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Abstract

We introduce a novel concept of coarse extrinsic curvature for Riemannian sub-
manifolds, inspired by Ollivier’s notion of coarse Ricci curvature. This curvature is
derived from the Wasserstein 1-distance between probability measures supported in
the tubular neighborhood of a submanifold, providing new insights into the extrinsic
curvature of isometrically embedded manifolds in Euclidean spaces. The framework
also offers a method to approximate the mean curvature from statistical data, such
as point clouds generated by a Poisson point process. This approach has potential
applications in manifold learning and the study of metric embeddings, enabling the
inference of geometric information from empirical data.
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1 Introduction

Synthetic lower bounds on Ricci curvature is a powerful tool in the study of classical geometric
analysis and metric measure spaces. Ollivier’s notion of Coarse Ricci Curvature is distinct in that it
approximates the curvature itself, rather than merely providing a lower bound. By selecting as test
measures weighted localized volume measures, supported on a ball of radius €, the Wasserstein
1-distance between two such measures reveals the generalized Ricci tensor; applying to random
geometric graphs sampled from a Poisson point process with non-uniform intensity leads to similar
conclusions [1].

Inspired by the concept of coarse Ricci curvature, in this article we seek a suitable notion
of extrinsic curvature for embedded manifolds. With manifold learning applications in mind,
we initially work with curves and surfaces and subsequently define a concept of coarse extrinsic
curvature for general embedded manifolds. This notion captures the inner product between the
mean curvature and the second fundamental form in a principal curvature direction. It may prove
useful for studying embedded metric spaces and could be relevant in manifold learning contexts.

Let M be a smooth manifold isometrically embedded in another Riemannian manifold. We
propose a family of test measures {u5°, x € M}, where o, € are small parameters, whose ‘deriva-
tive’ in the 1-Wasserstein distance with respect to variation of the point x describes some kind of
curvature.

This consideration leads to a novel concept of coarse curvature in the setting of Riemannian
submanifolds. Within the applicable range of the parameters, we have an approximation of the
mean curvature and the second fundamental form, providing a valuable tool for evaluating these
extrinsic curvatures. In more practical applications, we can take test measures built from statistical
data and simulations; for instance through the empirical measures of point cloud samples. There
is scope for extending to metric embeddings of metric spaces.

In contrast to the intrinsic Riemannian curvature, which characterizes the geometry of a mani-
fold independently of its embedding, the second fundamental form of submanifolds is an extrinsic
concept. It provides a means for describing the shape of a submanifold in relation to its ambient
space, offering views into its bending properties. For instance, a surface embedded in R? is locally
isometric to a plane if and only if its second fundamental form vanishes.

The extrinsic curvature of M, isometrically embedded in IV, is expressed by the second fun-
damental form, which we recall to be defined as the bilinear form

I (w,w) == VYW (z) — VMW (2), (1.1)

where W is an arbitrary vector field on M with W (z) = w. Letting m denote the dimension of
M, the mean curvature is defined as the vector field

H(x):= Z Vé\jei(x) — Vé\l/_[ei(:c). (1.2)
i=1

Here (e;)7, is an arbitrary local orthonormal frame on a neighbourhood of « in M. Note that
we omit the factor of % that usually appears in this definition in the literature in order to simplify
the statement of our results. It is a standard fact that both I, (w,w) and H (z) are vectors which
are perpendicular to the submanifold M. We refer to e.g. [2, Chap. 5] for a detailed treatment of
these objects. For instance, one of the examples we consider below is that of a planar curve vy with
radius of osculating circle R(«). A simple computation shows that in this case

[H (v(a)| = (1) (F(@), Y ()| = -



where || - || is the Euclidean magnitude.

