(dx) with/ G(z,-)dx =0;
M

(ii) G is symmetric : ¥(x,y) € M?\ diag(M), G(z,y) = G(y,x);

(iii) Vf € C3(M),Vx € M, we have

/GmyAf( /f )dy;
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(iv) there exists a constant k > 0 such that ¥(z,y) € M?\ diag(M),

1 when d =1,
|G(z,y)| <k 1+ |Inp(z,y)] whend=2, and
p(x,y)?~? when d > 3.

The function G is called the Green function of the operator A and it naturally defines an operator
from L?(dx) to L?(dx), which is also denoted by G, as follows: Vf € L?(dx), Vo € M,

(G)(a) = /M Gl 9) f(4)dy. (3.25)

From Proposition m (iii) and (3.25)), we remark that for f € L3(dz) we have
Gf =A7Y(f).

The Green function will play a central role to control the variance of fiz 3, in particular through
the following lemma, which controls the behavior of Gf for a function f localized on a small
ball.

Lemma 3.3.2. Let h > 0 sufficiently small. For any (x,z) € M?, any continuous function
f with support in the ball B(x,h), there exist constants K1,k > 0 depending only on M such
that:

o whend =1, [(Gf)(2)] < k1| flloh,
o when d =2, [(Gf)(2)] < k| flloh*(1 + In|hl),
o when d > 3,

(GH)] < millflloh®  when p(x,z) < 2h,
(GHR)] < mall fllooh?pl@, 2)*7 when p(x,z) > 2h.

The proof, given in Appendix uses the Riemannian normal parametrization of the manifold
M.

3.3.3 The elliptic operator A

Consider an elliptic operator A on M satisfying Assumption [4. As mentioned previously, using
the carré du champ I' defined by , A satisfies a Green’s formula . Furthermore,
as a uniformly elliptic operator of second order on a compact manifold without boundary,
symmetric with respect to the measure y, the operator A is essentially self-adjoint with respect
to L?(u), and its spectrum is discrete (see e.g. [44, Chapter 6] or Theorem of Chapter
1). Consequently, there exist functions (¢;);cy and a sequence of real numbers 0 = 7 < 71 <
v2 < -+ such that

(i) for each i, 1); is an eigenfunction of —A associated to the eigenvalue v; (counted with
multiplicity);

(ii) (¢i);cn is an orthonormal basis of L?(p).
Let L3(u) = {f € L%(p) : fM fdu = 0}. As for the Laplace-Beltrami operator, we introduce
the operators A~ and (—.A) "2 defined for f € L:(u) by

[e.e]

AL ==Y j—w and  (—A)2(f) =" \“ﬁlb (3.26)
i=1 " i=1 v
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with o; = fM fidu. At last, we denote by (P;);>0 the semigroup of a diffusion process (X¢)¢>0
with generator A. Then, for f € L?(u), f = > is0 Qi with o = S fidp, we have

Vo € M, Pif(z) = Eo[f(X0)] =D e Magpi(x).
=0

This result is a consequence of the Dynkin formula [76], which implies that for any function f
in the domain of A

Ve e M, Pf(x) =E.[f(Xy)] = f(z) —I—/O P Af(x)ds.

We now give a Poincaré inequality for the general operator A.

Proposition 3.3.3. (Poincaré’s inequality for A) For any f € C*(M) such that fM fdu =0,
[ —pasd s ety [y
M Pmax M

where Ay is the spectral gap of A, and Kmin s defined in (3.10)).
Proof. By the symmetry of A, Equation (3.10) and the Poincaré’s inequality of A, we have:

_ — . . 2 . . _ A\2
/M fAfd,Uf /M F(f7 f)d,u 2 PminKmin /M |vf| dx > pmlnﬁmm)\l /M (f f) dz

minAmin - minAmin

> Pminfimin / (f — )2y > Pmintimin / F2du,
Pmax M max M

where f := [, fdz. We develop the square and use that that [,, fdu = 0 to obtain the

conclusion. O

Remark 3.3.4. The elliptic operators A,, and L defined in Section are essentially Laplace
operators. Indeed, the operator L is a weighted Laplacian with weight p(dx) = p(x)dx as defined
in [59, Section 3.6], while the operator Ayg is a weighted Laplacian on a weighted manifold, i.e.
a manifold M with a new Riemannian metric depending on the weight q, see Section 3.6 and
FEzercise 3.11 in [59].

3.4 Variance term for the stationary process

Before proving Theorem [3.2.2] we state a simpler version of the theorem, where the initial
measure 0, for the sample path (X;) is replaced by the invariant measure p. For such a choice,
it holds that for all y € M,

Eulprn(y)] = /M (2, y)p(2)dz = pi(y). (3.27)

We will then explain in Section how we can extend the result to any initial distribution g
using the ultracontractivity of the semi-group (P;)¢>0.

Proposition 3.4.1. Let d > 1 and p be a positive C? density function with associated measure
w. Let (Xi)i>0 be a diffusion with generator A satisfying Assumption . Let 0 < h < hg for
some constant hg depending on M and K. Assume that either K is nonnegative or that d > 4
and that Th®=2 > cIn(T) (in which case, hy additionally depends on pmin and on the Ct-norm
of p). Then,

, Bl ifd>5
— pmaX n .
Eu (W3 (tirn, )] < co THKHC%O DO ifd =4 (3.28)
min % ifd <3,

where ¢cg depends on M, and ¢ depends on M, K, Pmin, Pmax 1d Kmin-
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The main difference between Proposition [3:4.1] and Theorem [3.2.2] is the choice of the initial
measure, which is of the form ¢, for Theorem and is equal to p in Proposition[3.4.1} As for
any distribution z19 and random variable U, E,, [U] = [ E,[U]dpo(z), T heorem is stronger,
and implies that the convergence holds for any initial measure pyg.

The remainder of this section is dedicated to proving Proposition We first state some
useful properties on Kj. The following lemma is stated in [37, Lemma 10] under stronger
regularity hypotheses on the kernel K. We can relax these assumptions and a proof is given in
Appendix The first point of the lemma guarantees that K, is well defined on M? for h
small enough.

Lemma 3.4.2. Assume that K is a continuous function on R with support in [0, 1], such that
Jra K(||2])dz = 1. Let h > 0, and consider Kj, defined by (3.11)) with the renormalizing factor
np. Then,

(i) h=%y, converges to 1 uniformly on M;
(ii) Vzx € M,/ Kp(z,y)dy = 1;
M

(ii) there exists h. > 0, depending on M and K, such that for all h < h., K} is bounded on
M x M with || Kp|| o, < 2HK||OOh_d;

(iv) if furthermore K is Lipschitz continuous, then for allh < h¢, and allx € M, y — Kp(x,y)
is Lipschitz continuous with constant 2Lip(K)h~9"1, where Lip(K) is the Lipschitz con-
stant of K.

We also require the following elementary convergence result, proved in Appendix

Lemma 3.4.3. Let py, be defined by (3.15) for h > 0. Under the assumptions of Lemma
when h goes to 0, (pp),~q converges to p uniformly on M. Moreover, there exists h. depending
on M, K, pmin and the C*-norm of p such that for all 0 < h < he, infyep pr(y) > Prin gnd

Supye/\/t ph(y) S 2pmax-

Hence, for h small enough, py is indeed a probability measure. Recall that the function K is a
signed kernel, so that 7 is a priori a signed measure. We introduce the event Er ), defined by

Erp = {prn = 0}. (3.29)

On this event, we have jir, = purj, and we notice that for 0 < h < he,

Ey [WZQ(ﬁT,ha,uh)] <Eu [Wg(MT,hnu’h)lET,h] +diam(M)2PM(E%,h)v (3.30)

where diam(M) is the diameter of M. Of course, when K is nonnegative, pr is also nonneg-
ative, so that in that case, the event Ep, is satisfied for all A > 0.

To prove Proposition we will need several intermediate results related to the spectral
decompositions of the operator A, A, and their inverses. We first recall a useful result given
by Peyre [96, Corollary 2.3] (see also [106], Section 5.5.2] on the negative Sobolev norm), which
links the Wasserstein distance to the inverse Laplace operator. Let us remind that the inverse
operator A™! is defined on L3(dz) = {f € L*(dx) : Sy fdz = 0} (see Section .

Lemma 3.4.4. Let fi, fo € L%*(dx) be two probability density functions with respect to the
volume measure dx, with f1 lower bounded by some positive constant fuin > 0. Then, we have

4
W3 (frdz, fodx) < .

Besides, ellipticity yields the following relation between the general operator A and the Laplace-
Beltrami operator A.

[ =2 = o a (3.31)
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Lemma 3.4.5. For any function f € L3(p), we have

fleafans e [ a2 e

Proof. From Equation (3.8)),

Jorartranan= [ peatyan= [ e

Besides, since A~ f € L?(u1) and since C!(M) is dense in this space,

\/ | vz an
M

<sup { /M T(—A"'f,g)du: g € C*(M) such that /M I'(g,9)du < 1}

=sup { /M fgdp : g € C*(M) such that /M I'(g,9)dp < 1}.

Then, because the simple fact that the supremum of a given set is always bigger than the
supremum on any subset, and using (3.10)), we have

\/ / T(A-Lf, AL f)dp
M

<sup { /M(fp)gdrc : g € C'(M) such that /M IV g]* Prminfimindz < 1}

= (Pminfmin) /2 sup {/ (fp)gdz : g € C*(M) such that / IVg|*dz < 1}.
M M

Besides, using Green’s theorem, we have that for all g € C'(M)

| (ngia = [ oaa == [ (V). Vo

Hence, by Holder’s inequality, we conclude that:

\// 1) /)dpe < (Prminfmin) 1/2\// |(—2)=1/2(fp)|*da.

The following standard result is crucial: it bounds the variance of the random variable pp(f)
for some function f in terms of the generator A.

O]

Lemma 3.4.6. Let (X;)¢>0 be a diffusion with generator A, starting from its invariant measure

w. We have for any f € L3(p),
2 —1/2 4|2
< — — .
= T/M ‘( A) f‘ du

e (7 / Tf<X8>ds)2

Proof. Recall that (;);>0 are the eigenvalues of —A, with 0 = <v1 <2 <---, and (¢;)i>0
their respective eigenfunctions. We also remind the reader that (P;);>0 denotes the semigroup
of a process (X¢);>0 with generator A (see Section [3.3.3)).
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(o]

Since f € L3(u), we write f = Zaiwi with a; = fM fuidu, and ap = 0. By the Markov
i=1

property, denoting by (F¢),>, the natural filtration of the process (Xt):>0, we have

E, (;/OTf(Xs)d) T2 U / FX0) F(X2)dtds
T2/ / FX)|FS]f (Xs)]dtds

T?/ / ulPrs f(X5) f(Xs)]dtds.

By assumption, the distribution of X; is p for any ¢ > 0, and computing the expectation using
the link between the semigroup (P;):>o and the generator A of the process, we then obtain

<; /0 Tf(Xs)d8>2

T

The lemma is then proved by definition of (—.A4)~'/2 given by Equation ([3.26)). O

3.4.1 Estimation of the probability P,(Ef,)

Recall the definition of the event Erj; = {prs > 0}. In view of (3.30), we need to bound
the probability P, (E$ ;). If the kernel K is nonnegative, then prj > 0 and P,(ES,) = 0.
Otherwise, when K is signed, we will use that

PM(E%,h) < Pu( inf prn(y) < pmin/S), (3.32)
yeM

and provide a bound for the right-hand side of the inequality.
From Lemma and in what follows, we choose 0 < h < h. so that pmin/2 < pr < 2Pmax-

Proposition 3.4.7. Assume that d > 4. There exist ¢y depending on M, K, Pmin, Pmax and
Kmin, and ho depending on M, K, pmin and the C'-norm of p such that for any T > 0 and
y € M, when 0 < h < hg, we have

P, (p7,n(y) < Pmin/4) < exp <_COT h‘H)-
Proof. Let y € M be fixed. We first start with a pointwise concentration bound for pr (y)
around its expectation py,(y). We apply the Bernstein’s bound obtained in [49, Theorem 3.5] to

the function g(z) :== —Kp,(z,y) + pn(y), with ®(u) = ¥(u) = u?/2 (using the notation of [49]).
Note that [, gdu = 0. Write a4 = max(a,0) for a € R. Let M = ||g4 || 12(,) and

1 T
2 _ —
o° = TEIEOO TVarH </0 g(Xs)ds).

Then, using Poincaré’s inequality for A given in Proposition [3.3.3] it holds that

2
P,(pr.n(y) — pr(y) < —Pmin/4) < exp <—32(02 m Miﬁi‘/‘(%mm)\l))). (3.33)
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We first bound M. As [ v 9dp = 0, and by assumption on the kernel K, we deduce

M2 < [ (o)~ pn) Puido) = [ KiloPutde) = pulo) < [ Kilo,)u(do)

< P Knl% / dz < Ao K2 h 2oy,
lz—ylI<h

where we use the fact the geodesic distance is equivalent to the Euclidean distance (see [51]

Proposition 2]), Lemma and Lemma (#31). Hence, M < ¢3||K||oor/Pmaxh~%? for h

small enough.
We then bound o?: according to Lemma and Lemma and introducing the Green

operator G defined in (3.25)),

o / (—=A) 2 (gp)[*dx
pmlnﬁmln

=— / gp G(gp)dx
pmlnﬁmm M
2
H<pmax||g||oo/ IG(gp)(x)ld$+4pf’nax/ \G(p)(w)\dx>,
Prminmin lz—yll<h llz—yl|>h

because g(x) = pp(y) on {||z —y|| > h} and p;, < 2pmax. It remains to bound the right-hand
side. First, according to Lemma and Lemma 19]loc < 2Pmax + 2| K |looh™ < csh™

for h < 1. Second, |G(gp)(z)| < |G(Kn(-,y)p)(x)| + pr(y)|G(p)(z)], with

IN

IG(P)(@)] < P /M G, 2)]d < praes

according to Proposition (1v) and Lemma Then, using again the equivalence between
the geodesic and the Euclidean distances, as the function Kp(-,y)p is supported on a geodesic
ball B(y, csh), according to Lemma and Lemma (1), for all x € B(y, csh),

|GELC,y)p) ()] < w1l Kn (- y)plloch® < 2k Dma| K |och® .

In total, as szfleh dz < ¢gh® according to Lemma and by assumption vol(M) = 1, it
holds that for h <1,

2
2p max
PminFmin

< CghQid.

o? < (20305 (Hl ||KHooh2_d + pmaxc4> + 4pr2naxc4>

As d > 4, M is smaller than 02||KHOO./pmaxh2_d. As pp(y) > pmin/2 for h < h., we have
P,.(prn(y) < Pmin/4) < Pu(prn(y) — pr(y) < —pmin/4) for such a value of h. We therefore
obtain the desired result. ]

We then conclude with a standard union bound argument by using a covering of M.

Proposition 3.4.8. Assume that d > 4. There exists hg depending on M, K, pmin and the
C-norm of p such that for any T >0 and 0 < h < hg, we have

Pu( infapTyh(y) < pmin/S) < ¢y hdd+D) exp (—coThd*2>
ye

for some constant ¢; depending only on pmin, K and M, where cq is the constant of Proposi-

tion [34.77
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Proof. To have a uniform estimation of prj, we will make use of the Lipschitz continuity of K
and the covering number Ng(M) of M, for § > 0, i.e. the smallest number N such that there
exists a subset E of IV distinct points of M such that max,ecy mingep p(x,y) < 6.
By Lemma the function pry is Lipschitz continuous with constant 2Lip(K)h~%"1 as an
average of Lipschitz continuous functions. Let § > 0. We consider the covering number N5(M)
of M. By [60, 2.2A], there are constants cyq and drq depending only on M such that for all
0 <0 <dnm,

Ns(M) < epde, (3.34)

Consequently, for h < hg (where hg is the constant of Proposition [3.4.7), if yi,...,yn, is a
minimal d-covering of M,

Ns(M)
P, (;&f/; pra(y) < pmin/8> < > Pu(3y € Bi,0) : pray) < pmin/8)
=1
Ns(M)
< 3" Pu(pra(v) < puin/8 + 2Lin(K)h™"15).
=1

Choose § = ’fgﬂg?;, which is smaller than da as long as h is small enough with respect to M

and K, as pmin < 1. By Proposition and Equation (3.34]), we easily deduce

Pu( inj\f/l PrA(Y) < Pmin/8) < e pPminh M exp <—00Thd72>,
ye

and the result is proved. ]

3.4.2 Proof of Proposition

We first give a last useful result related to the diffusion (X;);>0 with generator A in relation
with the operators.

