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Abstract

This thesis proves a Cramér-type large deviation principle for drifted geodesic random walks on
a complete Riemannian manifold. A geodesic random walk is the manifold analogue of a sum
of independent increments: at each step a random tangent vector is drawn and the walk moves
along the geodesic that this vector defines. We add a deterministic drift, given by a smooth vector
field V, so that each step follows the geodesic determined by the random increment together with
the value of V' at the current point. For the empirical average of such a walk we establish a large
deviation principle at speed n, with an explicit good rate function obtained as the Legendre
transform of the increment law, corrected by the drift. The proof rests on a single construction,
the drift map, which sends a noise path to the path obtained by carrying it on top of the flow
of V. We show that this map is continuous, and the large deviation principle then follows from
the Riemannian version of Mogulskii’s theorem by two applications of the contraction principle.
Setting the drift to zero recovers the undrifted theorem of Kraaij, Redig and Versendaal. A final
chapter removes the bounded-increment hypothesis. It is replaced by Cramér’s condition on the
increment law together with a bounded-geometry assumption on the manifold, and the same
rate function is obtained.
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1 Introduction

Probability theory grew up on the real line and in Euclidean space. Many of the objects we now
want to model with it do not live there. A diffusion tensor in medical imaging is a symmetric
positive definite matrix. The orientation of a rigid body is a point on the rotation group SO(3). A
wind direction is a point on a circle, and a protein backbone is a sequence of angles on a torus. Data
of this kind are called manifold-valued, and they occur across directional statistics, shape analysis,
computer vision, robotics, and diffusion imaging [11]. To do statistics on such spaces, and to model
dynamics on them, we need random processes that respect the geometry. The geodesic random walk
is the natural analogue, on a curved space, of a sum of independent steps. In R% a random walk
adds a random vector at each step. On a manifold there is no global addition, so instead we draw
a random tangent vector and follow the geodesic it points along for one step. The exponential map
takes the place of the sum. Jgrgensen studied these walks already in 1975 and showed that, when
suitably rescaled, they converge to Brownian motion on the manifold [5]. The same construction
is today a standard computational tool: geodesic walks are used to sample from distributions on
manifolds and from convex bodies, and their mixing behaviour is an active topic [10, 9].

Convergence to Brownian motion is a law-of-large-numbers and central-limit statement. It
describes the typical behaviour of the walk. Large deviation theory describes the opposite regime:
the small probability of an atypical outcome, and the exponential rate at which that probability
decays. In R? the model result is Cramér’s theorem. The empirical mean of n independent,
identically distributed steps satisfies a large deviation principle at speed n, with a rate function
equal to the Legendre transform of the log-moment generating function of a single step [3]. Rate
functions of this kind are not only of theoretical interest. They quantify the cost of rare events,
they drive the importance-sampling schemes that make rare events computable, and, through the
Freidlin—Wentzell theory, they identify the most likely path of a rare transition in a noisy dynamical
system [4]. Carrying this theory from Euclidean space to manifolds lets these tools reach the
manifold-valued setting described above.

Such an extension was carried out for the undrifted geodesic random walk by Versendaal [13, 14]
and by Kraaij, Redig and Versendaal [6], who proved Cramér- and Mogulskii-type theorems on
complete Riemannian manifolds. Their walk is driven by noise alone. Most processes that appear
in applications, however, combine noise with a deterministic drift: a gradient descent seeking a
minimum, a physical system pulled by a force, a stochastic differential equation with a drift term.
This thesis adds that drift.

We study the drifted geodesic random walk, in which each step follows the geodesic determined
by a random increment plus the value of a fixed vector field V' at the current point (Definition 5.3).
The main result is a Cramér-type large deviation principle for the empirical average of this walk
(Theorem 6.3): the endpoints satisfy a large deviation principle in M at speed n, with an explicit
good rate function built from the Legendre transform of the increment law and the drift. When V'
vanishes the result reduces to the undrifted theorem of [6]. The proof is organised around a single
geometric object, the drift map, which carries a noise path onto the trajectory obtained by riding it
on top of the flow of V. We show that this map is continuous, and the large deviation principle then
passes through it by the contraction principle, starting from the Riemannian Mogulskii theorem for
the undrifted walk. A final extension removes the assumption of bounded increments. It is replaced
by Cramér’s condition on the increment law, together with a bounded-geometry hypothesis on the
manifold, and reaches the same rate function (Theorem 6.5).



Outline

Sections 2—4 are preliminary, Section 5 introduces the objects and Section 6 states the main theorem,
and the remaining sections carry out the proof.

Section 2 collects the necessary background on Riemannian geometry, recalling the definitions
and results that will be used later. Readers familiar with connections, geodesics, parallel transport,
the exponential map, and Jacobi fields may wish to skip ahead. Section 3 recalls the large devia-
tion prerequisites: the large deviation principle, the classical Cramér and Mogulskii theorems, the
contraction principle, and exponential equivalence.

In Section 4 we prove, as a geometric tool used later in the proof, the convergence of the geodesic
Euler scheme: the piecewise-geodesic approximation to the integral curve of a smooth vector field
converges uniformly at rate O(h), where h = 1/n is the step size. We first develop the Euclidean
case in detail, as we will use a similar argumentation structure to extend to compact Riemannian
manifolds.

Section 5 introduces geodesic random walks and their drifted variant, and Section 6 states the
main theorem of the thesis together with its extension to unbounded increments and illustrative
examples.

The proof follows a contraction-principle strategy. In Section 7 we carry it out first in R¢ as
a warm-up, exhibiting the strategy without geometric complications; Section 8 then executes the
same four steps on the manifold, with the Riemannian Mogulskii theorem replacing the classical
one and Jacobi-field estimates replacing the flat Gronwall bound.

Finally, Section 9 removes the bounded-increment assumption of the main theorem, replacing it
with Cramér’s condition (finiteness of all exponential moments) at the cost of a bounded-geometry
hypothesis on the manifold. The argument is a truncation tower built on the main theorem: it is
applied verbatim at each truncation level, the truncated walks are shown to approximate the original
one exponentially well, and the limiting rate function is identified by a I'-convergence argument.
This recovers, for the drifted walk, the generality of the undrifted theorem of [6].



Conventions and Notation

All manifolds are smooth, connected, and without boundary unless stated otherwise. We write V
for the Levi-Civita connection and d for the Riemannian distance. For a curve v : [a,b] — M, two
notations for parallel transport are used: 7., along v itself, and, when z and y are joined by a
unique minimising geodesic, P,_,, along that geodesic, which is the case that occurs throughout the
proof. The two letters distinguish an arbitrary given curve from the canonical minimising geodesic,
and are used consistently for this distinction; both symbols are listed in the table below. The flow
of a vector field V' is denoted ¢4, so ¢r(z) = V(p(z)) and ¢o = id. Throughout we use the Finstein
summation convention: an index that appears once as a subscript and once as a superscript in a
single term is summed over, so that e.g. X = X'9; abbreviates X i9; and X = gi; X i abbreviates
Zi Gij X"

The symbols and function spaces used repeatedly are collected below for reference.

Geometry.

(M, g) complete Riemannian manifold; d its distance, V its Levi-Civita connection.
B(z,r), B(z,r) open and closed ball, centre x, radius r.
Exp,, log, exponential map at p and its local inverse.
inj(A) injectivity radius of A C M; «(p) := inj({p}) pointwise, and ¢y := inj(K)p).
Rm, ||Rm /s Riemann curvature tensor and its uniform operator-norm bound.
Ty parallel transport T, M — T,M along the curve .
P,_,, parallel transport along the unique minimising geodesic from z to y.
V, ¢ drift vector field and its flow.
1o, Ko base point and the tube Ko := B(xg, 7 + |V c0)-

Probability and large deviations.

ta, {pe} increment law on T, M and the consistent family of such laws.

Az, Al log-moment generating function A;(\) = log fTwM ey, (du) and its Legendre transform
(the rate integrand).

zZ", Yy, Sy undrifted interpolated walk, drifted interpolated walk, and drifted empirical average
(endpoint).

IX/[, II‘)/ath endpoint and path-space rate functions; the large deviation principle is always at speed
n.

Function spaces (on [0,1], valued in M or R%).

C, Cy, continuous paths, and those with ¢(0) = zp, under the uniform metric doo(¢p1,P2) =

sup; d(1(t), ¢2(t)).
AC absolutely continuous paths.

AC,, ., absolutely continuous paths from zy with speed |90 < 7.
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2 Riemannian geometry

This section collects the Riemannian geometry needed for the rest of the thesis. We recall the
main definitions and state the results that will be used, giving proofs only when they are short or
illuminate a point relevant to later sections. Acquaintance with smooth manifolds, tangent spaces,
smooth maps, the differential, and vector bundles is assumed; see Lee [8] for a thorough treatment.
For a reference on Riemannian geometry, we recommend Lee [7] as well.

The material is organised building up from the definition of the Riemannian metric. This metric
equips each tangent space with an inner product, giving lengths and angles pointwise. To then
compare vectors at different points, and so to differentiate along curves, we introduce a connection;
asking it to be compatible with the metric and torsion-free singles out the Levi-Civita connection
and, with it, geodesics. The exponential map Exp, assembles all geodesics leaving a point into
a single map and lets us define normal coordinates, linearising the geometry locally. Lengths of
curves then turn M into a metric space, and completeness guarantees that nearby points are joined
by minimising geodesics. Once that minimising geodesic is available, parallel transport along it
becomes a map of the two endpoints, and we prove smooth dependence on in a subsection of itself
as we will use this in later sections. Curvature then arises as the effect on tangent vectors when
moving them along curves and Jacobi fields capture how this curvature governs nearby geodesics.
We turn that control into a growth bound for Jacobi fields which, together with a Lipschitz bound
for Exp,, in its vector argument, gives the two estimates on the exponential map that the later
sections quote by name. The first variation of length and the Jacobi equation are two instances of
the same idea: differentiating a family of curves in the family parameter. It is this idea, rather than
any single formula, that the later sections use again and again, so the section treats it as an object
in its own right and not only as a step inside two proofs.

2.1 Riemannian metrics

Definition 2.1 (Riemannian metric). A Riemannian metric on a smooth manifold M is a smooth
symmetric (0, 2)-tensor field g that is positive definite at each point. A smooth manifold equipped
with a Riemannian metric is called a Riemannian manifold and is denoted (M, g).

In other words, a Riemannian metric is nothing more than a smoothly varying inner product on
the tangent spaces. We write (X,Y) = g(X,Y) and || X| = (X, X)!/2. We also get natural notions
of angles (via cosf = (X, Y) /(|| X||||Y]|)) and orthogonality ((X,Y") = 0).

Any smooth manifold can be equipped with a Riemannian metric: one pulls back the Euclidean
inner product via coordinate charts and glues using a partition of unity. This is a standard con-
struction; see [8, Proposition 13.3].

As the Riemannian metric adds a layer of structure to the manifold, it comes with natural
structure-preserving maps:

Definition 2.2 (Isometry). A diffeomorphism ¢ : (M, g) — (M ,g) between Riemannian manifolds
is an isometry if ¢*g = g, i.e., for all p € M and X,,,Y, € T,M,

Ie(p) (d‘Pp(Xp)v d‘»"p(yp)) = gp(Xp, Yp).

A smooth map ¢ : M — M is a local isometry if for each p € M there is a neighbourhood U of p
such that |y is an isometry onto its image.

So an isometry is a diffeomorphism whose differential is a linear isometry on each fibre.



2.2 Connections

Geodesic random walks rely on geodesics. To define them, we need a way to differentiate vector
fields along curves and compare vectors in different tangent spaces. This motivates introducing a
connection.

Definition 2.3 (Connection). A (linear) connection on TM isamap V : I'(TM) x T(TM) — T'(TM)
(where I'(T'M) denotes the space of smooth vector fields on M), written (X,Y) — VxY, satisfying:

(a) VxY is C°°(M)-linear in X;
(b) VxY is R-linear in Y;
(¢) Vx(fY)=fVxY + (X[f)Y for f € C®°(M) (the Leibniz rule).

Right now, the connection looks like a global abstract operator on smooth vector fields. The
fact that it has something to do with derivatives is motivated by locality: one can show that VxY|,
depends only on the value of X at p and the values of Y in an arbitrarily small neighbourhood of p.
This means we can evaluate VxY at a point without knowing X and Y globally.

In local coordinates with frame {0;}, a connection is completely determined by its Christoffel
symbols Fi-“j, defined by Vp,0; = Ffj Or. The covariant derivative of ¥ = Y7 0; in the direction
X = X'9; is then

VxY = (X(Y*) + X'YITE,) O

An important special case is the Euclidean connection V on RY, defined by Vx (Y79;) = (X (Y7))9;,
i.e., one simply differentiates the component functions. In standard coordinates, its Christoffel
symbols are all zero.

To make the connection feel less abstract, we make two remarks. First, on a single chart, choosing
a connection amounts to nothing more than choosing the d* smooth functions I‘fj freely: any
assignment of Christoffel symbols defines a connection through the formula above, and conversely
every connection arises this way. Second, by choosing the Christoffel symbols locally and using
a partition of unity, we can get a global connection. So every smooth manifold admits a linear
connection (in fact, infinitely many). The rest of this subsection will show that a Riemannian
metric singles out one canonical choice among them.

Definition 2.4 (Torsion and symmetry). The torsion tensor of a connection V is T(X,Y) =
VxY —VyX —[X,Y], where [X, Y] denotes the Lie bracket of the vector fields X,Y. A connection
is symmetric (or torsion-free) if T = 0, which in coordinates amounts to T’ fj = Ffl

Definition 2.5 (Metric compatibility). A connection V on a Riemannian manifold (M, g) is com-
patible with g if
XY, Z)=(VxY,Z)+ (Y,VxZ)

for all vector fields X,Y, Z.

Metric compatibility has several equivalent reformulations. We pause at one of them, as it
might give a more intuitive idea of metric compatibility: A connection V is compatible with g if
and only if parallel transport (defined below) along any curve is a linear isometry between tangent
spaces. Thus metric compatibility says that transporting vectors parallelly never distorts their
lengths or the angles between them. A proof of this equivalence and the others can be found in [7,
Proposition 5.5].



Metric compatibility alone does not determine a unique connection: there are many connections
with Vg = 0, differing by “twisting” terms that still preserve inner products. A natural way to
remove this freedom is to also impose symmetry. Geometrically, we are after the connection that
makes geodesics “as straight as possible”. A concrete model comes from the embedded case: for a
submanifold M C R™ carrying the induced metric (the Euclidean inner product of R™ restricted to
each tangent space T,M C T,R™ =2 R"), one differentiates a tangent vector field in the ambient Eu-
clidean space and projects the result back onto M. This tangential connection VLY = 77 (VxY)
is both compatible with the induced metric and torsion-free, and by Nash’s embedding theorem [2]
every Riemannian manifold arises this way. Compatibility and symmetry are thus exactly the in-
trinsic shadow of the naive “differentiate and project” derivative. We will now also see that together
they pin the connection down completely.

Theorem 2.6 (Fundamental Lemma of Riemannian Geometry). Let (M, g) be a Riemannian man-
ifold. There exists a unique linear connection V on TM that is compatible with g and symmetric.
This connection is called the Levi-Civita connection.

In local coordinates, the Christoffel symbols of the Levi-Civita connection are given by

L ke
Ty = 3 9" (Bigej + 0596 — Dugij)-
Remark 2.7 (Isometries and the Levi-Civita connection). The uniqueness of the Levi-Civita con-
nection means that isometries automatically preserve it: if ¢ : (M, g) — (M, g) is an isometry, then
0«(VxY) =V, x(psY), because ¢,V is again metric-compatible and torsion-free and so equals V
by uniqueness.

We will always use the Levi-Civita connection unless stated otherwise.

One consequence of property (a) of a connection is worth recording separately, because the
constants of the later sections are built from it. For a fixed smooth vector field Y, the map
X — VxY is C>°(M)-linear, so at each point it is a linear map VY|, : T,M — T,M, v — V,Y.
We write

VY (D)|lop := sup{||V,Y| : v € T,M, |v|| <1}

for its operator norm. A bound [|VY||o, < L is the Riemannian form of “Y" is L-Lipschitz”, and it
is what we use in the Gronwall later.

2.3 Covariant differentiation along curves, geodesics, and parallel transport

Curves on a manifold need not be embedded submanifolds: they can self-intersect, assigning two
different tangent vectors to the same point. This is why we need a more general notion of vector
field along a curve:

Definition 2.8 (Vector field along a curve). Let v : I — M be a smooth curve. A wvector field along
7 is a smooth map V' : I — T'M such that V(t) € T,y M for every t € I.

Lemma 2.9 (Covariant derivative along a curve). Let V be a linear connection on M and~ : I — M
a smooth curve. There is a unique operator Dy on vector fields along v satisfying: (i) Dy is R-linear;
(ii) Dy(fV) = fV + f DV for f: 1 — R smooth; (iii) if V extends to a vector field V near (1),
then DV (t) = V)V. In local coordinates V(t) = VI (t) 0;, this takes the form

DV = (VE+TE ()5 V) 0.

10



We have now collected enough machinery to define geodesics.
Definition 2.10 (Geodesic). A curve v : I — M is a geodesic if its acceleration vanishes: D% = 0.

In local coordinates, the geodesic equation reads #¥(t) + Ffj(v(t)) @'(t) #7(t) = 0, which is a
second-order ODE. By standard existence and uniqueness theory, for any p € M and v € T,M
there is a unique maximal geodesic 7, with 7,(0) = p and %,(0) = v. On a compact manifold,
geodesics exist for all time; this is due to the geodesic completeness of Theorem 2.25, proved there
in the wider generality of a complete manifold.

Because a connection lets us compare tangent spaces and differentiate fields along curves, it also
lets us transport tangent vectors along a curve without “twisting”:

Definition 2.11 (Parallel transport). Let v : I — M be a smooth curve. A vector field V' along
7 is parallel it D¢V = 0. For any v € T, ,)M there exists a unique parallel vector field V' along v
with V(a) = v; the map

Tgb : T,y(a)M — T,Y(b)M, V= V(b),

is called parallel transport along . The subscripts here are the two curve parameters. When the
curve is understood and only its endpoints matter we write 7., for transport from z = v(a) to
y = ~(b), as in the table of notation.

Since the parallel transport equation is a linear ODE;, T(Zb is a linear isomorphism with inverse
Tga. Moreover, metric compatibility of the Levi-Civita connection ensures that parallel transport is
an isometry: if V, W are parallel along -, then %(V, W) = 0, so inner products are preserved.

One useful way to think of parallel transport is that it provides the “correct” way to compare
tangent vectors at different points along a curve. In RY this is trivial (just translate the vector),
but on a curved manifold it depends on the path taken. This path-dependence is measured by the
curvature tensor.

Remark 2.12 (Parallel transport recovers V). Conversely, the connection can be recovered from
parallel transport. For a vector field Y and a curve v with §(0) = X,

%l
. ThoYam) — Y
VxY), =lim ———.
( X )p h—0 h
This shows that the covariant derivative really is a “derivative” in the direction of the curve, with
parallel transport playing the role of identifying nearby tangent spaces.

We close this subsection with the one extension of D; that the rest of the thesis really runs on.
Almost every estimate below compares two curves, and the way to compare them is to join them
by a family of curves and differentiate in the family parameter. Such a family is a smooth map
I': Ax I — M on a product of intervals, and it carries two velocity fields,

OL'(s,t) € Tr(syM  (along the curve I'(s,-)), 0sT'(s,t) € Tr(s )M (across the family).

For fixed s the operator D; of Lemma 2.9 differentiates vector fields along the curve ¢t — I'(s, t), and
symmetrically D differentiates along s +— I'(s,t); both are applied to fields defined on the whole
rectangle. The two mixed derivatives then agree.

11



Lemma 2.13 (Symmetry lemma). Let I' : A x I — M be smooth, where A,I C R are intervals,
and let V be the Levi-Civita connection. Then

D;oI' = D0l

Proof. The claim is local, so work in a chart. Writing 6,I' = 9,I'* 9, and using the coordinate
formula for D, from Lemma 2.9,

Dy 0T = (050,T% 4+ Tf; 0T 9,1V 0.

The first term is symmetric in s and ¢t because ordinary partial derivatives of the smooth functions
I'* commute, and the second is symmetric because Ffj = F?Z-, which is exactly the torsion-freeness
of the Levi-Civita connection. See also Lee [7, Ch. 6]. O

Torsion-freeness enters the thesis only through this lemma, and the lemma itself is used con-
stantly: the symmetry lemma turns the derivative of a distance, or of a separation between two
solutions of an ODE, into something the geodesic equation, the flow of the vector field or the
curvature tensor can control.

2.4 The exponential map and normal coordinates

Parallel transport captures the behaviour of the velocity vector along a single geodesic, but we
would like a map that carries information about all geodesics emanating from a point. Since for
any p € M and v € T,,M there is a unique maximal geodesic 7, with 7,(0) = p and 4,(0) = v, we
can define:

Definition 2.14 (Exponential map). Let &, = {v € T, M : ~, is defined on [0,1]}. The ezponential
map at p is
Exp, : & — M, Exp,(v) = 7(1).

The set &, is open and star-shaped, and Exp,, is smooth on it. A key property is that for any
v € TyM and ¢,t € R, v (t) = Yo (ct) whenever either side is defined; in particular Exp,,(tv) = v, (t),
so the geodesic from p with initial velocity v is simply ¢ +— Exp,,(tv) (Figure 1).

Lemma 2.15 (Normal Neighbourhood Lemma). For any p € M, there is a neighbourhood V of 0
in TyM and a neighbourhood U of p in M such that Exp, : V — U is a diffeomorphism.

Proof. By the inverse function theorem, it suffices to check that (dExp,)o = idz,. For v € T,M,
take the curve 7(¢) = tv in T, M. Then (dExp,)o(v) = %‘tzoExpp(tv) = %‘tzo%(t) = . O

On such a neighbourhood Exp,, is invertible; its inverse is the logarithm map log, := Exp,, 1 so
that log,, ¢ € T),M is the initial velocity of the unit-time geodesic from p to ¢. We use this notation,
together with the fact that (¢,p) + log, p is smooth, in Lemma 2.29.

Definition 2.16 (Normal coordinates). Fix a g-orthonormal basis {E;} of T),M, defining an iso-
morphism E : R? — T,M by E(z?,...,2%) = 2'E;. If U is a normal neighbourhood of p, the normal
coordinate chart centred at pis o = E~1o Exp, LU — R4

Normal coordinates are convenient because several quantities simplify at the centre point p:
gij(p) = 6;5, the Christoffel symbols vanish (Ff] (p) =0), and geodesics through p appear as straight
lines (vy,(t) = (tv', ..., tv?)).
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» M

P

Exp,(v) = 7(1)
M

Figure 1: The exponential map. A tangent vector v € T,M determines the geodesic t — 7, (t)
leaving p with velocity v; following it for unit time gives Exp,(v) = 7,(1) € M. Near the origin
Exp, is a diffeomorphism; reading M through this inverse is exactly the normal coordinate chart.

Definition 2.17 (Injectivity radius). The injectivity radius at p is

t(p) = sup{r > 0 : Exp,|p(, is a diffeomorphism onto its image}.

For a subset A C M we write inj(A) := inf,ca ¢(p), and inj(M) when A = M. The image
B(p,e) = Exp,(B(0,¢)) of a ball of radius e < ¢(p) is called a geodesic ball around p.

We will see the number ¢(p) return in almost every subsequent part of this thesis: it is the radius
within which log, exists, within which two points are joined by exactly one minimising geodesic,
and therefore within which the parallel transport P,_,, of Subsection 2.6 is defined at all. The facts
we need about it are collected in Lemma 2.24 and Lemma 2.26 below, once distance is available.

2.5 Riemannian distance and completeness
So far, our Riemannian metric has only given us a notion of distance in each tangent space. We
now define distance on the manifold itself.

2.5.1 Length and distance

Definition 2.18 (Admissible curve and length). A curve 7 : [a,b] — M is admissible if it is
continuous and there is a partition a = tg < t; < --- < tx = b such that each restriction 7|[ti_1,ti] is
smooth with nowhere vanishing velocity. Its length is

b
Ly(y) = / @)l d.

The nonvanishing velocity does not change the infimum defining d, and it lets every admissi-
ble curve be reparametrised by arc length. Length is invariant under every reparametrisation, so
minimising is a property of the image of a curve. The geodesic equation is not invariant: it forces
constant speed, and only affine reparametrisations preserve it. A minimiser can therefore be a
geodesic only after its parametrisation is normalised.

13



Definition 2.19 (Riemannian distance). For p,q € M,
d(p,q) = inf{Lgy(7) : v admissible from p to ¢}.

This turns any connected Riemannian manifold into a metric space whose topology agrees with
the manifold topology. Now that we have a distance, one might hope that the length-minimising
curves between two points are precisely the geodesics, but globally this fails: a geodesic can run
past the point where it stops being shortest, as the long way around a great circle shows (Figure 2).
What does hold is a two-sided statement. Every minimising curve is a geodesic once reparametrised
by arc length, and every geodesic minimises length between sufficiently close points on it.