There exists a considerable body of literature on description of submanifold properties by
tubular volume, of which we name a few representatives. The early work of Weyl [3] proved the
classical tube formula for submanifolds embedded in Euclidean spaces, which is an expansion
with respect to the width of the tubular volume and its coefficients are geometric invariants of the
submanifold. Federer [4] introduced the notion of boundary measures, which lead to generaliza-
tion of the tube formula to compact subsets of Euclidean spaces. More recent works of Chazal et
al. [5] [6] studied geometric inference via point cloud approximations to boundary measures using
Monte Carlo methods. For a comprehensive treatment on properties of tubular neighbourhoods,
we refer to the monograph [7]. The approach in our present work differs from the above in that it
gives a local and directional information about the second fundamental form, and also the mean
curvature.

Notions of synthetic Ricci curvature were motivated by the study of geometry of metric mea-
sure spaces and were pioneered by the seminal works [8, 9, 10], see also the survey [11]. In a
metric measure space, a global lower bound on the synthetic Ricci curvature leads to properties of
the metric measure space which are analogous to the Riemannian setting, such as the Poincaré and
log-Sobolev inequalities, the concentration of measure phenomenon, and closure under measured
Gromov-Hausdorff convergence [12, 13, 14]. We note also the related direction of the works [10]
[15].

To our understanding, there has not been a notion of a synthetic extrinsic curvature. Our
notion of coarse extrinsic curvature is inspired by coarse Ricci curvature of Ollivier [16], which
is defined in the Riemannian setting through the expansion of the 1-Wasserstein distance of two
uniform measures supported on geodesic balls of a small radius, the radius being the variable of
expansion [16, Example 7], see also the survey [17]. This is different from the above mentioned
synthetic Ricci curvature lower bounds in that it puts a precise number on the value of curvature
at a point. Moreover, it can be applied to general metric spaces by choosing a family of measures
indexed by points in the space for the evaluation of the 1-Wasserstein distance. Coarse Ricci
curvature can be computed explicitly for a number of examples on graphs, where the measures are
provided by a Markov chain. We adopt and modify Ollivier’s approach to the submanifold setting
by choosing suitable measures for the expansion of the 1-Wasserstein distance, showing that this
yields a geometrically meaningful information.

As an immediate application of our result, we venture into the setting of [18] and [1] to explore
retrieval of curvature information from point clouds generated by a Poisson point process. In
the first of the mentioned works, Hoorn et al. proved that Ollivier’s coarse Ricci curvature of
random geometric graphs sampled from a Poisson point process with increasing intensity on a
Riemannian manifold converges in expectation at every point to the classical Ricci curvature of the
manifold. This was extended in the second mentioned work to weighted Riemannian manifolds.
In the present work, we show that coarse extrinsic curvature can recover the mean curvature in
expectation at a point. In this case, it is not necessary to impose a graph structure to connect points
of the sample.

In the context of deep learning, it is noteworthy that computational algorithms for effectively
computing optimal transport maps have been proposed, as discussed in [19, 20]. Additionally,
relevant work in the fields of manifold learning and inverse problems is worth mentioning. One
particularly interesting inverse problem is whether an embedded manifold can be learned from a
set of samples x; + &; where x; belongs to a submanifold A/ C R"*? and ; are independent
Gaussian random variables on R™*P, The reconstruction of embedded manifolds has been studied
in [21, 22, 23, 24]. An algorithm for constructing an embedded submanifold is provided in [25].
Although manifold learning is still in its early stages, manifold approximation and reconstruction
have a longer history, we point out some more recent publications on this topic [26, 27, 28, 26, 29].



Main Results

In our setting, M is an m-dimensional compact Riemannian manifold embedded isometrically in
a Euclidean space R™** and M, is the local o-tubular neighbourhood of M in R™**, defined for
o sufficiently small as

M, ={z+v:zeMuveT,M" ||v| <o}
For any compact subset U C M, the projection mapping from its tubular neighbourhood
m: Uy, = U, m(z):=argmin |z — ||

is well-defined for all o > 0 sufficiently small, with the same notation for U, as above.