Notation. Given a space E, for any function f : E x E — R and any operator J : D C RF —
RY, we define J; f when the operator is applied to the first variable of f and Jof when it is
applied to the second variable of f:

Jif(z,y) = (Tf(y) (@) and  Faf(z,y) = (Tf(z,.)(y)-

Proposition 3.4.9. Let R € L*(p® dy) be a function such that for all (z,y) € M?, R(z,-) €
L:(dy) and R(-,y) € L3(n) . Then, when the initial distribution of the diffusion (X;)i>o is its

tnvariant measure [, we have
/ / M2

1 /7
[ |eare(z ] R(Xs,»d)
M T Jo
Proof Denote by R the function (—A)y 2R, We observe that R € L?(p ® dy) and for any v,
R( y) € L&(11). Hence, by applying Lemma we have the following sequence of equalities:

o[ o mnn)] o ”
o o= (o)

Therefore, the proposition is proved. O

2
E. _1/2 A);1/2R’ dpdy.

T
(=A)V2R(X,, )ds

M‘T




98 CHAPTER 3. CONVERGENCE OF CONVOLUTED OCCUPATION MEASURES

Using the decomposition , we can now prove Proposition We first use the estimate
of the probability of E7. ), given in Proposition and then give an explicit estimate of the
variance term on the event Ep, for a diffusion (X;);>¢ with generator A starting from its
invariant measure pu.

Proof of Pmposition
According to and Proposmon 8l the probability of the event Ef ., is negligible. Indeed,
when Thé=2 > dc—j‘l In(T) and d > 4, for T large enough the second term in the decomposition

2
(3.30)) is smaller than ];g“% | K||2,h4~9T~1. Furthermore, it is equal to 0 when K is nonnegative.

Tt remains to bound the first term.
On the event E7j, both pj, and pr ), are probability measures with respective density functions
pr.p, and py. Furthermore, for h < h¢, pr, > pmin/2. Hence, by Lemma we have:

2
2 (prg— )| dz. (3.35)

W3 (., pn) <

Now, consider the function Ry, (z,y) = Kn(z,y) — [\ Kn(z,y)du(z). First, we observe that

T
prals) =) = 7 [ RalXon)ds

As Ry, is continuous on a compact manifold M, we have R; € L?(u ® dy). Thus, for each
z,y € M, Ry(z,-) € L3(dy) and Ry,(-,y) € L&(i). Therefore, due to Proposition

o[ e ol ] < f s

Besides, by Lemma |3.4.5, we have:

_ _ 2 1
R et——
M?2 PminFmin M2

where M, : LE(u) — L(dx) is the bounded multiplication operator f + pf.
Therefore, after Inequalities (3.35)), (3.36)), (3.37), we have:

= [WQ(MT,haHh)21ET,h] = //
mm’imln M?2

Note that M, and A~'/? are bounded operators, which implies (M,); and (A~/2?)y are com-
mutative. In other words, (Mp)l(—A)_1/2R = (—A);1/2( My)1 Ry, which means

8
e ten ) <
u[ 2(MT, N) T,h] p?nin/iminT MQ(

where Sy (z,y) = p(z)Rp(z,y) € L*(dr ® dy).

Recall that (\;)i>0 and (¢;);>0 are respectively the eigenvalues and the eigenfunctions of (—A).
As p is upper bounded, Vo € M Sy(x,.) € L3(dy), Yy € M Si(.,y) € L3(dx) and S €
L%(dz ® dy). Thus, there are (; ;j(h))i j>o0 such that S has the following decomposition (with
a;0=ap; =0): for all z,y € M

2
T2 n), Y th‘ dudy. (3.36)

_ _ 2
A) V(M) (~2); Ry dady,
(3.37)

2
)1 (-8); P Ry | dady,

2
A (=0); 128, dedy,

Su(x,y) = > aii(h)i(x)d;(y),

4,j=>1
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with a;j(h) = [[e Sh(@,y)¢i(x)¢;(y)dedy. Consequently, for all z,y € M

—1/2 —1/2 Q5
(_A)l (_A)2 JZ>1 \/J)\T ( )7

(A) Sy = 3 2o )@( 65 (1),

’l

ij>1
_ Q;
(8% i) = 3 S9N 10,0,
ij>1 Aj
Therefore,

2 a?.(h

// —1/2 A)2—1/25h‘ drdy — ()

e P

- / / (AT S1)(A71Sy)drdy = / (G13)(,4)(GaSh) () dady,
M?2 M2

where G is the Green function of A introduced in Section [3.3.2

Let d > 5. Using the fact that K has compact support and that the geodesic and Euclidean
distances are equivalent, the functions z — Kj(z,y) and y — Kj(z,y) are supported on a
geodesic ball of radius c¢;h for some ¢; > 0 depending only on M. Hence, Lemma implies
that for h sufficiently small and for all x € M,

/M |G1SK (2, y)G2Sh(z, y)|dy

< eal|Shll% <h4/ dy + h2d/ p(z, 9)42ddy>
B(z,2c1h) M\B(z,2¢c1h)

< 4eaplaxl| K2 <h4 / dy + h* / p(z, y)“ddy>
B(z,2h) M\B(z,2h)

< capan || 2h 2 (W 4 n2)

< 2e3Paxl K 1[3H 72 x hHFE,

where we also use Lemma and Lemma This proves the proposition when d > 5.
The computations for d < 4 are similar, and left to the reader. O

3.5 Transition to a general initial measure

In the previous section, we have obtained a control of the variance term W3 (Hr,hs pon) when the
stochastic process (X;)¢>0 starts from its invariant measure p. In this section, we explain how
to extend the result to an initial measure of type Dirac measure é, (which will imply the result
for any initial measure). The main idea is to use the ultracontractivity of the diffusion (X;);>o.
Let us first introduce this notion.

Lemma 3.5.1. [120, Theorem 3.5.5.] The semigroup (P;) associated to the operator A is
ultracontractive. In other words, for each t > 0, there is a minimal positive value ¢, > 0, such
that for any bounded measurable function f, we have

1P:flloo < cllfll Ly (3.38)

In Section [3.8.5] an explicit form of the ultracontractivity term c¢; is given. We denote by
u 4 = c¢1 the ultracontractivity constant at time ¢t = 1.
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Remark 3.5.2. Wang only considers operators of the form A + Vp in [120]. However, as
explained in Remark (see Section for more details), for any C? second order elliptic
differential operator A on a smooth manifold M such that A is symmetric with respect to the
measure p(dz) = p(x)dx, there is always a C%-Riemannian metric § on M such that A =
A + Vp, where A and V are respectively the Laplacian and the gradient operator of (M,g).
Hence, [120, Theorem 3.5.5.] can readily be applied.

Remark 3.5.3. In [120], Wang actually defines the ultra-contractivity of a semigroup (Py)t>0
in a slightly different way: for any t > 0, there should exist ¢, > 0 such that for any measurable
bounded function f, |Piflloc < cillfll 12, However, Wang’s definition implies (3.38) in our
setting with M compact. Assume that (P;)i>0 is ultra-contractive in Wang’s sense, then for
t > 0 and for any measurable bounded function f,

2
[P flloo < Ct/QHPt/2fHL2(u) < (ers2) I Lr
because ||T||ly_ oo = |T|l1_o for a symmetric operator T

We now use the ultracontractivity constant u 4 to control the distance E, [W22 (L7 s ,u)]

Proposition 3.5.4. Let x € M. There exist constants c, hg depending only on M, and on M
and K respectively such that for any x € M and any T > 1, and any h < hg, we have that:

- Koo : . : .
Ex (W3 (lirn, )] < c”T” + 2diam(M)* Py (E5 ;) + 2udiam(M)°P,(ES,)

+ 204, Wi i 0]

Proof. Consider functions F(z) = E; [W3(fir,n, 1)] and H(z) = P, (E71,)- Note that the shifted

process ()th)tzo = (Xi41)e>0 is still a diffusion process with generator A. Therefore, if we
consider the following shifted quantities

_ 1 [T
pra(y) = T/ Kp(Xs41,y)ds,
0

_ prpdx  if prpda is positive measure

HT h = )
Oz otherwise,

Erp = {pr,n > 0},

we have

E. (W3 (lirp, )] = Ea [Exy (W3 (lirn, 1)]] = E2[F(X1)] = PiF(x),
Px(E%,h) =E; [Pm(E%,h)] = E.[H(X1)] = P H(z).

Thus, by ultracontractivity of the process (X;):>0, at time t =1,
£ [W3Girae )] < IPF e < a || P@)(3) = 0B W3 ) (3.30)
Po(ET)) < uaPu(ET ), (3.40)
where u 4 has been defined after Lemma [3.5.1

Recall that the Wasserstein distance is controlled by the total variation distance [119, Theorem
6.15]. Besides, on the event E7p N E7 4, prpde and prpde are both positive measures. Hence,
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on Erj,N ET,h, by Lemma when h is sufficiently small depending on M and K,

W27z fizn) < 2diam(M)? / prn(y) — Pra(y)ldy

§2diam(M)21/ (/ K (Xary )\ds—i—/TH K (Xo,y )]ds)dy

1 1 T+1
:Qdiam(/\/l)2</ (/ ]Kh(Xs,y)|dy>ds+/ (/ K (Xa0y )\dy)ds)
T\Jo \Jm
_ , 1 . 1 T+1
< 2diam(M)" 72 Ko (/ / Ljx.—yl<ndy + / / 1||Xsy|Shdyd5>
0o JM T M

K

_— T )
where ¢ is a constant depending on M and we used Lemma [3.8.2] for the last inequality and
the equivalence between the Euclidean and geodesic distances.

Thus, by (3.40)), for h sufficiently small,

Koo
T

Ex [W3(firp, Brp)] < co

+ diam(M)?P, (5., U B

Consequently, by triangular inequality, (3.39)), and (3.41]), we deduce that there exists a constant
¢ depending only on M such that for h sufficiently small,

1 - P ~
5 Ee (W3 (e, 1)] < B W3 (Brns Birn)] + Ea W3 Bz )]

K

+ diam(M)*P,(E5. ) + uadiam(M)?P(E5.,) + uaB, [Wa iz, )],
which is the desired conclusion. O

Hence, using Proposition and Proposition it only remains to bound P, (ES ;). This

probability is 0 if K is nonnegative. Otherwise we assume that d > 4 and that Th?® > ¢, for a
constant ¢y to fix.

Lemma 3.5.5. Assume that d > 4. Let hg, co and ¢y be the constants of Proposition [3.4.8,
Then, for any T > 2, if 0 < h < hg and Th? > 32||K||s/Pmin, we have

P, (Efcpjh) < ugerh~ M exp (—CQ—OThd_Q).

Proof. We have the following observation for all y € M and T > 2:

T-1 o
pra(y Kh sy dS+TXﬁ Kp(Xst1,y)ds
1 T-1
> = | || Kplloeds + ———— Kp(Xor1,y)ds.
> T/O 1Knlloods + gs [ KalKsr.)ds
Thus,
1 I [ K loo
P,( inf 0) <P.(z inf (—— Kp(Xei1,y)d
(it pra) <0) <P inf (755 [ KaCanas) < 122=)
2| Koo
=E,; (PX1 < inf per_1)n(y) < ”;”))
. 2|| Kn|loo
< P f _ < —
< iy inf () < 25,
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where we used ultracontractivity at the last step. By Lemma we have || Kplloo < 2[|K|och™

for h small enough. Hence, if Th? > 32|| K| so/Pmin, then W% < Pmin/8, and we obtain thanks
to Proposition that

P.(ES%,) <uusP,| inf _ min/S
(Efp) <ua u(ylenMp(T 1,2 (Y) < Pmin/ >
< ugcth™ MY exp(—co(T — 1)h*2).
As T —12>T/2, for T > 2, the result holds. O

We put together all the estimations obtained so far to conclude. Consider d > 4 and Th¢ > s
where the constant ¢} is chosen so that Th? > 32| K||oo/Pmin and Thé=2 is large enough with

respect to In(7'), so that the upper bound on P, (E% h) given in Lemma |3.5.5 is negligible.

The proof is similar when d < 4 and K is nonnegative. By Proposition Proposition |3.4.1
Lemma [3.5.5| and Proposition for any x € M, for h sufficiently small, and T > 2, there
are constants ¢, ¢ > 0 such that

EIE [WQQ (ﬂT,h) )u)]

e 2 h4fd
< CHTHOO + 2diam(M)*P, (E5. ) + 2uadiam(M)? P (E5. ) + cua2max| K2, T
min
2 4—d
_ Dhax h
< Gus2| K% T

3.6 Minimax lower bound

The proof of the minimax lower bound (Proposition [3.2.5) relies crucially on the computation of
the Kullback-Leibler divergence between the law of two diffusion processes (X;) and (X}) on M.
Recall that for two probability measures P and Q, the Kullback-Leibler divergence KL(P|Q)

is defined as
KL(P||Q) = /ln (jg) dP (3.42)

whenever P is absolutely continuous with respect to Q.

Recall that we have denoted, in Section by Pre = Pr(Kmin, Pmin, Pmaxs Umax, L) the class of
all the laws of diffusion paths (X;);c(o,r) on M with arbitrary initial distribution, generator A
satisfying Assumption 4| with constant kmi, and having an ultracontractivity constant smaller
than umax, and invariant measure p having a C? positive p density on M with a Sobolev norm
”pHHf(M) < L and a C'-norm smaller than L, satisfying pmin < p < Pmax-

Our minimax lower bound follows from an application of Assouad’s lemma, see [I16, Theorem
2.12).

Lemma 3.6.1 (Assouad’s lemma). Consider a statistical model P. Let J > 0 be an integer

and consider a subfamily {P,}, C P indeved by 7 € {£1}/. Define the Hamming distance

dy(r,7') = Z}]ﬂ Lz} 0N the hypercube {£1}/. Assume that there ewists A such that

for every 7,7 € {£1}, Wo(u(P,), u(P)) > Ady(r,7) and that whenever dg(r,7') = 1,

KL(P,||P,) < 1/2. Then, the minimaz risk over P defined in satisfies
AJ

> —.

4

To apply Assouad’s lemma, we build an appropriate family {u,} of probability measures on M

indexed by the hypercube {#1}” by perturbating the uniform measure by small bumps. We let

pr be the density of p and P, be the law of a diffusion path (Xt)te[O,T] with initial distribution

- and generator A,_, (defined in ) with ¢ = 1. In that case, the associated carré du champ

is equal to I'(f, f) = |V £|?, so that we can take kpyin = 1.

R(P) (3.43)
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Lemma 3.6.2 (Existence of bumps). Let £ > 0 be an integer. There exist constants k, 9 > 0
depending only on £ and M such that for all x € M and all 0 < e < gq, there exists a smooth
function ¢y : M — R supported on B(z,e), with [\, ¢.dy =0, [,,¢2dy = & and for all
integers 0 < i </,

||¢z,s||ci(/vl) < kel (3.44)

Proof. Fix © € M. Consider a chart ¥ around z. For € small enough, the chart ¥ :
Bra(0,£/2) — M is a diffeomorphism whose image is contained in B(z,e). Let ¢¢ : R —
[—1,1] be a smooth function of integral 0, with support included in Bga(0,1/2), equal to 1 on
Bra(0,1/6). Let JU : Bgra(0,e/2) — R be the Jacobian of ¥. We define for v € Bga(0,e/2) and

y="(u)

_~ Polu/e)
Gre(y) = Cue TV (w) )

and ¢, ¢ is 0 outside W(Bga(0,£/2)). By construction, [, ¢z dy = Cuc [ 2(0./2) Po(u/e)du =
R b

0. We choose C;, ¢ so that fM qb%sdy = ¢4, Tt remains to bound the C*-norm of Gge for 0 <i < /L.
For & small enough (uniformly over x as M is compact), the chart ¥ can be chosen so that the
C’-norm of the function JV : Bgra(0,£/2) — R is uniformly bounded, with J¥(u) > 1/2 for all
u € Bra(0,e/2). In particular, as ¢g is equal to 1 on Bga(0,1/6), this implies that the constant
Cy,e is larger than ¢ for some constant ¢y depending only on M. The smoothness of ¢y and
of J¥ then imply the desired controls on the C*-norm of ¢, . (applying Leibniz formula for the
derivative of a product). O

Fix 0 < € < g9 and consider a set of points z1,...,z; € M that are all at least 2¢ apart.
Note that by a simple covering argument, the number J can be chosen to be of order e~¢. For
J=1,...,J, write ¢; = ¢, .. Assume without loss of generality that the manifold M has unit
volume. For 7 € {£1}”, consider the probability measure

J
v
br = 1+%Zl7'j¢j-
]:

for some 0 < v < &. Note that according to Lemma m pr satisfies 1/2 < p, < 3/2 and
integrates to 1. According to Lemma the C*-norm of p, is smaller than 1/2 (and therefore
so is its Sobolev norm).