Figure 2: Geodesics need not minimise. The points p and ¢ on the sphere lie on a common great
circle, which splits into two geodesic arcs between them. The short arc (blue) is the minimising
geodesic realising d(p, q); the “long way round” (red) is still a geodesic but is far from length-
minimising. We will see geodesics are only locally minimising.

2.5.2 Minimising curves and the first variation of length

The first half of this statement comes from differentiating length along a family of competing curves.
Two parameters appear: t moves along a single curve, while s selects which curve of the family is
being looked at.

Definition 2.20 (Variation and variation field). Let ~ : [a,b] — M be admissible with breakpoints
a=ty<--- <ty =>b. A variation of v is a continuous map

I':(—e,e) X [a,b] = M, 0,t) = ~y(t),

which is smooth on each rectangle (—e,e) x [t;—1,t;]. Writing I's := I'(s,-), each Ty is required to
be admissible, and I'g = . The variation is proper if all the curves I's share the endpoints of ~,
that is I'(s,a) = v(a) and I'(s,b) = v(b) for every s. Its variation field is the vector field along ~y
given by

V(t) = 8SF(O,t> S T’y(t)Mv

the initial velocity with which the deformation moves the point ~(t).
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So O,T" is the velocity of the curve I'y and 0,I" is the velocity of the deformation; along ~y itself
these are 4 and V. The field V' is continuous on [a, b] and smooth on each [t;—1,;], and a variation
is proper precisely when V' (a) = V(b) = 0. Every piecewise smooth field along 7 vanishing at the
endpoints is therefore an admissible direction of perturbation and quantifying over proper variations
is the same as quantifying over such fields. Figure 3 shows the two parameters at work.

Figure 3: A proper variation of v. Moving along a curve means varying t; passing from one curve of
the family to another means varying s, and I'g = «y. The variation is proper because every member
runs from p to ¢, which forces the variation field V(¢) = 9sI'(0,t) to vanish at the two endpoints.
At the marked parameter ¢ the field V(¢) is the velocity, in s, at which the deformation pushes the
point y(t) off the curve; here the family is affine in s, so the arrow reaches I'1 () exactly.

Proposition 2.21 (First variation of length). Let v : [a,b] — M be admissible of unit speed, with
breakpoints t1,...,tx—1 in (a,b), and let T be a proper variation of vy with variation field V. Then
s — Ly(I') is differentiable near s = 0 and

d b k—1
s SZOLg(Fs) = —/ (V, Dyy) dt — Z (V(t:), A), Ay =5t = 5(),
a i=1

where Dy denotes covariant differentiation along the curve.

Proof. Write T := 9, and S := 9,I'. Since ||T(0,¢)|| = 1 for all ¢ and [a, ] is compact, |T'|| > 3 on
each rectangle for |s| small; there ||T'|| = (T, T)'/? is smooth and differentiation under the integral
sign is justified. The Levi-Civita connection is symmetric, so DT = D;S by Lemma 2.13, and
hence

(DsT,T) _ (D45, T)

O[T = = )
’ 17l 17l

which at s = 0 equals (D;V,5). On each piece, metric compatibility gives (D;V,%) = 0(V,%) —

(V, D), so ) |
TERILSEDS <[<Vd>}ti - /t (V. D) dt).

i=1 fic1 -1

Because V' is continuous while 4 may jump, the boundary terms telescope to (V(b), ¥(b))—(V (a),¥(a))—
Zi:f(V(ti), A7), and the two endpoint terms vanish since the variation is proper. O

Corollary 2.22. An admissible unit-speed curve 7 : [a,b] — M has vanishing first variation of
length for every proper variation if and only if v is a geodesic. In particular, every minimising
admissible curve is a geodesic once reparametrised by arc length.
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Sketch. A geodesic is smooth with D, = 0, so both terms of Proposition 2.21 vanish. Conversely,
the two terms are killed by two choices of variation field. Taking V' := ¢ D% for a bump function
¢ supported in one smooth piece leaves [ ¢||Dy¥||? = 0, so each piece is a geodesic; taking V' equal
to A% at the breakpoint ¢; and vanishing at the others leaves ||A;¥|> = 0, so the velocity does not
jump and the pieces fit together into one geodesic. For the last claim, a minimiser makes s = 0
a minimum of the differentiable function s — L4(I'y) for every proper variation, so its derivative
there vanishes. Details are in Lee [7, Ch. 6]. O

Geodesics are thus exactly the critical points of L, among unit-speed admissible curves with
fixed endpoints, and minimisers are critical. This settles the first half of the two-sided statement.
The second half, that a geodesic minimises between sufficiently close points on it, is not a first-order
statement and is proved below using normal neighbourhoods and the Gauss lemma.

The proper variations of Proposition 2.21 keep the endpoints fixed, which is what makes the
boundary terms disappear. The proofs of this thesis need a more general setting. There the two
curves being compared are the noise path and the drifted path, both of which move, and the whole
point is to bound the rate at which the distance between them grows. Since the connecting geodesics
can then be taken as the family, the interior term disappears instead of the boundary terms, and
what remains is the following.

Proposition 2.23 (First variation with moving endpoints). Let I' : I x [0,1] — M be smooth and
suppose that for each t the curve s — T'(t,s) is a geodesic of constant speed. Write T := 9,I" and
W .= oI, and let

(t) = T, s)ll = Ly(T(t ),

the two being equal because the speed is constant and s runs over [0,1]. So &(t) is exactly the
separation of the two ends of the family at time t. If 6(t) > 0, then § is smooth near t and

§(t)o'(t) = (W(t,1), T(t,1)) — (W(t,0), T(t,0)).

So 0 measures how far apart the two ends are, while ||I¥/|| measures how fast they move. The
identity says that the separation changes only through the components of the two end velocities
along the connecting geodesic, and by Cauchy—Schwarz with ||T'(¢,0)| = ||T°(¢,1)] = d(¢) it gives
[0 < W (& 0)| + [W (2, D).

Proof. Since ||T'(t,s)|| = 6(t) does not depend on s, we have §(t)% = fol |T(t,s)||? ds. Differentiating

under the integral sign and using metric compatibility,

1
5(1)8'(t) = 14.5(1)” = /0 (DT, T) ds.

By Lemma 2.13, D,T = D;0,I" = D,0,I"' = D;W, so metric compatibility applied once more in the
s direction gives

<DsVVaT> = as<VVaT> - <VV7 DST> = 85<VV,T>,

because each slice I'(¢, -) is a geodesic and hence DT = 0. Integrating 0,(W, T") over s € [0, 1] gives
the two boundary terms. O
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2.5.3 Geodesic balls

For the converse, that geodesics are minimising at least locally, the key tool is the Gauss Lemma:
radial geodesics from p meet the geodesic spheres around p orthogonally, the geodesic spheres being
the images under Exp, of the Euclidean spheres in T, M. See Lee [7, Ch. 6] for the statement
in terms of dExp, and for its proof. We record only the consequences, in the form in which the
later sections use them: inside a geodesic ball the manifold behaves like its own tangent space, in
that distance from the centre is read off from the norm and the chart log, carries metric balls to
Euclidean balls.

Lemma 2.24 (Geodesic balls). Letp € M and 0 < e < u(p). Then for every v € T, M with ||v|| < ¢,

d(p, Exp,(v)) = [[v]],

and the radial geodesic s — Exp,(sv), s € [0,1], is the unique minimising curve from p to Exp,(v)
up to reparametrisation. Consequently:

(i) B(p,e) = Exp,(B(0,¢)), and in the normal coordinates of p the metric ball B(p,e) is the
Euclidean ball of radius €; in particular it is convex in that chart.

(ii) log, is defined on B(p,(p)) and satisfies | log, q|| = d(p, q).

(iii) If d(q,p) < t(q) then q and p are joined by a unique minimising geodesic, so parallel transport
along it is well defined.

Sketch. Both claims are the standard consequence of the Gauss lemma quoted above. For a
competing curve o from p, let r(t) := [/log,o(t)|| be its radial coordinate in the normal chart.
The Gauss lemma splits ¢ into orthogonal radial and angular parts, so ||&|| > |r/| and hence
Ly(o) > [|r'| > ||v||, with equality only when the angular part vanishes and r is nondecreasing.
Item (i) restates d(p, Exp,v) = [|v|| together with the definition of the normal chart, (ii) is the same
identity read through log, = Exp, ! and (iii) applies the uniqueness statement at the centre q. [

2.5.4 Completeness and the injectivity radius

Local minimisation says nothing about whether a minimising geodesic between two given points
exists at all, or whether geodesics can be continued indefinitely. These are global questions, and
both are governed by completeness through the Hopf-Rinow theorem.

Theorem 2.25 (Hopf-Rinow). Let (M, g) be a connected Riemannian manifold. The following are
equivalent:

1. M 1is geodesically complete: every maximal geodesic is defined on all of R.
2. (M,d) is metrically complete: every Cauchy sequence converges.
3. Closed and bounded subsets of (M,d) are compact.

Moreover, if any of these hold, then any two points can be joined by a length-minimising geodesic.
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On a compact manifold, all three conditions are automatic. For a proof see Lee [7, Ch. 6], where
the theorem is stated in this equivalent-conditions form.

Hopf-Rinow is what lets us work on compact subsets of a complete manifold: a closed metric
ball is then compact, and every uniform constant of the later sections is a supremum or infimum
over such a ball. The injectivity radius is the first of those constants.

Lemma 2.26 (Uniform injectivity radius). Let (M, g) be complete. The function p — (p) € (0, <]
is continuous. Consequently inj(K) = infpex t(p) > 0 for every compact K C M, and inj(M) > 0
when M is compact.

Proof. See Sakai [15, Ch. III, Prop. 4.13]. O

2.5.5 Absolutely continuous paths

Finally, the paths that carry the large deviation principle are not piecewise smooth, so the class of
admissible curves above is too small for the rate functions of Section 6. We record the class that
replaces it.

Definition 2.27 (Absolutely continuous curve in M). A curve v : [0,1] — M is absolutely contin-
uous, written 1 € AC([0, 1]; M), if for every chart (U, ) of M and every interval J C ~}(U) the
composition ¢ o 1| is absolutely continuous as an R%valued curve.

Lemma 2.28 (Velocity, length and speed). Let ¢ € AC([0,1]; M). Then:

(i) v is differentiable at almost every t, with velocity 1(t) € TyyM, and t — |4h(t)|| is measur-
able;

(1) d((tr),(t2)) < [ |[d()]| At for ty < ta, and the length Ly(y) = [5 [v)]| dt extends Ly from
the admissible curves;

(i) of |llee < 7 then 4 is r-Lipschitz from ([0,1],] - |) to (M,d); in particular ([0,1]) C
B(y(0),7).

We write ACy, ([0, 1]; M) for the absolutely continuous paths with 1(0) = ¢ and |[¢)]ec < 7.
By (iii) this class is uniformly Lipschitz and confined to B(zg, ), which by Hopf-Rinow is compact.
This pair of properties is what makes the class the natural domain of the drift map in Section 8.

2.6 Smooth dependence of parallel transport on its endpoints

Parallel transport was defined along a fixed curve. For the rest of the thesis we need parallel
transport along the unique minimising geodesic between two nearby points, together with the fact
that it varies smoothly as the endpoints move. For ¢,p € M with p in a normal neighbourhood of
q (e.g. d(q,p) < t(q)), let v4,(s) := Exp,(slog, p), s € [0, 1], be that geodesic and write

Pyosp i=105" : TyM — T,M
for parallel transport along it. This is defined on the open set
U :={(q,p) € M x M : p lies in a normal neighbourhood of ¢},

on which (g, p) = log, p is smooth, being the inverse of the diffeomorphism (q,v) — (g, Exp,v).
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Lemma 2.29 (Smoothness of parallel transport in the endpoints). For any smooth local frames
(E;) near qy and (F,) near py, with (qo,po) € U, the component functions P*; determined by

P,p Ei(q) = P%(q,p) Fu(p)

are smooth in (q,p) on a neighbourhood of (qo,po). In particular, for fized q the map p — Py_,w
is smooth for each w € T,M, and for each f € C1(M) the map (q,p) v df, o Py, is continuous
onU.

Proof. The map (s, q,p) — 7,p(s) is smooth on [0, 1] x U, since Exp is smooth and (¢, p) ~ log, p
is smooth on U. Fix (qo,po) € U and write o¢ := 74,,p,,» Which has compact image. Choose
a partition 0 = sp < s1 < -+ < sy = 1 and charts (Q,pr) with oo([sg—1,sk]) C Q. By
continuity of (s, ¢, p) — 7v4,p(s) there is a neighbourhood N > (go, po) with vgp([sk—1,sk]) C Qi for
all (¢,p) € N and all k; the partition is now fixed. Parallel transport composes over the partition,
Py = P o...o PO where P*) transports along Ya.plisy_1,5,]- In the chart ¢ the components
X(s) = (X!(s)) of a parallel field solve

XU(s) = —TW (y0(5)) 3 p(8) X7(s) =t Ayly(s30,p) X7 (),

with A(;)(-;¢,p) smooth in (s,q,p) on [sg_1, 5] x N (smoothness of the Christoffel symbols and
of 74p). Each column of the fundamental matrix solves a linear system X = Ay (859, p) X with
parameter (g, p); being linear, it has a solution on all of [s;_1,s;]. To obtain smooth dependence
on (q,p), adjoin the parameter as a constant variable p: the augmented system

X = Ay (s510) X, =0, p(sk-1) = (¢, p),

has a smooth right-hand side, so by the smooth dependence on initial data of Teschl [17, Thm. 2.10]
its solution is smooth in the initial value (X(sk,l),,u,(sk,l)), in particular in (¢,p). Hence the
coordinate matrix of P*) is smooth in (¢,p) € N. Finally P,_,, is the product of the matrices of
the P*¥), conjugated by the change-of-frame Jacobians at the junctions Ya.p(Sk) and at g, p; these are
smooth in position, evaluated at points depending smoothly on (¢,p). A product of (g, p)-smooth
matrices is smooth, so P%; is smooth on N. As (qo,po) was arbitrary, the claim follows; the two
consequences come from fixing ¢, resp. contracting with the continuous coefficients df,(F5(p)) for
fecCt. O

2.7 Curvature

The curvature of a Riemannian manifold measures the extent to which parallel transport depends on
the path. It is encoded by the Riemann curvature tensor. Concretely, transporting a vector around
a small closed loop (Figure 4) and measuring how far it returns rotated is, to leading order, the
same as measuring the failure of the second covariant derivatives VxVy and VyVx to commute.
The definition below turns this observation into a tensor.

Definition 2.30 (Riemann curvature tensor). The Riemann curvature endomorphism is the (1, 3)-
tensor
R(X,Y)Z == VXVYZ - VYVXZ - V[X7y}Z

The associated (0, 4)-tensor is Rm(X,Y, Z, W) = (R(X,Y)Z,W).
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(a) Curved: the sphere. (b) Flat: a plane patch.

Figure 4: Curvature as the path-dependence of parallel transport. Carrying a tangent vector once
around the geodesic triangle N — A — B — N on the sphere returns it rotated relative to the starting
vector: the intermediate arrows show it carried along each edge, staying at a constant angle to that
edge, so that “start” (blue) and “returned” (red) differ by the angle of the triangle at N. On the
right the same experiment in a flat patch, around the plane triangle P -+ A — B — P: parallel
transport there keeps the vector constant, so every arrow is the same arrow and the returned vector
(red, dashed) lies exactly on top of the starting one.

In local coordinates, R(0;,0;)0) = Remj Oy with Rékij = 8J‘§k — @Tfk + F%Ffm — F%I‘;m.

A Riemannian manifold is flat if R = 0, which is equivalent to being locally isometric to
Euclidean space. The curvature tensor satisfies a number of symmetries (skew-symmetry in the
first and last pair of indices, the pair-swap symmetry, and the algebraic Bianchi identity); see [7,
Proposition 7.12].

The quantity the estimates below use is the size of R as a trilinear map. We therefore set

IRm(p)[lop := sup{[[R(w, v)w|| : w,v,w € T,M, |lul, o] w] <1}, |Rm o := sup I Rm(p) o,
p

so that by homogeneity
IR(u, vyl < [ R [l ] o] o]l for all u,v,w € TyM, p € M. 1)

On a compact manifold || Rm ||s < co. We write k := || Rm ||« when this constant appears in an
estimate. The hypothesis || Rm ||oc < 00 on a non-compact manifold is one half of the bounded-
geometry assumption of Section 9, the other half being inj(M) > 0.

2.8 Jacobi fields and curvature bounds

The last piece of geometry we need records how curvature bends families of nearby geodesics.
Positive curvature makes geodesics that leave a point with almost the same initial velocity bend
back towards one another, while negative curvature makes them spread apart (Figure 5).

Jacobi fields linearise this effect. Fix v,w € T,M and consider the one-parameter family of
geodesics leaving p,

7s(t) = Exp, (t(v + sw)),
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with reference geodesic v := ~g. Differentiating in the family parameter gives a vector field along ~,

0

J(t) - % s=0

¥s(t),

which records the first-order drift of the neighbouring geodesic away from ~: at time ¢ the two are
at distance s||J(t)|| + O(s?), and J(t) is based at v(t) and points towards 7s at that same time.
Differentiating the geodesic equation in s, and exchanging the two derivatives with Lemma 2.13,
shows that J satisfies a linear second-order equation in which the curvature enters as the coeflicient.
We take that equation as the definition.

Definition 2.31 (Jacobi field). A vector field J along a geodesic 7 is a Jacobi field if it satisfies
the Jacobi equation
D2J + R(J,4)% = 0.

Conversely, every Jacobi field arises as above from a family of geodesics, so the definition captures
exactly the infinitesimal behaviour of nearby geodesic families. Since the equation is linear and of
second order, a Jacobi field is determined by J(0) and D;J(0), and the Jacobi fields along a fixed
geodesic form a 2d-dimensional space.

For constant sectional curvature K, that is R(X,Y)Y = K X for orthonormal X,Y, a unit-
speed v and J L 4 the equation reduces to ||J||"” + K||J|| = 0, whose solutions with J(0) = 0 and
|D:J(0)|] = 1 are ||J(¢)|| = sint for K = 1 and ||J(¢)|| = sinht¢ for K = —1, the two panels of
Figure 5. At speed ||| = o the coefficient becomes K2, which is the form the constant \/k o of
Lemma 2.32 takes.

The family above starts with J(0) = 0 and D;J(0) = w, and the same derivative computes the
differential of the exponential map,

J(t) = d(Exp, ) (tw).

We use this identity only to see what limits the injectivity radius. d(Exp,):, is singular exactly when
some nontrivial Jacobi field vanishing at p vanishes again at y(t); such a 7(¢) is called conjugate to
p- It is a point where Exp,, ceases to be a local diffeomorphism, and the point ¢ = y(7) in the left
panel of Figure 5 is of this kind.

J(t) J(t)
p p
J(0) =0 g=~m g0y =0
K =1: ||J(t)|]| = sint K =—1: |J(t)|| = sinht
the geodesics reconverge the geodesics spread apart

Figure 5: Jacobi fields and the spreading of geodesics. In each panel the straight line is a geodesic
~ leaving p and the second curve is a neighbouring geodesic 5 of the family, with almost the same
initial velocity. The blue arrow at time ¢ is the Jacobi field J(t), whose length is the separation of
the two geodesics.

The later sections need a bound on how fast a Jacobi field can grow when the curvature is
bounded.
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Lemma 2.32 (Growth of Jacobi fields). Let (M,g) be complete with k = ||Rm||o < o0, let
v :[0,1] = M be a geodesic of constant speed ||3|| = o, and let J be a Jacobi field along v with
D;J(0) =0. Then

ITOI < e 1) (¢ € [0,1).

Proof. Set a(t) := ||J(t)|| and b(t) := || D;J(t)||. Both are Lipschitz, being norms of smooth fields,
so both are differentiable almost everywhere, and where the field inside is nonzero, Cauchy—Schwarz
gives |a’| < b and |b'| < ||D?J||. By the Jacobi equation and (1),

IDETI = [IR(J, )| < Ko®a.

If ko = 0 then DyJ = 0, so a is constant and the claim is trivial. Otherwise put ¢ := /koa + b,
so that ¢(0) = /k o a(0) and, almost everywhere,

¢ <Vrob+rola= koo
Gronwall gives ¢(t) < ¢(0)eV*t and /k o a(t) < ¢(t) finishes the proof. O

The geometric reading of the lemma is a stability statement for the exponential map in its
base point, which the truncation argument of Section 9 uses: if d(q,p) < ¢(q), if 7 := P, and
if w € T;M, then applying Lemma 2.32 to the family I'(s,t) := Exp,)(t W(s)), where 7 is the
minimising geodesic from ¢ to p and W is the parallel field along it with W (0) = w, gives

d(Equ(w), Epr(Tw)) < eVrlwl d(q,p).

Two geodesic steps launched from nearby points with parallel initial velocities therefore separate
by at most a factor exponential in the length of the step. This is Lemma 9.11, which is where the
bound is used and where the family above is written out.

The remaining estimate is one that needs no curvature bound at all, only compactness. It
controls Exp,, in its vector argument, with the base point held fixed. The two together are the
division of labour that the later sections rely on: Lemma 2.32 controls Exp in the base point, at a
cost exponential in the curvature bound, and Lemma 2.33 controls it in the vector argument, at a
cost that is a single constant on a compact set.

Lemma 2.33 (Uniform Lipschitz bound for Exp). Let (M, g) be complete, let K C M be compact,
and let p > 0. There is a constant Cexp (K, p) > 0 such that for all p € K and all u,v € T,M with
[l ol < p,

d(Exp,(u), Exp,(v)) < Cexp(K, p) [lu—v]l.

Proof. Consider the closed disk bundle of radius p over K,
Di={(p,u) e TM :pc K, |ul < p}.

This is compact, as a closed and fibrewise bounded subset of T'M over the compact base K. Since
M is complete, geodesics exist for all time, so the global exponential map Exp : TM — M,
(p,u) — Expp(u), is smooth on all of TM. Working in local trivialisations of T'M, the assignment
(p,u) = ||(dExp,)ullop is continuous (it is the operator norm of a smoothly varying linear map
between fibres of T'M, both equipped with the smoothly varying Riemannian inner product). By
compactness of D,

CeXp(Kv P) ‘= sup ”(dEpr)u”op < 00.
(p,u)eD
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Fix p € K and u,v € T,M with ||ul], ||v]| < p. The ball B(0, p) C T, M is convex, so the segment
a(t) = u +t(v — u) satisfies [|a(t)|| < p for all ¢ € [0,1]. The curve (t) := Exp,(a(t)) in M has
velocity 3(t) = (dExp,)a(t)(v — u), so

1B < I(dExDp)ag llop [0 = ull < Cexp(K, p) [lo — ull,

since (p, a(t)) € D. The length of 3 is therefore at most Cexp (K, p)||v—u/||, and Riemannian distance
is at most the length of any connecting curve (Lemma 2.28(ii), which needs no nonvanishing-velocity
hypothesis). O

The compact set K and the radius p can be chosen freely, so the bound is available wherever
the walk or the flow is known to stay in a compact set. On compact M one takes K = M and
p = inj(M)/2, which is the form used in Section 8; Section 9, where the walk is not confined to a
fixed tube, uses it with K the tightness ball of the level in question.

This closes the geometry. Most of what precedes is background, and a reader who wants only
the results that the proofs actually invoke needs four of them. Lemma 2.29 makes F,_;;, smooth in
both endpoints, which is what lets the drift equation (9) be read as an ODE and its solution map be
differentiated. Lemma 2.33 controls Exp,, in its vector argument by a single constant on a compact
set, and carries the one-step consistency estimates of Section 4 and Subsection 8.4. Lemma 2.32
controls Exp in its base point instead, at a cost exponential in the curvature bound, and becomes
the one-step stability estimate Lemma 9.11 on which Section 9 runs. Proposition 2.23 differentiates
the distance between two moving curves, and is the mechanism behind every separation bound in
Section 8, beginning with Lemma 8.2. Behind all four sit the symmetry of the Levi Civita connection
(Lemma 2.13), and Hopf-Rinow (Theorem 2.25), the latter making the closed balls compact and
hence the constants uniform.
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3 Analytic and probabilistic prerequisites

This section collects the analytic and probabilistic tools that the later sections use. Subsection 3.1
is about large deviation theory: what a large deviation principle is, the two classical theorems
in R? that the Riemannian results generalise, and the devices that carry a principle from one
sequence to another. Subsection 3.2 collects the compactness and weak-convergence results behind
the continuity of the drift map. Subsection 3.4 collects the facts about ordinary differential equations
on which the drift map and the Euler scheme rest. Subsection 3.3 fixes the convex-analytic notation
that the rate-function identification of Section 9 uses.

Standard results are quoted with a reference and no proof; Dembo and Zeitouni [3] is the
reference for all of Subsection 3.1. The exception is Subsection 3.2.2, where two statements about
absolutely continuous paths are proved, because they are assembled there from standard pieces into
a combined form.

3.1 Large deviations

There are several results that help understand a stochastic process. Probably the most well known
of these is the law of large numbers. While it locates the typical value of an empirical mean, it says
nothing about the cost of an atypical one. Under suitable independence and moment assumptions,
the probability of such a deviation decays exponentially in the number of terms, and a large deviation
principle is the statement that this exponential decay has a rate, together with the identification of
that rate as a single function on the state space.