Denote by exp; ,, : 1M — M the exponential mapping in M with base point z. Fix a point
xo € M, a unit tangent vector v € T,y M and denote y := exp,; ., (dv) for & > 0. Fix a constant
€o > 0 smaller than the uniform injectivity radius of some fixed compact neighbourhood of x in
M. Assume d,¢ < £¢/3 so that B-(zp) U B:(y) lie within the uniform injectivity radius away
from zg and assume o is small enough so that the projection 7 is well-defined on the o-tubular
neighbourhood of the £yp-geodesic ball at xg in M. These requirements on the parameters 9, €, &
will henceforth be encapsulated in the assumption that they are "sufficiently small". This ensures
that all locally defined maps are well-defined, in particular the projection map (smallness of o)
and the Fermi coordinates (smallness of § and ¢) used later on.

As our test measures, we choose the probability measures

plr— (BM(2)) N AN M,)

m-+k
W B @) n i) A4S BET,

Hge(4) =

where BM () denotes the e-geodesic ball at z in M. Note that these measures are supported on
compact subsets of M,. We seek to obtain the expansion of W1 (ug;, uy®) with respect to the
parameters J, o and €.

To relate the Wasserstein distance to the second fundamental form, we first localize to a tubular
neighbourhood of a fixed open set on the submanifold. We expand the densities of the test mea-
sures in Fermi coordinates, and for the subsequent computations we rely on a crucial observation
developed in Section 2.2: if T' is an approximate transport map from pz;; to jy’°, in a sense defined
later, then W1 (ugy , py'°) is close to Wi (ugy , Tipizy )- The remaining task involves proposing a
concrete approximate transport map, which is at the same time close enough to optimal.

When dealing with test measures on an embedded manifold, accounting for the effect of the
bending of the submanifold in the ambient space becomes crucial. The proposed transport map is
thus formulated in terms of the Fermi frame along v, adapted to the submanifold M in a way that
separates tangent and normal coordinate directions at every point.

We give a rough outline of the proposed transport map, made precise in Section 2.4. In terms
of Fermi coordinates, if &« = (aq,..., ) represent submanifold tangent directions with oy
being associated with the direction of v, and if 5 = (81, ..., Bx) represent the normal directions,
an initial proposal informed by the circle example (Section 3.1) was

(o, B) = (0 — a1, 9, .. am, B, -+, Br)-

This can be construed as translation by ¢ in the direction of the first coordinate, together with re-
flection in the first coordinate. From studying the planar curve example (Section 3.2), it turned out
that an additional bending correction needs to be put on top of the 5 components of the transport
by adding terms involving the derivative of the mean curvature. Favourably, such a correction
contributes to the final estimate of the Wasserstein distance only at the fourth order and higher,
and hence does not interfere with the mean curvature term, which will appear at third order of the
expansion. The test measures are first expressed in Fermi coordinates in Section 2.3. The proposed
transport map is then presented in Section 2.4, where we prove that it is indeed an approximate
transport map of degree 3, i.e.

d(Tepizy )

duz,s (¢(aa B)) =1+ 0(63)



This precision is sufficient for obtaining the 1-Wasserstein distance approximation (see Section 2.2):

Wi (HGE 17) = WG TpSs) + O(8Y).

o ?

From here the strategy is to construct a test function f : Bas(zo) C R™** — R with Lipschitz
norm approximately 1 and satisfying the estimate

f(Tz) = f(2) = |ITz — 2|| + O(6") = O(3),

which allows us to estimate the distance between the original measure and its transport by means
of the relation

Wipzy, Tepzy) = /(f(TZ) — f(2))dpgs () + O(8%).

On the whole, we find that the Wasserstein distance between the initial measure y5;; and the target
measure 45" is approximated by [, |7z — z||dug; up to O(6*) (see Lemma 2.25), which is
explicitly computable as an expansion in d, ¢ and € with geometric quantities as coefficients.