Using Remark we see that for a choice of pmin < 1/2, Pmax = 3/2, Kmin < 1, L > 1/2,
all the associated measures p are in the statistical model Pr = PT,Z(/‘Cmin, Prmins Pmaxs Umax, L)
for some upax large enough, as long as £ > 2.

Let 7,7/ € {£1}/. Consider the function f = ijl 1{7_ﬂé7]/_}7'j(bj. The function f: M — R is
Lipschitz continuous with Lipschitz constant xe~!. As the 2-Wasserstein distance W is larger
than the 1-Wasserstein distance W, it holds by duality [I19, Particular Case 5.16] that

1
Wa(prs pirr) = Wilpir, i) = —— </ prdy—/ fpffdy>
RE M M

7
v
T orZe 1 Z I{T#Ty}%j/ ¢;fdy.
j=1 M

’U€d+1

By construction of f and as [ M gb?-dy = &%, this quantity is equal to ——dp(7,7'), that is the

first condition in Assouad’s lemma holds for A = ved*!/k2.
The Kullback-Leibler divergence between P, and P, can be controlled using Girsanov theo-
rem. Indeed, Girsanov theorem provides an explicit formula for the Kullback-Leibler divergence
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between P, and P,/ (see Section [3.10):
T T :
KL(P-[[P,) = ¢ [ [Vinp, = Vinpe|p2y = £ [ 190 = 220p, Py

Vo, |2
</ |Vpr — Vp|*dy + 2/ ksl p dl (pr — prr)?dy.
M P

7—/

Consider 7,7 € {£1}/ with dg(r,7') = 1, and assume without loss of generality that the two
vectors differ only by their first entry. Using the available bound on the C'-norm of p, and the
fact that p; > 1/2, we obtain that

2—2

T
KL(P-[[P) < 5 [ [Vp Vp7||2dy+ 5T [ e —poay

T v?
< 52 IV / pidy
K Bxl,a
T 5

4
vie / dy + v—Qs_HdT < Tw?ed=2,
B(z1,e) 2K

where we use at the last line that the volume of a ball of radius ¢ is of order €% for £ small

enough (see Lemma , and v € [0,&%].
When d > 5, choose € = cT 1/(264d=2) and v = £f. For ¢ small enough, KL(P,|P,/) < 1/2. By

Assouad’s lemma, and recalling that we can pick J of order e~%, we obtain that
AJ €£+d+1J 1
R . Z-l—l > T 204d=2, 3.45
(PT Z) 4 42 ( )

concluding the proof of Proposition in this case. For d < 4, we let e = 1 and v = ¢T~1/2
for ¢ small enough, so that KL(P,||P.) < 1/2 and J is of order 1. Then, Assouad’s lemma
gives
AT wettlJg
> = > T_I/Q.

This concludes the proof. O

(3.46)

3.7 Control of the bias term

In kernel density estimation, variance terms can be controlled with minimal assumptions on the
kernel K (say, boundedness), whereas choosing a kernel having specific properties is required
to control bias terms [I16]. The situation is not different for the estimation of yu: we are able
to control the variance term E, [W%(ﬁ@h, ,uh)] with few assumptions on K (see Theorem .
However, controlling the bias requires the kernel K to be of sufficiently high order in the
following sense.

Definition 3.7.1 (Order of a kernel). For a multi-index o = (a!,...,a%) € Z%, we denote

la] ;= al + - +ad, 2% = H;l:l z;lj and 0°K the partial derivative of K in the direction «.

A function K : R* — R is called kernel of order r if the function is of class C", and K satisfies

0K(2)2%dz = 0,
Rd

for any multi-index o, & such that |a| < r and |&| < r + ||, with |a] > 0 when & = 0.

When K is of order larger than £ + 1, we obtain a tight control of the bias following [37].
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Proposition 3.7.2 (Bias term). Let K be a kernel of order larger than ¢ + 1, and let p be a

density of class C? with a finite Sobolev norm ||pHHZ<M>. Then, for h small enough,

2
llpllzre j,20+2
2 Y

W3 (pn, 1) < (3.47)
min
where ¢ depends on M and K.
Proof. As p has a lower bounded density, it holds according to Lemma [3.4.4] that
2

W3 (1t 1) < APy /M ‘(—A)*I/z(p - ph)‘ dz,

whereas it is proved in [37, Proposition 9] that
2
|82 - )| e < el
M

when K is a kernel of order larger than ¢+ 1, where ¢ depends on M and K. O

3.8 Some technical proofs

3.8.1 Proof of Lemma m

(i) The proof of the uniform convergence of (h~%g;,(.))s>0 is given in [37, Lemma 10] when
the kernel K has some regularity. We detail below another proof assuming only that K
is continuous with compact support in [0, 1].

Recall that since M is compact, the Euclidean norm and the geodesic distance are equiv-
alent: there is a constant cyq > 1 such that V(z,y) € M?>

lz =yl < p(z,y) < cpmllz =yl

Consider a family &, : Bra(0, ¢;) — M of Riemannian normal parametrizations at x € M
(see [61, Section 3.1] or [79, Proposition 5.24]). Thanks to [61, Theorem 3.4] (for more
details see [79, Proposition 10.37]), there exists a constant ¢; > 0, such that all the
parametrizations (£;)zenm have the same domain Bra(0,c1), and for any h < - the

Jacobian determinant .J, of the change of variables v = £, () is uniformly bounded in

T
Z.

Consequently,

- - |z —y
h I (z) = h™° /M K(‘hH Ljo—y|<ndy

_ z—Ez(v
=h d/ K<Hh()||) 1jp—g, (v)|<hJz(v)dv
BRd(O,Cl)

) /BRd@f;)K( =)

h
We know that p(x,y) = HS;l(y)H (see [61, Theorem 3.2]). Then by equivalence of the
distances, we have ||x — E,(hv)|| > p@éx(h)) h!LN'l'. Consequently,

(=53

Jz(hv)do.

z—Eg (hv)
h

<1

x — Ey(hv)

x — & (hv)
h h

] < 1} A {llol < eard-
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Beside, by [61, Theorem 3.4], there exists ¢z > 0, independent of z, such that |J;(v) — 1| <
ca||lv))? and ||z — E.(v) — || < ea|v|)? (since £.(0) = Id).

We deduce that
<=5k

h
where the upper-bound is an integrable function on R?. We also remark that (J,(hv))n>o
xz—Ex(hv)
h

()1, (0,2 () < K[l (1 4 e26]) o<

z—Ex (hv)
h

converges to 1 and (

)h , converges to ||v|| when h — 0, both uniformly on
>

M. As K is continuous on R? with compact support, the function is thus uniformly
continuous on R%. We then deduce that (K ( %(h”)
h — 0, uniformly on M.

)) converges to K (||v]|) when
h>0

By the dominated convergence theorem, we deduce that, when h — 0, (h_dnh)h>0 con

verges to [pa K (||v]|)dv = 1, uniformly on M.

(ii) By uniform convergence, 7y, > 0 when h is small enough, so that K, is well-defined. The
result then follows from a straightforward computation.

(iii) We note that the support of K}, is included in {(z,y) € M?: ||z — y|| < h}, and

[ Kn(z,y)| < (R

v
| nn ()]

There is uniform convergence on M of (b=, (.))n>0 to 1 when h — 0. Then there exists

he > 0 such that Vh < he, ¥(z,y) € M2, we have h=%,(x) > % and
| K (2, y)| < 2| K| b

(iv) Let z € M and y,y’ € M. Let L be the Lipschitz constant of K. Then, by the triangle
inequality when h < h., so that h=%n, (z) > %, we have

1 _ |z —yl| |z — /|
K - K N < ——  h YK - K =Z
’ h(l’,y) h(ﬂ?,y )’ — |h_dnh($)’ | ( h h ‘
<2Lh™ 4y — /|| < 2Lh™ 4 p(y — o).

Remark 3.8.1. As mentioned in Remark it is simpler to work with a kernel f(h based on

the geodesic distance p, Kp(z, y) = ﬁhl(x)K p(i’y)> with M (x) = [, K(p( ’y))dy In that case,
we can easily prove, without regularity assumptions, that when K is an integrable function with

support in [0,1] and [oa K(||v])dv = 1, there is a constant > 0 such that th Mh — 1” < kh?.

Actually, using the Riemannian normal parametrization &, at x € M and p(z,y) = ng (y)”,
as in the previous proof of Lemma we obtain for x € M

—d~ — xZ,
’h dnh(l’) - 1’ = ‘h d/MK<p( hy)>1p(a:,y)<hdy - 1‘
v
| K(th)wj - / (1)
BRd(O’Cl) BRd(th)
Bga(0,h)

g@#/ K (Jjol]) o] %dw
d

RO’

=h
<h”

since |Jo(v) — 1] < eo|v||?.
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3.8.2 Proof of Lemma m

Using the same proof as in Appendix [3.8.1] we first remark that uniformly in z € M the term
(h_d fM 1||$_yH<hdy) hso converges to vol(Bra(0,1)). Besides, by the triangular inequality,

e ‘/M ~e (”x - yH)p(y)dy — p(z)
i/ (nh i) ('xhy”) s+ | [ 1o (B2 Yot e
‘ o dK(”‘”” ") ptaray - pia)

—d : —d
< i 1] Wl [ sty L) [ i = o

+ b~ (2 ) — 1[p(x)],

where Lip(p) is the Lipschitz constant of p with respect to the Euclidean distance, which is
bounded up to a constant by the C'-norm of p (recall that the Euclidean and geodesic distances
are equivalent). Hence, by the remark at the beginning of this proof, there is a constant C' > 0
such that for all z € M,

1

n(2) = ) <CI e Dol (|52

| onspomr] ) o

where the constant C' depends only on the embedding M C R™ and where the parenthesis in the
right term converges to zero by Lemma [3.4.2{i). Therefore, we deduce the uniform convergence
of (pn)n>0 to p on M, and the second result of the lemma is straightforward a consequence of
Equation . We have the desired conclusion.

3.8.3 Proof of Lemma

We will make use of the following estimates.
Lemma 3.8.2. Let x € M. For all h > 0 small enough, it holds that for o > d
hi—« if o> d
/ p(z,y) *dy < Cq Z,fa (3.49)
p(z,y) In(1/h) ifa=d
and that for a < d
/ p(z,y) " “dy < C,hd™. (3.50)
p(z,y)<h
Before giving the proof, let us note that since the geodesic distance and the Euclidean norm are

equivalent on the compact manifold M (see [51, Proposition 2]), we have a similar result with
the Euclidean norm instead of the geodesic distance in Lemma [3.8.2]

Proof. Using the change of variables v = £;!(y) as in the proof of Lemma (see Sec-
tion [3.8.1)), we have for hg > 0 a constant larger than h

/ p(r,y) *dy < / p(z,y)”"*dy + chy®
p(z,y)>h ho>p(z,y)>h

We pick hg small enough so that, by a change of variable

/ pla,y)dy = / ol T, (v)do,
ho>p(z,y)>h ho>|lv[|>h

where J;(v) is a Jacobian, that is bounded by 2 for all  and v when kg is chosen small enough.
We then conclude by computing the integral. The proof of the second statement is similar. [
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We only prove Lemma [3.3.2] the case d > 3, the cases d = 1 and d = 2 being treated with
minimal modifications. By Proposition (iv) on the Green function G, for d > 3, there
exists a constant x > 0 such that V(z,y) € M? \ diag(M),

|G (a.y)| < rpla,y)* ™.

Hence,

(Gh)(2)] < /M Gz )llf W)y <[ fllor /M (2 9)* Ly gy <ndy-

When p(z, z) > 2h, we have p(z,y) < p(z,2)/2 and

p(z,y) = p(z,2) — p(z,y) = %p(l‘» z).

Then, as 2 — d < 0, we obtain

(CHEI <22k [ Lapendy ple. 2
According to Lemma [3.8.2

(GH)(2)| < Cllflloh®pla, 2)>

We now turn to estimates when p(x, z) < 2h. Notice that

CHEI<Uf ok | o8P e <ancy
The conclusion then also follows from Lemma [3.8.2]

3.8.4 Wasserstein distance between a measure and its convolution

Lemma 3.8.3. Let v be a probability measure supported on M. Let K be a nonnegative kernel,
with [oq K(||lul|)du = 1. For h >0, let v}, be the measure with density qn(x) = [ Kp(z,z)dv(z),
where Ky, is defined in (3.11). Then, there exists hg depending only on M such that for h < hg

Wi (v, vp) < c1|| K||ooh? (3.51)

for some constant c1 depending on M.

Proof. By the convexity of the Wasserstein distance, it holds that
W2 (v, i) < / W2 (80, (8))dv (@) (3.52)

Let cg be such that p(x,y) < collz —yl| for all (z,y) € M? (recall that the geodesic distance and
the Euclidean distance are equivalent). We apply Lemma for h small enough to obtain

W22(51‘7(51‘)h) = /Kh(a:,z)p(:c,z)2dz

< 2K ook / oz, 2)2dz < 1| K oo,
p(z,z)<coh

where we use Lemma [3.8.2] at the last line. O
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3.8.5 The ultracontractivity term

We give in this section an explicit control of the ultracontractivity constant introduced at the
beginning of Section To this aim we need to introduce the iterated carré du champs.

Definition 3.8.4. Given a differential operator A, its iterated carré du champs I'y is defined
as:

Da(f, £) = SIS, ) — 2(AF, )]

where I" is the carré du champs of A.

Lemma 3.8.5. Let p € C2(M) be a positive density on M with respect to the volume measure
dz, and A a C?-elliptic second-order differential operator, which is symmetric with respect to
the probability measure p = pdx. Then, there is a constant k, which can be negative, such that:

To(f, f) > kL(f, f), (3.53)
In particular, the associated semigroup (Pt)t>0 satisfies, for all t > 0,
rdiam(M)?
1Pl < exp | a2, (3.54)

Proof. Because A is a C?-elliptic operator of second-order, there is a C2-metric g§ on M such
that T'(f, f) = <@f, @f>~, where V is the gradient of the new metric (see [67, eq. 1.3.3]).
g

Hence, due to the symmetry of A with respect to pu, A = A+ @ln(ﬁ), where A is the Laplacian
of the new metric and p = df%, where volg is the volume measure in the new metric.

g
Consequently, by [12, eq. C.5.3] we have I's(f, f) = |[VVf|? + <RiCCg —VV ln(ﬁ)) (@f, @f),
where Riccg denotes the Ricci tensor. Therefore, as in [12, eq C.6.3], (3.53)) is equivalent to

Riccg — VV In(p) > . (3.55)

Hence, from the compactness of M and the C? continuity of both A and p, we have the desired
conclusion for the first part.

For the second part, we have from the implication (1) — (3) of Theorem 2.3.3 in [120] with
p = 2, that for any =,

rdiam 2
Ps@f = [ @l < [ Pl e |5 ) -

exp [FBRME] [ b tutan) = exo [“BRE ,

since p is the invariant measure of the underlying process. Therefore, we have the second
inequality, which is the ultracontractivity of A. O

Remark 3.8.6. We note that for the operator A,, defined by with ¢ = 1, there is no need
to change the metric to obtain the result. Consequently, the constant k appearing in Lemma|3.8.5
depends only on M, an upper bound on ||p|lc2(p) and pmin. This enables the choice of a uniform
ultracontractivity constant umax for the minimaz lower bound in Section [3.6

3.9 SDEs for the diffusions with generator A,,

In this section, we give the SDEs satisfied by the diffusion processes of generator (3.1]) and (3.2 .
Recall that the Stratonovich integral (see [98, page 82]) is defined as follows:
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Definition 3.9.1 (Stratonovich integral). Let X, Y be two continuous real-valued semimartin-
gales. The Stratonovich integral of Y with respect to X, denoted by ngs o dXs, is defined

by
t t 1
/ Y, 0dX, := / VX + 5 (¥, X),,
0 0

where the first term is the Ito integral of Y with respect to X and (.,.) is the bracket process
(also known as the quadratic covariation process).