One function covers every event: the cost of a Borel set is obtained by minimising over it, and
where the minimum is attained the minimiser shows how the rare event happens. In path space
that minimiser is the trajectory the process follows when it deviates, the Freidlin—Wentzell picture
of the introduction. Theorem 6.3 computes such a function for the drifted walk on a manifold.

3.1.1 The large deviation principle

Let X be a Polish space (i.e. a separable, completely metrisable topological space) with Borel o-
algebra. We will only use X = R? X = M a Riemannian manifold, or X = C([0,1];)) with the
sup-norm.

Definition 3.1 (Rate function). A rate function on X is a lower semicontinuous map [ : X —
[0,4+00]. It is called a good rate function if its sublevel sets {x € X : I(z) < a} are compact for
every a € [0,00).

Definition 3.2 (Large deviation principle). A sequence {y, }n>1 of Borel probability measures on
X satisfies the large deviation principle (LDP) with speed a,, — oo and rate function I if for every
Borel set A C X,

1 1
— inf I(x) < liminf —logun(A) < limsup — log un(A) < — inf I(x).

TEA® n—oo Qp n—oo Qn r€A
A sequence of X-valued random variables {Y},},,>1 is said to satisfy the LDP if their laws do.

Throughout this thesis the speed is always a,, = n.
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3.1.2 Cramér and Mogulskii in R¢

Let X1, Xo,... be i.i.d. random vectors in R? and write A(A\) = log E[e!t¥X1)] for their cumulant
generating function. We say that X satisfies Cramér’s condition if A(\) < oo for all A € R%. The
Fenchel-Legendre transform of A is

A*(w) = sup [(A\,w) — A(N)], w € R%
AeR4

Under Cramér’s condition, A* is a convex good rate function and vanishes precisely at w = m =
E[X;].
Theorem 3.3 (Cramér, [3, Theorem 2.2.30]). Under Cramér’s condition, the empirical means
X, = %Zzzl X, satisfy the LDP in R% with speed n and good rate function A*.

For the path-space LDP we interpolate. Let Z"(t) denote the piecewise-linear path on [0, 1]
obtained from Z"(k/n) = 1 Z§:1 X; by linear interpolation.

Theorem 3.4 (Mogulskii, [3, Theorem 5.1.2]). Under Cramér’s condition, the random paths Z"
satisfy the LDP on C([0,1]; RY) (with the sup-norm) at speed n with good rate function

1

* (4 . =0 an R4

J(p) = /OAW(t))dt f1(0) = 0 and ¢ € AC([0,1]; RY),
+00

otherwise.

3.1.3 The contraction principle

The contraction principle transports an LDP across a continuous map. It is the workhorse of both
the flat and the Riemannian proofs: applied once through the drift map and once through the
time-1 evaluation.

Theorem 3.5 (Contraction principle, [3, Theorem 4.2.1]). Let X', be Polish spaces and f : X — Y
continuous. If {pn}n>1 satisfies the LDP on X with speed a, and good rate function I, then the
pushforwards {j, o f~1} satisfy the LDP on Y with the same speed and good rate function

I'(y) = inf{I(z):x € X, f(z) =y},

with the convention inf ) = +o0.

3.1.4 Exponential equivalence

Two sequences are exponentially equivalent if they remain super-exponentially close in probability;
in that case any LDP carries from one to the other. We use this to replace the discrete drifted walk
by the continuous flow of the drift map, where the discretisation error is controlled by the geodesic
Euler scheme of Section 4.

Definition 3.6 (Exponential equivalence). Two sequences {Yy,}, {¥;,} of X-valued random variables
(defined on a common probability space, with X metrised by d) are exponentially equivalent at speed
ay, if for every 6 > 0,
limsupilogIP’(d(Yn,f/n) >6) = —oo.
n—oo Qn

Theorem 3.7 (Principle of exponential equivalence, [3, Theorem 4.2.13)). If {Y,,} satisfies the
LDP at speed a, with good rate function I, and {Y,} is exponentially equivalent to {Y,} at the
same speed, then {}7”} also satisfies the LDP at speed a, with the same good rate function I.
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3.1.5 Exponential tightness

Exponential tightness confines a family to a compact set, up to a probability that decays at the
large-deviation rate. It is what upgrades a weak large deviation principle, in which the upper bound
is only known on compacta, to a full one. Under bounded increments the support bound makes it
unnecessary (Remark 8.17); once the support bound goes, it is what replaces the deterministic tube
(Proposition 9.7).

Definition 3.8 (Exponential tightness, [3, Section 1.2]). A sequence {{"},>1 of random elements
of a Polish space (X, d) is exponentially tight at speed n if for every o < oo there is a compact set
K, C X such that

1
limsup—log]P’(ﬁ" ¢ Ka) < —a.
n—oo N

Theorem 3.9 (Weak to full LDP, [3, Lemma 1.2.18]). If {£"} is exponentially tight and satisfies a
weak large deviation principle at speed n with rate function I, then it satisfies the full large deviation
principle at speed n, and I is a good rate function.

3.1.6 Exponentially good approximations

The last transfer tool compares a family with a whole sequence of approximating families rather
than with a single one. It is weaker than exponential equivalence in what it assumes, since the
approximation need only improve in the limit, and correspondingly weaker in what it gives: the rate
function comes out as an abstract limit of the approximating rates, which then has to be identified.
This is the mechanism behind the truncation tower of Section 9, where the approximating families
are the walks with increments truncated at level c.

Definition 3.10 (Exponentially good approximation, [3, Definition 4.2.14]). Let {{"} and, for each
¢ >0, {€%(9} be random elements of a metric space (X, d), defined on a common probability space
for each fixed (n,c). The families {£™(9)} are exponentially good approzimations of {€"} as ¢ — oo
if for every 4 > 0

lim limsup 1 log }P’(d(fn’(c),ﬁ”) >4) = —oo.

€700 pooo N

In [3] the approximating family is indexed by € | 0; the index here is ¢ — 0.

Theorem 3.11 (Approximation theorem, [3, Theorem 4.2.16(a)]). Let {£€™(9} be exponentially
good approzimations of {€"} as ¢ — oo, and suppose that for each ¢ the family {€™(©)} satisfies
the large deviation principle at speed n with good rate function I.. Then {{"} satisfies a weak large
deviation principle at speed n with rate function

I(x) = sup liminf inf I.(y).
(=) 5>%)) c=00  d(y,x)<o )

3.2 Functional analysis

Two kinds of statement are needed. Compactness results turn a bounded family of paths or velocities
into a convergent subsequence, which is how the admissible path space is shown to be compact and
how the drift map is shown to be continuous. Weak-convergence results say what survives in the
limit once the subsequence is extracted. All of them are applied in normal coordinate charts, so the
ambient space is always R? or a space of R%valued functions, even when the objects of interest live
on M.
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3.2.1 Compactness

The first result is used for the positions of a family of paths. We state it for maps into a metric
space, since the paths of interest take values in M.

Theorem 3.12 (Arzela—Ascoli, [1, Theorem 4.25]). Let K be a compact metric space, (Y,p) a
complete metric space, and F C C(K;Y') a family that is equicontinuous and for which \Jc 7 f(K)
is relatively compact in Y. Then F is relatively compact in C(K;Y) with the uniform metric. In
particular every sequence in F has a uniformly convergent subsequence.

An equi-Lipschitz family of paths [0,1] — M with a common starting point satisfies both
hypotheses on a complete manifold, the second by Hopf-Rinow (Theorem 2.25). This is how
ACy, +(]0,1]; M) is shown to be compact in Subsection 8.2.2.

The second result is used for the velocities. A sequence of velocities bounded in L° need not
converge in any strong sense, but the unit ball of a dual space is compact in the weak-* topology.

Theorem 3.13 (Weak and weak-* compactness). Let E be a Banach space.

(i) (Banach—Alaoglu) The closed unit ball of E* is compact in the weak-x topology [1, Theo-
rem 3.16].

(i) (Dunford-Pettis) For A C R™ of finite measure, a subset of L*(A) is relatively weakly compact
if and only if it is bounded and uniformly integrable [1, Theorem 4.30].

(iii) (Eberlein-Smulian) A subset of E is relatively weakly compact if and only if it is relatively
weakly sequentially compact [1, Ch. 3].1

Applied to E = L', whose dual is L* [1, Theorem 4.14], Banach-Alaoglu is what makes a
uniformly bounded family of velocities weak-* precompact. Dunford—Pettis is the replacement
when the velocities are only uniformly integrable, which is the situation in Section 9. The next
subsubsection packages both in the single form the later arguments call on.

3.2.2 Weak convergence of velocities

Two elementary facts about absolutely continuous R%valued paths recur in the path-space argu-
ments. They appear first in the continuity proof for the drift map (Subsection 8.2.3), where the
velocities are uniformly bounded, and again in the identification of the rate function for unbounded
increments (Subsection 9.6), where they are only uniformly integrable. We record them once, in
the weak-L!' form that covers both cases; the bounded case is recovered as an upgrade to weak-.
Both are applied in normal coordinate charts.

Lemma 3.14 (Uniform convergence forces weak-L' velocity convergence). Let x,,x : [a,b] — R?
be absolutely continuous with x,, — x uniformly and {&,} uniformly integrable. Then x is absolutely
continuous and &, — i weakly in L'([a,b);RY). If in addition the x,, are uniformly Lipschitz, that
is supy, ||4nl|L= < oo, the convergence holds weak-+ in L>([a, b]; RY).

! Brezis states a companion result, [1, Theorem 3.19]: a Banach space in which every bounded sequence has a weakly
convergent subsequence is reflexive. The equivalence quoted here is discussed in the comments to that chapter, which
is why the citation stays at chapter level.
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Proof. Uniform integrability gives a concave modulus w with w(0+) = 0 and sup,, [, ||| < w(]A])
for measurable A; then [|z(t) — z(s)| = lim, || fst Tn]| < w(t — s) and more generally over finite
disjoint unions, so x is absolutely continuous. By the Dunford—Pettis theorem [1, Theorem 4.30]
(with the Eberlein-Smulian theorem for sequential extraction), every subsequence of {#,} has a
further subsequence converging weakly in L' to some v. For g € C!, integration by parts gives

b b b
/ (92 ) dt = (g(8), 2a (D)) — (g(a), 2n(a)) — / (G, ) At — / (g.4) dt,

so [(g,v) = [(g,&) for all g € C*, whence v = & almost everywhere. All weak subsequential limits
coincide, so the full sequence converges weakly to .

For the final claim, suppose the x,, are uniformly Lipschitz, so L := sup,, ||Zn||z~ < co. Weak-x
convergence in L™ = (L1)* [1, Thm. 4.14] is tested against g € L'. Given such g and ¢ > 0, choose
ge € L™ with ||g — gc||;1 < € (truncation). Then

/ab<g,:'cn—:b>\ <

and the first term vanishes as n — co (as g. € L™, by the weak-L! convergence already proved),
so lim supn‘fab@,j:n — i)| < 2Le; let £ — 0. O

b
/<gs,a'cn—5c> +2Llg - gl
a

Lemma 3.15 (Weak-L' x strong pairing). Let v, — v weakly in L'([a,b];R?) and let b, — b in
L ([a,b); R *4). Then, for every t € [a,b],

t t
/bnvnds — / buvds.

Proof. Split f(f by, — fj bv = fat(bn —b)v, + fatb (vp, — v). The first term is bounded in norm by
|br, — b||L sup,, [[vn]|r — O uniformly in ¢, becauseweakly convergent sequences are L!-bounded
[1, Prop. 3.5(iii)]. The second tends to zero for each fixed ¢, since the rows of 1,4 b lie in L, the
dual of L', against which v,, — v. O

3.3 Convex analysis

Four pieces of convex-analytic notation are used in Section 9, all standard and all in the sense of
Rockafellar [12]. For C' C R convex, aff C is its affine hull, the smallest affine subspace containing
it, and riC is its relative interior, the interior of C' taken inside aff C' rather than inside R%. The
distinction matters whenever C' is a proper lower-dimensional subset of R?, since the ordinary
interior is then empty while the relative interior is not. For arbitrary C we write conv C for the
closed convex hull. For f : R — [—o0, +0c] we write dom f := {\ : f(\) < 400} for its domain of
finiteness. Finally, the support function of a set K is é — sup,¢(é,y), which describes K by how
far it reaches in each direction.

3.4 Ordinary differential equations

Two tools are used repeatedly. Gronwall’s inequality converts a differential or recursive bound on a
nonnegative quantity into a closed-form one, and is often used in the stability and error estimates
in this thesis. The Carathéodory—Picard theorem is the existence and uniqueness result for ODEs
whose right-hand side is only measurable in time, which is the regularity the drift equation has.
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3.4.1 Gronwall’s inequality

Lemma 3.16 (Gronwall, differential form). Let u : [0, 7] — [0, 00) be absolutely continuous and let
a,b € LY([0,T]) with b > 0. If u'(t) < a(t) + b(t) u(t) for almost every t, then for all t € [0,T],

t t t
u(t) < u(0)eht + / a(s) el b ds.

0
In particular, if a = 0 then u(t) < u(0) efotb, and if b= L is constant then u(t) < u(0)e™.

The discrete counterpart is what the Euler analysis needs. The two growth factors it allows,
1+Lh and e’", are the ones produced by the flat and the Riemannian one-step estimates respectively.

Lemma 3.17 (Gronwall, discrete form). Let eg,...,exy >0, let G > 1 and > 0, and suppose

err1 < Gep+ (0<k<N).

Then e, < GFeg + 3 %’“:11 for G > 1, and e, < eq + kB for G = 1. If in addition eg = 0, 3 = Ch?
with h > 0, kh < T, and either G =1+ Lh or G = e™" for some L > 0, then

C

e, < f(eLT—l) h.

Proof. Tterating the recursion gives e, < G¥eq+ 3 Z;‘:& G7, and the geometric sum is (GF—1)/(G —
1) for G > 1 and k for G = 1. For the last claim, both choices of G satisfy GF < elkh < LT and
G — 1> Lh, so e, < Ch%(eT —1)/(Lh). O
3.4.2 The Carathéodory—Picard theorem

The drift equation (9) has a right-hand side that is continuous in the state but only measurable
in time, because the noise path ¢ contributing ¢ is merely absolutely continuous. The Picard—
Lindel6f theorem does not apply. The following version, due to Carathéodory, does. Throughout,
a solution means an absolutely continuous function satisfying the ODE almost everywhere, which
is the natural notion at this regularity.

Theorem 3.18 (Carathéodory-Picard). Let I = [to,to +a] and F : I x RY — R? satisfy

(C1) F(-,y) is Lebesgue measurable for each y € RY,

(C2) F(t,-) is continuous on R? for almost every t € I,

(C3) ||F(t,y)|| < h(t) for some h € L'(I), for a.e. t € I and all y € RY,

(C4) ||F(t,y1) — F(t,y2)|| <L) |lyr — w2l for some £ € LY(I), for a.e. t € I and all y1,y2 € R?,

Then for each yo € RY the initial value problem § = F(t,y), y(to) = yo, has a unique absolutely
continuous solution on I satisfying the ODE a.e.

For a textbook treatment see Walter [16, §10, Supplement II, Theorem XVIII(b)]. Verifying
(C1) to (C4) for the chart form of (9) is the work of Subsection 8.2.1.
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4 Convergence of the geodesic Euler scheme

A key ingredient in the proof of the main theorem is that the discrete drifted walk (which freezes
the vector field at the start of each substep) and the continuous flow differ by at most O(1/n) in
the sup-norm. This is the convergence of a geodesic analogue of the explicit Euler method.

We develop this in full detail, starting with the classical Euclidean case as a warm-up and then
extending to compact Riemannian manifolds.

4.1 Warm-up: the flat case R?
4.1.1 Setup
Let f : R? — R be a C! vector field that is globally Lipschitz with constant L and bounded by B:

If(a) = fO < Llla—=bl,  If()II<B  forallab,z>eR™.

Let y : [0,1] — R? be the unique solution of §(t) = f(y(t)), y(0) = . The Euler iterates with step
size h = 1/n are

ro=1z,  Tpt1 =zk+hf(2r),
and we write t;, = kh for the grid points. The piecewise linear interpolant is v, (¢t) = xx+(t—tx) f (1)
fort € [tk, tk+1].

The idea is straightforward: on each step, the true solution moves and so f changes slightly
along the trajectory, whereas the Euler method freezes f at the start of the step. This causes a
local error of O(h?) per step; after n ~ 1/h steps, a discrete Gronwall estimate accumulates this
into a global error of O(h).

4.1.2 Local truncation error

Lemma 4.1 (One-step consistency). There exists Cy > 0 such that for all k,

ly(tie1) — (yte) + b f(y(te)] < Cob®.

Proof. Using the integral form of the ODE, we can write

Y(tiss) = y(t) + R F@(tR) + 760 = / " F(s)) — F(t) d.

ty

To estimate the remainder, note that ||y(s) — y(tx)|| < ft‘z | f(y(uw))||du < B(s — tg). Then the

Lipschitz bound gives

et LB
i< [ e ms-was=E2w

123

so we can take Cy = LB/2. O

4.1.3 Error recursion and discrete Gronwall

Let e, = ||z — y(tx)|| be the error at the grid points.
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Lemma 4.2. The errors satisfy ex11 < (14 Lh) ey, + Coh?, and for all k with t <1,
C
e < fo(eL —1)h.
Proof. Subtracting the expressions for x;1 and y(tx11) and taking norms:

k1 = [|[Try1 — y(ths) |
< ok — y(te) + h(f(@r) = Fy@E)) |+ 7l
< (1 + Lh) e + Coh?.

This is the recursion of Lemma 3.17 with G = 1+ Lh, 8 = Cyh? and ey = 0; that lemma with
T =1 gives the stated bound. O

4.1.4 Uniform convergence

Theorem 4.3 (Euler convergence in R?). There exists C > 0 such that supyepo,1) (1) —y(@)| <

Ch.
Proof. For t € [tg, tgsa], 1y () = y(DI < [ (t) = @l| +-ex + [ly(tx) — y(1)]|. Taking the supremum
—_— —_—————
<Bh <Bh
and inserting the result from Lemma 4.2 gives the result with C' = 2B + %(eL —1). t

4.2 Extension to complete Riemannian manifolds

Now let (M, g) be a complete Riemannian manifold and V' € I'(T'M) a smooth vector field. Let
~v(t) = ¢i(zg) be the true integral curve.

The estimates of this subsection are quantitative, so they need a set on which to take suprema.
We fix one:

K C M compact, containing v(t) and 4 (t) for all ¢ € [0,1] and all small h,
together with the flow lines ¢;(c(s)) of the minimising geodesics ¢ joining ~y(t) to pg.

On compact M one takes K = M and the condition is vacuous. Every later application is of the
second kind: the trajectories are confined to a tube by an a priori bound, and K is that tube. Stating
the hypothesis here, rather than adding a localisation remark afterwards, is what lets Subsection 8.4
and Section 9 cite these results directly.

Definition 4.4 (Geodesic Euler scheme). For step size h = 1/n, define the numerical iterates by
Po = To0, Prk+1 = Expy, (hV(pr)), and the piecewise-geodesic interpolant by ~4(t) = Expﬁk((t -
tk) V(ﬁk)) fort € [tlmthrl]-

We write Uy(p) = Exp,(h V(p)) for the one-step map. Compactness of K gives us uniform
constants:

B :=sup ||[V(p)|| < oo, L :=sup ||[VV(p)|lop < o0, t:=inj(K) > 0.
pEK peK
All three are finite for the same reason as before, that a continuous function on a compact set is
bounded; inj(K) > 0 is Lemma 2.26. The constants now carry a K, which the statements below
suppress.
The proof of convergence follows the same three-step pattern as in R
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4.2.1 One-step consistency

Lemma 4.5. There exist hg > 0 and Cloc > 0 such that for all 0 < h < hg and all p € K,

d(on(p), Yn(p)) < Coc h*.

Proof. Fix p € K and let v : [0,1] — M be the unique integral curve of V with v(0) = p, i.e.
v(t) = ¢e(p). Smoothness of V' guarantees local existence and uniqueness of the integral curve
through arbitrary points; the curve stays in the compact set K of (2) on [0, 1], so it does not escape
in finite time, so in particular v := ¢.(p) : [0,1] — M is well-defined.

Set ho :=¢/(4B). The bound d(v(t),p) < fg II7(s)||ds < Bt < Bh ensures that (¢) remains in
the closed ball B(p,¢/4) for all t € [0, h], provided h < hy. We may therefore define

y(t) =log,(v(t)) € B(0,¢/4) CT,M,  t€[0,h],

and work in the chart (B(p,¢/2),log,). By the chain rule, y satisfies y(t) = Fj(y(t)) with y(0) = 0,
where Fy(u) = (d1og,)pxp, (u)V (Exp,(u)). Since (dlog,), = id, we have F},(0) = V/(p). The map F,
is smooth on B(0,¢/2) as a composition of smooth maps. By compactness of K and joint smoothness
of (p,u) — Fp(u) on the closed disk bundle of radius ¢/4 over K, there exist constants A and Bp,
independent of p, such that F, is A-Lipschitz and bounded by Br on B(0,¢/4) C T,M.

The same local truncation argument as in Lemma 4.1, applied to the ODE y = Fj(y) with
F,(0) = V(p), yields

ly(h) — hV (p)]| < A5= B2,

To get the local truncation error, we push back to M via Exp,: Lemma 2.33 with this K" and
p = ¢/2 (applicable since ||y(h)]|, [|[AV (p)|| < Bh < 1/4 < 1/2) gives

d(en(p), Un(p)) = d(Exp,(y(h)), Exp,(hV (p))) < Coxp(K,1/2) - 45E h? =: Cioc h.

4.2.2 Stability of the flow

Lemma 4.6 (Lipschitz continuity of the flow). Let p,q € K, let ¢ be a minimising geodesic from p to
q, and suppose pi(c(s)) € K for all s,t € [0,1]. Then for all t € [0,1], d(¢:(p), ¢i(q)) < et d(p,q).

The containment is what the constant L is taken over, and it is the only place where the flow of
a point other than the two endpoints is used. On compact M, with K = M, it holds for free and
the statement is the usual one.

Proof. Let ¢ : [0,1] — M be a minimising geodesic from p to ¢ with constant speed ||/(s)| =
d(p,q). Consider the two-parameter family F'(¢,s) = ¢¢(c(s)) and set W (t,s) = dsF(t,s). Since
O F = V(F), the symmetry lemma (Lemma 2.13) gives D;0sF = Dy 0:F, and hence VW =
Vs(VoF) = (Vo,rsV)(F(s) = (VwV)(F).

The squared norm (t) = ||W(t,s)||? then satisfies ¥/(t) = 2(V,W, W) < 2|V V(F)|||W] <
2L||W |2 = 2L+(t). By the continuous Grénwall lemma, 9)(t) < e254)(0), so [|W (¢, s)|| < e™||[W (0, 5)|| =
e d(p, q).

Since s — F(t,s) is a curve from ¢.(p) to ¢.(q), its length is fol W (t,s)|ds < el d(p,q), and
Riemannian distance is at most the length of any connecting curve (Lemma 2.28(ii)). O
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4.2.3 Global error and uniform convergence

Lemma 4.7 (Mesh-point error). Let e, = d(y(tg),pr). Then epp1 < Cloc h? + e ey, and there
exists Cp > 0 such that e, < Crh for all k with t, < 1.

Proof. By the triangle inequality (inserting ¢p(py) as the intermediate point),

ert1 = d(pn(v(tr)), Yn(pr))
< d(Vh(pk), pn(Dr)) + d(on(Pr), en(v(tk)))
< C1loc h2 + eLh €k

using Lemma 4.5 for the first term and Lemma 4.6 for the second, both applicable because py, (i)
and the flow lines between them lie in K by (2). Lemma 3.17, with G = " 8 = Cjoch? and T = 1,
then gives e < %(e’: — 1) h. Thus

max d(yn(tk),v(tk)) < Cih,

0<k<n
C’loc
with C := (el —1). O

Theorem 4.8 (Convergence of the geodesic Euler scheme). Let (M, g) be complete and V' smooth.
Let «y be the integral curve of V' with v(0) = xo. Let y,(t) be the piecewise-geodesic interpolant
defined in Definition 4.4, and let K be as in (2). Then there exists C = C(K,V') > 0 such that for
all sufficiently small h = 1/n,

sup d(ya(t), 7(t)) < Ch.
te(0,1]

In particular, vy, — v uniformly on [0, 1].

Proof. Fix t € [0,1] and let k be such that ¢ € [tx,tx+1]. Inserting the mesh point pp as an
intermediate, the triangle inequality gives

d(n(t),7(t)) < d(yn(t), i) + d(Pr, v () + d(y(tk), 7(1))-

The first term measures how far the numerical interpolant 7, has travelled within the substep
[tk,tr+1]. By construction, 7y, restricted to this interval is the geodesic u — Expy, ((u — &)V (pr)),
which has constant speed ||V (pg)|| < B. Bounding distance by length,

A5 < [ 5w du < B(t — 1) < Bh.

tr

The second term is the mesh-point error, which by Lemma 4.7 satisfies d(px, v(tx)) = ex < Crh.
The third term is bounded analogously to the first: since v is the integral curve of V, its velocity
is Y(u) = V(v(u)) and so ||¥(u)|| < B, which gives

d(y(tr), @) < [ I7(u)]| du < B(t — tx) < Bh.