Using the above tools, in Section 3 we thus compute the expansion of Wi (ugy , g ), begin-
ning with the case of a planar curve:

Proposition 3.7. Let v be a smooth unit speed curve in R? such that v(0) = xo and v(§) = y.
For all §,e,0 > 0 sufficiently small with o V € < g, it holds that

2 2

€ o
=4 54
6R? * 3R2) +00)

W25, 45) = o ol 1
where R is the radius of the osculating circle of the curve at x.
This expansion can be rearranged as

Wipzy,py™) 2 o°
lwo =yl 6R* 3R

1- + 0(8%).
We refer to the quantity on the left as the coarse extrinsic curvature of v between zy and y at scales
o,e. A version of this result for spatial curves is presented in Theorem 3.10. In Theorem 3.16,
we then proceed to study the case of coarse extrinsic curvature along a geodesic on a surface
embedded in R3.

This work culminates with the most general form:

Theorem 4.1. Let M be an isometrically embedded submanifold of R™* and ~ a unit speed
geodesic in M such that (0) = xo and v(6) = y. Let (e;)’]L, be an orthonormal basis of T,y M
with e; = ¥(0) and assume that I, (e1,e;) = 0 forall j = 2,...,m. Then for every g,&,6 > 0
sufficiently small with o \V € < g it holds that

o? g2

k+2 2(m+2

W55, 45) = = ol (14 ) (W (en,en) H ) ) + 06",
The assumption on the second fundamental form is necessary for optimality of our proposed
transport map up to sufficient order and can always be satisfied for submanifolds of codimension
1, in particular surfaces embedded in R?, by choosing the basis of principal curvature directions.
Further commentary is provided in Remark 4.2.
To interpret such expansions in terms of mean curvature, we can remove the directionality of
the above result caused by transport in the direction of . Denoting the square norm of the mean

curvature vector as
k

1H (z0)|* = ) _ (H (x0),ni(x0))”

i=1
for an arbitrary orthonormal basis (n;(xo))%_, of the normal space Ty, M+ C Ty, N, we deduce
the following:



Corollary 5.5. Let (ej)g’"”zl be an orthonormal basis of Ty, M, and for j = 1,...,m, let y; =
eXPyy 2, (0€j). Assume that I, (ei,e;) = 0 fori # j. Then for all 0,¢,6 > 0 sufficiently small
with o \V & < § it holds that

o (1 WalkEs 1) ? »? o
1 — 0T ) = B H |
]Z::l < |20 — | 2(m+2) k+2 | H (z0) (" + O(6%)

Observe that the left side of the equation is independent of the choice of orthonormal basis
(ej);-”:1 because the norm on the right side is basis-invariant. Moreover, the assumption on the
second fundamental form always holds for submanifolds of codimension 1 (see Remark 4.2).

In Proposition 5.4, we deduce that the coarse extrinsic curvature of suitable test measures
on Poisson point clouds sampled from the tubular neighbourhood retrieves the same extrinsic
geometric information consistent with Theorem 4.1.

One key ingredient in the proofs of the above theorems is the geometric approximate transport
map introduced in Definition 2.18, defined by means of Fermi coordinates (as per Definition 2.14)
adapted to the submanifold. Test measures in these coordinates encode information about the sec-
ond fundamental form of the submanifold. The proposed map is verified to be an approximate
transport map between the test measures with sufficient order of accuracy, as specified and mo-
tivated in Section 2.2. The optimality up to fourth order is proved by choosing a concrete test
function for the Wasserstein lower bound by the Kantorovich-Rubinstein duality.

In the resulting expansion of the Wasserstein distance, the second fundamental form at the
fixed point zg appears at third order, and its derivatives appear at fourth and higher orders. As
a consequence, information about the second fundamental form at a point can be retrieved in a
suitably scaled limit of coarse curvature. Please see the discussion below for an example.