With the Stratonovich integral, the classical It6 formula can then be written is the following
way (see [98, Theorems 20-21, pages 277-278]), for a continuous d-dimensional semimartingale
X and a function f: R? — R of class C?: f(X) is a semimartingale and

706 = 1060 =3 [ ) 0axe, (3.56)

Because of this chain rule, the Stratonovich integral is better fitted to differential calculus on
manifolds than the usual It6 integral.

We recall that a vector field V' on a manifold M is a family {V ()}, ., such that Vo € M,
V(z) € TyM (see for e.g. [77, Chapter 4]). In local coordinates (z', 2, ..., 2%), a smooth vector
field V' can be represented as
VZ
Z awz

where V1, ..., V¥ are real smooth functions on the domain of the local coordinate system, and

where { a?ci }1 ci<d denotes a basis of T, M.

Proposition 3.9.2 (Theorem 1.2.9 in [67]). Let [ > 1. Consider the Stratonovich SDE

I’

l
dXy =) Va(Xy) 0 dBy + Vo(Xe)dt (3.57)

a=1

where (Va)o<a<i are C? vector fields and B = (B%)1<q< is the standard l-dimensional Brownian
motion. Then, there exists a unique strong solution to (3.57) (up to explosion time) whose
infinitesimal generator is

l
%Z V2) (@) + (Vof) (@),

where (V2f)(z) == (Va(Vaf))(x), and whose carré du champ operator is given by T'(f,g) =
5 Yt Valf)Valg)-

Let {ea}{<o<; be an orthonormal basis on R™. For each z € M, we consider P,(x) the
orthogonal projection of e, to T, M. Let us note that P, is a vector field on M. In a local
coordinate system (2!, 22, ..., z%),

d

Z 8(6’

Then the Laplace-Beltrami operator satisfies (see [67, Theorem 3.1.4])

A=) P (3.58)
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Remark that for two real-valued functions of class C? on M, we have:

m

(Vf,Vh) = (Paf)(Pah). (3.59)

a=1

Then, as an application of Proposition there exists a unique strong solution starting at
x € M to the following SDE

ax; = z (X0 P, Xt>odBa+Z(1 aq><Xt>+q(Paanp))(Xo)(Paf)(Xt) (3.60)

for (B%)1<a<m independent euclidean 1-dimensional Brownian motions, and whose infinitesimal
generator is

Apgf = qAf + {qVIn(pg), V). (3.61)

In the particular case where ¢ = 1, we deduce that the unique solution to the SDE
dXy = V2 Po(X;) 0dBf + ) Po(lnp)(Xe) Pa(Xy)dt, (3.62)
has the infinitesimal generator
Lf=Af+(Vinp,Vf).

Proof of (3.61)). To compute the infinitesimal generator of (3.60)), we apply Proposition
with Vo = v/2¢P, and Vo = Y0, (3(Pag) + ¢(Pa(Inp))) Pa. From this proposition, we know
that the generator of X is, for a test function f of class C2,

(@) = Y- HVED(@) + (Vaf (o).
We have: h
(V2 f)(2) = 2y/aPu(Va(Paf)) (@) = 2q(x) (PLf) () + (Pag)(z)(Paf)(2)
Thus,
Apgf(x) = q(2)Af(x) + i (Paq) (@) Zm: Py(lnp))P,
We conclude thanks to (3:59). - - 0

At last, since A, is self-adjoint with respect to i, we deduce the following proposition.

Proposition 3.9.3. The measure pn = p(x)dzx is invariant for Ay,.

3.10 Kullback-Leibler divergence of path space measures on manifolds

In this section, the operator £ will be denoted by £, to highlight its dependence with respect to
the density p of the measure z1. Let us denote by P, 1) the probability measure on C([0, 7], M),
given by the distribution of the diffusion with generator £,, defined for f € C2(M) by:

Lpf =Af+(Vf,Vinp),

and starting from its invariant measure p = pdzx.
We will denote by E(, 7 the expectation in the distribution P, 7y and we define the Kullback-
Leibler divergence as:

dP(p,T)]

KL(P 0 IPn) = Egin 1o G522 (5.6

where dP ,, 7)/dP, 1) stands for the density of P, 1) with respect to the measure P, 7).
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Theorem 3.10.1. For any two C' strictly positive probability densities p and q on M,
T
KL(P(,1)|[Poa) = 7 [ IVInp = Vinglpe (3.64)

The proof of Theorem [3.10.1] relies crucially on Girsanov’s theorem.

Proposition 3.10.2 (Girsanov’s theorem for embedded manifolds). Consider two continu-
ous tangent vector fields Zy,Zy that are tangent to M. Suppose that (Xi)i>o0 satisfies the
Stratonovich SDE:

dx, = Zg(Xt)dtJerP X)) odB®,  Xo=u1z0€ M,

a=1

where B = (B%)1<a<m 15 a m-dimensional standard Brownian motion under P, and (Pa)i<a<m
is the tangent projection of the standard basis of R™ on M (see Sectzon
Then, defining for any T > 0,

T

(Zy — Z1)(X;)dB +1/T\|Z(X)—Z(X)H?dt> (3.65)
\/» 2 1 t t 4 0 1 t 2 t)112 ) .

Er = exp <
it follows that:
Elfr] =1

and under dQ = ErdP, (Xt)i>0 is a solution to the SDE:

dX; = Zl(Xt)dtJr\fZP (X;) 0odBY,  Xg=umzg€ M,

a=1
with B being a Brownian motion under Q.

Proof for Pmposztwn . Let T > 0. The first part follows from the fact that the Ito
integral fo (Zy — Zl)(Xt)dBt is a local martingale with bounded quadratic variation (since the
Z;’s are continuous and M is compact, hence the Z;s are bounded on M). For the second part,
by Girsanov’s theorem in R™, the stochastic process (§t>0§t§T defined by:

. T
Bt = Bt +/ U(Xt)dt,
0

with u(z) = %(Zg —Z1)(x), is a standard Brownian motion under Q. Besides, the Stratonovich
SDE for X; can be rewritten as:

dXy = Zo(X;)dt + V2 Po(Xy) 0 dBy

a=1

— Zo(X)dt + \@i Pa(X;) o (dﬁf‘ - ua(Xt)dt>
a=1
= \@ipa(xt) 0 dB® + (Zo(Xy) — Z[u (X1)Pa(Xy))dt
a=1

= Zy(Xy) dt + V2 " Po(Xy) 0 dBy,

a=1
hence, we imply the desired conclusion. O

Let us now prove Theorem [3.10.1
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Proof of Theorem [3.10.1, Let (X;)¢>0 be a solution to the SDE:

dXy = VInp(X;)dt + v2) P, odBy,

a=1

with Xy uniform on M and with B being a m-dimensional standard Brownian motion under
some probability space P. The infinitesimal generator of (X;);>0 is £, by (3.62)). By Proposi-
tion 3.10.2] (Xt)¢>0 is also a solution to the SDE:

m
dX; = Ving(X;)dt +v2 >  PyodBy,
a=1
with X uniform on M, and where B is a m-dimensional standard Brownian motion under the

probability measure Q defined by % = Er with

1 T
Er = exp (—MT n <M>T) C Mr= [ (V- Ving) (X4
2 0 V2

Therefore, by the definition of Kullback-Leibler divergence,

KL(P .1 |[P(or) = E [m jg} _E [—MT + ;<M>T] — Lejang.

We have the desired conclusion by computing E[(M )], because the distribution of Xy is u = pdx
at each time ¢ > 0. O
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Chapter 4

1-Wasserstein minimax estimation for general smoothed
probability densities

Contents
4.1 Introductionl . . . . . . @ . i i i i e e e e e e e e e e e e e e e e 115
4.2 Minimax measure estimation in R . . . . . ... ... .. ... ..., 119
4.2, Bias term estimationl . . . . . . . . ... 120
42,2 Stochastic error term estimationl . . . . . . ... ... 122
4.3 Minimax measure estimation on manifolds . . ... ... .. ... .. 127
4.3, Morse lemma and its extension for manifold estimationsl . . . . . . . . . 128
4.3.2 An estimation of bias terml . . . . . ... ... 134
[4.3.3An estimation of stochastic term| . . . . . ... .. ... ... .. .... 140
4.3.4  Conclusionl . . . . . . . . e 143

This chapter is a research note I prepared during my work on minimax estimators with respect
to the Wasserstein distance metric for Chapter

In this analysis, we investigate the problem of estimating a probability measure from i.i.d. sam-
ples under the 1-Wasserstein metric. Specifically, we establish minimax convergence rates for
measure estimation in the Wasserstein metric. Our work broadens the existing framework by
removing the strict positivity condition and relaxing the restrictive boundedness requirements
on probability densities. As a result, a wider class of distributions is encompassed, including
Gaussian, lognormal, and Student’s t-distributions. Furthermore, by employing kernel smooth-
ing estimators, we derive efficient minimax estimators that are expected to be more intuitive
and basic than previous wavelet-based methods. Our findings demonstrate that, for densities
with finite moments and bounded Sobolev norms, kernel-based smoothing attains optimal min-
imax rates in various general settings. Moreover, an almost sure convergence speed result is
also established.

4.1 Introduction

Optimal transportation theory, originally developed in the 18th century by Gaspard Monge [88]
and later extended by Leonid Kantorovich [74] in the 20th century, has become a pivotal tool in
modern mathematical and applied sciences. This theory addresses the problem of transforming
one probability distribution into another in the most efficient way, measured by a cost function
[119]. More precisely, given two Polish spaces (X, px) and (Y, py) and two probability Borel
measures 4 € P(X) and v € P()), where P(X) and P()) are respectively the spaces of all
Borel probability measures on X and ). The transportation cost between p and v with respect
to a transportation cost function ¢ : X x ) — [0, 00) is defined via the transportation cost with

115
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respect to the intrinsic metric as:

Te(u,v) ;== inf / c(z,y)dm(z,y), (4.1)
mell(py) Jaxy

where II(u, v) is the set of all joint probabilities on X x ) with marginals pu, v

A particular case of interest of optimal transportation cost is when two Polish spaces are iden-

tical, i.e., X = Y = (M, p) for some Polish space (M, p). In this framework, for any real

positive number ¢ > 1, the g-th Wasserstein distance between two probability measures p and

v is defined as:

1/q

Wyl ) = ( we [ p(x,wqdw(x,y)) | (42)
mell(w,v) J MxM

It is worth noticing that specifically for ¢ = 1, 1-Wasserstein distance between two measures can

also be represented as result of a maximization problem over the space of Lipschitz functions

on M [45] Proposition 2.6.6]:

Wi (,v) = sup </ fd,u—/ fdl/>. (4.3)
f:M—R is 1-Lipschitz M M

In recent years, Wasserstein distances between probability measures have found their applica-
tions in various domains, particularly in machine learning and statistics. In machine learning,
optimal transport provides a robust framework for comparing probability distributions, which is
fundamental in numerous tasks such as generative modeling, domain adaptation, and clustering.
For example, the Wasserstein distance, derived from optimal transport theory, has proven to
be a powerful metric to measure the similarity between distributions, offering advantages over
traditional metrics such as the Kullback-Leibler divergence or total variation distance [10] [47].
Its ability to capture the geometric structure of the data makes it particularly effective in high-
dimensional spaces, where data often lie on lower-dimensional manifolds [22]. The significance
of optimal transport in statistics is equally profound. It offers novel methods for nonparamet-
ric estimation and hypothesis testing [100} Q0L [50]. Using the principles of optimal transport,
statisticians can tackle a wider range of problems and achieve more interpretable results in areas
such as empirical distribution approximation and estimation of dependency structures [37].

In this chapter, we revisit the problem of approximating probability measures with smooth
density under the Wasserstein metric, a topic extensively studied in recent literature [118] [90),
37). Specifically, given a sample consisting of n independent and identically distributed (i.i.d.)
random variables drawn from an unknown probability measure p, our objective is to construct
from this sample an estimator [, for u that attains optimal asymptotic convergence rates with
respect to the Wasserstein metric W (fin,, ) when the sample size n goes to infinity.
Recognizing that convergence rates of empirical measures in Wasserstein distance crucially
depend on the dimensional characteristics of the underlying space [46, 00, 37], we divide our
analysis into two distinct scenarios. The first scenario addresses the case where the measure
1 is absolutely continuous with respect to the Lebesgue measure on the Euclidean space R%.
The second scenario considers the setting in which p is supported on a low-dimensional space
M, which we assume to be a compact d-dimensional manifold without boundary, smoothly
embedded in a high-dimensional Euclidean space R™ (m > d).

Besides, in statistics, the regularity control on density functions is usually expressed in terms of
Besov norms [57]. Nevertheless, Besov norms are interpolations of Sobolev norms Hj(M) [80,
p.152,153]:

1/q
HfHHs (RY) = < max || Vp(z z)||E, dx) with s € N and f € C*®(R%),

d 1<i<s

‘ 1/q
Flnga = ([ mox IVp@)lgae) - with s €N and £ < c(a0)
M 1<i<s
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where in R? setting, Vip(z) : (R)? — R denotes the standard i**-order derivative of p at x, and
in manifold setting, Vip(x) : (TxM)? — R denotes the i'"-order covariant derivatives of p at x
(cf. [64, p.6, 21] or Section [1.4.6).

For the sake of simplicity, in this chapter, Sobolev norms are the only measure of regularity for
density functions we will use.

 (
 (

Let us begin by examining the Euclidean scenarios (RZ, | - ||2).

Let u be a probability measure on R with density p with respect to the Lebesgue measure of
R? and X1, Xo, ..., X,, be a sample of n i.i.d. random elements sampled from p. In this setting,
we analyze the asymptotic behavior of the kernel measure estimator u,, 5, as the sample size n
tends to infinity and the smoothing bandwidth A decreases at an appropriate speed to zero.
This kernel estimator is explicitly defined by:

~ 1~ 1X: — yll2
n(dy) = =S pd (12 A2 g 4.4
Fin,n (dy) - ;:1 ( h Y, (4.4)

where h is the smoothing parameter, and the kernel function K : R, — R is bounded, measur-
able, and supported on [0, 1], satisfying the normalization condition:

[ Kl dz = 1. (45)
Rd

This method of estimator construction is called kernel smoothing [63, Chapter 6]. Note that,
the normalization condition Eq (4.5)) implies that

fron(RY = 1, (4.6)

regardless of the choice of n and h.
Our primary theoretical contribution in this setting is summarized by the following Theorem

and its Corollary

Notation 4.1.1 (Modified Vinogradov notations). Throughout this chapter, for A > 0 and
B > 0, we use occasionally A <, B as shorthand for the inequality A < Co,B for some constant
C,, depending only on a. The same goes for A 2, B. [112, p.5]

Theorem 4.1.2. Let k > 1 be an integer, assume d > 3, and suppose the kernel K is a
k-vanishing kernel on R% as specified in Definition .

Then, there is constant C' such that for all integers s € {1,2,...,k—1}, any real number q > d,
and h € (0,1), the following bound holds:

1-d/2

NG

EWi(tinn, 1) <C (((Mq(ﬂ))l/2 + 1) d + HPHHf(Rd)hSH> )

where the q-th moment of p is defined as

M= [l (o) (4.7)

Moreover, the constant factor C' can be chosen to depend only on the integers k,q and the
uniform norm || K|/« := sup, |K(z)| of K.

Corollary 4.1.3. Assume that d > 3. If the density p of p satisfies that Mgiq(pn) < oo and
[Pl 3 (Ray < 00, there exist an explicitly defined kernel measure estimator fi, and a constant C
such that: "

E(Wl (ﬂmﬂ)) <Cx no 4t (4'8)

where the constant C' only depends on d, || K ||oc; May1(p), and ||p| zrsre)-
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We intentionally omit the cases d = 1 and d = 2, as these dimensions are already fully covered
by classical results regarding empirical measure approximations [46]. Besides, [i,, 5 is possibly
be a signed measure, but this will not affect the definition of W, in .