123

Combining the three estimates yields d(v4(¢),v(t)) < (2B + C1) h, with the right-hand side inde-
pendent of t. Taking the supremum over ¢ € [0, 1] gives the result with C' := 2B + C}. O
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5 Geodesic random walks

This section introduces the objects the thesis is about. We first recall, from [13], the geodesic
random walk and the consistent families of increment measures that drive it, and we then add a
drift vector field to obtain the drifted geodesic random walk (Definition 5.3), whose large deviations
are the subject of Theorem 6.3.

5.1 Consistent increment measures and geodesic random walks

We recall the essential definitions from [13]. The construction reads best as a translation of the
classical random walk, so we set it out that way before stating it. A walk in R? is a sum Y e<n Xk
of increments, and each increment is a vector whose addition to the current position means moving
along the straight line in that direction, for unit time and at speed || Xk||, which uses the whole
increment. Neither half of that description survives on a general manifold, which has no linear
structure in which a point and a vector can be added, so each half needs a replacement.

The geometry supplies both. A direction at a point becomes a tangent vector at that point, and
the straight line becomes the geodesic that this vector generates; since the straight lines of R are
exactly its geodesics, the new description agrees with the old one in the flat case. One step of the
walk is therefore to sample a tangent vector at the current point and then follow its geodesic for
unit time, which the exponential map does in one symbol. A step is an application of Exp, and a
walk is a concatenation of such steps.

Two features of the manifold walk have no counterpart in R?. The first is that an increment
must be sampled where the walk currently is, because tangent spaces at different points are different
vector spaces. One law on one space is therefore not enough, and the walk needs a family {u, } with
one law for every point. What makes such a family behave like a single distribution is Definition 5.1,
which asks that the laws agree once they are compared by parallel transport. That is as close as a
manifold comes to saying that the increments are identically distributed, and it is why consistency
appears in every hypothesis of this thesis.

The second is that the walk cannot be rescaled after the event. In R% one divides the sum by n
and studies % > k<n Xk, whereas in M the expression %Sn has no meaning, since .S, is a point and
points on general manifolds do not scale. What is rescaled instead is each increment, and because
Exp,(aX) travels along the geodesic of X for time «, scaling the increments amounts to shortening
the time for which each geodesic is followed.

Definition 5.1 (Consistent family of increment measures). A collection {pz}zens with pg €
P(T,M) satisfies the consistency property if for all x,y € M and every smooth curve v from x
to v,

Hy = Mg © (T;y)_l'
Equivalently, the log-moment generating functions satisfy A;(\) = Ay(72yA) for all X € T, M.
Definition 5.2 (Rescaled geodesic random walk). Fix zg € M and « > 0. An «a-rescaled geodesic

random walk started at zo with increments { X}, },>1 compatible with { .} is defined by (axS)g = ¢
and

(a* S)pt1 = Expass), (04 Xk+1), Xht1 ~ H(axS), -

Here Xj11 € T{ass), M and the recursion runs over all k > 0.
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The empirical average process is Z,, := (% % S ).

The sphere makes this concrete. Let each p, be the uniform law on a circle of fixed radius in
T, M. Geodesics of the sphere are the great circles, so the walk moves along great-circle arcs of one
fixed length in uniformly random directions, and rescaling shortens those arcs by the factor o while
it leaves their directions alone. Figure 6 draws such a walk, with a drift added as in Definition 5.3,
and Figure 8 shows longer sample paths of the same kind.

5.2 Drifted geodesic random walks

We now define the central object of this thesis. In R? a walk with drift adds a deterministic
displacement to each step, and if that displacement comes from a vector field V, the step reads
z+— x4+ 1X + 1V(z), where the two summands are vectors at the same point. A vector field on
a manifold supplies exactly one tangent vector at each point, so V(Sk) and the sampled increment
Xjp1 again live in the same tangent space Ts, M and can be added there. Their sum is a single
tangent vector, and one application of Exp then takes the step.

This is worth pausing on, because it is the only place where the two ingredients meet: noise
and drift are added before the exponential map, and not composed after it. A reader might instead
expect two half-steps, one along the flow of V and one along the noise geodesic, but adding first is
the definition we take.

The factor % appears twice, and for two different reasons. On the noise it is the rescaling of the
previous subsection, which turns the sum of n increments into an average, while on the drift it is a
time step, so that after n steps the drift has acted for total time 1 and contributes the time-1 flow
of V' rather than something that vanishes or diverges. The remark below makes both statements
explicit in the flat case, where the drift part is visibly a Riemann sum for fol V' along the trajectory.

Definition 5.3 (Drifted geodesic random walk). Fix zo € M, a smooth vector field V € I'(T'M),
and a consistent family {p,}zen with supp(u,) € B(0,r) for some r > 0, the same for every .
For n > 1, define S’ = x¢ and recursively

1 1
Skt :EXPSg<nX1?+1+nV(SI?)>a k=0,...,n—1,

where X' | € Tgn M is distributed according to pgp with independent increments (in the sense
of [13, Definition 3.2.3]). The drifted empirical average is the endpoint S}'. (We do not abbreviate
it further, to avoid confusion with the undrifted walk Z" below.)

Remark 5.4. To see what this looks like in the flat case: in R? we have Exp,(v) = 2 + v, so
1 ¢ 1 ¢
Sy = -y Xpi+=> V(S;_1)-
n x0+n; k+n; (Sk-1)

The first sum is the noise, and the second is a Riemann-sum approximation to the integral of V'
along the trajectory, which converges to the flow ¢ (z¢) as n — oo.

Figure 6 shows one step of the recursion on the sphere, where the two vectors being added are
visibly in the same tangent space and Exp visibly bends the sum back onto the manifold.
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Figure 6: One step of Definition 5.3, on the sphere. At Sy the drift %V(So) and the increment
%Xl lie in the same tangent space, so they can be added; the dotted parallelogram adds them, and
Expg, carries the sum, which points off the sphere, to the next position &;. The later steps repeat
the construction, and only their arcs are drawn. Geodesics of the sphere are great circles, so each
step is a great-circle arc.
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6 Main results

With the geodesic random walk and its drifted variant in hand (Section 5), we can state the main
results. The drifted empirical averages satisfy a Cramér-type large deviation principle in M, with
a rate function built from the Legendre transform of the increment law; we reach it in two steps,
each an application of the contraction principle. The proof occupies the rest of the thesis, following
a strategy that is easiest to see in the Euclidean warm-up (Section 7) before it is carried out on the
manifold (Section 8).

The proof rests on a single construction, the drift map. Given an absolutely continuous noise
path ¢ with ¥(0) = z, let ®(¢)) be the path obtained by carrying ¥ on top of the drift V: the
solution ¢ of

#(0) = xo, o(t) = V(o(t)) + Pywy—a) (1),
where Py )4 is parallel transport along the minimising geodesic from 1(t) to ¢(¢). We need the
transport here to make the sum meaningful: 1(t) € TyyM and V(¢(t)) € TyyM live in different
tangent spaces, and Py ;)_,¢(;) carries the noise velocity to the tangent space of the output before
adding the drift. In Section 8 we construct ® and its domain AC, ., the noise paths of speed at
most 7; here we record the one property the argument uses. Figure 7 illustrates the construction.

H,:(t)ﬁo(t)

Zo

(0 (L)

Figure 7: The drift map ®. The noise path ¢ (grey) and the output ¢ = ®(¢)) (black) leave from
the same point xg; both are drawn up to time ¢. There the noise velocity w(t) € Ty M is parallel-
transported along the minimising geodesic from v (¢) to ¢(t) and added to the drift V(¢(t)); blue is
the drift, grey the transported noise, black their sum. By Lemma 8.2 the two points never separate
by more than ||V||ot, so both stay in Ky = B(zo,7 + ||V]|e), and ||V |l < inj(Kp) makes the
transporting geodesic unique.

Proposition 6.1 (Continuity of the drift map). The map ® : ACy,» — ACy ,y|v | 8 (uniformly)
continuous with respect to doy (on both sides).

Continuity is what lets a large deviation principle pass through ®. The undrifted rescaled walk
Z™ already satisfies one on the path space, the Riemannian Mogulskii theorem of Kraaij, Redig and
Versendaal (Theorem 8.1). Since Z™ is the noise path driving the drifted walk and ® is continuous,
the contraction principle carries that principle over to the drifted flow.

The principle holds for the discrete walk as well, and we state the two together. Write Y™ for
the piecewise-geodesic interpolation of the drifted walk S, ...,S); of Definition 5.3, at the times
te = k/n. It is Y™, not the flow ®(Z™), that the walk actually produces; the two differ only by the
Euler discretisation error, and Subsection 8.4 shows that the error is superexponentially small.
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Theorem 6.2 (Path-space LDP for the drifted flow and the drifted walk). Let (M, g) be a complete
Riemannian manifold and let V€ T(TM) be smooth and bounded. Let {ji;}zcrr be a consistent
family of probability measures with supp(puz) € B(0,7) for some r > 0, the same for every x. Set
Ko := B(z0,7 + ||V |leo) and assume ||V ||oo < inj(Kyp), the uniform injectivity radius over Ko. Each
of the processes

(i) the drifted flow ®(Z™), and
(i) the interpolated drifted walk Y™,

satisfies the LDP on (Cy,([0,1]; M), ds) with speed n and the same good rate function

1
/O S0 (0 = V(6@)) dt if o € AC(0, 1); M) and $(0) = o,

+o00 otherwise.

Iyon(0) = (3)

The last step is evaluation at the final time. The map evy : C([0,1; M) — M, ¢ — ¢(1), is
continuous for the uniform metric, so the contraction principle applies once more and reduces the
path-space principle to the endpoint. The rate becomes the infimum of I;;th over paths ending at x.
This is the main theorem.

Theorem 6.3 (Cramér’s theorem for drifted geodesic random walks). Let (M, g) be a complete
Riemannian manifold and let V- € T(TM) be smooth and bounded. Let {{iz}zens be a consistent
family of probability measures with supp(pz) € B(0,7) for some r > 0, the same for every x. Set
Ko := B(20,7+]||V|ls) and assume ||V ||oo < inj(Ky), the uniform injectivity radius over Ko. These
are the hypotheses of Theorem 6.2.

Forn > 1, let S be the drifted empirical average from Definition 5.3. Then {S}'}n>1 satisfies
the large deviation principle in M with speed n and good rate function

1
M@=  inf /O N (605 — V(6(1))) dt.

PEAC([0,1];M)
B(0)=w0, ¢(1)=2

The absolutely continuous paths AC([0,1]; M) are those of Definition 2.27. Here A} denotes the
Legendre transform of Ay (\) = log foM e (du).

6.1 The extension to unbounded increments

The bounded-support hypothesis supp(u;) € B(0,7) can be dropped, at the cost of two mild
geometric hypotheses, and replaced by Cramér’s condition: finiteness of all exponential moments.
This is the classical hypothesis under which the flat Cramér and Mogulskii theorems (Theorem 3.3,
Theorem 3.4) hold. The conclusion is the same large deviation principle, with the same rate function;
only the class of admissible increment laws grows, now including the isotropic Gaussian family of
Example 6.6.

As in the bounded case we state the path-space principle first and contract it to the endpoint.
Only the walk Y appears here. The flow ®(Z™) has no counterpart once the increments are
unbounded, because ® is defined on the class AC,, , of paths of bounded speed and the noise path
Z™ leaves every such class; this is the same obstruction that forces the truncation tower, and it is
discussed after Theorem 6.5.
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Theorem 6.4 (Path-space LDP WithAunbounded increments). Under the hypotheses of Theorem 6.5
below, the interpolated drifted walks Y™ satisfy the large deviation principle on (Cy,([0,1]; M), do)
with speed n and good rate function I;Yath of (3), the same rate function as in Theorem 6.2.

Evaluating at time 1 and contracting gives the endpoint form, which is the theorem the chapter
is aimed at.

Theorem 6.5 (Cramér’s theorem for drifted geodesic random walks with unbounded increments).
Let (M, g) be a complete Riemannian manifold with bounded geometry:

inj(M) >0 and |Rm ||oo := Sél]\]?[ | Rm(p)|lop < o0.
p

Let { iy }wers be a consistent family of probability measures satisfying Cramér’s condition,
Agzy(N) < o0 for all A € T, M,

and let V€ I'(T'M) be smooth and bounded with ||V~ < inj(M). Let S}’ be the drifted empirical
average of Definition 5.3, with the support bound on the increments dropped. Then {S]!}n>1 satisfies
the large deviation principle in M with speed n and good rate function

1
I (z) = inf A% (0(t) — V(g(t))) dt
= nf [ (o0 - view) at
#(0)=x0, ¢p(1)=x

the same rate function as in Theorem 6.35.

The proof is carried out in Section 9. It does not rerun the argument above with the support
bound relaxed: without a speed bound one cannot control the drift map uniformly over the whole
path space: Proposition 6.1 is stated on AC,, ,, and without a speed bound that class isn’t compact,
so the weak-* argument has no domain. Instead it keeps Theorem 6.3 intact and wraps it in a
truncation tower. At each level ¢ the increments are truncated to B(0,c), a bounded family to
which Theorem 6.3 applies and yields a path-space LDP with some rate I.. Cramér’s condition
makes the c-truncated walks exponentially good approximations of the original walk as ¢ — oo, and
the rates I. converge to Ig/ath; the approximation theorem of Dembo and Zeitouni then transfers
the principle to the original walk. The two bounded-geometry hypotheses take over the role of the
deterministic tube K, which no longer exists once the increments are unbounded.

6.2 Examples

We record two worked examples: isotropic Gaussian increments and, building on them, an explicit
rate function for a Killing drift. We also illustrate the walk and its concentration in Figure 8.

Example 6.6 (Isotropic Gaussian increments). Take u, = N(0,02id), the isotropic Gaussian
on each tangent space T, M. We verify the hypotheses and compute the resulting rate function
explicitly.

Consistency. The compatibility condition p, = (74y)«is requires that transporting the incre-
ment law from z to y reproduce the increment law at y. Parallel transport 7,: T,M — T,M
is a linear isometry, and the pushforward of a centred Gaussian by a linear map 7 transforms its
covariance by ¥ — 727*. With ¥ = ¢2id and 7 an isometry,

r(o?id)m* = o? 77" = o%id,
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80 (Tady)sttz = N(0,0%id) = p, and consistency holds.
Cumulant generating function. For X ~ N(0,02id) on T, M one has EeMX) = e29” A2 , hence

A (N) = Lo[A.

This is finite for every A € T, M and independent of the base point z: the former is the global
Cramér integrability , the latter makes the pathwise functional below autonomous.

Legendre transform. Maximising (X, v) — 02 ||A[|> over A gives the stationarity condition v = o2,
i.e. \* = v/0?; substituting back,

* * * 1
A5(0) = (3, 0) = S IN2 = 5 ol

again independent of x. The local rate is thus the quadratic form dual to A, under Legendre duality,
with reciprocal coefficient.

Pathwise rate function. Inserting the constant integrand A%, = 753 || - ||* into the drifted rate
function I}, (z) = inf, fol Az(t)(qﬁ(t) — V(¢(t))) dt, in which the drift enters only as a shift of the
realised velocity, collapses it to

\4 2
= it ), 150 = Vi)
#(0 )—:r:o, <z>(1) T

This is the geodesic-walk analogue of the Freidlin—Wentzell rate for the small-noise diffusion
dX = V(X)dt +n~"?¢ dBM.

Example 6.7 (Explicit rate function for a Killing drift). We continue with the isotropic Gaussian
family of Example 6.6 and take the drift V' to be a Killing field: a vector field whose flow (1¢)er
consists of isometries. Recall from Theorem 6.5 that the drifted rate function is

I (z) = inf / Ay (0() = V(8(2))) dt. (4)

¢6AC [0 1 M)
¢(0)=z0, ¢ ):r

For a Killing drift this reduces to the undrifted rate of [6], evaluated at the endpoint carried back
by the drift flow:

1
Hi@) = Biwa@).  Be= it [ o) (5)

neAC([0,1];M
n(0)==z0, n(1)=y

To see this, let ¢ be admissible for (4) and set n(t) := ¥_(¢(t)). The map (s,p) — ¥_s(p) is
smooth, hence locally Lipschitz in both arguments, so 7 is again absolutely continuous, and at
every t at which ¢ is differentiable the chain rule gives

0(t) = =V (n(t)) + (d-0) gy 0(t) = (dp—1)g(r) (S(t) = V(1))

where the second equality uses (dip—¢)g)V (¢(t)) = V(n(t)), the invariance of a vector field under
its own flow. Only now does the Killing property enter: (di—¢)4() is a linear isometry, so [|7(t)| =
|6(t) =V (6(t))|), and since A% depends only on the norm of its argument and not on the base point
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(Example 6.6), the integrands in (4) and (5) agree pointwise. The map ¢ — 7 is a bijection of the
absolutely continuous paths started at zg (with inverse ¢(t) = 14(n(t)), absolutely continuous by
the same argument) and carries the constraint ¢(1) = x to n(1) = ¢¥_1(z). The two infima therefore
coincide, which is (5).

For the isotropic Gaussian family, A%(v) = |[v||?/(202), and I{,(y) = d(wo,y)?/(20?): by
Cauchy—Schwarz the infimum of fol |77]|? dt over paths from xq to y equals d(xg,y)?, attained by a
constant-speed minimising geodesic. Since 11 is an isometry, d (3:0, 1/1_1(50)) = d(l/]l (z0), x), SO

I]\‘Q(a:) = T;d(wl(ajo), a:)2.

A Killing drift therefore transports the undrifted rate function along its own flow and does nothing
else: the level sets of IJ\‘;} are the geodesic spheres centred at the time-1 point ¥ (x), where the rate
vanishes and the walk concentrates. This is what Figure 8 shows.

On the unit round sphere S2, take the rotation field V' (p) = a x p, whose flow is rotation about
the axis a by angle t||a||; with d(p, ¢) = arccos(p, g) this gives

1 2

Igz(x) = 552 (arccos(Ra,”a” xo, x>) ,
where R, denotes rotation about a by angle 6. Here |V (p)|| = |la| sinf(p) with 6(p) the angle
between a and p, so ||V« = ||a||, attained on the great circle orthogonal to a. Bounded geometry

is immediate, with inj(.5?) = 7 and || Rm ||oc = 1, and the standing hypothesis reads ||V ||o = |la]| <
inj(S%) = m: the time-1 flow rotates by less than a half turn.
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v
Ig> = const

= drift flow ¢;(zy) —— sample walks ---- level sets of IV

Figure 8: A Killing drift on S?, the walk it carries, and the level sets of its rate function. The
drift is the rotation field V(p) = a x p, whose flow v, turns the sphere about a through the angle
t||a||. The thin coloured curves are sample walks of Definition 5.3 started at o, with the isotropic
Gaussian increments of Example 6.6 in each tangent plane, whose unbounded support puts them
under Theorem 6.5; they concentrate on the thick arc ¢ — 1y(xg), which the drift traverses in unit
time. Here I%,(z) = d(¥1(z0),x)?/(20%), so its level sets are the dashed geodesic circles about
¥1(zg), and the endpoints scatter across them.
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7 LDP for drifted random walks in R?

Having stated the main result (Theorem 6.3), we now turn to its proof. This section is a warm-up:
we prove the drifted large deviation principle in R¢, where the geometric complications are absent,
so that the four-step contraction-principle strategy stands out clearly. The Riemannian proof of the
next section (Section 8) follows the same four steps, and we shall refer back to the present one as
the blueprint.

Before moving to manifolds, we prove the drifted LDP in R?. This illustrates the contraction
principle strategy in a setting where the geometric complications are absent.

7.1 Setup

Let X1, Xo, ... beii.d. random vectors in R? with cumulant generating function A(\) = log E[e!
satisfying Cramér’s condition: A()\) < oo for all A € R% Let m = E[X;] and let A*(w)
sup, [(A, w) — A(A)] be the Fenchel-Legendre transform.

Let V : R — R? be a Lipschitz vector field with constant L, and fix a starting point zo € R%.
We define the drifted random walk with step size h = 1/n by

)\,X1>]

Yon = X, Ykﬂ-l = Ykn +h V(Ykn) + th+1.

7.2 The undrifted walk and Mogulskii’s theorem

We define the undrifted walk by Zy = xo, Z;!, | = Z}! + h Xg41, with piecewise-linear interpolation
Z™(t) that has slope Xjy1 on [tg, tgi1].

Mogulskii’s theorem ([3, Section 5.1]) then tells us that Z" satisfies an LDP on C([0, 1]; R?) with
speed n and good rate function

1
() / A*((t))dt if ¥(0) = o and 1) is absolutely continuous,
=9 Jo

+o00 otherwise.

7.3 The drift map and its continuity

We now define the drift map ® : Cy, ([0, 1]; R?) — Cy, ([0, 1]; R?), where C,, ([0, 1]; R?) denotes the
space of continuous paths ¢ : [0,1] — R? with ¥(0) = x0, equipped with the sup-norm. Given an
input path 1, let ¢ = ®(¢)) be the solution of the ODE

O(t) = V(o) +4(t),  #(0) = . (6)

In words: ® takes the “noise path” i and produces the trajectory obtained by adding the vector
field drift on top of it.

Proposition 7.1 (Lipschitz continuity of ® in Rd). The map ® is Lipschitz with respect to the
sup-norm: || ®(1) — @(¢h2) o < "{|th1 — 92 lco-

Proof. Let ¢; = ®(v;) and e(t) = ||¢1(t)—p2(t)]. From (6) we get ¢1— o = V(61) —V ($2) +1)1 —o.

Integrating and using the Lipschitz bound on V gives e(t) < fg Le(s)ds+||1)1 —t2|lco. The Gronwall
inequality then gives e(t) < e™|j1h1 — 12]|o. O

43



7.4 Contraction principle: path-space LDP

Since Z" satisfies the LDP with rate J and @ is continuous, the contraction principle gives us that
®(Z™) satisfies an LDP on C([0, 1]; R?) with rate function I;;th(@ = inf{J(¢) : ®(¢) = ¢}.

The condition ®(¢)) = ¢ determines 1 uniquely: from (6), ¥(t) = ¢(t) — V(4(t)). This means
the infimum in the contraction principle reduces to evaluation.

(@) = [ 8°6t0) - V(6(0) g
0

7.5 Exponential equivalence

The drifted walk Y (the piecewise-linear interpolation of Yy, ...,Y;") differs from ®(Z") only by
the Euler discretisation error. The following proposition makes this precise and shows that the two
are exponentially equivalent at speed n.

Proposition 7.2 (Exponential equivalence of Y™ and ®(Z")). For every § > 0,

1 ~
lim sup — log P(| Y ~ &(2")||so > 8) = —oc.

n—o0

In particular, by the principle of exponential equivalence [3, Theorem 4.2.13], yn satisfies the same
LDP as ®(Z").

Proof. Let T, := L 371" || X;|| denote the total variation of Z™ on [0,1]. For R > 0, decompose
P([Y" — ®(Z")]|oo > 6) < P(|[Y" — ®(Z")||0c > 6, Ty < R) +P(Ty, > R). (8)

We treat the two terms separately.

First term: deterministic Euler bound on the bounded-variation event. Write ¢ := ®(Z"), let
Yy :=Y)" be the drifted iterates, and set e, := ||Y;, — ¢(tx)||. We first confine both processes on
the event {7, < R}. Since V is Lipschitz, ||V (z)| < ||V (x0)|| + L||z — zo||. From the integrated
ODE ¢(t) = zo + fé V(¢(s))ds + (Z2™(t) — o) and ||Z"(t) — zo|| < T, < R, Gronwall gives
¢ — 2ol < (|IV(20)| + R)el =: R’; the discrete Gronwall lemma gives the same bound for

maxy, ||Y — xo||. Both processes therefore stay in B(xg, R'), on which |V|| < Bg := ||V (z0)|| + LR'.
For the one-step comparison, note that

tot1
¢(tk+1) - ¢(tk) + / V(¢(S)) dS + th+1, Yk+1 - Yk + hV(Yk) + th+1,

ty

so the common noise increment cancels in the difference and

tht1
ers1 < (14 Lh) ek—l—L/t l6(s) — (t)]| ds.

On the substep, ¢(s) = V(¢(s)) + Xi11, s0 [|¢(s) — d(tr)|| < (Br+ || Xk+1]])(s —tr) and the integral
is at most (Bg + || Xg+1]]) h2/2. Unrolling the recursion with ey = 0 and (1 4+ Lh)* < ek,

Lh? & Lel Lel
ep < QeL;(BRHijH) = T(L3R+Tn)iz < = (Br+R)h.
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Between grid points, for ¢ € [tg,trx11] both paths carry the same noise term: Y"(t) =Y.+ (t—
te)(V(Ye) + Xip1) and 6(t) = ¢(t) + [; V(6(s)) ds + (¢ — tx) Xi11, giving

t
Y™ () — ()] < ex + (t— t) [V (Vi) + t IV (¢(s))|| ds < ex +2Bgr h.
k

Combining with our bound for e; on {7}, < R} we have |Y" — ®(Z")||s < C(R)/n with C(R) :=
LSL (Br + R) + 2Bp, and for n > C(R)/d the first term in (8) vanishes.