Discussion

We illustrate this work using the following prototypical example. Let v : (=g, dp) — R? be
a smooth, unit speed planar curve, and n : (—dg,dp) — R? a unit normal vector field along 7,
unique up to sign. Denote by R(«) := m the radius of the osculating circle at the point v(«).
To detect the extrinsic curvature at xo := 7(0), captured here by R(0), we define test probability
measures centered at nearby points y := 7(d) indexed by § > 0.

Denote /1 the Lebesgue measure on R2, M := ~((—&p, 60)) as the image of the curve, and M,
as a small enough tubular neighbourhood of M so that the orthogonal projection 7 : M,, — M
is well-defined. Denote

Boc(y) i={z €R*: ||z = w(2)|| < 0,d,(y,7(2)) < €}
where d is the distance along «y. Define for o,& > 0 with o V € < g, the Borel measure on R?,

vt o HAN Boc(y))
Hy A= B y)

We compare these in 1-Wasserstein distance to the initial measure, i.e. when § = 0 and is denoted

Mgf. The Wasserstein distance has the form:

g2 o? 4
6R@2+MMW>+OQ)

W55, 145) = ol (1~
Rearranging this expansion yields

9% 0'75’ o, 1 2 2 )
~Wilkag, ) 1 <5—0> +0(8%). (1.3)
lzo — ¥l RO \6 3
From this point, depending on the application, we may consider three different regimes for the
parameters € and o as y converges to xy. We recall the asymptotic notation o = ©(J) means there

exist ¢, C, g > 0 such that for all § < dy,
cd < o(d) < Co,

1

6



and 0 = o(d) means limgs_,( @ 0.

(1) limg_yo % =C # /2 for some known constant C' > 0, i.e. the decay of both o and ¢ is

controlled. In this case,

o0& O
— lim — 6 1— Wl(uxonufy ) ’
R(0)2 s=0 (C?—2)0? lzo — v

(i) o = O(9) and € = 0(9), i.e. the decay of ¢ is controlled, while the parameter of support
size € vanishes fast. In this case,

1 g@’ o,e
p= (o Ty
R(0) e=o0(c),0=0(8), O llzo — yl|
6—0

(iii) ¢ = O(9) and 0 = 0(0), i.e. the decay of ¢ is controlled, while the size of the tubular
neighbourhood o vanishes fast. In this case,

! 0 <1 _ Wl(ung’ui’e))

= lim —
R(0)? 0:0(66),_5}3@(6), €2 |zo — yl

The requirements 0 = O(d) and e = O(J) in the respective cases are in place to ensure the
remainder term O(3%) in (1.3) does not explode upon division by o2 (resp. ) in the limit as
0 —0.

In light of the above discussion, we may define the coarse extrinsic curvature between xy and
y at scales ,0 > 0 as:

Wi (uzy 1y”)
lzo =yl
This quantity can be estimated from point cloud data and used for geometric inference.

In summary, this work focuses on Riemannian submanifolds embedded isometrically in Eu-
clidean spaces with the aim of producing a reasonable measurement for the bending energy. This
bending energy can also be estimated from point clouds obtained from sampling. One of the novel
ingredients is the construction of a test function for using the Kantorovich-Rubinstein duality to
obtain a lower bound for the Wasserstein distance in this setting.

The outline of this work is as follows. In Section 2, we establish geometric preliminaries
pertaining to the volumes of tubular neighbourhoods and present approximate transport maps as
a novel tool for approximating the 1-Wasserstein distance. In Section 3, we give description
of coarse extrinsic curvature for a planar curve, space curve and a 2-surface embedded in R3.
The coarse extrinsic curvature of a general submanifold of arbitrary codimension is studied in
Section 4. We present several immediate corollaries to our results with practical applications in
Section 5. Although the cases of curves and surfaces in Section 3 are just instances of the general
result in Section 4, they provide value in understanding this general case. Sections 3 and 4 can be
read separately after reading Section 2, which contains all preliminaries.