Finally, we formalize the definition of ” k-vanishing kernel” used previously:

Definition 4.1.4 (k-vanishing kernel). Let k be a positive integer. A kernel function K : Ry —
R is said to be a k-vanishing kernel on R? if, for every integer s € {1,2,...,k}, the kernel
satisfies:

/ K (Je]l2)] 2] dz < 00, and / K(la]l2) /3 dz = 0.
Rd Rd

Within this context, our results partially overlap with those of [I18][90] in the case of compactly
supported measures under the 1-Wasserstein metric. For this case, compared to [118], [90],
we broaden the existing minimax results to include all probability densities possessing first
moments, without restrictions on the boundedness of their support. Besides, the estimators
given in [I18, [90] are wavelet-based, while our choice is kernel estimators which are generally
believed to be more basic [62].

Besides, our estimator is minimax since:

Theorem 4.1.5. [90, Theorem 3] For any d > 2,s > 0 and constant C' > 0, we have:

. - _ 1+s
inf sup EWi(i, 1) Zcas m™ @02,
K p is supported in [0,1]¢

”pHHS(Rd><C

where the infimum is taken over the space of all possible measure estimators fi constructed from
a sample of n observations.

We now consider the scenario where the measure p is supported on a compact manifold M of
dimension d > 3 (without boundary), smoothly embedded into a Euclidean space (R™, || - ||2).
Since M is smoothly embedded in R™, it inherits a natural Riemannian metric induced by the
ambient Euclidean structure. With this metric, M becomes a Riemannian submanifold. We
denote by p the geodesic distance associated with this induced metric.

For any probability measure pu € P(M) with density p with respect to the volume measure
on M. Let (X1, Xo,...,X,) be a sample of n i.i.d random variables of p. In this scenario, we
investigate the convergence of the kernel estimator ﬁﬁ/‘h as the sample size n tends to infinity
and the smoothing bandwidth h decreases appropriateiy to zero:

4 a Z ! (IIX ynz) w W)

where || - ||2 is the distance with respect to R™, dy on the right side represents the volume
measure on M, and the kernel function K : Ry — R is also a measurable bounded function
with support in [0, 1] such that satisfies Eq ([4.5).

Note that, unlike in the previous scenario (cf. Eq. ), the mass of ﬁth need not equal 1 in
general. To address this issue, the author in [37, p. 7] proposed replacirfg the kernel K by its
pointwise normalized version in the definition of the kernel estimator ﬁth This normalization,
however, introduces additional approximation steps and complexity into their analysis. In our
treatment, we observe that such normalization may lead to avoidable computational complica-
tions. Hence, we retain the original kernel K and instead construct our estimation of u via ﬂth
differently. 7
Our primary theoretical contribution in this setting is summarized by the following theorem
and corollary:
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Theorem 4.1.6. Let k > 1 be an integer, assume d > 3, and suppose the kernel K is a k-
vanishing kernel on R as specified in Definition . On top of that, we assume K is Lipschitz
on [0,1].

Then, there is a constant C, such that for all integers s € {1,2,...,k—1}, h € (0,1] and n, the
following bound holds:

N N hl—d/2 .
E (Wl(ﬂxh,ﬂxh(-/w)ﬂ)) <C (\/ﬁ + llpll s () +1> ,

where the Wasserstein distance is defined as in Eq (4.3).
Moreover, the constant factor C' can be chosen to depend only on M C R™, the integer k, the
uniform norm | K|/« := sup, |K(z)| of K, and the Lipschitz constant of K‘[o I

Note that the random mass i (M) converges to 1 almost surely when h converges to 0,
regardless of n (cf. Lemma [4.3.16)).

Corollary 4.1.7. Assume that d > 3. If the density p of p satisfies that HpHHf(Rd) < o0,
Then there exist an explicitly defined kernel measure estimator [i, such that:

- _ 14s
EOW1 (fin, 1)) Sd,anHf(Rd),s n~ ¥, (4.10)
Moreover, almost surely,
. L+s _ . s N
lim sup n@+2s Wi (fin,, 1) = lim sup na+2s EOWV; (fin, 1)) < oc. (4.11)
n—oo n—oo

In comparison with [37], we emphasize that when focusing on the practically relevant 1-Wasserstein
distance [10], the minimax results presented therein remain valid without imposing additional
conditions on uniform lower and upper bounds for probability densities. Additionally, we es-
tablish that our estimator achieves convergence almost surely at the same rate. To the best of
our knowledge, this stronger mode of convergence has not been previously demonstrated.

An additional refinement we introduced compared to [37], though of minimal practical signif-
icance, is the relaxed regularity requirement on the kernel function K. This adjustment was
made primarily to deepen our theoretical understanding of the problem. More specifically, many
calculations in [37] rely on a Taylor expansion up to relatively high order of K, which is a natural
approach within the context of manifold learning. However, we have always believed that there
must be a deeper geometric rationale behind why this seemingly ‘brutal’ Taylor expansion is
effective.

The remainder of this chapter is organized into two main sections. In Section we address
the first setting—the minimax convergence rate for measure estimation in R%. The proofs of
Theorem and Corollary will be given in this section. Similarly, in Section we
examine the second setting—the minimax convergence rate for measure estimation on manifolds.
The proofs of Theorem and Corollary will be given in this section.

4.2 Minimax measure estimation in R?¢

The goal of section is to give the proofs for Theorem and Corollary For the demon-
stration of Theorem our primary idea is to control the approximation error Wi (fi, p, ft)
by treating each term in the majoration:

Wi (i h ) < Wil n, fin) -+ Wi(in, 1), (4.12)

stochastic error term bias term

fn(dy) == < /R ) p(a:)th<”x_hyH2>dx> dy. (4.13)

where:
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Remark 4.2.1. Informally, [ip, = E(finp).
To avoid repetition, in the rest of this section, we fix an integer k£ > 1 and assume that:

Assumption 5. K is k-vanishing, the dimension d of M is at least 3, and s is a positive
integer smaller than k — 1.

Notation 4.2.2 (k-fold duplication). Given an element e of set E, in the rest of this chapter,
we denote by e** the element (e, ...,e) of the cartesian product E*.
~——

k times

Let us begin with giving an upper bound for the bias term in Eq (4.12]).

4.2.1 Bias term estimation
Firstly, we prove that:

Theorem 4.2.3. There is a constant C depending only on k and ||K||s such that for all
compactly supported smooth function p, 1-Lipschitz function f, and s € [0,k — 1] we have:

/Rd /Rd hldK<H$_ff/H2>f(m)(p($) = p(y)dady < Ch1 x pllu;. (4.14)

Proof. For the sake of simplicity, we let p(®) denote V*p.
We consider first the case when s is even.
By Taylor’s expansion up to the order s, we see that:

[ ()i dy—Z L e L IRt

- _ ( [ (L K(Hx D) 1) (04 2w = ) - 00) - 2w o

(4.15)
Because K is k vanishing for R?, for every 1 < j < s <k —1,
1 T —y « ~
[ () @ @l - 2] ay =
yeRd J:
where (y — z)*7 € (R?)7 denotes the k-fold duplication of 3 — 2(cf. Notation .
Besides, by the change of variables: y — z_(IA_ A2 e observe that:
r—1Yy s s s
[ k() 50 (09 + 2w - 2) =590 [ - )y
yER4
_ |z — 2| (s) (s) xs1 L
— /ZERd K(M F@) (pE) = pV (@) [(2 = 2)] 7= (4.16)

Let

Because s is even, by interchanging the role of z and z, we see that:

_ /xERd /yERd K<”$;hz”> f(z) (p(S)(z) —p(® (x)) [(z — 2)%] %dzdac

% /wERd /yeRd (Hx — 2 ) (f(z) - £(2)) (p(s)(z) _p<s>(x)> (5 — 2)*7] %dzdx'
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On top of that, K is supported in [0, 1] and f is 1-Lipschitz. Therefore,

1 1 z—2z||2<A\h s s s
AN < 51Kl [ L o 2 (1 @) + 1) o) ot

Lizi<an, s
= 1D (1 @) ([ 2R
z€R4
_ sty HKHOO</ [pt®) Hopd:c><)\s+1/ 1z|<1!z\3+1dz>.
z€Rd

Therefore, we have the desired conclusion for s even.
Now, we consider the case when s is odd, which means that s—1, s+ 1 are both even. Therefore,
after we have shown previously, there is a constant C' such that for all f 1-Lipschitz, we have:

T—y .
/ / hd (H H2>f(93)(p(w) — ply))dady < Ch® x ||p|| -1, (4.17)
Rd JRd :
and , | |
T —Yl2 "
/Rd /Rd th(h) f(@)(p(z) — p(y))dedy < CR*T7 > {|pl| gs+1- (4.18)
Fix a 1-Lipschitz function f, we consider the linear mapping:

T:CSO(Rd)—>R

o [ (5 ) s - v

We have that for all p € C°(RY),
I Tpl < OB x |Ipll g1 (ay » 1 TP < Ch* X 1pll o= gay -
Then, after Theorem 4.1.2 in [80], for all p,

ITpl < Ch*Hplligrs—1 ey 1o+11 RO, o0

where [H5~1(R?), HT(RY)]; )5 the interpolation space of H**(R?) with H**'*(R?) with ex-
ponent 1/2.
Besides, after [80, Theorem 6.4.5], H{(RY) ~ [H*~1(R%), HS“l(Rd)]l/z, which implies that there
is a constant « such that for all p € C*:

1Pl 51 (Ra), s 11 RAY], p < Pl 5 RY)-

Therefore, we have the desired conclusion for s odd, which finishes the proof. O

Remark 4.2.4. For the case where s is odd, an alternative approach to the above proof involves
establishing an upper bound for

Lo L Bl ™ @) = 5 0 lolle = ol

However, we think that carrying out this approach rigorously is rather tedious. Instead, we
opted for the interpolation argument presented above, which provides a more straightforward
and efficient justification.

Now, thanks to the above theorem, we have the following estimation for our bias term.

Corollary 4.2.5. Let k be an integer k > 1 and assume that d > 3. Then, there is a constant
C depending only on |K||s and k such that for all integer s € [0,k — 1],

Wi (fin, 1) < C x b [|p|| s (4.19)
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4.2.2 Stochastic error term estimation

In this section, we treat the stochastic error in approximation error Wi (fip n, fin,)-
We begin with recalling a few results on Green functions in R? which we will use intensively in
this section.

4.2.2.1 Premilinaries on Green functions in R?
Theorem 4.2.6. [I1] The Green’s function G(z,y) for R? with the Laplace operator A is a
fundamental solution to the Poisson equation:

AG(z,y) =d0(z —y) ,

where § is Dirac at 0. The explicit form of the Green’s function depends on the dimension d:

1
G(w,y):—§|x—y| d=1,
1
Glr.y) = o log 2 — yl i=2
1 1
G(z,y) = d>3,

(d=2)wd ||z —yll3~

where wy is the surface area of the unit sphere in R, given by wq = 1251//22).

Then, for any function f € L' N L>, we denote by G f(z) the integral:
Gf(x):= y G(z,y)f(y)dy. (4.20)
The following lemma will be useful to our estimation of functions of the form VGf.

Lemma 4.2.7. There is a constant C' depending on d such that for all z,
h= (z— —

[ e (sl
rRe wa [l =yl h

Proof. 1f |ly — z||]2 < 2h, we observe that there are two possible situations for z: Either ||z —
zll2 < h or ||z — z|l2 > h. For the first situation, ||y — z||2 < 3h. For the second situation,

lz==ll2 | _
K (L) — o,
Therefore, if |y — z||2 < 2h, we have:

h=d (z— -
[l (Lo,
ri wa Jo—yl§ \ h

< C'x || K]l X (hl_d1||y—zH2§2h + [ly = Z\\é_dllly—zupzh)-
(4.21)

a1 1
<h d><HK||oo></ TS
Wd Bea(y,3h) |7 —yll3

_ _ 1
— () "MK ook /

d—1
Bra(0,3) I3

3
1
=(wq) K Oohl_d/ / “ldrde
(wa) ™[I K]| qin fy 1

=3||K||och' .

If |y — z|]]2 > 2h, again, there are two possible situations for z: Either ||z — z|2 < h or
|z = 2|2 > h. For the first situation, ||z —yll2 < ||z —yll2 — [z — zll2 > 5]ly — z[|l2. For the
second situation, K(”Z_T$HQ> =0.

Therefore, we have the desired conclusion for ||y — z||]2 > 2h. Thus, we have finished the
proof. O
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4.2.2.2 Upper bounds for Wasserstein distance using Green’s function

The following proposition gives the first upper bounder for 1-Wasserstein distance using Green
operator.

Proposition 4.2.8. For any two signed measures j1 and po on R with bounded densities py
and py such that py(R?) = po(RY). If py and ps are supported in a bounded domain B C RY
with C' boundary, we have:

W11, 12) < / VG (p1 — pa)|da + diam(B) / VG(p1 — po)lda,
B 0B

where diam(B) := sup, e p |7 — yll2 is the diameter of B and OB is the boundary of B.
Remark 4.2.9. Note that this inequality becomes an equality when B = [0, 1].

Proof of Proposition[4.2.8 For any f continuously differentiable and any point o € B, by
Green-Ostrogradsky’s theorem:

/ F(pr - po)da = / (f = £(0))(p1 — po)da
B B
B OB

where n is the outward pointing vector of 0B. The desired conclusion follows directly. O

While the above proposition is sharp, to simply our calculations, we will use the following
proposition:

Proposition 4.2.10. For any two signed measures i and py on R with bounded densities py
and py such that i (RY) = pa(RY). If uy and ps are supported in a bounded domain B C R?
with C* boundary, we have:

Wi (1, p2) S/ IVG(p1 — p2)|da,
B*

where
B* := B+ Bgra(0,2diamB) = {z + z : © € B, |z| < 2diamB}. (4.22)

Proof. Fix a point o € B. For any f 1-Lipschitz on B such that f(o) = diam(B), we denote by
f* a function on B* defined as follows:

fi(y) = (max(f(z) — [l —yll2))+ Vy € B

Because f is 1-Lipschitz, max,ep(f(z) — ||z — y|l2) = f(y) for all y € B. Indeeds, for all  and
y in B, we have that:

fly) = f(@) + fly) — f(x) > f(z) = ||z =yl

Thus,
ff=fonB.

Also, f(o) = diam(B), f(x) is positive on B. Moreover, for any y € 0B*, mingep ||y — z||2 =
2diam(B). Therefore, max,cp(f(z) — ||z — y||2) < 0 for all y € 9B*. In other words,

ff=0o0n 0B.
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Clearly, by construction, f* is 1-Lipschizt on B*.
Thus, by Green—Ostrogradsky’s theorem, we have that for all f 1-Lipschitz on B such that
f(o) = diam(B), we have:

/ for—p)de= [ Fpr - p)de
B B*

_ / (V. VG —pidr+ [ VG~ p) ),

_ / (V. VG (pr — po)yda < /B VG (p1 — po)da.

Therefore, the conclusion follows. O

4.2.2.3 An upper bound for the stochastic term

Now, let us present the main result of this section which is:

Theorem 4.2.11. There is a constant C' depending only on d,q (q > d) such that for allh <1,

~ A 1 _
EOW1(fin,n, 1)) <dq ( My(p) + 1> v hiodr2,

To prove this, we first treat a weakened version of the above theorem as a Lemma:

Lemma 4.2.12. Suppose that the underlying probability measure p is supported in a bounded
open set B C R* with C' boundary. Then for all ¢ > 1, we have:

- - 1 _
EW (G, in)) S O 5 I oo x VBT > b=,

where B* := B + Bga(0,2diam(B)). (c¢f. (4.22))
Proof of Lemma . For each z, we define :

peati) = ok (512 i = ([ (P52 ) pioae ). azs)

Recall that by definition of 7i,, 5, we have:

nipp(dy) = (Z Px;n(Y )dya

Thus, after Proposition [4.2.10| and Holder’s inequality, we have:

EOW1(Finps Bn)) < E(/ ) VG( (px1n+ +DPx0n) Ph> ‘(y)dy>

1
< |BE \//B ‘va(n(pxl,h+~--+pxmh)ph>

1
< \/IB*\\// *E(!VG(pxl,h)IQ(dey.
B* n
Besides, after Lemma [4.2.7 we have that for each y,
[ E(VGwx P )y

Sd/B X[ K|l X <h2_2dp(!X1 —y| < 2h) + E(| X1 —y[* 2 x 1|X1—y\22h))dy

2
(y)dy

Sd /Rd(cl)2 X [[K oo x (h2*2dp(|X1 —y| < 2h) +E(|X; —y|? 2 x 1|X1,y|22h)>dy‘
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Then, by using Fubini to calculate first the integral with respect to y, we obtain that:

| E(I96 w1 w)dy
Sall Koo x (72 x S (2R) + wa x (21)*7) Sa || Koo x B2,
Thus, we have the desired conclusion. O

We can now proceed to prove Theorem [4.2.11] This proof is inspired by [46].