Second term: a Chernoff bound. Cramér’s condition implies Agps(N) = logE[eA”Xlll] < oo for
every A > 0: indeed Ml < H?:l Azl < ZUG{_LI}d eMot) g0 E[e)‘“xl“] < de{_l’l}d eAAo)
oco. By Markov’s inequality and independence, for any A > 0,

]P(Tn >R) < e—n)\RE[e)\Zlbzl ||Xk||:| — o MAR=Aabs(N)

Combining. Given £ > 0, take A = 1 and R := £ + Aups(1). Then for n > C(R)/ the first term
in (8) vanishes, and the second term gives

1 N
- logP([|[Y" — ®(Z")|so > 6) < —L.

Since ¢ > 0 was arbitrary, the limsup equals —oo.

7.6 Endpoint rate function

Applying the contraction principle to the evaluation map evy(¢) = ¢(1) yields:

Theorem 7.3 (Drifted Cramér theorem in R?). The drifted empirical averages Y, satisfy the LDP
in R® with speed n and good rate function

1
o=t [N - vie)
peAC([0,1];RY) Jo
#(0)=z0, ¢(1)=y

Remark 7.4 (Zero of the rate function). Consider the path ¢(t) = ~v(t), the integral curve of
4 = V(y)+m with 7(0) = z¢. Its noise velocity is ¢(t) —V (¢(t)) = m, so the cost is fol A*(m)dt =0
(since A* vanishes at the mean). This gives us IV (y(1)) = 0, confirming that the walk concentrates
around the time-1 flow of V' + m.
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8 Proof of Theorem 6.3

8.1 Proof strategy

Before the details, we outline the argument. It follows the same four-step contraction-principle
strategy as the Euclidean warm-up of Section 7, with the Riemannian Mogulskii theorem of [6]
replacing the classical one and Jacobi-field estimates replacing the flat Gronwall bound.

Step 1 (undrifted path LDP). The rescaled undrifted walk Z™ satisfies a path-space LDP on
C(]0,1]; M) by the Riemannian Mogulskii theorem (Theorem 8.1).

Step 2 (the drift map). We introduce the drift map ®, which turns a noise path into the
trajectory obtained by adding the vector-field drift on top of it, and show it is well-defined and
continuous on the admissible path space (Subsection 8.2.1-8.2.3).

Step 3 (contraction). Applying the contraction principle to ® transports the undrifted path
LDP to a path-space LDP for the drifted flow (Theorem 6.2).

Step 4 (exponential equivalence and endpoint). We show the interpolated drifted walk is expo-
nentially equivalent to ®(Z"™) (Subsection 8.4), so it satisfies the same path-space LDP; contraction
with the evaluation map ¢ — ¢(1) then yields the endpoint LDP of Theorem 6.3.

8.2 Path-space LDP for the undrifted walk

The L-rescaled geodesic random walk Z" (without drift) satisfies the LDP on C([0,1]; M) by the
Riemannian Mogulskii theorem:

Theorem 8.1 (Riemannian Mogulskii, [6, Theorem 5.2]). The random paths Z™ satisfy the LDP
on C([0,1]; M) with speed n and good rate function

1 .
Tar(th) = /0 AZ(t)(¢(t)) dt if ¢ € AC([0,1]; M) and ¥ (0) = x,
+00

otherwise.

This is the Riemannian analogue of the classical Mogulskii theorem used in Section 7, proven
in [6].

We define the drift map ® : Cy ([0,1]; M) — Cqu([0,1]; M) as follows; here Cy, ([0, 1]; M) is
the space of continuous paths ¢ : [0,1] — M with ¢(0) = x, equipped with the uniform distance
doo($1, B2) = supse(o,1) d(¢1(t), p2(t)). Given an absolutely continuous input path ¢ with ¢(0) = o,
the image ¢ = ®(v)) is the solution of

$(0) =z,  (t) = V(6(t) + Pypymspw V1), (9)

where Py se) @ Tp@yM — Ty M is parallel transport along the minimising geodesic from P(t)
to ¢(t).

For this transport map to be well defined, the distance between 1 (t) and ¢(¢) must stay below
the local injectivity radius. We verify this below through a single a priori estimate: every solution
of (9) satisfies

d((t),6(t) < Vit < IVl (t€[0,1]). (10)

Since 1 stays in B(xg,), estimate (10) confines ¢ to the compact tube

Ky = E(mo, r—+ HV||OO) cM
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(compact by Hopf-Rinow, Theorem 2.25), on which the injectivity radius is uniformly positive:

Lo :=inj(Kp) = pie%go t(p) > 0.

Combined with the standing assumption of our main theorem,
V]l < o, (11)

the estimate gives d(¢(t), p(t)) < ||V||eo < to for all ¢, so the two paths never leave each other’s
injectivity radius and Py ;)_,¢(+) 1s well defined throughout.

8.2.1 Well-posedness of the drift ODE

Before discussing the continuity properties of ® we should verify that ® is well-defined: for every
admissible input 1, the ODE (9) has a unique absolutely continuous solution on [0, 1]. The argument
is a chart reduction to the classical CarathéodoryPicard theorem on R?. The key inputs are an a
priori bound that keeps ¢(¢) within the injectivity radius of ¥ (¢), and a finite covering of [0, 1] by
time intervals on which ¢ stays inside a single normal coordinate chart.

The class of admissible inputs is, in the notation of Definition 2.27 and Lemma 2.28,

ACy,+([0,1]); M) := {p € AC([0,1]; M) : (0) = x0, ||¥]loo < 7},

which is the natural one for the LDP application: the increment bound supp(u.) € B(0,r) forces
all interpolated walks into this class, and so do all paths of finite Jy; cost (both claims are verified
in Corollary 8.10 below).

The tool is the Carathéodory—Picard theorem (Theorem 3.18), whose hypotheses (C1) to (C4)
the chart form of (9) is checked against below. Recall from Subsection 3.4 that a solution means
an absolutely continuous function satisfying the ODE almost everywhere.

We show well-posedness in three steps. The first decouples ® from the parallel-transport sub-
tleties: any solution of (9) has uniformly bounded speed and stays close to ¥. The bound is
d(y(t), o(t)) < o < e(¥(t)), and by Lemma 2.24(iii) that makes the minimising geodesic from ()
to ¢(t) unique, so Py )¢ is well-defined. The radius we compare against is the one at (t), the
point the transport starts from.

Lemma 8.2 (A priori bound). Let v € AC,, ,([0,1]; M) and suppose ¢ : [0,T] — M is an absolutely
continuous solution of (9) on [0,7] C [0,1]. Then for allt € [0,T],

oI <7+ 1V, dl(t), (1) < [Vlloo -t < t0-

Proof. The speed bound is immediate from (9) since parallel transport is an isometry: ||¢(t)]| <

V(@I + L@ < [V loo +7-

For the separation bound, set 6(t) := d(¢(t), 1 (t)). We argue by a variation-field calculation in
the spirit of Lemma 4.6, with the variation now interpolating between ¥ and ¢ rather than along a
single flow. Throughout the proof we work on the open set

O:={t€[0,7T]:6(t) <},

which contains ¢ = 0. Since ¥(t) € B(zo,r) C Kg we have t(1(t)) > 19, so on O the minimising
geodesic from () to ¢(t) is unique, and we define v(t) := logy,y) #(t) € TyyM with [[v(t)| = o(¢).
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The fact that d : M xM — R is 1-Lipschitz combined with the absolute continuity of t — (¢(t), ¥ (t))
shows that ¢ is absolutely continuous on O (concretely, |5(t) — d(s)| < d(p(t), ¢(s)) + d(v(t), 1 (s))
by the triangle inequality, and each term on the right is the increment of an absolutely continuous
function, so § inherits absolute continuity).

Consider the geodesic variation

r':0x|0,1] - M, I'(t,s) = Expw(t)(s v(t)),

so I'(¢,0) = (t) and I'(t,1) = ¢(t). For each fixed t, s — I'(¢,s) is a constant-speed geodesic of
length exactly d(t). Write T'(t,s) := O,I' and W (t,s) := OI' for the longitudinal and transverse
variation fields. At the endpoints,

T(t,0) =v(t), T(t,1) = Pywy—e) v(1t),

both of norm (), and

W(t.0)=4(t),  W(t.1) = o(t).
The family I' is exactly the configuration of Proposition 2.23: each slice I'(¢, ) is a geodesic of
constant speed, and §(t) = ||T'(t, s)|| = Lg(T'(¢,-)) is the separation of its two ends. That proposition
gives

§(t)0'(t) = (W(t,1), T(t, 1)) — (W(t,0), T(t,0)). (12)

Proposition 2.23 is stated for a family that is smooth in ¢, whereas I" inherits from 1 and ¢ only
absolute continuity in that variable. This is enough, for three reasons. The separation ¢ is absolutely
continuous on O, as shown above. The map (q,p) — log, p is smooth on the unique-minimising
regime, so t — I'(t,s) is differentiable wherever ¢ and ¢ are, and the transverse field W = o,I"
therefore exists at almost every ¢. And the computation behind the proposition differentiates 62 in ¢
and integrates 0s(W,T) in s, both of which are valid at any such ¢ with 6(¢) > 0. The identity (12)
thus holds for a.e. t € O with §(¢) > 0, and since only its integrated form is used below, nothing is
lost.

Using that parallel transport is an isometry, write (W (¢t,0),7(¢,0)) = (P W (¢,0), PT(t,0)) =
(P(t), T(t, 1)), where P := Py g Substituting in (12):

3()'(t) = ((t) — Py(t), T(t,1)).
By (9), ¢(t) — Pi(t) = V(¢(t)). Applying Cauchy-Schwarz and dividing by () (where positive):
o't) < V(@I < [Vlew  forae teO.

Since ¢ is absolutely continuous on O with §(0) = 0, integration gives §(¢) < ||Vl -t on O. By
the standing assumption (11), this is strictly less than ¢p, so O is in fact all of [0, 7] and the bound
holds throughout. O

Remark 8.3. If the set E := {t € O : §(t) = 0} has positive Lebesgue measure, the needed bound
d'(t) < |V]|eo on E follows from the fact that an absolutely continuous function constant on a set
has derivative zero almost everywhere on that set.

The a priori bound confirms the set-up above: since ([0,1]) C B(zo,r) and d(o(t),9(t)) <

IV ||oo, every solution stays in Ko = B(zo,r+ ||V |le), and the joint trajectory (i, ¢) remains in the
unique-minimising-geodesic regime by (11).
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Single-chart reduction. Set the chart radius
pi= 10— V]=) >0,

positive by (11). Fix p, € Ko; since p < to < ¢(p«), the normal coordinate chart ¢,, = log,, is a
diffeomorphism on a neighbourhood of B(p, p), and we set

K' = Pp. (B(p*vp)) C Rdv

a bounded open neighbourhood of the origin. If ¢(t) stays inside B(px, p) on a subinterval J = [tg, t1],
then y := ¢p, 0 ¢ : J — K’ is absolutely continuous and satisfies

y(t) = F*(t,y(t)) a.e. t € J, (13)

where .
F*(t,y) 1= (dp.) gy ) |V 901 0) + Poysgri 90

The radius p is chosen precisely so that whenever the source v (t) lies within ¢y — p of the chart
centre p,, every target cp;*l (y) with y € K’ lies within ¢g of ¢(t) , which keeps the parallel transport
in F* well-defined. This is the content of the next lemma.

Lemma 8.4 (The chart ODE is Carathéodory). Let J = [to,t1] C [0,1] be such that d(¢(t), px) <
to—p for allt € J. Then F* is defined on Jx K' and satisfies hypotheses (C1)-(C4) of Theorem 3.18
there.

Proof. Well-definedness. For y € K' we have d(np;*l(y),p*) < p,soforteJ

d((t), 0, () < d(p(t), pe) + d(Pas 0} () < (10— p) + p =10 < L(¥(t)),

so (1(t), ¢, (y)) € U and the parallel transport P, ()5 (y) 2long the unique minimising geodesic
is well-defined. Hence F* is defined on J x K'.

(C1) For fixed y, F*(t,y) = Oy(¢ (t) .4 ()) for a smooth map ©,,, depending on y. The curve
¥ (t) is absolutely continuous, and thus 1 (t) exists a.e. and is Lebesgue measurable. The composition
of a measurable function with a smooth one is measurable again.

(C2) Fix t. The maps y — ¢, 1(y), p— V(p) and p — (dgp, ), are smooth, and by Lemma 2.29
80 is p — Py()-p on the unique-minimising regime, which by the well-definedness step contains

{v(t)} x gplj*l(K’). Since ¥ (t) € TyyM is a fixed vector for fixed ¢, the map y Potyseri(w) W(t)
is smooth; hence .F*(t, -) is a composition of smooth maps on K’ and is in particular continuous.
(C3) Since ||9(t)|| < r and parallel transport is an isometry, ||F*(¢,y)| < ||(d<pp*)(p;1(y)||0p (r+

IV |lso). The operator norm of (deyp, ) »=1(y) 18 continuous in y and attains a finite maximum Cg+ on
Px

the compact set K', giving ||F*(t,y)|| < Cxs (r + ||V ||o) on K'.

(C4) Note that F* need not be continuous in ¢, since w is merely measurable; the Lipschitz
constant must therefore be obtained uniformly in ¢ rather than by compactness in (¢,y). For a.e.
fixed t write Oy F*(t,y) = G(y, P(t), w(t)), where G is smooth in the first two arguments and linear

in the velocity argument (the noise enters F* linearly through Pw(t) e () ¥(t)). The arguments

of G range over the compact set K’ x 1(J) x B(0,r), which is contained in the open unique-
minimising regime since maxyc d(¢(t), p«) < to — p; hence G is bounded there. Since K’ is convex
(the log,,, -image of a metric ball is a Euclidean ball), the mean value theorem gives a constant L,
(independent of ¢, since the bound on G is) with ||F*(t,y1) — F*(t,y2)|| < Ly, ||y1 — 32| for a.e. t € J
and all yy,y2 € K'. O

49



Remark 8.5. Note that Theorem 3.18 is stated for a function F : I x RY — R% However,
multiplication by a smooth cutoff x : RY — [0, 1] supported in a relatively compact neighbourhood
of K’ and equal to 1 on K’ yields a global extension F* := y - F* : [0,1] x RY — R? satisfying
(C1)—(C4) globally. The cutoff extension preserves (C1)—(C4) globally with constants depending
only on p, and K’ (and not on F* outside K).

The next corollary will be the building block of the patching argument below: it gives existence
and uniqueness of the drift ODE on any subinterval short enough that the trajectory is confined to
a single normal coordinate chart.

Corollary 8.6. Let J = [tg,t1] C [0,1] and qo € B(ps,p). Suppose d(¢(t),px) < to — p for all
t € J, and that any absolutely continuous solution of (9) starting from qo at time ty remains
inside B(px, p) throughout J (both verified in the patching argument below). Then (9) has a unique
absolutely continuous solution on J with initial value qq.

Proof. By the source-closeness hypothesis and Lemma 8.4, F* is defined and Carathéodory on
Jx K, soits cutoff extension F* (Remark 8.5) satisfies (C1)—(C4) on [0, 1]xR%. Apply Theorem 3.18
toy = F *(t,y) with initial condition y(t9) = ¢p,(qgo). This yields a unique absolutely continuous
7 : J — R By the confinement hypothesis, § takes values in K’, where F*=F * so y is also the
unique solution of the original chart ODE (13). Pushing forward via gog*l gives the unique solution
qﬁ:gog*loﬂof (9) on J. O

Patching and conclusion. We now choose a time-step size 7 > 0 small enough that, on each
substep, the candidate solution stays in the chart ball B(py, p) and the source 1) stays close enough
to the chart centre for Corollary 8.6 to apply. Set

14
Ti=—>0.
4+ V] +1

Consider a substep [to,fo + 7] with chart centred at p, := é(to) € Ko, where ¢ is the partial
solution built so far (so the a priori bound of Lemma 8.2 holds, giving ||¢]lec < 7+ ||V||eo and

d(¢(to), p+) < ||V]|so). Then: -

e Confinement. For t € [to,to + 7], by the speed bound [¢|lec < r + ||V]so of Lemma 8.2,
d(d(t),ps) < (r + [V]loo)(t = t0) < (r + [[Vlloo)T < p, 50 ¢ stays in B(px, p)-

o Source-closeness. Using ||{)]|oo < T,
A1), p.) < d@(E), (ko)) + d(W(to), p) < 17+ [Vlise < p+ Ve < 10— p,
the last step because ||V]|oo +2p = 3(t0 + ||V [lso) < to.
Both hypotheses of Corollary 8.6 hold, so it gives existence and uniqueness on the substep.

Theorem 8.7 (Well-posedness of the drift ODE). Under the standing assumption (11), for every
P € ACy, »([0,1]; M) the ODE (9) has a unique absolutely continuous solution ¢ = ®(¢) : [0,1] —
M, which satisfies the a priori bounds of Lemma 8.2.
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Proof. Partition [0,1] as 0 = tp < t1 < -+ < ty = 1 with tg41 — tx < 7, where N := [1/7] and
T =p/(r+||Vl]ls+1) is the step size fixed above. Build ¢ inductively: starting from ¢(tg) = x¢ and
the chart centred at pio) := x0, Corollary 8.6 applies on [tg,t1] because the substep has length at
most 7, which is what the confinement and source-closeness checks above need, producing a unique
O - [to, t1] — M. Given ¢*) on [tg,tx41], take the chart centred at pikﬂ) = ¢ (t41) € Ko (still
in Ky by Lemma 8.2) and apply Corollary 8.6 on [txi1,tx+o] to extend.

For uniqueness, if ¢1,¢2 are two solutions on [0, 1] with the same initial condition, the set
S = {t: ¢1lj0,y = P20} contains 0, is closed by continuity, and is open by the local uniqueness of
Corollary 8.6 applied at any ¢ € S. Connectedness gives S = [0, 1]. O

This justifies the definition of the drift map ® : ACy, ([0, 1]; M) — ACy, ;v ([0, 1]; M). We
now turn to its continuity properties.

8.2.2 Compactness of the admissible path space

Continuity of ® will follow from two properties of the admissible path space, both consequences of
the bounded-increment assumption that defines the model. All interpolated walks have speed at
most 7, so their laws are carried by AC,, ([0, 1]; M), and

ACy,»([0,1]; M) = {3 : [0,1] = M : 4(0) = z0, ¥ is r-Lipschitz with respect to d} :

indeed d(v(s),¥(t)) < fst || du < r|t — s|, and conversely an r-Lipschitz curve is absolutely
continuous with [|¢|| < r almost everywhere (working in charts and using that Lipschitz functions
of one variable are differentiable almost everywhere). On this set the sup-norm topology is much
better behaved than on the full path space:

Proposition 8.8 (Compactness of the admissible paths). For every R > 0, the set ACy, r([0, 1]; M)
is compact in (Cg,([0,1]; M), dso).

Proof. All paths in the set take values in B(zg, R), which is compact by Hopf-Rinow (Theorem 2.25),
meaning that the set {¢(t) : ¢ € AC,, r([0,1]; M), t € [0,1]} is relatively compact. Furthermore
the paths are uniformly R-Lipschitz, hence equicontinuous. By the Arzela—Ascoli theorem the set
is relatively compact in C([0,1]; M). It is also closed: suppose 1, — 1 uniformly. Then:

e (0) = lim, ¥, (0) = x¢
o d(¢(s),y(t)) = lim, d(¢n(s), ¥n(t)) < lim, R|s — t| = R|s — t|, using the continuity of d.

This shows that the uniform limit of a sequence of R-Lipschitz paths started at xg is again R-
Lipschitz and started at xg. O

The second ingredient is that, within AC,, g, uniform convergence automatically carries the
velocity information, in the weak sense. The two facts we need are the general velocity lemmas
of Subsection 3.2.2: Lemma 3.14 (uniform convergence forces weak-L! velocity convergence) and
Lemma 3.15 (weak-L! x strong pairing). They are stated there in the weak-L' form that also serves
the unbounded-increment argument of Subsection 9.6; here the paths are uniformly Lipschitz, so
the velocities are bounded and the convergence is in fact weak-*. Both concern R%valued paths
and are applied below in normal coordinate charts.
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8.2.3 Continuity of the drift map

We prove that ® is continuous on (ACy, ,dx). The proof uses the compactness of AC,, , (Propo-
sition 8.8) and the two elementary velocity lemmas of Subsection 8.2.2, passing to the limit in the
chart form of the drift ODE by weak-* convergence of the velocities.

We record the chart apparatus the proof below refers to. Fix the normal charts of Subsec-
tion 8.2.1: for a chart centre p, € Ko the chart is ¢, = log, , of radius p, and 7 is the associated
time step. In such a chart, writing y := ¢, 0 ¢ and = := ¢, 09 for an output/input pair, the drift
ODE (9) becomes y = b(y) + A(y, x) & almost everywhere, where

b(y) = (dep.) 7 WV (' ¥), Aly2):= (00.)g51(0) © Pt © (@) i) 1(‘ )
14

This is the chart field F* of Lemma 8.4, linear in the velocity slot (parallel transport is a linear
isometry) and smooth on the configurations that occur (Lemma 2.29). On the compact region
in play the chart is bi-Lipschitz with a constant ¢ > 1 uniform over p, € K. The differential of
¢p, = log, and its inverse have operator norms bounded on the compact disk bundle {(p,v) €TM :
p € Ko, ||v]| < ||V||eo+3p}, which lies below the injectivity radius, by the compactness argument of
Lemma 2.33. So an r-Lipschitz input has chart speed || < c¢r. We write S := B(px, ||V | s +2p) for
the source region reached from a chart centred at an output point; the choices of Subsection 8.2.1
keep S inside the chart domain and all parallel transports below well-defined and, by Lemma 2.29,
smooth.

Proof of Proposition 6.1, via weak-+ compactness. Let 1, — ¢ in (ACy ,, dso) and set ¢y, 1= ®(1y,),
¢ := ®(vp). Since AC, 4|V I8 deo-compact (Proposition 8.8), it suffices to show that every sub-
sequence of (¢,) has a further subsequence converging uniformly to ¢. So relabel and assume
¢n — ¢ uniformly for some ¢f € AC,y r4|V]e (Such a limit exists, and lies in this set, by the
dso-compactness just invoked); we must prove ¢! = 6.

Partition [0, 1] with mesh at most 7 and centre the k-th chart at p, := ¢'(t;). Over a substep, ¢
moves at most p — 7, so for all n large enough that doo(¢n, ¢7) < 7 and duo (¥, %) < T, the outputs
én, ' are confined to B(py,p) on I, the sources 9, stay within ||V||e + p of px (by Lemma 8.2,
d(tn, dn) < ||V ]|oo, while ¢, € B(px, p)), and hence ¢ stays within ||V]|eo + p+ 7 < ||V ]|eo + 2p of
Dx, i.e. inside the source region S. In the chart, with y, := ¢p, © ¢n, T, 1= @p, 0 Y, and wy, := Ty,
the integrated drift ODE reads

t
Yn(t) = yn(tr) —|—/ [b(yn(s)) + A(yn(s), zn(s)) wn(s)] ds, tec . (15)
173

We pass to the limit term by term. Uniform convergence of ¢, and v, and smoothness of the
chart give y, — y! := ¢, 0 ¢! and x, — x := ¢, o1 uniformly on I; hence b(y,) — b(y') and
A(yn, zn) — A(y', x) uniformly, by continuity of b and A on the compact chart region. The x,
are uniformly Lipschitz (Jw,| < cr), so Lemma 3.14 gives w, — w := & weakly in L(I}), and
Lemma 3.15 (with b, := A(yn, x,) — A(y',z) in L, v, := w,) lets us pass to the limit in (15):
for every t € Iy,

t

10 =) + [ [b'(s) + A (5),o(5)) w(s)] ds.

Lk
Translating back to M: ¢ satisfies (9) with input ¢ almost everywhere on I;. Patching over the
finitely many substeps and using ¢f(0) = lim,, ¢,,(0) = g, the uniqueness part of Theorem 8.7 gives
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¢! = ®(1) = ¢. This proves continuity. Since the domain (AC,, ,, ds ) is compact (Proposition 8.8),
the continuity is automatically uniform, as stated. O

8.3 The path-space LDP for the drifted flow

We now combine Theorem 8.1 with Proposition 6.1 through the contraction principle. Two re-
ductions are needed: the Mogulskii LDP must be restricted to the compact set AC,,, on which
® is defined and continuous, and the contracted rate function must be identified with the drifted
integrand of Theorem 6.3.

Lemma 8.9 (Restriction of an LDP to a supporting closed set). Let X' be a Polish space, let {n}
satisfy the LDP on X at speed n with good rate function I, and let F' C X be closed with p,(F) =1
for all n and {I < oo} C F. Then {u,} satisfies the LDP on F (with the subspace topology) at
speed n with good rate function I|p; cf. [3, Lemma 4.1.5].