KJU,E('TO’y) =1- (14)

2 Preliminaries

We prove a formula for volume growth of tubular neighbourhoods of submanifolds, leading to a
disintegration of the ambient volume measure adapted to the submanifold. This formula is subse-
quently utilized to derive explicit formulas for such disintegration in Fermi coordinates, consider-
ing cases such as a planar curve, space curve, and a surface in Section 3, and general Riemannian
submanifolds in Section 4.

Following the geometric preliminaries, we introduce the notion of an approximate transport
map, enabling the computation of Wasserstein distances up to a sufficiently high degree of error.
Subsequently, we define the test measures to be transported and their representation in Fermi
coordinates. Finally, we propose a transport map to evaluate the Wasserstein distance of these test
measures.



2.1 Ambient volume disintegration

We begin with a simple lemma on evolution of probability densities. We denote P (X) as the space
of probability measures on a measurable space (X', M). The notation ;1 < v denotes the fact that
the measure p is absolutely continuous with respect to the measure v.

Lemma 2.1. Consider (j1)i>0 C P(X) such that iy < s for all s < t. Let hi : X — ]R t>0,
be a family of functions with t — hy(x) locally integrable, and such that 3 ‘S 0 dg:js = hy(z)
foreveryt > 0. Then

dyu Gt (1) = efot hs(z)ds

dpo
Proof. The change of density at any ¢ > 0 satisfies

dpv+s
d| dpe, d| Ge@)
o T) = — N he()
ds|,_o di ds|,_g m(;U)
implying
d dput dps
L1 ) = ) P )
which has the unique solution %(a:) = elo hs(@)ds by standard ODE theory. O

Notation 2.2. Throughout this article, M is a compact Riemannian manifold of dimension m,
isometrically immersed in a Riemannian manifold N of dimension n. Set k := n—m. Let og > 0
be a fixed number smaller than half the reach of M in N. The reach is defined as the maximal
number r such that each point within a distance r from M has a unique orthogonal projection to
M, m: My, — M. The projection map is well defined within the ‘reach’.

Let U C M be a sufficiently small open neighbourhood such that there exists an orthonormal
frame of unit normal vector fields (ny,...,ng) on U and a one-parameter family of vector fields
{(ei(s))™, : s € (—00,00)} such that (e;(s))/", is an orthonormal frame on (U for every
s € (—09p,00), and s — e;(s) is smooth for every i = 1, ..., m. The latter can be constructed by
taking the pushforward of an arbitrary initial orthonormal frame by 15, denoted by (D¢, 0)¥s)i1
and applying the Gram-Schmidt orthonormalization procedure.

Definition 2.3. Let n € T(TU") be a unit normal vector field, and define the normal flow v :
M x (=20¢,200) — N by
i(z) := expy , (tn(z))

where expy , : T N — N denotes the exponential mapping on N. Denote by //iv the parallel
transport with respect to the Levi-Civita connection V¥ along ¢ + 1/;(x) for a fixed € M, and
note that %1/),5(:0 = /N n(z).

For every t € (—20¢,200), 1 is a diffeomorphism onto its image, and ¢ — 1);(x) is smooth
with non-vanishing derivative for every x € M. Equip every (M) with the Riemannian metric
inherited from the ambient space. The mean curvature of the leaf 1)5(U) is then given by

m
=Y Velei(hu(@)) = Vilei(ts(x). eR))
In particular, for any unit normal vector field n on U,

(H(s(2)), 1Y n(x))y = (1Y n(x), Vies(vho(2))) . (2.2)
=1

The following lemma shows //fV n stays normal to the leaves ¢;(U) as t changes.

Lemma 2.4. The vector field I} n(z) is normal to {,(U) for every t € (—ag, 09), i.e. {De,ty, /7' n) =
0 for any local tangent frame (e;);", on M.