Proof of Theorem [{.2.11] As long as we can prove that C' does not depend on the choice of p,
we can assume without loss of generality that p is smooth for simplicity.

We fix for now the window size h and the number n- the size of random sample- and decompose
firstly R? into

R'=| | B, (4.24)
=0
where By = Bga(0,1)- the ball centered at 0 with radius 1 of R, and
B] = BRd(072j)\BRd(072j71)7 (425)
for all j > 1.(see Figure [4.1]).
4t
B>
2 =
B
Bo
O =
-2t
-4}

-4 -2 0 2 4
Figure 4.1: 2D Partition

For each j > 0, let N; and Xf, ey X fvj denote respectively the number of random points (X;)
lying in the region B; and these random points. Note that when N; are fixed, in other words,
under an event { Ny = ng, N1 = ny, ...}, these random points Xg are independant and for each
7, (Xf7 ...,X}Vj) are i.i.d. with distribution p/ (see Definition (4.26))).
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Then, for each j, we denote by u/, ﬁfl the measures:

W= (| By) = %- (4.26)
Hap(dy) = hldK<”$hy”2>dy- (4.27)
i = By )- (4.28)

Without loss of generality, for the sake of well-definedness, we assume that p(B;) > 0 for all j.
Recall that nji, , = px, n + xon + -+ + px,n- Thus,

Nj
TR Z Zﬂxg,h . (4.29)
>0 \i=1

Hence, due to the triangle inequality and the convexity of Wasserstein distance, we have:

m ™ ~ Z'>0N'ﬂj Z‘>0Nﬂi R
Wl (,U/n,h, /’Lh) S Wl (lu’n,ha J_T]h + Wl %7 Mh

Moxd gyt lxg o = s Y
N X7 h X3,h X% h Siso Nl
Sznjwl( N, : aﬂh>+wl<]_na,uh .
>0 I

=A =B
(4.30)

We will treat each term A and B separately.

Firstly, for A, after Lemma [4.2.12] and Holder’s inequality, we know that:

E(A) S 1o E( S22 13T ) ¢ et

3>0
< Klloo x | Y\ 1(By) x /IB| ok pl=d/2
7>0

< ||KHOO X Z2jq,u(Bj) X \/W X — % hl_d/2,
70 vn

And by our choice of (Bj) and ¢ > d,

> " 209(By) < 1+ 29 My (1),
j>0
3d
Jq Jq q
> 2B <y T 2799(3 x 29) = T
7>0 7>0

Hence, we have bounded correctly A. Now for B, we observe that:
fin = E(finp) = Y E( X Mh> > (B,
§>0 §>0

Besides, for all 1-Lipschitz function f and measure v such that v(R%) = 0, we have:

[ 1= [t@ - sopwian < [ falaplaa).
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Therefore,
E(B) < E(/R Il ;0 % _ By ()
:J;(E T HE ></ LG ) > = uB) [ el ().

On top of that,

/ fellilide) < [ el o [ o
=iy Jy (17 [ o+ \K('”””)\ <)o

dx

< y||2) Y)1lyen,dy

1
i X || Koo / (h+ lyl2)p(u)dy
lu(B]) Bj
1 . .
i Koo x / Bt 29)p(y)dy = | K oo x (7 + 29).
1(B;) B; ( )
Hence,
S Ju B 220y S = | [ 27 | | S 2hu(By) + 299u(B))
fpo Vn >0 >0

\/1 h2M1 + M3(M)7

where M;(u) and Ms(u) are respectively the first order moment and the third order moment
of p (cf. Eq. (4.7))). Therefore, we imply the desired conclusion. O

Proof of Theorem [/.1.3. This main theorem follows directly from Theorem [4.2.11]and Corollary

4.2,0l O

Proof of Corollary[4.1.7. This Corollary follows directly from Theorem [£.1.2] by choosing h :=
1

hyp =mn std/Z, O

4.3 Minimax measure estimation on manifolds

The aim of this section is to establish Theorem and Corollary

Since the framework of this section is independent of that in Section and for the sake of
simplicity (although by abuse of notation), we shall refer to ﬁﬁ/‘h simply as [y, ;, for the remainder
of this chapter. 7

Let F denote the space of all 1 Lipschitz functions f : M — R on M such that [, f a f(z)dz = 0.
For any Borel signed measure v on M, we define ||v||# to be:

[v]lF := sup [v(f)]. (4.31)
ferF

Thus, Wi(fin,h, B p(M)p) = [[En,n — L p(M)p]| 2
Therefore, by triangle inequality, we have:
Wi (B By (M) 1) < | Einn = Ball 2 + 2R (M) gt = fip e (M)l 2 4 | — Bn (M) ]| 7
< |[Enn = 1l  +n (M) = B n (M|l 7 + lin = i (M)l £, (4.32)
N———

stochastic error bias
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where:

)= ( [ notre (B2 oo ay

Note that, by definition of || - ||#, |fin(M) = finn(M)| < [[inn — lnll 7. Therefore, to give a
convergence rate for Wi (fin b, fin,n(M)p), it is sufficient to control the stochastic error term
and the bias term in the right side of the above inequality, as an analogue to what we did in
the previous scenario.

This section is then organized as follows:

e In Section we introduce a technical geometric result—Theorem Although its
proof is somewhat lengthy, this theorem provides us various insights into many manifold-
related calculations, as discussed in Section

e In Section we present a preliminary analysis of the term Wi (L, p, fin,n(M)p) and
provide an estimate for the ”bias” component of this term.

e In Section we derive an estimate for the ”stochastic error” component of the same
term.

e Finally, in Section we prove Theorem and Corollary

Let us begin with the technical result.

4.3.1 Morse lemma and its extension for manifold estimations

Recall the standard setting of a submanifold M embedded in a Euclidean space R™. There
are two natural ways to measure distances between points on M. One is the geodesic distance,
which is coherent with the intrinsic geometry of the manifold, and the other is the Fuclidean
distance provided by the ambient space R™. While the geodesic distance is better aligned to
the underlying structure of M, the Euclidean distance is often preferred in practice due to its
practically computational advantage.

However, this practical choice is not without drawbacks. Since the Euclidean distance is not
intrinsic to the manifold M, it can introduce certain difficulties in proving the robustness
of estimators built on it. This discrepancy between the computational framework and the
geometric nature of the data may lead various additional computational complexity.

In this section, we present an attempt to mitigate this geometric inconsistency, by proposing a
family of coordinate systems on M whose construction is based on the Euclidean distance of
R™. This family of coordinate systems is expected to be an analog, which translates better the
Fuclidean distance in local computations, to the standard normal coordinates systems on M.
More precisely, we show that:

Theorem 4.3.1 (Morse coordinate system). Let M C R™ be a compact Riemannian subman-
ifold without border of R™.

Then, there is a radius r > 0 such that for each point o € M, there are an open subset U, of
M and a local coordinate system x, = (x},...,x3) : U, — Bgra(0,7) centered at o such that:

0"
) 2 2 2 .
i. ||lp— oH% = (a:tlj(p)) + (xg(p)) 4+ .+ (a:ff(p)) for every point p € U,.
Moreover,

1. This family of local coordinate systems is smooth up to isometry. In other words, for all
o, there is a isometry I, : RY — T, M such that: o+ I, 0z, is smooth.
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Remark 4.3.2. Recall that a local coordinate system (or chart) is a homeomorphism (often
a diffeomorphism) from an open subset of a manifold to an open subset of R, where d is the
dimension of the manifold (cf. [78, p.4]). For the definition of the tangent space TM and
concepts in differential geometry, we refer to [78] as our primary source.

In this chapter, we refer these maps as Morse coordinate systems. The term Morse in the name
of this tool is intended to highlight its inspiration from Morse theory[82], representing a modest
extension of Morse’s lemma.

The first property of this family is precisely what we sought: in these local coordinate systems,
the Euclidean distances in the ambient space are largely preserved and can be translated into
equivalent Euclidean distances within the local coordinates. While the second property is im-
portant when one seeks to give uniform bounds for mathematical expressions using these local
coordinate systems.

Similar to how the existence of normal coordinate systems directly follows from the existence
and properties of the exponential map, the existence of these Morse coordinate systems is a
direct consequence of the following analog of the exponential map. This analog is carefully
designed for our end which is to work with Euclidean distances of ambient spaces.

In application, we have the following result:

Theorem 4.3.3. Let M C R™ be a Riemannian submanifold withour border of R™. There
exists a smooth mapping m : A — M satisfying the following properties:

i. M = Upepm Mo CTM and contains the image of the zero section of TM, and each set
My C ToM is star-shaped with respect to Op, am, the zero vector of T,M.

it. |lo —m(o,v)||2 = ||v]| for allo e M, v e T,M.

5. For each o € M, m, : M, — M is a diffeomorphism onto its image.

To my humble knowledge, this theorem has not been proposed and proven.

Its proof is presented in Section [£.3.1.2] The proof of this theorem is based on the path method,
following the approach proposed by Palais in [13].

For practical applications, the Morse coordinate map can be used to approximate various kernel-
based integrals as follows:

Proposition 4.3.4. Let M be a d-dimensional smooth compact submanifold without border of
R™ and K : R; — R be a k-vanishing (cf. Definition.1.4))bounded function for R with support
in [0, 1].

Then, there are a constant hg such that for all real number 0 < h < hg, all smooth function ¢
on M, we have that :

1 —
sup | [ o (T2 ) (000) = o0y Saan 1l x 17 x ol (433)

where ||x — yl|2 is the Euclidean distance between x and y in R™, || K|/~ := sup |K|, and
1¢ller = sup sup [[V*o(x)]].
© 0<s<k

Notation 4.3.5. In Section of Morse charts, we write A S B(with B > 0) to say that there is
a constant o depending only on k, || K ||ec, M C R™.

Moreover, hy and the constant factor in the above inequality only depend on k and the embedding
M C R™. In other words, they only depend on k, M, m, and the relation between M and R™.
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As shown in the statement of the above proposition and its later proof, Morse coordinate map
has some advantage in calculations. For example, we need not differentiate K up to power & to
have the desired approximation, hence, improving the majoration.

Before going into tedious technical details in Section and Section let us first give

the proof of Proposition

Proof of Proposition[{.3.4. After Theorem [4.3.1] we consider the family of Morse coordinate
system (z, : Uy = Bgra(0,70))oem with a constant o > 0.

Choose hg = r¢ and shrink hg if necessary so that x,(Bgra(0, ho)) = M N Brm (o, hg) for all o.
(i.e, taking ho = min(rg,7n)) , where 74 is the reach of M.)

Then, for any o € M, there is a smooth function a, : Bgra(0, hg) — Ry, which represents the
density of the volume form under the local coordinate z,, such that for all 0 < h < hg:

Iy ol _ 912 o) — st
[ (52 ) —otonay = [ k(1) ot — ot 0Dt

where ¢ is the local parametrization M that is associated to x,.
Besides, we have the following claim:

Claim 4.3.6. For all smooth function ¢ : R — R, we have:

1
7 [ K/ (6() = 600z S Kl % B dlenssu

Proof of Claim. This follows directly from the Taylor’s expansion and the fact that K is sup-
ported in [0, 1]. O

Thus, we have concluded the proposition. ]

4.3.1.1 Morse’s lemma and some auxiliary lemmas

In this section, we recall the statement of Morse’s lemma and some auxiliary lemmas.

Theorem 4.3.7 (Lemma of Morse). [82, p.12] Let ¢ be a nondegenerate critical point of the
function f:V — R, where V is an open subset of R™. There exist a neighborhood U of ¢ and a
diffeomorphism ¢ : (U,c) — (R™,0) such that

foo Nz, .. zn Zx —|—Zx

Jj=i+1

In order to achieve our generalization in Theorem we follow Palais’s method as presented
[13]. In this method’s perspective, the desired smooth embedding comes from the flow of a
time-dependent differential equations based on a family of vector fields (&;);. Thus, to arrive
at your end, we need several intermediate lemmas to construct the suitable vector fields. The
following lemma is the very first step.

Lemma 4.3.8 (Existence of a smooth vector field on tangent space). Let M be a smooth
manifold and f,g: TM — R be two smooth functions on the tangent space TM such that for
each o € M, 0 is a critical point of g‘T and also a non-degenerate critical point of f}T M
Then there is a smooth vector field & : % — TM on an open subset % = | |,c g Yo of M
such that:

i. For each o € M, & takes values T, M.

Yo

it. Fach set %, is a neighborhood of Or, .
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iii. Ve, fo = go With go := g‘ToM and f, = f|ToM'

To prove this lemma, we do need the following lemma;:

Lemma 4.3.9. Let V be a finite dimensional R-vector space and f,g : V — R be two smooth
functions on V' such that 0 is a critical point of g and also a non-degenerate critical point of f.
Then, there is a way to associate each triple (f,g,V) with a function: M9V UV =V such
that U5V is a neighborhood of 0 and

Verav () =g)  YweUV. (4.34)

Moreover, this choice of €59V is invariant up to vector space isomorphism, that is, if there are
a vector space isomorphism T : V' — V' and another triple (V, f, ) such that f = foT,g = goT
then:

T(UF) =0TV and 771 oghoV o1 = ¢F0V.

We begin with the proof of Lemma

Proof of Lemma[{.3.9. Note that for any smooth function h on a vector space V', we have the
following Taylor’s expansion:

1
h(v) = h(0) + (V,h)(0) +/0 (1 — 5)V2hgy(v,v)ds,

where V2h, : V x V — R is a bilinear map defined by: V2h, (v, w) = (V,V,h)(z).
Therefore, due to the fact that 0 is a critical point of both f and g, we have:

o) :(/01(1 V2 (v, U)ds), and

(Vo f)(0) = /O V2 fo (0, w)ds.

Besides, when v = 0, fol V2 fods = V2 fy which is a nondegenerate bilinear form on V x V due
to the fact that 0 is a non-degenerate critical point of f.
Thus, if we choose:

1
UV ={vev: / V2 fsds is a nondegenerate bilinear form.} (4.35)
0

Then, UV is an open neighborhood of 0 (because if we impose any inner product on V, then
UMY = (v eV : det (f01 v2f(sv)ds) £0}).

In consequence, due to our choice of UV, for all v € UV, there is a unique w, € V such that:

1 1
( / (1— S)VQQSvd8> (', v) = < / V2 fsvds> (v, w,) Yo' €V. (4.36)
0 0
Thus, there is a function: £59V : UV — V such that UV is a neighborhood of 0 and
Verovw f(v) = g(v) Vo e UHY. (4.37)

To establish invariance up to isomorphism, it suffices to observe that the defining equation (4.36))
of €59V is invariant up to isomorphism. More precisely, it is due to the invariance of derivatives.
For example, for all smooth function h: V — R, let h = h o T then for all z,v,w € V:

V2he(v,w) = V2 hp-1(,) (T 0, T w).
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Now, we provide the proof of Lemma [4.3.8]

Proof of Lemmal[f.3.8, For each o € M, by apply the Lemma[4.3.9|for each triple (fo, go, ToM)
where f, = f‘ToM and g, = g‘TOM, we imply the existence of a vector field £ : % — T(T M)
that satisfies 7, 44 and iis.

What is left is to prove that % C T'M is open and that £ is smooth.

Besides, these properties are local. (That is, they are satisfied if and only if for all 0 € M, there
is an open neighborhood U, of o such that | |,c;; %, is open and that &y, is smooth.)
Therefore, we can assume further that M is parallelizable (cf. [78, p. 179]) (Note that for each
0 € M, there is an open neighborhood of o that is parallelizable). More precisely, we assume
that

TM= M xR?,

where d is the dimension of M.
Thus, based on the above isomorphism and thanks to the invarance up to isomorphism of our
choice of ¢ (due to Lemma [4.3.9)), our problem is proven as soon as we show that:

Lemma 4.3.10. Let M be a smooth manifold and f,qg: M x R* = R be two smooth functions
such that for each o € M, 0 is a critical point of g(o,-) and also a non-degenerate critical point

;{ch]etéogtill)e.re is a smooth vector field € : % — R% on an open subset % = o %o of M x R4
such that:

i. Each set %, is a neighborhood of 0 in R?,

ii. Ve, ) fo(v) = go(v),
where £ := £(0,") , fo = f(0,) and go = g(0,").