Proof. A relatively closed set C' = CNF, with C C X closed, satisfies un(C) < Mn(é) and
infz I = info I because I = +oo off F; the upper bound follows. A relatively open set A= ANF,
with A open, satisfies f,,(A) = pin(A) because p, (F) = 1, and again inf ; I = inf 4 I; the lower bound
follows. The sublevel sets of I|p coincide with those of I, are compact in X', and are contained in
the closed set F'; hence they are compact in F. O

Corollary 8.10 (Mogulskii on the admissible paths). The rescaled undrifted walks Z™ satisfy the
LDP on the compact space (ACy, r, ds) with speed n and good rate function Jy.

Proof. The interpolated walk is piecewise geodesic with speed || X}, ;|| < 7 on each substep, so Z" €
ACy,, almost surely; and ACy, , is closed in C([0,1]; M) by Proposition 8.8. It remains to check
{Jm < 00} CAC,, . If Jar(10) < o0, then 4 is absolutely continuous, ¥(0) = o, and A (¥(t) <

oo almost everywhere. Since supp(u;) C B(0,r) implies A, (A) < log [ exp (| All]|ul) pedu < r||A]],
we have for ||w]|| > r

Ay(w) = Sglg[SIIMH—Ax(SW/HwII)] > SggS(\\wll—T) = +oo,

so |[¢)]| < r almost everywhere, i.e. ¢ € AC,,,. The claim now follows from Lemma 8.9 together
with Theorem 8.1. Ul

Next we identify the contracted rate function. The key observation is that ® is a bijection onto
the set of paths with admissible drifted velocity, with an explicit inverse.

Lemma 8.11 (The inverse of the drift map). Let
D:= {¢ € AC([0,1]; M) : (0) = o, [|(t) = V(¢(t))]| <7 a.e.}.

Then ® maps ACy, , bijectively onto D, and for ¢ € D the preimage ¢ = ®~1(¢) is the unique
absolutely continuous solution of

$(0) =z0,  Y(t) = Pyyspin) (9() — VI(6(2))). (16)
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Proof. That ®(AC,,,) C D is immediate from (9): ¢—V(¢) = P¢_,¢¢ has norm at most r, parallel
transport being an isometry.

Fix ¢ € D and write w(t) := ¢(t) — V(¢(t)) € TyyM, a measurable vector field along ¢ with
|w|| < r almost everywhere; note ||@]| < r 4 ||V]|oo, 50 $([0,1]) € Ko. The ODE (16) has the same
structure as (9) (bounded measurable velocity read off along a moving source curve and parallel-
transported to the solution point) and the well-posedness argument of Subsection 8.2.1 applies
verbatim, with the following bookkeeping. A priori bounds: any solution has ||¢|| < r, hence stays
in B(zo,7); and the first-variation computation in the proof of Lemma 8.2, run along the geodesic
variation from the base curve ¢ to v, gives, with v(t) := log, ) ¥ (t) and §(¢) := d(é(t), (1)),

(1) 8'(t) = (¥, Pyposyv) — (¢, v) = (w— ¢, v) = —(V(¢(t)), v(t)) < [[V]sd(t),
so again §(t) < [|[Vec t < to-

Chart reduction and patching: since the source ¢ has speed at most r + ||V||oc and the solution
¢ has speed at most 7, the chart radius p = (10 — ||V||s) and step size 7 = p/(r + ||V + 1) of
Subsection 8.2.1 again confine each substep to a single normal chart whose centre stays within ¢ —p
of the source, and the chart right-hand side satisfies (C1)-(C4) exactly as in Lemma 8.4. Theo-
rem 3.18 and the patching argument of Theorem 8.7 then produce a unique absolutely continuous
global solution ¥ € AC ;..

Finally, the two ODEs invert each other. If 1 solves (16), then applying the isometry Py)_¢(:) =
(P¢(t)%¢(t))*1 shows that ¢ satisfies (9) with input ¢, so ®(¢) = ¢ by Theorem 8.7. Conversely, if
® (1)) = ¢, the same manipulation shows that 1 solves (16); by the uniqueness just established, 1
is its only solution. Hence ® : AC,, , — D is onto with singleton preimages. ]

Lemma 8.12 (Transport invariance of the rate integrand). Let xz,y € M be joined by a smooth
curve v. Then for every w € T, M,

AZ (Tgyw) = AL (w).

Proof. By the consistency property, Ay (m7yp) = Ay(p) for all u € T, M. Substituting A = 7yu in
the definition of the Legendre transform and using that 7., is a surjective isometry,

Ay(rdyw) = sup [(d,p, Th,w) — Ay(2y )] = sup [(n,w) — Ag(p)] = A7 (w). O

pET, M pET, M

Proof of Theorem 6.2(i) (path-space LDP for the drifted flow). By Corollary 8.10, Z™ satisfies the
LDP on the compact Polish space (ACy, ,, ds) With good rate function Jas; by Proposition 6.1, ®
is continuous from this space to C([0,1]; M). The contraction principle (Theorem 3.5) yields the
LDP for ®(Z™) with good rate function

I (9) = inf{Jar () : Y € ACyyr, ®(¢) = ¢}

It remains to identify this infimum with (3). If ¢ ¢ D (notation of Lemma 8.11), the preimage is
empty and the infimum is +o00; and the right-hand side of (3) is +00 as well, since either ¢ fails to
be absolutely continuous with ¢(0) = zq, or [|[¢—V(¢)|| > r on a set of positive measure, where the
integrand is infinite (as shown in the proof of Corollary 8.10). If ¢ € D, the preimage is the singleton
{4} with ¢ = &~1(¢) solving (16), and Lemma 8.12, applied along the minimising geodesic from

¢(t) to Y(t) with w = ¢(t) — V(¢(t)), gives
Ny (9 (8)) = Ay (P¢(t)—>1/)(t) (b(t) - V(¢(t)))> = A5 (6(8) = V(9(1)  ae,
50 Jar() = fy N (S(t) = V(6(1))) dt, as claimed. O
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8.4 Exponential equivalence

In this subsection we show that the drifted random walk
Yr(t) = EXPS?((t — 1) (V(SP) 4+ Xi41)), t € [t thg],

(the piecewise-geodesic interpolation of Definition 5.3) and the deterministic image ®(Z") of the
undrifted walk under the drift map are exponentially equivalent at speed n.

The argument follows the same one-step-consistency-plus-discrete-Gronwall pattern as the geodesic
Euler scheme of Section 4. The novelty is that both processes are now noise-driven: V" freezes the
drift at the start of each substep but combines noise and drift inside a single exponential map, while
®(Z") integrates a continuously-varying drift on top of the noise path. The one-step error is the
gap between these two ways of advancing by h = 1/n on a single substep.

8.4.1 Coupling

To compare Y and ®(Z™) pathwise we need them to be driven by a common noise. We construct the
coupling step-by-step. Let {Z]'} be the undrifted walk with increments Xj! ; € T zp M distributed
according to pzp. Set Sg = Zj = x¢ and recursively define

Xiy1 = Pzpogp (XZH)» Sky1 = EXPS,?(%(V(SI?) + XI?H))’ (17)

where Pzn_,gn denotes parallel transport along the unique minimising geodesic from Z;' to S}’
(well-defined as long as d(Z}}, S}}) < to; this is verified in the proof of Proposition 8.14 below). By
the consistency property of {u,}, )Z',? '\ ~ sy, so the marginal law of {S}'} coincides with that of
Definition 5.3.

8.4.2 The noisy one-step consistency lemma

All processes in this subsection remain in the compact tube Ko = B(zg,r + |V]|s) almost surely:
the interpolated undrifted walk Z™ has speed at most r, so Z"([0,1]) C B(zg,r); the drifted walk
moves a distance of at most (r + ||V||o)/n per step, so S} € Ko for all £ < n, and the interpolant
Y™ stays in Ky as well; finally ®(Z")([0,1]) € Ko by Lemma 8.2. Recall 1y = inj(Ky) > 0, the
standing assumption (11), and the chart radius p = (10 — ||V]|o) from Subsection 8.2.1.

The constants below depend only on Ky, V, and r. Lemma 2.33 and Lemma 4.5 are applied
with K = Ky and p = ¢9/2, which is legitimate because the paragraph above puts the walk, its
interpolant and the drift flow inside Kj.

Lemma 8.13 (Noisy one-step consistency). There exist hg > 0 and Coc > 0 such that the following
holds for all 0 < h < hg. Let p,q € Ko with d(p,q) < ||V | + p, let X € TyM with [| X|| <r, and
let ( : [0,h] — M be the geodesic ((s) = Exp,(sX). Let ¢ : [0,h] — M be the unique solution of

9(s) = V((5)) + Pz C8) 6(0) =p, (18)



Proof sketch. This is the noise-driven analogue of Lemma 4.5; the new feature is that the source
geodesic ( starts at g # p, so in the chart centred at p the source is not at the origin.
Take ho small enough that (7 + ||V||s) ho < p (which also forces rhg < p). The source moves

at speed [|X|| < r, and since parallel transport is an isometry and ¢ has constant speed, ol <
V(@) + IS < [[Vlloo + 7. Hence for s € [0, ], h < ho,

d(((s),p) < d(g,;p) +75 < [Vloo +p+7h < [[Vl]es +20,  d(d(s),) < (Voo +7) 5 < p,

both below 1y = ||V ||oo +4p < ¢(p), so ¢ and ¢ stay in the normal neighbourhood of p and the chart
log, is available. The parallel transport in (18) is well-defined too, since

d(C(5),9(5)) < d(C(s),9) + d(g,p) + d(p, &() < p+ ([V]so +0) +p= Voo +3p <t0:
¢(s) and gg(s) are joined by a unique minimising geodesic, and P((s) —d(s) depends smoothly on its
endpoints (Lemma 2.29). o
Work in normal coordinates centred at p and set y := log, 09, ¢ := log,o(, both valued in
T,M = R? and smooth on [0, h] by the previous paragraph. In these coordinates (18) becomes

9(s) = Fy(y(s), C(s), C()),  9(0) = log,(p) = 0,

where F}, encodes the drift and the parallel transport and is smooth in all three slots on the regime.

Note ¢(0) = log,(q) # 0: the source enters away from the chart centre, so F), is not evaluated at
the origin in its last two slots.

For the linear term only the output matters, and it does start at the centre: qE(O) = p gives
(dlog,), = id, whence

§(0) = (d10g,) 510 [V(B(0)) + Prig) 5000 C(0)] = Vi(p) + Pyospl(X) = Vi) + X,
which is exactly the velocity of the Euler step p* = Exp,(h(V (p) + X )). The data range over
T :={(p,¢. X) :p,q € Ko, d(p,q) < ||Vl +p, X € T,M, ||X| <7},

a compact set (closed, fibrewise bounded over the compact base Ky x Kj), and F), together with

¢, ¢ depend smoothly on these data with bounds uniform over 7. Hence s ~— g(s) is C! with |||
bounded by a constant C uniform over 7, and Taylor’s theorem at s = 0 gives

ly(h) — h (V(p) + X)|| = |ly(h) — y(0) — hy(0)|| < § K2

Finally, both y(h) and h(V (p) + X) have norm < (|[V|w 4+ 7)h < p < 19/2, within the range of
the uniform Lipschitz bound for Exp, (Lemma 2.33), so

d(¢(h)7 p+) = d(Epr(y(h’))? Epr(h(VOD)—i-)?))) < Cexp(K07 LO/Q) Hy(h)-h(V(p)—‘r)?)H < Cexp(K07 LO/Q) % h2

O

56



8.4.3 Global error and uniform convergence on a compact event

Proposition 8.14 (Deterministic Euler bound). There exist ng € N and Cgor, > 0 such that,

almost surely,

. Coae
doo (Y, ®(27)) < ~glob for all n > ny.
n

Proof. Set e, := d(S}}, ®(Z")(tx)) and h = 1/n. Let Cioc, ho be the constants of Lemma 8.13 and let
L¢ be a Lipschitz constant for the dependence of (18) on its initial condition over K¢, determined by
sup, [[VV|lop and the curvature bound on Ko; Remark 8.15 below says where it comes from, and fix
ng so large that h < hg and (Clee/L¢)(ef¢ —1) h < p for all n > ng. We prove by induction on k that
the coupling (17) is well-defined at step k and that ey, < (Cloc/L¢)(e2¢ — 1) h; the supremum bound
on [0, 1] then follows from the same triangle-inequality argument as in the proof of Theorem 4.8.

For k = 0 there is nothing to prove: eg = 0 and Pzgﬁgg is the identity. Suppose the claim holds
up to step k. By Lemma 8.2, d(Z"(t), ®(Z")(tx)) < ||V]|oo tk, SO

d(Zy, 5;) < d(Z"(te), @(Z") (1) + ex < |[Vloo + p-

In particular d(Z}}, S}!) < to, so the parallel transport in (17), and with it S}, is well-defined, and
the hypothesis of Lemma 8.13 holds for the pair ¢ = Z, p = S}

Apply Lemma 8.13 on the substep [ty, tx11] with ¢ = Z!, p = S}!, X = X!, ;. Note that {( = Z"
on this substep by construction, so the solution qz~5 of (18) starting at p = S} is exactly the restriction
of ®(Z") to [ty,tr+1] shifted to start at S}’ instead of ®(Z™)(ty). The lemma gives

d(p(h), Spi1) < Cloc h2.

Let ¢y denote the actual restriction ®(Z")], 4, ,,], which starts at ®(Z")(t;) rather than Si. By
Lipschitz dependence of (18) on its initial condition (Remark 8.15, which is where this estimate is
justified), }

d($(h), i(trrn)) < et ex.

Combining via the lriangle inequalil Y,
€L+1 ( k+1> ¢k( k+1)) > Uloc € €.

This is exactly the recursion of Lemma 4.7, so the same argument gives ej 1 < Cloch? Z?:o elecih <
(Cloc/L¢)(e2¢ — 1) h, closing the induction. The piecewise-geodesic interpolation step is identical
to that in the proof of Theorem 4.8: within each substep both Y and ®(Z™) have speed at most
7+ ||V]|oo, Which yields the claim with Cgop := (Cloe/L¢) (€26 — 1) + 2(r + |V | oo)- O

Remark 8.15 (Lipschitz dependence on initial condition). The Lipschitz estimate d(¢(h), ¢ (tr+1)) <
el<he; used above is the noise-driven analogue of Lemma 4.6, and this remark is what justifies it.
The constant is not the L of Lemma 4.6: that one is supy ||VV||op, while transporting between two
solutions brings in curvature as well. The proof runs identically: build a one-parameter family of
solutions of (18) with varying initial conditions, differentiate in the parameter to get the variational
equation, and apply Gronwall to the squared norm of the variation field. The driving signal ¢ is
the same for both initial conditions and so cancels in the variational equation, leaving only the
curvature-and-VV terms.
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8.4.4 Exponential equivalence of the walk and the flow

Proposition 8.16 (Exponential equivalence). For every § > 0,

1 N
lim sup — log P(doo (Y", ®(Z2")) > §) = —o0.

n—oo TN

Proof. By the confinement established at the beginning of this subsection, Z™, Y™ and ®(Z") remain
in the compact tube K almost surely, so Proposition 8.14 applies: ds (Y/”, ®(Z")) < Cglob/n almost
surely for all n > ng. For n > max(ng, Cylen/d) the event {doo (Y™, ®(Z")) > 8} is therefore a null
event, and the limsup equals —oc. ]

Remark 8.17 (Where exponential tightness enters). In contrast with the flat case (Proposition 7.2),
no large-deviation estimate is needed at this step under the standing bounded-increment assumption:
the support bound supp(j,) € B(0,7) confines all processes to the deterministic compact tube K,
so the exponential compact containment of [6, Proposition 7.15] is not required here. This is an
artifact of bounded increments rather than a feature of the argument: once the support assumption
is removed (Section 9), no deterministic tube exists and the logic reverses: exponential tightness,
established from Cramér’s condition alone in Proposition 9.7, is precisely what replaces Kj.

Proof of Theorem 6.2(ii) (path-space LDP for the drifted walk). By Theorem 6.2(i) the processes
®(Z™) satisfy this principle; by Proposition 8.16 the interpolated walk Y™ is exponentially equivalent
to ®(Z™), so the principle of exponential equivalence (Theorem 3.7) transfers it to Y. O

8.5 Contraction to the endpoint

The evaluation map evy : C([0,1]; M) — M, ¢ — ¢(1), is continuous. Applying the contraction
principle to the path-space LDP of Y (Theorem 6.2(ii)), the drifted empirical averages S}y = Y"(1)
satisfy the LDP in M with rate function

1
V@)=  inf /0 Nl (605 — V(6(1))) dt.

PEAC([0,1];M)
B(0)=z0, ¢(1)=2

This completes the proof of Theorem 6.3. O
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9 Removing the bounded-increments assumption

The goal of the chapter is to prove Theorem 6.5, which we restate for reference. Assume bounded
geometry, that is inj(M) > 0 and || Rm|e < 0o0. Assume Cramér’s condition, Az, (A\) < oo for
all A\ € T,,M. Let V € T'(TM) be smooth and bounded with ||V||s < inj(M). Then the drifted
empirical averages 5] satisfy the large deviation principle in M at speed n, with the same rate
function IJ\V/} as in Theorem 6.3. The boundedness of the increments is dropped. Cramér’s condition
takes the place of the bound on the increments, and it is the classical hypothesis of Cramér’s
and Mogulskii’s theorems in R? (Theorem 3.3, Theorem 3.4). The conclusion is the same drifted
large deviation principle as Theorem 6.3, with the same rate function; what changes is the class
of increment laws to which it applies, now including every distribution with finite exponential
moments.

A new strategy is needed, because without a speed bound the paths are not guaranteed to stay in
a compact set. We do not replace the continuity argument for ® on the full path space. Instead we
keep Section 8 intact, apply it unchanged at each fixed scale, and handle the unbounded increments
in an outer approximation layer.

Concretely, the strategy is a truncation tower with three layers. For each truncation level
¢ > 0 we modify the increment measures, by keeping the mass inside B(0,c) and collapsing the
rest to the origin. This way, Theorem 6.3 applies, yielding a path-space LDP at every fixed level
with rate function I. (Layer 0, Subsection 9.4). Here inj(M) > 0 enters: it makes the injectivity-
radius hypothesis of Theorem 6.3 hold at every level at the same time, although the level-c tube
grows without bound. We then couple the original walk to the c-truncated walk and show, using
only Cramér’s condition, that the latter are exponentially good approximations of the former as
¢ — oo (Layer 1, Subsection 9.5). The comparison of the two walks uses the curvature bound
|Rm || < o0, through a one-step stability estimate, and uses inj(M) > 0 a second time, to keep
the coupling on minimising geodesics. Finally we identify the limiting rate function. We show
that I. converges to I;;th in the sense the approximation theorem of Dembo and Zeitouni requires,
a ['-convergence of integral functionals. The two one-sided bounds are proved in Subsection 9.6.
Assembling the three layers proves the path-space principle Theorem 6.4, of which the endpoint
theorem is the contraction. We first deal with two preparatory statements: the structural facts
about truncation and consistency (Subsection 9.1), and the path-space exponential tightness that
replaces the deterministic tube of the bounded theory (Subsection 9.3).

9.1 Truncation preliminaries

The tower relies on two structural facts. Consistency makes every radial quantity base-point free;
and the truncated families inherit consistency, and their log-moment generating functions converge
locally uniformly. Throughout, {us}zens is a consistent family of probability measures on the
tangent spaces, and X denotes a generic increment, i.e. a random vector with law p, in some
tangent space T, M; expectations of functions of X are taken with respect to pi,.

Lemma 9.1 (The radial law is base-point free). Under consistency, the pushforward of p, under
v = ||v|| € [0,00) is the same for every x € M. In particular, any moment or tail condition on || X||
verified at one point holds at every point, with identical constants.

Proof. Let z,y € M. Recall we work with M connected, so that there is a smooth curve v from x

to y, and consistency gives p, = iz 0 (74y) L. Parallel transport is a linear isometry, so {v € T, M :

99



|Tayv| € B} = {v € T, M : ||v|]| € B} for every Borel B C [0, 00), and hence
(el € B) = o (73,0l € B) = s (o] € B). =
We write v € P([0,00)) for the common law of || X|| and
oo
Aaps(A) := logE[e)‘”X”] = log/ e v(ds) € (—oo,+00], A >0,
0

which by Lemma 9.1 does not depend on the base point; it is the manifold version of the quantity
of the same name in the proof of Proposition 7.2. The 2%corner bound used there also settles the
relation between Cramér’s condition and A,pg:

Lemma 9.2 (Cramér’s condition and absolute exponential moments). The following are equivalent:
(1) Agy(A) < o0 for all A € T, M (Cramér’s condition);
(ii) Az(X) < oo for allz € M and all X\ € T, M;
(iii) Aaps(N) < 0o for all A > 0.

Proof. (i) = (iii): fix an orthonormal basis of Ty, M, identifying it with R?. Exactly as in
the proof of Proposition 7.2, ||v|| < Z‘ijzl lvg| gives MYl < H?:l eAlvil < D oe{o1,1})d eMov) | so
E[eMXN) < > re{-11}d M09 < oo, (i) = (ii): by Cauchy-Schwarz, (\,v) < |A|||v]l, so
AN < Aabs(H)\]{]) < 00, where Lemma 9.1 lets us evaluate A,ps at the base point z. (i) =
(i) is trivial. O

We now introduce the truncated increment measures. The truncation is defined radially, so that
it commutes with parallel transport; the mass removed from outside the ball is moved to the origin,

keeping the total mass equal to one.

Concretely, fix ¢ > 0 and define, for each x € M, the level-c truncated increment measure ,u;(cc)

on 1, M by
WO (4) 1= (A0 Il < ) + ool > ) 8o(A), A C ToM Borel,
so that the mass . (||v]| > ¢) lying outside the ball of radius ¢ is collapsed onto the origin.

Lemma 9.3 (Truncation preserves consistency). Fiz c > 0. The level-c truncated family {ug(f)}xe M
just defined satisfies:

(1) {p,g;c)}xeM is a consistent family of probability measures with supp(,u,g;c)) C B(0,c¢);

(ii) its log-moment generating function is

xT

AL = log(E[6<A’X>1{||X||gc}] +P(I1X] > C)>= A € T M;

(iii) of Cramér’s condition holds, then Axco) — Ay, pointwise on Ty M as ¢ — oo, and the conver-
gence is uniform on compact subsets of Ty, M.
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Proof. (i) Total mass: i (T, M) = pia(|[v]| < )+ pa([[0]| > ¢) = 1, and both summands of u{” are

supported in B(0,c). For consistency, let v be a smooth curve from z to y and write 7 := 7.,,. For
Borel A C T, M,

O (77LA) = o (AN {IIl] < ¢}) + pa(ll0]l > €) Tiper-1ay-

Since 7 is a linear isometry, 7 'AN{||v|| < ¢} = 771 (AN {[Jw|| < ¢}) and 0 € 7714 & 0 € 4;
consistency of the original family gives pg(771(A N {JJw]| < ¢})) = py(A N {JJw|| < ¢}), and
Lemma 9.1 gives p(||v]| > ¢) = py(||w]] > ¢). Hence Mﬁ,f) or = ,ug(f).

(ii) Immediate: [ et Mgf)(du) = ]E[e<’\’X>1{||X||SC}] +P(|| X|| > ¢) e,

(iii) As ¢ 1 oo, the integrands e<>"X>1{||X||SC} increase pointwise to eX)

, S0 by monotone
convergence the first term inside the logarithm increases to e+0(N) < oo, while P(||X|| > ¢) | 0;
continuity of log gives the pointwise convergence. Each Ag(cco) is finite on all of T, M (the argument
of the logarithm lies between max (e “IMNIP(|| X|| < ¢), P(J|X|| > ¢)) > 0 and e“Ml) and convex,
being a log-moment generating function (Holder’s inequality); A, is finite by Cramér’s condition.
A sequence of finite convex functions on R? converging pointwise to a finite function converges
uniformly on compact sets [12, Theorem 10.8], which gives the local uniformity. O

9.2 Convex-analytic preliminaries

The rate-function identification of Subsection 9.6 rests on a group of convex-analytic facts about
the truncated log-moment generating functions and their conjugates. We collect them here so that
the argument itself reads uninterrupted.

The notation is that of Subsection 3.3: aff, ri, conv, dom, and the support function. The relative
interior is the one to watch here, because S below may be a proper lower-dimensional subset of
T,,M, in which case its ordinary interior is empty while its relative interior is not.