Proof. For every t € (—og,00), 1+ being a diffeomorphism implies that if (e;)", is a frame on
U, then (Dg 1), is a frame on ¢4 (U ), not necessarily orthonormal. Then

d N DN N
£<Dei¢t7//t n> = aiDeiwb//t n

1y
e at¢t7 >
= (VY /N n, 1} n)

De, (1Y n, 1} n)

l\')\i—lw\i—l/\/\

D.,1=0.
where on the second line we used that &; 9 4ps(z) = /N n(z). The initial condition 1y = id gives

(De,bo,n) = (e;,n) = 0, so we may conclude that /& n is normal to all tangent directions on
Y (U) for all ¢. O

The action of push-forwards of volume forms on any orthonormal basis of tangent vectors is
characterized by the determinant of the mapping which we make precise below. Let M7, Mo be
Riemannian manifolds of the same dimension m, ¢ : M; — My a diffeomorphism, (e;)"; an
orthonormal frame on an open set U; C M; and (é;)7, an orthonormal frame on an open set
Us C Ms, and (%)™, (€9)™, the corresponding coframes characterized by e’ (e;) = 6] é'(ej) =
6; Below, by the determinant of Dy ~!(z) : T, My — Ty-1(,) M1 we mean that of the matrix
representing the map in these bases:

det Dyt = Z ngn Vi Eo(s))-

oc€Sy i=1

By the rules of differential forms acting on tangent vectors, Vz € Us,

Pule AL N (@)(E1(2), . En(@) = (@) A A (@) (U5 e (@), . s ()
= Z HSlgn Y, z)(m)
gESy i=1
= det Dy~

Since linear maps are determined by their values on basis vectors, we may deduce
Vol AL A ™) (x) = det DY Hz)et AL A E (). (2.3)
With the above notation we return to the exponential map v (z) := expy . (tn(z)).

Proposition 2.5 (Change of volume). For everyt € (—oy,00),

det Dipy () = exp <— /O t (H(s(2)), /Y n(z)) ds) , (2.4)

and hence the volume of the image of any Borel measurable A C U can be expressed as

t
VOlwt(M)(@ZJt(A)) = /Aexp <—/0 <H(1,Z)s(x)),//év n(x)>ds> dvolys(x) (2.5)
where voly, (yp) is the Riemannian volume on 1) (M).

Proof. First, we extend the map ¢ : (—og,09) x U — N to 1/; : (—00,00) X Usy, — N by the
flow condition

Vs,t € (_00700) : IES(wt(‘T)) = 1/}t+s(x)

9



for all s and ¢ in (—og, o). This determines ¢) uniquely because {1 (U ) }te(=o0,00) 18 @ foliation

of the tubular neighbourhood Us,. Then on every leaf Y(U) of the foliation, we have ¢y = id. If
(e")™, and (¢°)™, are orthonormal coframes on 1;45(U) and 1;(U) respectively, the change of
variable formula for volume forms (2.3) states that

(h_s)set Ao A = (det Dipg)Et AL A E™.
Then for every A C U Borel measurable and s € (—oy, 09),

VOlwt+S(M) (¢t+s(‘4)) = V01¢t+s(M) (Q;S(@bt(A)))
= ((—s)uvoly, . an) (¥(A))

— / det Dy (z)dvoly, i (@)
¢ (A)

using respectively the flow property, definition of the push-forward of a measure, and the change
of variable formula with voly, () = e A...Ae™and volwt( M) = ELALAE

Denoting by £ a5 the covariant derivative along 5 1/15, the Jacobi formula for the derivative
of determinants gives

0

ol = [ o

= / trace (a
wt(A) 85 _
D

P det D) (w)dvoly, (ar) ()

s=0

s=0

S L)

91 J@)e <t><x>> dvoly, ()
=0

Bolw), VY, ei<t><x>> dvoly, un) ()

s=0

R s O() ) A evol o )

From the second to third line, the other term coming from the product rule applied on the bracket
does not contribute to the trace, because for ¢ = 7,