But as we show right below, this claim is true. Therefore, we have the desired conclusion. [

Proof of Lemma[{.3.10, In order to prove this claim, recall that if we denote by H(h) the
Hessian matrix of a function h : R* — R, then by definition,

V2he(v,v) = (v, H(h)zv).

Therefore, after the defining Eq we have for each 0 € M, and v € RY,

</01(1 - S)H(go)svd8>’0 = </01 H(fo)svd,s) £, (v), (4.38)

- {(o,v)\ det (/01 H(fo)svds> £ 0}. (4.39)

and

Recall that (o,v) — fol H(f,)svds is smooth due to the smoothness of f and that with v being
0, fol H(fo)svd = H(f,)o which is non-degenerate by hypothesis. Thus, % is open.

On top of that, 1
() = ( / 1 H<f0>svds> ( / - s)H(go>svds>v,

which is smooth on (0,v) € U thanks to the smoothness of f and g. O
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4.3.1.2 Proofs of Theorem and Theorem m

Proof of Theorem[{.3.3. Let ¢: & =], 6o € TM — M denote the exponential map of M.
Define the smooth functions f : & — R and A : TM — R by the equations:

fw) =llo—e(v)ll3, Vo€ M€ &,
A(v) =||v||3, Yo e TM,
where in || - ||2 referes to the Euclidean distance of R™, while || - ||2 in A(v) refers to the norm

in TM with respect to Riemannian structure.

Let # be an open subset of & such that its closure # is also contained in & and that Oy, r € #
for all 0 € M.

Let F: TM — R be a smooth extension of f‘W

Denote respectively by F,, A, the functions F’ ‘To M and A‘ oM

Clearly, for each o € M, 0 is a critical point of F, and that 0 is a non-degenerate critical point
of A.

Besides, after Proposition 2.2 in [55], the second order of Taylor’s expansion of F, — A, is null.
Hence, the second order derivative of F, must be equal to the one of A,.

Thus, for all t € (—3,3) and 0 € M, we define:

Fl:= A, +t(F, — A,)

has a non-degenerate critical point at 0.
Therefore, after Lemma for there is an open set % C T'M such that Z > Op, ¢ for all
0 € M and that there is a smooth famility of smooth vector field (¢¢,t € (—2,2)) on % such
that:

Ve Fa = Ao(v) — F,. (4.40)

Consider the following flow ¢ of the time-dependent smooth vector field &;.
By the existence of the flow, there is an open set D = Uyepm Dy C (—2,2) X % and a smooth
flow ¢ : D — % such that such that 0 x 7 C D and that for all 0 € M, z € D,,

@) = @) gola) = (1.41)

Claim 4.3.11. There is an open set V := | | oy Yo C % such that for all o € M,
i (=2,2) X ¥ C Dy,
i. O, pm C Y5 for all o € M.
iii. Vo is star-shaped at O, ag.

Proof of Claim[.3.11. First, for the sake of simplicity, let us consider a R% version of Equation
[4.4T] as follows:
o' _

dr Vt((bt)a d)o(v) =1, (4'42)

for all (t,v) € (—2,2) x Uy for some open neighborhood U of 0 in R? and time-dependent smooth
vector field V; : U — R? such that: V*(0) = 0.

We observe that the above ODE has a unique smooth solution (t,z) — ¢'(z) on (=2,2) x U,
where U is defined by:

~ 1
U::{a:EUO:HW(sx)||<§forall —2<t<2,0<s<1}.
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Therefore, for the Equation we can conclude this lemma by choosing: ¥ := | | o7
where:

1
Yo ={v€D,:sveD,foral 0<s<1and sup €8 (sv) < =}
—o<t<2,0<s<1 2
O
Let us continue the proof of Theorem
Consider the the function G! = F(¢;) on ¥. We observe that
GO (v) = F(po(v)) = A(v) = ||v]%,
and that (thanks to Eq and Eq [4.40):
dGt  dF'(g) -
dt = dt = (Ft) © (9015) + v‘ﬂ.tFt
= (F = A)o(p) + Ver(p)F' = (F — A) o (¢) + (Ve F') o ()
=0.
Thus, G1(v) = ||v||? for all v € 7.
In other words, ¢1 : ¥ — T'M is a smooth map such that:
(Fopn)(v) = [lv]*.
That means, for all 0 € M and v € ¥, N#,, we have:
lo —e(v)* = [lv]. (4.43)

Besides, for each o, Eq (4.41) defines a flow on T, M. Thus, ¢{ is a diffeomorphism onto its

image, where ¢f = (‘DllToM'

In summary, thus far, we have shown that (; satisfies ¢4 and 3.

In order to have i, we only need to shrink the domain of (5.

The smoothness of ¢ comes from the fact that it is a solution of Eq

Thus, we have the desired conclusion. ]

Proof of Theorem [4.3.1] Theorem is a direct consequence of Theorem because of
each open set U enough of the Riemannian manifold M, we have the smooth isometry:

TU =~ U x R,

4.3.2 An estimation of bias term

To avoid repetition, in the rest of this section, we fix an integer £ > 1 and assume that:

Assumption 6. K is k-vanishing, the dimension d of M is at least 3, and s is a positive
integer smaller than k — 1.

)= ([ ot (1 Y o ay

The main result of this section is as follows:
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Theorem 4.3.12. There are a constant C' depending only on M C R™, k and Lip(K) =
SUD, yeR:aLy w such that for all h € (0,1,

172n = A (M)pl z < C x B 5 Ipll s
where p is the density of p.
In order to prove this theorem, we prove first its local version.
Proposition 4.3.13. Let 0 : R? x R — R, be any function such that
e 0(x,y) =0(y,x) for all z,y.
o ¥(z,x) =0 for all z.

o There is a constant C so that for all x and 1 < j <k — 1, we have:

1/ th(a(il’ y)> (z — y)dey’ < O x BFHL (4.44)
Rd

J!
where (xz — y)*J is defined as in Notation .

e There is a constant C' such that C'd(x,y) > ||z — y|l2 for all x,y.

e The third derivative of 92 is uniformly bounded.

Let a : R® — R be another compactly supported smooth function.
Suppose that Lip(K) is finite. Then there is a constant C" depending only on d, k, Lip(K), 0,

and a such that for all integer s € {0, ...,k — 1}, compactly supported smooth functions f and
p, and real positive number h, we have:

L Lt (P52 5@ 0 - pteatidady < €7 x (1l + 195e) % [l
Rd JRd

Remark 4.3.14. Note that because D(a: x) = 0 for all x, under the boundedness of the third
derivative of 0%, there is a constant C such that for all x,y € R* and X € (0,1), (¢f. Lemma

‘a (a: Z“AA)“”> _ %D(m, )| <

This fact will be used in the proof of Proposition[{.3.13. .

< lle— =13

Proof of Proposition[4.53.13. The proof of this proposition follows the same steps as of Theorem
For the sake of simplicity, we let p(8) denote V*p.

We consider first the case when s is even.
By Taylor’s expansion up to the order s, we see that:

/yeRd K(O(ﬂz y))f(:r)(p( ) — y)dy = Z/yERd ; < y)>f(x)p(j)(x) [(y — )] a(y)dy

" //\1:0 </y€Rd (1(5_—>\)18)! : K<°($h, y)>f(33) (P(S)(l’ + ANy —z)) — p(S)(;c)> [(y — x)Xs]a(y)Czy> d))\.
4.45
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Because of the hypothesis [£.:44] by using Taylor’s expansion of the function a at z, we have that
forevery 1 <j<s<k-1,

/yeRd ],K( (z, 4 y))f(x)p(j)(x) [(y - ZE)xj]a(y)dy‘ <o B x| (@ Hp

Hop

Hence,

s

Z /xeRd /yERd Jl'K <a(”;; . ) F@)p9 (@) [(y — )] aly)dyda

=1

Sca b x Cx W5 flloo X (1Pl s (rey- - (4:46)

Then, by the change of variables: y — M, we observe that:

/yeRd K(D(xh’y)> f(z) (p(s) (x+ XNy —x)) — p(s)(:r)) [(y — 2)**]a(y)dy

2 20N o
:/zeRd K (W) f(x) (p(s)(z) —pl® (gg)) (= - g;)xs]a<(1/\)‘)> %dz (4.47)

Now, let

=

/zeRd /yeRd ( z le/\ =) ) J@)(p9(2) = 9 (@) [(2 — x>](ﬂ> %dzdﬂ
/xeRd /yeRd (D fhz )f(x) (p(S)(Z) - (:c)) [(= - x)xs]a<2—(1)\—)\)l‘) %dzdx.
/xeRd /yeRd (D(x Z))f(fﬂ) (p(s)(z) —p® (x)) (= - :E)xS]a(x)%dde'

We will proceed to bound [A"(\) — A”(N)[, |A”(\) — A(N\)] and A(N).
Let us begin with |A'(A) — A”(\)|. By the Lipschitz continuity of K and 9, and the boundedness
condition on 0, we have:

A//

=

=

|A/(\) — A"())]

<Jlaloe X !fHoo/ /
x€R? JyeRd

.)
1)

. ) T — 2|3
“lall %20 x Lip(r) % 7l [ [ S ERy o096 e = sl pasa
zeRd JyeRd \d

L |p9 @)

K<°<ff>>f<(w)<uw<z>

(|l — =||2)? —dzdx

=~ —Zz
Sl x € x Lip() ¢ e [ [ BB ([0
reRd JyeRd

(|l — =||2)? )\ddzdx

o,

where the indicator 1j,_.|,<csan in the last two lines comes from Remark [4.3.14 and the fact
that K is supported in [0, 1].
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Therefore,
[A'(A) = A"(N)] Sacra C x Lip(K) x || flloo % AT H 5 X pll g ey (4.48)

Next, for |A”(A) — A(M\)], we have:
‘A/ A// )}

<”f“oo/$eRd/yeRd< Il e
o= [ Jo(57) (b

<Lip(a) X || flloo X [[Kls e /yeRd 1|xz§0/h<Hp(S)(Z)Hop+ Hp(s)(x)Hop>(H:c—zHg) 3 )\x‘bd dz.

s 1
),,) e = 215

o], s S5

Therefore,

A" (0) = AN Sgerac C X 1Kl X If oo x A5 X [[pl| s ey (4.49)

Now, we bound A(\).
Because s is even, by interchanging the role of z and x, we see that:

A(N) = - / " /y ERdK(W) £(2) (p<5>(z) — p(s)(x)> [(z — 2)**]a(2) )\ddzdx
= ;/zeRd /yERd K<D(:r z)> (a(x)f(z) — a(z)f(z))<p(s)(z) _p(s)(x)> [(z _ x)Xs} ﬁdzdx

On top of that, we have that K is supported in [0,1] and C'd(z,y) > ||z — y||2 for all z and y.
Therefore,

1 , Ljz—yla<acrn s s s
A < 51Kl x Liptaf) x [ L=IEEC o o1 (1) @)l + 5 (2) o)
X

s z||2<C'Ah | s
= 8¢ Liptor) < ([ 10 ||opdx> ([, ez
z€R4
= b % || K ||lso x Lip(af) x (/ [pt®) |yopdx> <A8+1/Rd1,zgc/|zys+1dz). (4.50)
zE

Therefore, we have the desired conclusion for s even.
For s odd, we only have to follow the same interpolation argument presented in Proof of Theorem
Therefore, we have the desired conclusion for all s. O

Now, we are ready to give the proof of Theorem [4.3.12

Proof of Theorem [{.53.13. Let [ij, denote:
fin(dy) = nn(y)p(y)dy,

where 7, (y) = [ h~ dK(Hw y”2)dx
Then after Lemma we have that:

|in — (M) pl| 7 < i — pllF + e — BaM)pllF Saxga R

Hence, it is sufficient to give an upper bound for ||y — fipl| =
Recall that by definition,
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=il =sup ([ [ ot (52 o) — plopancy

Consider a finite smooth partition of unity (U;, 7 : M — R)1<i<ny of M , that is, (U;)1<i<n is
an open over of M and Zf\il 7i(x) = 1 for all  with 7; being supported in U;, such that there
is a local chart ¢; : U; — R% of M. We will use extensively this family of local charts in the
later proof.
Clearly, for each 1-Lipschitz function f : M — R and each 4, 7; f is also a Lipschitz function
with Lipschitz coefficient

I7illoo + 11977 o | diam(M) oo,

where we have the used that fact that for all x,

e e AL R ey vs
Define:

Fi={f: M — | Lip(f) <||7illoo + [|VTil|oo||diam(M)|loc and supp(f) C U;}.

INGCE f(y))dy‘ < sup pla. y) = diam(M).

w?y

Because of the decomposition f = Zl]\i 1 f7i, we have that:

-l < 3wy ([ oo (5008 o) - pepazay)

= 1 JEFi

Thus, the initial problem reduces to bound individually each term

sup ((f [ etre (B2 ) 10) ) — )y ).

Without loss of generality, assume that y is sufficiently small so that for all 4, for all z € supp 7;,:
{ye M|z —ylla <h} C U

Then, fix an integer i € [1, N], by considering the local representation, we see that:

/ / dK<Hx yH2> (@) (p(y) — p(x))dxdy>
> /U/ e (1) 1) o) — sy
/

1
<
~sup ( (P )it ﬁ(x))a(xm(y)dxdy)

9€G; (U,
=su —d M NG 5 Na .
. /<p ) K< h >9( )(B(y) — B(x))a(y)d dy).

where p is the local representation of p under the chart ¢;, 0 is defined on ¢;(U;) such that :
0i(pi(x), 0i(y)) = lx =yl Vz,y € Us, (4.51)

and a is the local representation of the density of the volume measure of M, G; := {fo goi_l
(p(UZ) —R | fe .7:1}, and G; := {af cf e QZ}

However, this is exactly the mathematical expression we have studied in Proposition
Therefore, in order to have the desired conclusion, it is sufficient to check that if function
2 : (U;) x ¢(U;) — Ry is extensible to a function d : RY x R? — R, that satisfies all the
hypothesis in Proposition

Besides, the closure of ¢(U;) is compact. Therefore, for a such d exists, it is sufficient that ?;
verifies all the hypothesis in Proposition which is true due to the fact that
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e (z,y) — ||z — y|]3 is a smooth function on M x M.
e and that we have Proposition

Therefore, we have the desired conclusion. ]

Lemma 4.3.15. Under the hypothesis of Proposition we have that there is a constant
C such that for all z,y € R® and X € (0,1), (c¢f. Lemma

‘a <a: Z_“A_W) _ %D(m, 2)

C
< FH«T - Z”%

Proof. 1t is sufficient to prove this estimation for x = 0, let F(z) := 9(0,2). We have that
F : RY — R is continuously differentiable, F' > 0, and that F(0) = 0. Hence, VF(0) = 0.
Therefore, by using Taylor’s expansion to the second order, we have:

1 1 1
‘F(Z/)\)—)\QF(Z) )\2/ V2F(sz/\) (2% )\2/ V2F(sz)(2*%)ds
12113 3p
\% op-
< L s [V F(@) L
Besides, under the given hypothesis, C'\/F(z) > ||z||2. Hence,
12113 3 3
1 £ Supgera [VF(2)llop _ sup,epe [[V2E(2)]|o
L < 2 xe p _ SUPzeR P 2
2002/ - Jo(0,5)| < B T IV E@lon 213,
Therefore, we have the desired conclusion. ]
Lemma 4.3.16 (An estimation lemma). Let na(y) = [, h*dK<@>dx, then there is a

constant C' depending only on || K||s and M such that for all x € M and h € (0,1), we have:

[ (2) — 1] < CR".

Proof. Consider a family of Morse charts (¢, : Uy — Bga(0,7),z € M). For any point z € M,
let (2',22,...,2%) represent the local coordinates in the chart ¢,. In this context, let (aij)
denote the local representation of the Riemannian metric on M.

Given our choice of local chart, for any h < r, it holds that

Jare () ay = [ () aertass o a

Therefore, as in Proof of Proposition it is sufficient to demonstrate that:
det(aij(O)) =1.
We first prove that:

1

det(a;;(0)) = W7

(4.52)

where F(y) == 3llz —yl|3.