Fix the base point z( and abbreviate A := A, A© = A(mco), both finite convex functions on
TpoM = R? (Cramér’s condition and Lemma 9.3). Write X ~ pi, and introduce

S := conv (supp fia, ), A=aff S =a+ F, m = E[X],

the closed convex support, its affine hull, and the mean, finite by Lemma 9.2. Here a € S is any
base point of the affine hull and £ C T, M is the linear subspace parallel to it, so that A = a + E;
equivalently E' = span(S—3S). Only directions in E ever matter: a A orthogonal to E changes (\, v)
by the same constant for every v € S, so every supremum over A below may be restricted to F,
which is Lemma 9.4(iii). Since parallel transport is a linear isometry and the family is consistent,
the corresponding objects at any other base point are the isometric images of these; every statement
below is therefore transport-covariant, and we work at o without loss of generality. Alongside A(©)
we use the missing-mass log-moment generating function

A () = 1og E[e™ M1y <0],

finite and convex for every ¢ > ¢y, where ¢y is any radius with P(||X|| < ¢p) > 0; by monotone
convergence and [12, Theorem 10.8] (as in Lemma 9.3), A 1 A pointwise and locally uniformly. Its
significance: A(©) > A7 pointwise (dropping the atom’s contribution), so that

AT < (AD) (19)

and, unlike A9 itself, the family A, is monotone in c.
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Lemma 9.4 (Support, domain, and the mean).
(i) A*(m) =0 and m €1iS.
(ii) domA* C S.

(ili) Fory € S and ¢ € [cp, 0] (reading A := A), the map X\ — (\,y) — A_ (X) depends on A only
through its orthogonal projection onto E; in particular (A7)*(y) = supyep[(A, y) — AZ (A)].

Proof. (i) Jensen’s inequality gives A(X) > (A\,m), so A*(m) < 0; and A(0) = 0 gives A* > 0. If
m ¢ riS (Subsection 3.3), then by proper separation [12, Theorem 11.6] there is A, not orthogonal
to E, with (A\,v) < (A\,;m) for all v € S; then (A, X —m) < 0 almost surely with mean zero, so
(A, X) = (A, m) almost surely, placing supp iz, , hence A, inside a hyperplane to which A is normal.
This contradicts that A is not orthogonal to E.

(ii)) If y ¢ S, separate: there are A\ and a with (\,y) > a > (\,u) for all u € supp pz,; then
A(t)) < ta for t > 0 and A*(y) > t((\,y) — @) — 0.

(iii) X € A almost surely, so for the decomposition A = Ag + A, one has (A, X) = (A|,a)
almost surely, whence AZ (\) = (A ,a) + A_ (Ag); and (A, ,y) = (A],a) since y —a € E. The two
A -terms cancel. ]

Call a compact set K C T, M an s-margin compactum (s > 0) if K +2s(B(0,1) N E) C S;
every compact subset of riS is an s-margin compactum for some s > 0. The next lemma is the
workhorse of the recovery bound.

Lemma 9.5 (Margin bound and convergence of the conjugates). Let K be an s-margin compactum.
There exist ¢c; < oo and mg € (0, 1] such that

Ny) — AL (A) < =5 [|A]] = logmo forallye K, A€ E, c€ [c1,]. (20)
Consequently:
(i) A* < —logmg on K; in particular riS C dom A*;

(ii) lim sup [(A;)*(y)—A* (y)] = 0, and hence by (19) also lim sup,_, ., SUpy e i [A(C)*(y)—A* (y)] <

Cc— 00 yGK

0.

The two limits in (ii) are stated differently on purpose. Since A_ < A, the conjugates satisfy
(A7)* > A*, so the first bracket is nonnegative and its supremum decreases to 0. The atom at
the origin makes A(® non-monotone in ¢ and not comparable with A, so the second limit has no
matching lower bound. Only the one-sided form is used, in the proof of Proposition 9.16.

Proof. The master bound. Write hi(€) := sup,ecy(é,y) for the support function of K (Subsec-
tion 3.3), continuous on the unit sphere of E. For each unit vector é € E and y € K the margin
gives y + 2sé € S, so the support function of supp p,, (which coincides with that of S) satisfies
SUDyesupp (€5 U) > i (€)+2s; pick ug € supp pia, with (€, ue) > hi (é)+3s. Both sides being contin-
uous in the direction, each é has a neighbourhood on the unit sphere of E where (-, ug) > hi(-)+s;
by compactness finitely many such neighbourhoods cover, yielding a finite set F' C supp p, with

max (é,u) > hg(é)+s for every unit é € E.
ue
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Set ¢1 := maxyep |lul| + s and mg := minyep pa, (B(u, s/2)) > 0 (positive since F' C Supp fig;
also mg < 1). For A € E\ {0}, é :== \/||\||, and u, € F attaining the maximum above, the ball
B(uy, s/2) is contained in {||v]| < ¢1}, so for every ¢ € [c1, o],

A7V 2 108E[eP M xeppu o] = (Aus) = 5IA] +logmo > (M) + 5IA| + logmo

for every y € K, which is (20); the case A = 0 reads —A; (0) < —logmy, true since P(|| X || < ¢1) >
my.
(i) Take ¢ = oo in (20) and use Lemma 9.4(iii): A*(y) < supyep[—3[|Al| —logmo] = —log mg.
(i) Fix €o := 2 (—logmg) > 0. For y € K and ¢ > ¢y, split the supremum in Lemma 9.4(iii):
for ||A]| > 4o, (20) gives (A, y) — AZ(A) < =5y — logmg < 0 < A*(y); for ||| < {o,

Ay = A () < Ay) —AN) +ne < A*(Y) +ne, M= sup (A—AZ)(A) ——0

RV e
by the locally uniform convergence A, 1 A. Hence (A, )*(y) < A*(y) + 1. uniformly on K. O
Lemma 9.6 (Liminf and uniform superlinearity).
(i) For every sequence y. — y in Ty M, liminf,. A(C)*(yc) > A*(y).

(ii) For every £ > 0 there is Ay < oo, independent of ¢, with AO*(y) > l||y|| — Ar and A*(y) >
yll — Ag for all y; one may take Ag := supjy<¢ AT +log 2.

Proof. (i) For each fixed A\, A©*(y.) > (A, ye) — AD(N) = (X, ) — A(\) by Lemma 9.3(iii); take the
supremum over A. (ii) From Lemma 9.3(ii), AN < AN 41 < 2eANT g0 SUD|| x| <t AN <
Ay —log2 +log2 = Ay; hence A©*(y) > sup|j=¢{A\ y) — A = L|y|| — A;. The same bound for A
is immediate. O

Part (ii) yields uniform integrability on sublevel sets. Take a family of measurable u : [0, 1] —
TyoM with fol A*(u)dt < a, where ¢ = c(u) may vary with u. Then [ |lu|| < a + Aj, and for
every £ and ¢ > 0,

/ Julldt < 1/ (A" (u) + Ag) dt < o, Adlatd) (21)
{llul]>o} EJ(ull>e) ] Co

so the family is uniformly integrable (¢ large, then o large).

9.3 Path-space exponential tightness

Under bounded increments, every process in the proof of Theorem 6.3 is confined to the deterministic
compact tube Ky, and the exponential-equivalence step needed no large-deviation estimate at all
(Remark 8.17). With unbounded increments no deterministic confinement is available, and its role
is taken over by exponential tightness (Definition 3.8), which now Cramér’s condition supplies. The
proposition below is the manifold analogue of the {7}, < R} decomposition from the flat exponential-
equivalence proof (Proposition 7.2), and we follow that proof’s structure here. A Chernoff bound on
T, confines the paths to a compact ball, with the probability of leaving it superexponentially small;
windowed Chernoff bounds then control the modulus of continuity; and Arzela—Ascoli combines the
two into the compactness we need.
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Throughout this subsection, V" denotes the piecewise-geodesic interpolation of the drifted walk
of Definition 5.3, with the boundedness assumption on the increments dropped, as in Subsection 8.4.
Three pieces of notation recur. We write X' for the increment applied on the substep [t;_1,t;] and
T = L3°7_ ||IXP|| for the total-variation clock of the noise. For v € C([0,1]; M) and 1 > 0 we
write
oscy(y) == sup{d(v(s),7(t)) : s,t € [0,1], |s —t| < n}

for the modulus of continuity.

Proposition 9.7 (Path-space exponential tightness under Cramér’s condition). Let (M, g) be com-
plete, let {pz}eers be a consistent family satisfying Cramér’s condition, and let V' € I(TM) be
smooth and bounded. Then {Y"},>1 is exponentially tight in (Cy,(]0,1]; M), dso).

Proof. Step 0: length bound. On the substep [t;_1, ] the interpolant is a geodesic of constant speed
IV (SE_y) + X2 < IVloo + | X}]|. Bounding distance by length, for 0 < s <t <1,

a0 Orn 1 n
d(Y"(s),Y"(t)) < (t—s) Ve + > Xz, (22)
k‘e’Cn(S,t)

where K, (s,t) := {1 < k < n: [tg_1,tx] N[s,t] # 0} contains at most n(t — s) + 2 indices (each
substep contributes its speed times the length of [tx_1,tx] N [s,t] < 1/n).

Step 1: Chernoff bound for windowed sums. Let I C {1,...,n} be any deterministic index set
and A > 0. Peeling off the largest index by conditioning on the walk up to that step and using that
cach ||X7[| has conditional law v (Lemma 9.1), induction gives E[e* 2kex HXI?“] < elllAans(N) 0 by
Markov’s inequality, for every a > 0,

1
P(nZ;CIIX}JII >a) < exp(—nAa+ K] Aus(V), (23)
ke

with Aaps(A) < 0o by Lemma 9.2. This is the exact analogue of the Chernoff bound in the proof of
Proposition 7.2, with independence replaced by the tower property and Lemma 9.1.

Step 2: confinement. Taking s = 0 and K, (0,¢) = {1,...,n} in (22), d(20, Y™ (t)) < |V |leo + T
for all ¢, so on the event {T;, < R} the path stays in Kr := B(zg, R+ ||V||e), compact by Hopf-
Rinow (Theorem 2.25). By (23) with K = {1,...,n} and A = 1: for R, := a+ Aups(1),

P(T,, > Ry) < e ™ for all n > 1. (24)

Step 3: oscillation control. Fix ¢ > 0 and n € (0,1], and cover [0,1] by the m := [1/n]
windows J; := [(¢ — 1)n, in] N [0,1]. Every [s,t] with t — s < n is contained in J; U J;41 for some
i, and the index set K, (J; U J;y1) of substeps meeting two adjacent windows has at most 2nn + 4
elements. Hence, by (22), if oscn(f/”) > ¢ then some pair of adjacent windows carries noise mass
LS IXE > & = ||V, and the union bound with (23) gives, for every A > 0,

P(ose,(Y") > ¢) < m exp(—nA(e = nllV [lso) + (20 + 4) Aups (V)),

so that 1
lim sup - log P(OSCW(Y") >e) < —Ae —n||[V]o) + 27 Aaps(N).

n—oo
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Since osc,, is nondecreasing in 7, the left-hand side is nondecreasing in 7 and its limit as 7 | 0 exists;
the right-hand side tends to —Ae as n | 0, and \ was arbitrary, so

1 N
lim limsup — log P(0sc,(Y™) > ¢) = —o0 for every € > 0. (25)
N0 nosoco N
Step 4: assembly. Fix a < oo and let R, be as in Step 2. For each j € N, apply (25) with
e = 1/j to obtain n; >0 and N; € N such that

PP(osc (Ym") > 1/j) < 277e @ for all n > N;.

K&

The finitely many remaining indices n < IN; are handled by shrinking 77;-: for fixed n, oscn(f/”) <
1 (Voo + maxg<y | X2|) — 0 almost surely as 7 | 0, so P(osc,(Y™) > 1/j) — 0 as 1 | 0, and we
may pick n; € (0, 73] with P(oscy), (Y™) > 1/4) <27 9e " also for n = 1,..., Nj—1; by monotonicity
of osc; in 7, the bound for n > N; survives the shrinking. Now set

Ko = {7 € C([0.1]: M) : 7(0) = o, 7([0.1]) € K, osc,, (1) < 1/j ¥j € N}.

K, is closed under uniform convergence (each defining condition passes to uniform limits), its
members take values in the compact set Kp_, and they are equicontinuous (|s — t| < n; implies
d(v(s),v(t)) < 1/j); by the Arzela—Ascoli theorem, K, is compact in (C([0,1]; M), d~). Finally,
for every n > 1, combining (24) with the choices above,

[o.¢] (e.)
P(Y" ¢ Ko) < P(Tn > Ra) + > _Posc,,(Y™") > 1/j) < e ™+ 277 = 27,
j=1 j=1

whence limsup,, = log P(Y" ¢ K,) < —a. O

Proposition 9.7 is used twice in this section . First, it replaces the deterministic tube. In Layer 1
(Subsection 9.5) all Gronwall-type comparisons between the original and truncated walks are run
on the event {7;, < R}, on which both walks are confined to Kr. That is exactly how the flat proof
of Proposition 7.2 runs its Euler estimate: on {7}, < R} first, and then disposing of the complement
by (24). Second, exponential tightness guarantees that the abstract limit rate function produced by
the approximation machinery of Layer 2 (Subsection 9.6) is a good rate function [3, Theorem 4.2.16
and Lemma 1.2.18].

9.4 Layer 0: the theorem at a fixed truncation level

The entire bounded-increment machinery of Section 8 applies verbatim to the truncated families
of Lemma 9.3, at every fixed truncation level ¢ > 0. That machinery is: well-posedness of the
drift ODE, the a priori bounds, the continuity of the drift map on AC,, ,, the restricted Mogulskii
theorem, the contraction step, and the exponential equivalence. Two pieces of bookkeeping are
needed: a parametrised restatement of the bounded-increment theorem, so that it can be cited with
r = ¢; and the observation that bounded geometry makes the injectivity-radius hypothesis hold at
every level simultaneously. The exponential-map Lipschitz bound quoted here and in Subsection 9.5
is Lemma 2.33, whose compact set and radius are free.

The bounded-increment path-space LDP (Theorem 6.2(ii)) holds for any consistent bounded
family at any radius, with constants depending only on (Kg,r, V). Layer 0 of the tower is now a
matter of instantiating it at r = ¢ and checking hypotheses.
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Corollary 9.8 (Level-c path-space LDP). Let the assumptions of Theorem 6.5 be satisfied. For ¢ >
0, let Y™(©) denote the interpolated drifted walk driven by the truncated family {MS)} of Lemma 9.5.
Then for every ¢ > 0, the processes Y™(©) satisfy the LDP on (Cz0([0,1]; M), dso) with speed n and
good rate function

1
(o) 4 [ A 60~ Viem) at if 6 € AC(D.1:01) and 6(0) = o
+oo

otherwise,

where Ag;c)* is the Legendre transform of the truncated log-moment generating function A;C).

Proof. We verify that the family {Mﬁf)} satisfies the hypotheses of Theorem 6.2(ii) with r = c.
Consistency and supp(u,(,f)) C B(0,c) are Lemma 9.3(1). For the injectivity-radius hypothesis,
write Ko(c) := B(zg,c¢+ ||V ||eo) for the level-c tube. For any compact K C M one has inj(K) =
inf ek t(p) > inj(M), so bounded geometry gives, uniformly in c,

inj(Ko(c)) > inj(M) > [[V]lso,

the last inequality being the hypothesis of Theorem 6.5. The two remaining hypotheses, complete-
ness of M and smoothness and boundedness of V', are assumptions of Theorem 6.5. All hypotheses
of Theorem 6.2(ii) therefore hold at level ¢, and its conclusion is the stated LDP. O

9.5 Layer 1: exponentially good approximation

The probabilistic core of the tower is a coupling. The original walk and the level-c walks are
realised on a common probability space in such a way that they differ, up to a Gronwall factor, by
the removed mass .
D) = %Z IXEN L xp)>cts

k=1
the rescaled total noise carried by the truncated-away increments. We use a Chernoff bound to
show that Dgf) is superexponentially negligible in the limit (n — oo, then ¢ — o0), and a pathwise
estimate on the tightness event {7,, < R} converts this into uniform closeness of the walks. The
argument again follows the flat {T,, < R} decomposition of Proposition 7.2. The curvature half
of the bounded-geometry hypothesis, || Rm|« =: £ < oo, enters through the one-step stability
estimate of Lemma 9.11. Throughout, we also write ¢j; := inj(M) > 0. The notion of approximation
in play is Definition 3.10, and the theorem that consumes it is Theorem 3.11.

The coupling. Fix n and ¢ > 0, write h = 1/n, and let T, : T, M — T, M, Te(v) := v 1<}

denote the radial truncation map, so that (7)., = ,ugf) for every x (the computation is that of

Lemma 9.3(i)). Let {S}'} be the drifted walk of Definition 5.3 with increments Xj',; ~ pgn. On
the same probability space define S;* := y and, recursively,

Xt = m(Te(XT)) Spn = EXPSZ’“(%(V(SIZ’C) + X;Lfl))v (26)

where 7, : Tgn M — Tgn.e M is parallel transport from S} to Spe
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e along the unique minimising geodesic, if d(Sy, S."°) < tr;

e along the concatenation of the reversed original walk path }A’”][O’tk] and the truncated walk
path Y7(9) |[0,¢,]> Otherwise.

The second branch is always defined (both paths are piecewise geodesic, hence piecewise smooth)
and makes the coupling well-posed with no smallness condition; the estimates below will show that
on the relevant events only the first branch is ever active. We write Y7 for the piecewise-geodesic
interpolation of {5}, in the same way as Y™ interpolates {Si}. The construction is the truncation
analogue of the coupling (17) used in Subsection 8.4.1.

Lemma 9.9 (The coupled walk has the level-c law). The process {S;"“} defined by (26) is a drifted

geodesic random walk driven by the truncated family {,u,gc)}, in the sense of Definition 5.3 (without
the boundedness). In particular, Y™ has the law of the level-c interpolated walk, and Corollary 9.8
applies to it.

Proof. Let Fj, be the o-algebra generated by X7,..., X}; then S}, S;" and the transport 75, are
Fr-measurable (7, depends measurably on the data: on the first branch by the smoothness of
Lemma 2.29, on the second because it is a finite composition of transports along the first k substep
geodesics, each depending smoothly on the increments). Conditionally on Fj, the increment Xj!,
has law pgn, so

Law (X5 | Fi) = ()T psp = (1e)e 1§y = ighe,

where the last equality is the consistency of the truncated family (Lemma 9.3(i)): 73 is parallel
transport along a piecewise-smooth curve from S}’ to S,Z’C, and consistency along piecewise-smooth
curves follows from consistency along smooth ones by composing the defining relation over the
pieces. Since the conditional law of X ,?Jfl given the entire past depends only on the current position

Sp¢ and equals p(®) there, {S;"“} is a drifted geodesic random walk driven by {p;(vc)}. O

Lemma 9.10 (Tail estimate on the removed mass). Assume Cramér’s condition and set .(\) =
E[e)‘HX”1{|\XH>c}] for A > 0. Then for every 6 >0 and A > 0,

P(DY) >5) < e ™ (14e.(N)",
and .(A) = 0 as ¢ — oo for each fized . Consequently,
1
lim limsup — logIP’(D,(f) > 5) = —00 for every 6 > 0.
=X pooo N
Proof. For a single increment, by Lemma 9.1,

E[AXItaxi>e | 7 )] = P(|X| < ¢) + E[SAHXHl{”X‘bc}] < 14e(N),

regardless of the (random) base point. Applying the tower property to the increments, as in the

()
proof of Proposition 9.7, E[e"*Pr | < (1 +¢.(\))", and Markov’s inequality gives the display. Since
e)‘”XH1{||XH>C} < eMXI which is integrable by Lemma 9.2, dominated convergence gives ec(A) 0.
Hence

c— 00

lim sup % logIP’(Dﬁf) >6) < =A6+1log(l+ec(N) —— —Ad

for each fixed A\ (the left-hand side is nonincreasing in ¢, since DSLC) is, so the c-limit exists). Since

this bound holds for every A > 0, letting A — oo forces the c-limit to —oo, which is the claim. [

67



The geometric ingredient is a one-step stability estimate: two geodesic steps launched from
nearby points with parallel initial velocities separate by at most a factor exponential in the length
of the step.

Lemma 9.11 (One-step stability). Let (M, g) be a complete manifold satisfying k = || Rm ||oc < 00,
the operator-norm bound of (1). Let q,p € M with d(q,p) < t(q), let T := Py, be parallel transport
along the unique minimising geodesic, and let w € Ty M. Then

d(Equ(w), Expp(rw)) < eVElvl d(q,p).

Proof. Let 7 : [0,1] — M be the minimising geodesic from ¢ to p, of constant speed ||%| = d(q,p) =:
9, let W(s) := T;_w(s)w be the parallel field along v with W (0) = w, W (1) = 7w, and consider the
variation

['(s,t) == Exp.(y (tW(s)), (s,t) € [0,1]?,

smooth and globally defined by completeness. For fixed s, the curve t — I'(s,t) is a geodesic with
speed |[W(s)|| = ||w||, and Js(t) := 0sI'(s,t) is a Jacobi field along it (it is the variation field of a
family of geodesics), with

Jo(0) = 4(s),  DyJs(0) = DyW(s) =0,

using Lemma 2.13 and that W is parallel.

These are the hypotheses of Lemma 2.32, applied to the geodesic ¢t — I'(s,t) of constant speed
||lw|| and to the Jacobi field Js along it, whose initial value has norm ||J5(0)|| = ||§(s)|| = 0. That
lemma gives

17, < ev=lels (s e o,1)).

The curve s +— T'(s, 1) joins Exp,(w) to Exp,(7w), and distance is at most length (Lemma 2.28(ii)),
SO

1
d(Exp,(w), Bxp,(tw)) < / (1))l ds < §evEivl,
0
O

We can now run the discrete Grénwall argument. Recall K = B(zg, R + ||V ||oo) from Subsec-
tion 9.3, and set K, := B(zo, R+||V||oottm), Cv (R) := Sup g+ IVV |lop, both finite by compactness
and smoothness of V.

Proposition 9.12 (Gronwall stability of the coupling). Assume the hypotheses of Theorem 6.5.
For R > 0 put

L(R) :== VK ([V]oo + R) + Coxp(Kr, 1) Ov(R),  max(R) := eare MR

Let ¢ > 2||V]|oo, n = ¢+ ||V||oo, and 0 < 6 < 0pax(R). Then on the event {T,, < R} N {Dﬁf) < 6},
the coupling (26) uses the minimising-geodesic branch at every step, and

doo(f/n7 f/n,(c)) < 3 eL(R) Dgc) + w
n
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Proof. Work on the event {T,, < R} N {DT(ZC) < 6} throughout, and abbreviate g, := S7, pi := S,
e = d(qr, pr)s Xi := X', Dy = D). Confinement: since | X7l < || Xk, both walks (and their
interpolants) move total noise distance at most 7;, < R, so they remain in Kg; and any minimising
geodesic between g and pg with e, < 1ps stays in KE.

One-step recursion. Suppose e; < tpr for all j < k (true for k = 0), so that the transports
T0,. .., T are all along minimising geodesics. Write u = h(V(qx) + Xp11) € Ty, M, s0 gry1 =
Exp,, (u) and pri1 = Exp,, (R(V (pr) + e TeXk41)).

If | Xkq1ll < ¢ (a kept step), then 74,7 Xy, 1 = 74 Xk 11 and we compare through Exp,, (1xu):

err1 < d(Equk (u), Exp,, (Tru)) + d(Eprk (Tru), Exp,, (h(V (pr) + 7 Xk41))).

The first term is at most eV#l“le;, by Lemma 9.11 (e < tar < t(qx)). For the second, the two vectors
at py differ by h |7V (qx) — V(pr)||; parametrising the minimising geodesic v from ¢ to py and
differentiating s — 7,7( V(v(s)), whose covariant description gives derivative 7',7(3) . (ViV),
we get

8) =Pk

1
[V (o) =V (aw)]| < /0 IVVop [7]lds < Cv(R)ex,

since v stays in K,. Both vectors have norm at most h(||V oo +¢) < 1 (here n > c+||V||s is used),
so Lemma 2.33 with K = K, p = 1 applies and the second term is at most Cexp (KR, 1) h Cy (R) ey
Combining, and using e® + yh < e*t¥" for 2,y > 0 (as e* > 1),

et < e ep, O = VEQ(IV]so + 1 Xus1]]) + Coxp(KR. 1) Ov(R) h.

If | Xpi1ll > ¢ (a removed step), then X" = 0 and we bound crudely: each walk moves at
most the length of its step geodesic, so

rt1 < ek'i‘h(HVHoo"i‘HXkJrlH) +h”VHoo < 66k+1€k+h5k+1,

with Bry1 := ([ Xpp1ll + 21V [loo) 1(jx4s15c}- The unified recursion ey < et+leg 4+ i1 (with
Br+1 = 0 for kept steps) unrolls, with ey = 0, to

em < erSnethﬂk < eHR) (Dn—&—%Dn) < 2¢MBp, m < n,
k<n

where we used >, 0; = VE([|[Vloo + Tn) + Cexp(KRr,1)Cv < L(R); that the number of removed
steps is at most nD,,/c (each of them contributes more than ¢ to the sum nD,,), so that the drift
terms in the f3; contribute at most 2|V |ooDn/c to 3, hBx; and ¢ > 2|V ||a. Since 2“7 D,, <
2eL(R)5maX(R) = tpr/4 < tpr, the induction hypothesis eg1 < tpr is restored, and the minimising-
geodesic branch is active at every step.