140 CHAPTER 4. MINIMAX ESTIMATION OF SMOOTHED DENSITIES

0

Recall that V2(F)(z) is a bilinear form on the tangent space T M, and (% 2 5

a linear basis of TM,. Therefore, by definition of the determinant,

|x) forms

_ et (VAF) @) 5% 55)) _ det (VP (F) @)l 55))

det(V2(F)(x)) 0z! (4.53)
det ((:Z, 52)) det(a;;(0))
Furthermore, since x is a critical point of F', for any ¢ and j, by definition of Hessian,
VQ(F)(QC)[i i] = 0;0;(F o ;1) (4.54)
02" 027 J v

which simplifies to 1 if i = j and 0 otherwise, given that F o ¢, 1(z) = 3||z|3.
Now, we prove that
det(V3(F)(z)) = 1

Indeed, we will reuse the result in Eq but with another local chart different from ¢,.
Consider a normal coordinate system ¢ : U — R? around a neighborhood U of x such that
p(x) = 0, and let (b;j) denote the local representation of the Riemannian metric on M under
this normal coordinate chart.
Then by properties of normal coordinates, we have that b;;(0) = 1 for all ¢ = j and 0 otherwise.
Therefore,

det(bij(O)) =1.

Besides,
9;0:(F oo™ h)]y = (0™ )]0p 03¢ )| g

where ¢~ is regarded as a function from ¢(U) to R™.
On top of that, because the Riemannian metric of M is induced by R™, we have:

<ai(90—1)‘0?8j(§0_1)|0>Rm = <ai(90_1)‘078j<90_1)‘0>M ’

1

where 8i(g0_1)|0, aj(cp_l)‘o in right side are understood as tangent vector of M.
But, by definition, b;;(0) = <0¢(g0*1)’0,8j(cp*1)}0>M.
Thus,

det(V*(F)(z)) = 1.

Therefore, we have the desired conclusion. ]

Remark 4.3.17. Note that the most precise way to handle the induced Riemannian metric is
through the language of immersions. In particular, for the above proof, the expression should
technically be written as F oo p, 1, where v is the immersion M < R™. However, throughout
this chapter, we have implicitly identified M with 1(M) and thus have omitted explicit reference
to v. To maintain consistency, the proof above does not mention ¢ at all. Nonetheless, this
choice of notation may cause confusion regarding how the induced metric works, and it is worth
keeping in mind that the immersion v underlies the identification of M with its image in R™.

4.3.3 An estimation of stochastic term

The main result of this section is as follows:

Theorem 4.3.18. For all n and h € (0, 1], we have:
. ~ 1
E(|I7inn — finll£) Sm HKHoo%h1 @2, (4.55)

Before giving its proof, we begin with a preliminary on Green functions on manifolds.
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4.3.3.1 A preliminary on Green functions on manifolds

On compact Riemannian manifolds, we have many estimation results analogues to what we
have in R%. We begin first with the existence of Green functions.

Theorem 4.3.19. [11, ch. 4] The Green’s function G(z,y) : M x M — R for M with the
Laplace-Beltrami operator A is a fundamental solution to the Poisson equation in distribution
sense. That is, for all smooth function f € C*°(M) such that [, f(x)dz =0,

/ G, y)Af(y)dy = f(z).
M

Then if the dimension d of M is bigger than or equal to 3, this function G exists and is smooth
on (M x M)\ diag(M), where diag(M) := {(z,y)|x € M} .

Moreover, there is a constant C depending only on M such that:
|G, y)| < Cp(z,y)*~ 7, |ViG(z,9)]l, < Cpla,y)' =7, for all z,y € M, (4.56)

where || - ||2 in the above inequality denotes the norm of tangent vectors and Vi denotes the
derivative on the first variable.
In particular, for all x, y — ||V1G(x,y)|, is LY(M,dz) and continuous on M\{z}.

Then, for any function f € L*°, we denote by G f(x) the integral:

Gf(r) = /M G, y) f(y)dy. (4.57)

Then, we have the following regularity result:

Proposition 4.3.20. If f € L, Gf is differentiable and for all x,
VG(a) = [ ViG.) iy

In particular, x — ||[VG f(x)||, is L.

Proof. Fix a point € M. Let v : [0,1] — M be any differential curve such that v(0) = = and
7'(0) = v € T, M and that |v| = 1.

Then for any radius r > 0, thanks to the smoothness of G and the compactness of M, we have
that:

limsup [t HGf(y(t) — Gf(x)) — / <V1G(a:7y),v>f(y)dy‘
t—0+ M
< lim sup / (EHG((1),y) — Gz, y) — (V1G(z,y), v)) f(y)dy|+
t—0t B (z,r)
lim sup / (t_l(G('y(t),y) —G(x,y)) — <V1G(:U,y),v>)f(y)dy
t—0+ MA\Bpg(z,1)
= lim sup / (tHG((1),y) — Gz, y) — (V1G(z,y),v)) f(y)dy| + O
t—0t Ba(z,r)

1
Sl [ 19160y + Hmopr [ ( / ||vla<v<t>>|2dt)dy
Bpa(z,r) t—0+ Bpa(z,r) 0

Sllflloo/ VG, y)ady +  sup ! / V26|, dy
Bam(z,r) z'€Bpam(z,r) Ba(z,r)

<27 x sup [ V1! 9)]),dy.
z'eM J B (2! ,2r)
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Besides, thanks to Theorem [4.3.19} for all 2/,

/ 191G, )|, dy Saa -
Ba(2!,2r)

Therefore, by taking » — 0T, we have the desired conclusion.

Then, thanks to the above estimation of the gradient of Green function in Theorem we
have the following lemma:

Lemma 4.3.21. There is a constant C depending on M such that for all z,

/M BUIVAG (@, )| X Lo oyende < C x (B0 0o + 99, 2) My o). (4.58)

Proof of Lemma |4.53.21 By using Theorem [4.3.19] the proof of this lemma is the same as the
proof of Lemma O

Lemma 4.3.22. For all 1-Lipschitz function f € F and g € L*°, we have:

[ s@gar < [ 1960 @)L
M M

Proof of Lemma . For any f € C°°(M) smooth such that fM f =0, we have that:

\ [ 5.t

where ||V f|oo := sup, ||V f(2)]|a-
Besides, by Fubini and Theorem [4.3.19, we have:

<1V foo /M IVG(9) (@), (4.59)

- / (Vf(x), VGyla / Af(2)Gola
M
- / AF(2)G(z, y)g(y)dydz = / F@)g(y)dy. (4.60)
MxM

M
Therefore, for all f € C°°(M) smooth, we have:

\ [ @1t

<1911k [ IVG(a)@)lda:

Thus, by the density of C*°(M), we have the desired conclusion. O

4.3.3.2 Proof of the main result
In this section, we give the proof of Theorem

Proof of Theorem[{.3.18 By Lemma we have that:
Walio i) < [ VG (Fun =)l
M

where

X;
pnh Zh dK<thH2>,

=1

ﬁh(y):/Mh <” hy||2)p(x)dx.
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Hence, by Cauchy-Schwarz’s inequality,

O ) < vol(M) [

E(IVG @ — Pi)(w) ) dy

Note that p,, n = %Z?:l px,.n(Y), with px, p(y) := h_dK(M). Therefore,
| E(196G0n— 0 w)13)ay
M
1 h—2d X1 —z
s/ (VG = [ (’/ vi6( ) (1 o
n.Jm
X z 2
[(/ 1960021 (e “Z)dz)]dy
h—2d 9 2
<" xIKlEx [ E ( / ||v1G<y7z>uzlp<xl,z><0hdz) dy
n M M

where C' is the constant depending only on M C R™ such that for all z, y:

o

p(z,y) < Cllz —yl2.

Thus, from Lemma [4.3.21] we imply that:

EOM (Jinh, Fin))?

1 B 2
SMm e | Koo % /M E(hlp(xl,y)gzh + hip(X1,y)t d]-p(X1,y)>2h> dy

2 _ _
< E X HKHoo X h 2d X E|:/M (thp(Xl,y)SZh + h2dp(X1>y)2 zdlp(Xlay)>2h>dy:|

1
S h 70 h! 4+ i),

Therefore, we have the desired conclusion. ]

4.3.4 Conclusion

We now can conclude with the proofs of the main results.

Proof of Theorem and Corollary[{.1.7, The results of Theorem follow directly from
Theorem and Theorem

The first part of Corollary - [4.1.7) follows directly from Theorem [£.3.1§| after choosing h, =
n~1/(s+d/2) and fin = % (M)“n h,- Note that as shown in Lemma [4.3.16| there a deterministic

constant C dependlng only on ||K||s and M such that for all n:
[Finn,, (M) = 1| < Chy,.

For the almost sure convergence, it is sufficient to show that there is constant C’,C” > 0 such
that for all n and ¢,

PUW: (it Bt (M)1t) — EOWi (B B, (M| 2 1) < C" exp (—C'nt?),

Because this, with Borel-Cantelli theorem, implies that almost surely,

lim sup (Wi (Fin s Fon n (M) 1) — E(W(Fn > Fin, iy (M) )] = 0.

o
n—o00 \/ﬁ hl(”)
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Let X/ be a copy of X; and independent of X, Xo, ..., X,,. Consider:

,z;l,hnmy)::ﬁl(K(”Xl o) ZK(HX sz))

We have that:

Wi (T, by > B (M) 1) = Wi (i, Fiy o, (M) 1)
hd X1 — X! -
SLT ( / K<H1y”2>f(y)dy— / K(”ly"?>f<y>dy>
" f:M—R : 1—Lipschitz M hn M hn

Sy f(@)dz=0

U ) sup 4, 1),

T on

where Ah(l’) =hp f/\/l 1||m,yH2§hdy.
Therefore, by McDiarmid’s inequality, we have for all ¢ > 0

PUWA (o Bt (M) — EOV (B g M) = 1) < exp (~Crunt?),

where
2

(1| odiam (M) sup, Ay, (x))*

On top of that, limy,_,osup, An(x) = vol(Bgra(0,1)). Therefore, we have the desired conclusion
for the almost sure convergence. O

n =
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Table 4.1: Notation Table

Symbol Description

Arm Laplace operator of R™, usually written as A for
short if there is no ambiguity.

M A smooth manifold without boundary embed-
ded in R™.

A Laplace (-Beltrami) operator of manifold M,
usually written as A for short if there is no am-
biguity.

\% Covariant derivative/ Affine connection/ Gradi-
ent operator on M.

D, Covariant derivative along a curve.

d Dimension of M.

d, d* Exterior differentiation on M and its formal ad-
joint.

JY odW Stratonovich integral of Y against W.

F(M) Frame bundle of M .

Oo(M) Orthonormal frame bundle of M.

P Bundle projection.

(€i)icta The standard basis of R?.

H,(u) Horizontal lift of uz € Tp, M to u.

H, Horizontal lift of Z € T'(T M) to a vector field
on F(M).

H; H,.

(TM) Space of all smooth vector fields on M.

inj Injectivity radius of M.

JE'. The absolute value of the Jacobian determinant
of function F.

exp, & Exponential map of M.

QF(M) Space of all smooth differential k-forms on M.

X(M) Space of all smooth vector fields on M.

F = (Fi)e=0 Filtration of a filtered probability space.

B a Banach space

LP the space of functions with finite LP- norm
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horizontal vector, 25
order of a kernel, 104

Pullback, 20

semimartingale on manifold, 33
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Abstract and keywords

This thesis studies the connection between probability theory and differential geometry. These
two fields have many common ideas that can lead to new insights and applications in areas such
as physics, finance, and machine learning.

My work is divided into three main parts. First, we study random operators on smooth,
compact, and connected manifolds. We look at graph Laplacians, which are built from points
sampled on a manifold. Graph Laplacians act as discrete versions of the Laplace—Beltrami
operator, a fundamental object in differential geometry. We extend previous research by relaxing
the assumptions on the kernel functions used to construct these graphs. As a result, we are
able to prove uniform convergence rates for a wide range of kernel-induced random operators,
including those related to the k-nearest neighbor random walk. We then show that as the
number of sample points increases, the random walks on these graphs converge to diffusion
processes on the manifold. This result helps to explain how discrete models can approximate
continuous phenomena.

The second part of the thesis focuses on the long-time behavior of diffusion processes on mani-
folds. We study the occupation measures of these diffusion processes, which describe how much
time these processes spend in different regions of the manifold. By smoothing these measures
with an appropriate kernel, we can measure their convergence using the Wasserstein distance.
The smoothing improves the convergence rate with respect to the existing results, and we prove
that these rates are optimal in a minimax sense. This work is important for applications where
one needs to recover the geometric properties of a manifold from observed trajectories. Unlike
many previous studies that assume independent samples, our approach takes into account the
natural time dependence found in stochastic processes.

The third part revisits the problem of density estimation on manifolds. Density estimation is
a key problem in statistics, and it becomes more challenging when the data lie on a curved
space. Building on recent work, we extend the known results by proving that the minimax
convergence rates for density estimators still hold for a larger class of density functions. In
our analysis, we consider densities that are not necessarily bounded away from zero and that
may even have unbounded support. We use techniques from optimal transport theory and
nonparametric statistics to generalize previous results. This not only improves our theoretical
understanding but also has practical implications for data analysis in high-dimensional settings
where the data are believed to lie on a low-dimensional manifold.

Keywords: diffusion processes on manifolds, optimal transport, kernel smoothing, minimax
rate, limit theorems, random walks, differential geometry.
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Résumé et mot-clés

Cette these étudie le lien entre la théorie des probabilités et de la géométrie différentielle. Ces
deux domaines peuvent interagir pour conduire & de nouvelles idées et applications en physique,
finance, et machine learning.

Mon travail est divisé en trois parties. Premierement, nous étudions les opérateurs aléatoires sur
les variétés lisses, compactes et connectées. Nous étudions les Laplaciens de graphe, qui sont
construits a partir de points échantillonnés sur une variété. Ces Laplaciens agissent comme
des versions discretes de 'opérateur de Laplace-Beltrami, objet fondamental de la géométrie
différentielle. Nous étendons les recherches précédentes en assouplissant les hypotheses sur les
noyaux utilisées. Nous sommes ainsi en mesure de prouver des taux de convergence uniformes
pour une large classe d’opérateurs aléatoires induits par le noyau, y compris ceux liés a la marche
aléatoire du k-plus proches voisins le plus proche. Nous montrons ensuite que lors que le nombre
de points de I’échantillon augmente, les marches aléatoires sur ces graphes convergent vers des
processus de diffusion sur la variété. Ce résultat permet d’expliquer comment les modeles
discrets peuvent approcher des processus de diffusion continus.

La deuxieme partie de la these se concentre sur le comportement en temps long des processus de
diffusion sur les variétés. Nous étudions les mesures d’occupation de ces processus, qui décrivent
le temps passé dans différentes régions de la variété. En lissant ces mesures avec un noyau
approprié, nous pouvons mesurer leur vitesse de convergence en distance de Wasserstein. Le
lissage améliore la vitesse de convergence par rapport aux résultats existants, et nous prouvons
que ces taux sont optimaux au sens minimax. Ce travail est important pour les applications
ou 'on a besoin de récupérer les propriétés géométriques d’une variété a partir de trajectoires
I’explorant. Contrairement a de nombreuses études antérieures qui considerent des échantillons
indépendants, notre approche prend en compte la dépendance temporelle naturelle que 1’on
trouve dans les processus stochastiques.

La troisieme partie revisite le probleme de ’estimation de la densité sur les variétés. L’estimation
de la densité est un probleme clé en statistique, et elle devient plus difficile lorsque les données
se trouvent sur un espace courbé. Nous étendons les résultats connus en prouvant que les taux
de convergence minimax pour les estimateurs de densité restent valables pour une classe plus
large de fonctions de densité. Dans notre analyse, nous considérons des densités qui ne sont
pas nécessairement minorée par une constante positive et qui peuvent de plus avoir un support
non borné. Nous utilisons des techniques de la théorie du transport optimal et de la statis-
tique non paramétrique pour généraliser les résultats précédents. Cela améliore non seulement
notre compréhension théorique, mais a également des implications pratiques pour ’analyse des
données dans des contextes a haute dimension ou les données sont censées se situer sur une
variété de basse dimension.

Mot-clés: processus de diffusion sur les variétés, transport optimal, lissage par noyaux, vitesse
minimax , théorémes limites, marches aléatoires, géométrie différentielle.
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