Between grid points. For t € [tx,tx+1], both interpolants are geodesics; bounding each by its
speed, R X

A (1), VO 1)) < e+ h(IV]loo + 1 Xes1]]) + AV lIoe + 1X2E1)-

For a kept step the last two terms total at most 2h(]|V oo +¢) < 2(c+||V|x0)/n; for a removed step
they total at most 2A||V s + h|| Xi+1]| < 2h||V||s + Dy (a single removed term of D,,’s defining
sum is at most D,,). In both cases,

2(c+ (Vo)

< 3¢l p, ¢ STl O

2(c+ (Vo)
n n

doo (Y", ?"’(C)) < max ey + Dy +
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Theorem 9.13 (The truncated walks are exponentially good approxima:cions). Assume the hy-
potheses of Theorem 6.5. For every m and ¢, the coupling (26) realises Y™ and the level-c walk
Y™ on a common probability space with the correct marginal laws (Lemma 9.9), and the families
(Y™} are exponentially good approzimations of {Y™} in (Cyy([0,1]; M), dso) as ¢ — oo: for every
6 >0,

lim lim sup —logIP’<doo (f/”, Y”’(C)) > 5’) = —o0.

€=+ p—oo
Proof. Fix ¢ > 0 and a < oo; it suffices to show that the left-hand side is at most —« (the c-limit

exists because D( ) , hence the coupling discrepancy bound, improves as ¢ grows; alternatively read
the claim with lim supc). Let R:= R, = a+ Aups(1) as in (24), and set

Op = min(% e HR) (5maX(R)> > 0,

which depends on (e, ¢’) but not on ¢. For ¢ > 2||V||o and n > max(c + |V ||so, 4(c+ [|V]ls)/d),
Proposition 9.12 gives, on the event {7, < R} N {Dq(f) < 0Rr},

doo (Y™, Y™0) < 3l R+ — < — 4 - =0

5 §
2 7 2 2

Hence {ds > '} C{T,, > R} U {Dﬁf) > 0r} for such n, and by (24) and Lemma 9.10,

1

lim sup — logP(doo > 6’) < max(—a, —Mog + log(l + sc()\))) for every A > 0.
n—oo M

Letting ¢ — oo (at fixed A) and then A — oo, the second entry tends to —Adr and then to —oo, so

lim, lim sup,, 1 log P(ds > 0') < —av. Since o was arbitrary, the limit is —oo. O

9.6 Layer 2: identification of the rate function

Layers 0 and 1 combine, through the approximation theorem of Dembo and Zeitouni [3, Theo-
rem 4.2.16], into an LDP for the original walk. That theorem does not give the rate function in
closed form. It gives the abstract limit

~

I(¢) := sup liminf inf I,
(@) 5>% =0 doo (X,$)<6 %)

of the level-c rates, which is the I'-liminf of the I, in do,. Theorem 6.5 claims a specific rate function,
the drifted rate functional

1
1Y, 0(6) = /O N (3(8) = V(6(E)) dt (6 € AC, 6(0) = zp; +0o otherwise)

of (3). What remains is therefore an identification, T= I}‘);th‘ Pointwise convergence of I. to Ipath

would be the natural route, but it fails: AY* is infinite outside B(0,c¢), so a finite-cost path with
unbounded noise velocity has I, = +o0o at every level. The comparison must therefore allow a
nearby path, and two inequalities of I'-convergence type supply it. Proposition 9.14 is the lower
bound: along every sequence ¢; — ¢ with ¢; — 00, the cost cannot drop below I V' (¢) in the limit.

path
Proposition 9.16 is the matching upper bound, and it need hold along only one sequence: for each
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¢ of finite cost it exhibits a nearby path whose level-c¢ costs do not exceed I;:lth(gb) asymptotically.
Together they pin the limit down from both sides. Theorem 6.4 assembles them, and the endpoint
theorem follows by contraction. The liminf bound is quantified over all approximating sequences
and so carries the compactness work, while the recovery bound is a construction.

The convex-analytic facts underlying both bounds are collected in Subsection 9.2. The velocity
tools are the general weak-L' lemmas of Subsection 3.2.2: Lemma 3.14 (uniform convergence forces
weak-L! velocity convergence) and Lemma 3.15 (weak-L' x strong pairing), which here replace the
weak-* lemmas used under bounded increments, since the uniform Lipschitz hypothesis is no longer
available.

The I'-liminf bound
Proposition 9.14 (Liminf bound). Let ¢; — oo and let ¢; — ¢ in (Cy,([0,1]; M), d). Then

liminf I (¢;) > path(¢)

j—)

The proof runs in three steps. First, cut [0, 1] into finitely many windows so short that all the
paths concerned stay in one normal chart. On such a window, parallel transport to the centre p;
moves every noise velocity into the single tangent space T, M, where the convergence A — A
of Lemma 9.3 is available. There the Fenchel inequality (\,u) — A () < Al©*(u) converts that
convergence of the generating functions into a lower bound on the conjugates, once the velocities
are known to converge weakly, which is where uniform integrability enters; taking the supremum
over A recovers A* in the limit. Summing the window bounds gives the proposition.

Proof. Passing to a subsequence assume lim; I, (¢;) = o := liminf; I, (¢;) < oo (otherwise there is
nothing to prove) and sup; I.;(¢;) < a+1; then every ¢; is absolutely continuous with ¢;(0) = o,
and ¢(0) = xo.

Charts. The set K = {z : d(z,([0,1])) < 1} is compact; put p, := I min(inj(K),1) > 0. By
uniform continuity of ¢, partition [0,1] into finitely many windows U; = [s;—1,s;] with ¢(U;) C
B(pi, p«/2), pi = ¢(si—1); for all large j, also ¢;(U;) C B(pi, px). On B(p;,2p4) the normal chart
log,, and the transports P,,, along the (unique minimising) radial geodesics are defined and
smooth (Lemma 2.29). Write, on U;, z; := log,, o ¢;, v := log,, o ¢, and

i (1) == Py tyosp, (65 () = VI(8;(1))) = Al (1)) () — ba;(t),

where A(z) := P,p, o ((dlog,,).) ~ and b(z) := P..,,,V(z), z := Exp,, (x), are smooth in z with
A invertible, and all four of A, A~', b and their derivatives bounded on the closed chart ball. By
the transport invariance of the rate integrand (Lemma 8.12, whose proof uses only consistency and

so applies verbatim to the family {ugf)})7

(c~)* (e )*
/U,.A‘f’f](t) V(g;)) dt = /AJ ) dt.

Compactness. By Lemma 9.6(ii) and (21) (all applied at base point p;; the constants A, are
base-point free by consistency), the families {u;}, and hence {i;} = {A™(z;)(u; + b(z;))}, are
uniformly integrable on U;. By Lemma 3.14, x is absolutely continuous on U; and @; — & weakly
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in L*(U;); gluing windows, ¢ € AC([0, 1]; M). Moreover, by Lemma 3.15 (with b; := A(z;) — A(z)
in L°°, using uniform convergence of z; and smoothness of A) and uniform convergence of b(z;),

u; — u:=A(x)T — b(x) = Pyryp, (gb —~V(¢)) weakly in L' (U;).

Duality. Let X : U; — T, M be a simple function. Then
| 1®.u0) - A (o] a < / Ay
U;

and the left-hand side converges to fUi[<)\, u) — Ap,(N)]: the pairing term by weak-L! convergence
(test each of the finitely many level sets), and the A-term because Az(,fj )
Lemma 9.3(iii) transports to the base point p; by consistency. Hence

— A,, pointwise, since

/ [\ u) — Ay, (M)] dt < B :=liminf / A () at

U; J Ui

for every simple A. Taking A ranging over simple functions with values in a countable dense subset
{\+} of B(0,N) C T, M, choosing on each of finitely many measurable sets the index r < R
maximising (A, u(t)) — A(A\), and letting R — oo and then N — oo (monotone convergence twice,
using continuity in )\) the left-hand side increases to fUi A, (u) dt. By transport invariance again,

Ju, Ay () = [y A% d) V(¢)) dt, and summing over the windows,

path / A(b(t d))) dt S Zﬁl S hIn]lIlfch((ﬁ]) OJ

The recovery bound

The goal is now the reverse inequality, and unlike the liminf bound it asks for one path rather than
all of them: given ¢ with path(qﬁ) < oo and given ¢ > 0, we must exhibit a single recovery path ¢*
with doo (¢*, ¢) < § and limsup, I.(¢*) < Igth(qﬁ). That is Proposition 9.16. The path is built by
modifying the noise velocity of ¢ and then integrating the modified velocity back up. Lemma 9.15
performs the second step. It turns a prescribed noise velocity into an actual path, controls how far
that path strays from ¢, and shows the cost is unchanged by the transport.

The recovery construction modifies a finite-cost path in two steps, both acting on its noise
velocity w = qb — V(¢). Values of norm larger than g are replaced by the mean m, which costs
nothing by Lemma 9.4(i). The result is then contracted towards m by a factor 1—6, which decreases
the cost by convexity. The modified velocity is bounded and takes values in a margin compactum,
where Lemma 9.5(ii) applies; and the modified velocity field integrates to a nearby path by the
following well-posedness lemma, the one place where the drift-ODE theory of Subsection 8.2.1 is
invoked beyond bounded speeds.

Lemma 9.15 (Prescribing the noise velocity along a finite-cost path). Let ¢ € AC([0,1]; M) with
#(0) = g and w = ¢ — V(¢) € L', let K" ¢ M be a compact set containing the closed 1-
neighbourhood of ¢([0,1]), and set Cf; := supgn |[VV|lop and p” := 3 min(inj(K”),1). Let @(t) €
TyyM be measurable and bounded with

A= / l@(t) — w(t)| dt < e O¥
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Then the initial value problem
¢'(0) =m0,  F(t) = V(¢ (1) + Poymer(r) D(2) (27)

(parallel transport along minimising geodesics) has a unique absolutely continuous solution ¢’ on
[0,1]; it satisfies doo(¢', ¢) < VA, and its noise velocity is ¢' —V(¢') = Py, so that for every
consistent family of increment measures (in particular {u,} and each {ug(f)}), the associated cost
satisfies ) )
| Rw@o-vean)a = [ iy, @o)

Proof. A priori separation. Suppose ¢ solves (27) on [0, T] with 6(t) := d(¢p(t), ¢ (t)) < p” there,
so all transports are along unique minimising geodesics inside K”. Since ¢ itself satisfies (27) with
w replaced by w (trivially: Py_,4 = id), the first-variation computation of Lemma 8.2, run along
the geodesic variation from the base curve ¢ to ¢’ exactly as in the proof of Lemma 8.11, gives for
almost every t

< | #t) = Poyswyd®)| = [[V(¢)) = PV(9) + P —w)|| < CF () + [|(t) — w(t)]],

using the transport-derivative bound ||V (p) — P,—,V(q)|| < C{ d(q,p) established in the proof of
Proposition 9.12 (the connecting geodesics stay in K”). Gronwall yields d(t) < e“vA < p” on [0, T);
the usual bootstrap (a continuity argument: were the separation to reach p” it would first cross
every smaller level, contradicting the Gronwall bound just obtained) then shows that the separation
never reaches p”, so the regime is never exited.

Ezistence and uniqueness. By absolute continuity of the integral, partition [0, 1] into finitely
many intervals on each of which [(||||+ |V [leo+|1]lc0) dt < p/4. On each interval, centre a normal
chart at the current solution point; the source ¢ moves at most p” /4, stays within p”/4+ 6 < p” of
the chart centre, and the candidate solution is confined to the chart ball, so the chart representation
of (27) satisfies hypotheses (C1)—(C4) of Theorem 3.18 exactly as in Lemma 8.4. The majorant
is h(t) = C(||V|loo + ||®]|sc) and the Lipschitz rate is ¢(t) = C(1 + ||@||s). Both are integrable,
which is all Theorem 3.18 requires. (The uniform substep length of Subsection 8.2.1 is replaced by
the non-uniform partition above; nothing else changes.) Patching and the open-closed argument of
Theorem 8.7 give global existence and uniqueness.

Cost identity. The identity ¢ — V(¢/) = Py, holds almost everywhere by (27), and
Lemma 8.12 (applied to the given consistent family, along the minimising geodesic from ¢(t) to
¢'(t)) converts AZ,(t)(Pw(t)) into A;(t)(w(t)) pointwise. O

Proposition 9.16 (Recovery bound). Let ¢ satisfy I ath(qﬁ) < oo and let 6 > 0. There exists ¢*
with dso(¢*, ) < 6 and
lim sup Io(¢") < I (9)-

Cc— 00

Proof. Write w := ¢ — V(¢); by Lemma 9.6(ii) (with ¢ = o0), [|jw]|| < path( )+ A1 < oco. Let
my () € Ty)M denote the mean vector field, which is transport- covarlant by consistency, of constant
norm [|m||. For 6 € (0,1) and ¢ > 0 define, in each Ty M,

wd(t) = wl) Lwli<or + Mot Lu>ep  Doo(t) = (1= 0) wl(t) + Omy).
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Then Wy , is measurable and bounded by (1 — 6)o + ||m/||, and

A;(t) (weﬂ(t)) < (1 - 0) AZ(t) (w[g} (t)) < A:ﬁ(t) (W(t)) a.e., (28)

by convexity with A%, (mg)) = 0 (Lemma 9.4(i)) and, on {||w| > ¢}, A* > 0. Moreover

1 1
8.0) = [ Ny~ wlde < 0 [ gy~ wldet [ gy ~wldt o 0
0 0 {llwll>o} e

Fix 0 and o such that e“VA(6, p) < min(d,p”) (notation of Lemma 9.15, with K” the closed 1-
neighbourhood of ¢([0, 1])), and let ¢* be the solution provided by Lemma 9.15 for @ := wy ,; then
doo (@™, @) < 9§, and for every ¢,

1(¢") = /0 A (@ (8) .

It remains to let ¢ — oo. Transport all values to the base point z¢ along the path ¢[( itself:
writing w(t) € Ty, M for the transported wy ,(t), consistency gives Aéc()s (10p,,(t)) = A*(w(t)) and
A:ﬁ(t) (wg,(t)) = A*(w(t)), and maps the support data (S,m) of each Ty M isometrically onto
those of T,,,M. Almost everywhere, wld(t) € dom AF ;) C Spr) (Lemma 9.4(ii); on {||w|| > o} use
m € S), so w(t) lies in

Koo:=(1-60)S+6m)NnB(0, (1-0)o+ ||m|) C TpM,

a compact convex set which is an s-margin compactum with s := 6r/2, where 79 > 0 is any radius
with (m +7r9B(0,1)) N A C S (such 7y exists since m € riS): indeed, for y = (1 — 0)u + fm with
u €S,

y+0ro(B(O,1)NE)=(1-0)u+6(m+rB0,1)NE)C(1-0)S+0S=S.
With K = Kg ,,
I(¢%) = /A (w(t))dt < / A*(w dt+sup(A() — A,

and by Lemma 9.5(ii) the supremum vanishes as ¢ — 0o, so that by (28)

lim sup I.(¢ / Aj wg o)) dt < Ipath((b)
Cc—00
(Measurability of w: the transport along qﬁ\[oﬂ depends continuously on t.) O

Identification and proof of the main theorem

Proof of Theorem 6.4. By Corollary 9.8, Lemma 9.9 and Theorem 9.13, the walks Y"(¢) satisfy, for
each ¢, the LDP with good rate function I. and are exponentially good approximations of Y as
¢ — 00. By Theorem 3.11, Y satisfies a weak LDP with the rate function

~

I(¢) := sup liminf inf  I.(x).
(¢) sup liminf inf (x)
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Combined with the exponential tightness of {Y"} (Proposition 9.7), the weak LDP upgrades to a
full LDP and I is a good rate function (Theorem 3.9). It remains to identify I = I;Yath; we show
the chain

~ ~

IV < I < It:=guplimsu inf [ < IV ..
path = o 6>g c—>oopdoo(x,¢)S5 00 < path

which also shows that the liminf and limsup variants of the abstract rate coincide here.

Left inequality. Let  := I (¢) < oo (otherwise nothing to prove). For each j € N, taking
§ = 1/j, there are ¢; > j and ¢; with doo(¢j,¢) < 1/j and I.;(¢;) < B+ 1/j. Then ¢; — ¢ and
Proposition 9.14 gives II‘)/ath(ng) < liminf; I, (¢;) < B.

Right inequality. Let I;;th(gb) < oo and 6 > 0. With ¢* from Proposition 9.16,

limsup inf I.(x) < limsup.(¢*) < II‘)/ath(qS);

c—00  doo(X,0)<8 c—00

take the supremum over §. The middle inequality T <T+ is trivial. O
The chapter’s main theorem now follows.

Proof of Theorem 6.5. The evaluation map ev; : Cy,([0,1]; M) — M, ¢ — ¢(1), is continuous, and
SP=Y"(1). By Theorem 6.4 and the contraction principle (Theorem 3.5), {S)'} satisfies the LDP
on M with speed n and good rate function

1 .
Iy (2) = inf{I30,(9) : 6(1) =z} = inf /0 A (6(1) = V(e(1))) dt. H

peAC([0,1];M)
¢(0)==0, ¢(1)=2
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10 Outlook: position-dependent noise

Everything in this thesis rests on consistency: the increment laws at different points are the same
law, moved around by parallel transport. A next question would be what happens when they are
not. This chapter states what we expect in the mildest case where they are not, and where we give
a rough estimate of how much of the machinery survives. The claims are labelled conjectures, and
the estimates below are quoted at the level of which quantity controls which, without the constants.

The mildest case is to keep a consistent family underneath and modulate it by one smooth linear
factor.

Definition 10.1 (o-modulated drifted walk). Let {u,} be a consistent family, V' € T'(T'M) smooth
and bounded, and ¢ € T'(End(TM)) a smooth field of endomorphisms of T'M that is bounded

together with Vo and uniformly elliptic, so that o(z)~! exists with a bound uniform in z. Put

Sir = Bxpgp(L(V(SH) +o(S Xi) ), Xy ~ nsp (29)

started at z, and write Y™ for the piecewise-geodesic interpolation, as in Definition 5.3.

The effective increment law at x is (o(x)). 5, with log-moment generating function A, (o(x)* ).
It is the tractable half of the position-dependent regime: the position dependence is one smooth,
linear, invertible factor, and the family underneath keeps every transport identity. Note that the
undrifted case V = 0 with ¢ # id is already new.

The drift map generalises by inserting o at the image point,

o(t) = V(1) + o (d(1) Pyyspmy (1), 6(0) = a0, (30)

with P the transport along the minimising geodesic as in (9). Call this ®,; for o = id it is the drift
map P of Section 8. Inputs of speed at most r now produce outputs of speed at most ||V ||oo + |0 |0,
so the tube inflates accordingly.

10.1 The expected theorems

Conjecture 10.2 (Bounded increments). Let (M,g) be complete, let {u} be consistent with
supp(uz) € B(0,7), let V and o be as in Definition 10.1, and assume a separation condition
of the form

IVlloo + llo —id||ec ™ < inj(tube). (31)

Then Y™ satisfies the large deviation principle on (Cz([0,1]; M), dso) at speed n with good rate
function

V, ! ]
1) = [ A (o100 60 - Vo)) ar (32

for absolutely continuous ¢ started at xo and +oo otherwise, and the endpoint satisfies the large
deviation principle in M with the contracted rate.

For o = id, (31) is the standing assumption (11) and the conjecture is Theorem 6.2(ii). The
separation condition is not decoration: it is what keeps the transport in (30) well defined, for the
reason given in Subsection 10.3. It is also a real restriction, and one could look into a Cramér-level
statement of this type.
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Conjecture 10.3 (Cramér increments). Let (M, g) be complete with bounded geometry, let {u,}
be consistent and satisfy Cramér’s condition, and let V' and o be as in Definition 10.1. Then the
conclusions of Conjecture 10.2 hold with no support bound and no separation condition.

No smallness condition on ||V]|« appears, because any such condition inflates along the trun-
cation tower and becomes unusable; the conjecture is stated in the form a transport without an
injectivity constraint would deliver, which would also remove ||V ||o < inj(M) from Theorem 6.5.
Whether there is such a transport is open, and Subsection 10.3 says where it is needed. And the
bounds on ¢, Vo and o~ ! are global, playing the role that boundedness of V plays in Theorem 6.5:
the walk explores arbitrarily large compacta, so coefficient bounds have to be uniform. There is no
intermediate statement between the two conjectures. The guarded version with minimising-geodesic
transport exists only at bounded increments.

10.2 Freidlin—Wentzell

The integrand of (32) is a Lagrangian L, (x,v) = A%(o(x) (v —V(z))), whose Legendre transform
in v is
Ho(z,p) = (V(2),p) + Az (o (2)"p)

by the substitution v = V(x) + o(x)u. So the conjectures say, in words, that Cramér’s theorem
holds for the effective non-consistent increment law, with the rate integrand one would have guessed.
Where the drift perturbs Az(p) linearly in p, the coefficient o deforms it inside the argument:
convexity in p survives, genuine x-dependence appears.

For isotropic Gaussian increments 1, = N(0, s%id), writing a := s200* for the effective diffusion
tensor, (32) becomes

1 .
1%0.(8) = /0 (6= V(9), a(¢)” (&~ V(9)))dt, (33)

2
This is the Freidlin-Wentzell action of the small-noise diffusion dX = V(X)dt++/1/nsc(X)odBM
[4, Chapter 5, eq. (3.5)]. Conjecture 10.3 is therefore a Freidlin-Wentzell theorem for the geodesic-
walk discretisation, with the quadratic form replaced by an arbitrary Legendre transform.

10.3 What survives, and what does not

The intended proof is the proof of Theorem 6.5: contraction through the drift map at bounded
increments, then the truncation tower. Going through the components, almost all of them are
indifferent to o, in the sense that the statement and proof survive after substituting constants. The
exceptions are two.

Well-posedness of ®,. Unchanged. In a chart the right-hand side of (30) is still measurable in
t, still linear in the input velocity and still smooth in the state, with an integrable majorant and an
integrable Lipschitz rate, which is all the Carathéodory—Picard theorem (Theorem 3.18) asks for.

Continuity of ®,. The mechanism survives, and it asks less of ¢ than the other components
do. Continuity of ® is proved in Subsection 8.2.3 by compactness rather than by an estimate: the
outputs lie in a do.-compact class (Proposition 8.8), so it is enough to identify every uniform limit
point of ®(1),), and that is done by passing to the limit in the chart form of the drift ODE. Only two
features of the chart coefficient A(y,z) are used there. It is linear in the velocity slot, so the input
needs no more than the weak-L!' velocity convergence that uniform convergence already supplies
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(Lemma 3.14); and it is continuous in the state slots, so it converges uniformly and Lemma 3.15
pairs the two against each other. Inserting o replaces A by (dg)y 0 0 0 Ppyy o ((dp),) ! with o at
the output point, which is still linear in the velocity slot, since o takes values in End(7T'M), and
still continuous in the state slots, since ¢ is smooth. Both features are intact, so the argument goes
through with the output class inflated to AC, v||.+/s|.r and the source region governed by the
separation bound below. Two things are worth recording. Continuity of o is all that is used, not
|IVo||s, because the weak-convergence route never differentiates the coefficient in time, which is
what an estimate-based proof would need. And the argument still lives on a fixed speed class, since
AC,, » is compact only for finite 7, so o buys no shortcut past the tower. The explicit inverse of the
drift map becomes ¢ = Py 0(¢) " (¢ — V(¢)), and uniform ellipticity is what keeps its image in
a bounded-speed class; transport invariance of the integrand, which uses only consistency of {1}
and so does not see o, then makes (32) the right contraction.

Ezxponential equivalence, and Layers 1 and 2 of the tower. Unchanged up to constants. The new
discrepancies all have the shape “o at one point against o at another”, controlled by ||Vo||so times
a distance, and they enter the Gronwall bookkeeping exactly where the corresponding drift and
curvature terms already do, telescoping into the same total-variation clock. Layer 1 never mentions
the drift map at all. In Layer 2 the level-c¢ integrand becomes A©)*(A(z)v — b(z)) with A = o~ !
smooth and uniformly invertible and b = 0~V smooth and bounded, which is the shape the convex
analysis there already handles; uniform ellipticity supplies the coercivity in v that the superlinearity
argument needs.

The a priori separation bound. Here a new hypothesis appears. Under ¢ = id the trans-
ported input velocity moves source and image in parallel, so only the drift separates them and
d(@(t),1h(t)) < ||V ||sot. With o the first-variation estimate leaves an extra term |o — id||s|[¢}]], sO
on AC,, - the separation is only bounded by (||V||oc + ||o —id||oc7) t. Minimising-geodesic transport
n (30) therefore needs the inflated condition (31). At bounded increments this is a hypothesis one
can simply assume, and it is the only new restriction there.

Layer 0 of the tower, where that hypothesis breaks. Layer 0 applies the fixed-scale theorem at
truncation level ¢, that is with » = ¢ — oo, and (31) then fails for every large ¢ unless o = id.
The tower cannot be set up at all. This is the one structural obstruction, and it sits entirely in the
choice of transport in (30).

Past this point we have no proof strategy. A fix has to replace the minimising-geodesic transport
by one that carries no injectivity constraint, and transport along the path history is the obvious
candidate; the thesis already uses such a device once, as the fallback branch of the Layer 1 coupling
(26). Whether the drift map stays continuous under it we do not know. That is what Conjecture 10.3
rests on, and we leave it open.
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