(Desrin, peat) ) = {est). est)) = 5.5 (et () =0

using that 1;0(1:) = x so Dy = id. From the fourth to fifth line, we used normality of the
flow <%‘S:0 Vs(), ei(t)(a:)> = 0, and on the last line applied %&s(wt(x)) = %thrS(a:) from

definition of the extension 1, before pulling the integral from ¢ (A) back to A.
Hence the evolved volume measure pulled back to U satisfies the dynamics

3 d(wt_-i-ls)*VOles(M) _ < <a N >
55,0 dlur Dovolyy = T 2\ g Ve @@

— (H(u(x)), 17 n(2))

which together with the initial condition d ()} volwo( M) = dvolys implies

det D) = IS0 3y — e (- [ 1100, o)) s

dvol s

10



by Lemma 2.1, setting h; to be the right-hand side of (2.6). Equation Eq. (2.5) is then simply the
change of variable formula for the map /.
O

Remark 2.6. The formula of Proposition 2.5 can be extended from the neighbourhood U to all of
M by a partition of unity argument, nonetheless the local formulation is sufficient for our purpose.

We proceed to derive a disintegration of the ambient volume measure adapted to a submanifold
of arbitrary codimension, at the cost of specialising to the case N = R". Note that the covariant
derivative VX" then becomes the plain derivative denoted by D.

Notation 2.7. Let (nj)é-“:1 be a local orthonormal frame for 7'M~ on U and denote Bﬁo C RF
the centered Euclidean ball of radius 0. Define the map

Y:UxBE — a7 (U)CR"
u 2.7
G(x,B) =z + Y Bmy(x) e

J=1

which gives the k-dimensional foliation {¢(U, 8) : 8 € BE } of 7=1(U) with leaves of dimension
m. Extend (nj);?zl and (e;)™, smoothly to 7~1(U) so that the restrictions to the submanifold
(U, B) are an orthonormal frame in the tangent space and the normal space, respectively, for
every 3 € Bﬁo

Denote n(z, 3) = Z§:1 ’BJHHTJH(;) which was shown in Lemma 2.4 to be normal to each leaf

(U, B). Then the mean curvature of ¢ (U, 3) in the direction n(z, ) is

(H(¢(z,8)),n(x, B)) = <n($, 8), > V" ei((a, 5))> :

=1

Denote also the components of mean curvature in each of the directions of the normal frame,

H($(z, 8)) := (nj(x), H(d(x, 5))) < ZvR’”*’“ ﬁ))>

so that

18I {H (4 (x, B)) ZBJH] B))-

Remark 2.8. The collection of submanifolds {¢(U,3) : § € ijo} is indeed a foliation of
71 U) c Rtk (see e.g. the definition of foliation in [30]). The leaves are disjoint submanifolds
of dimension m. Defining

k
F: (p17 cee ,pmlel, .. 7ﬁk) — g(plu o 7pm) + Zﬁjnj(f(plv o 7pm))
7=1

where £ : O C R™ — U is an arbitrary chart on U, we have by definition that

YU, B) = F({B}),
so each leaf is a level set of F' and thus F' is a flat chart for the foliation.

Proposition 2.9 (Disintegration). The ambient volume measure on 7= (U) C R™ disintegrates
with respect to the submanifold and the normal frame (nj)é?:1 as

volgn (A) = / voly (dx) / dBy ... dBr1a(Y(z, B))e” Jo by BiHI (v (w,58))ds (2.8)
U Bk
90
for any Borel measurable set A € B(w=(U)) in the tubular neighbourhood.

11



Proof. We apply the change of coordinates by the map defined by (2.7), which at every (z, 3) has
block-triangular derivative with respect to the orthonormal bases

(e1(z),...,em(x), 08 (x),...,08,(x))
and
(e1(¥(z,8)), ..., em(Y(x, B)), m(x),. .., nx(z))
in the domain and codomain respectively, since
(0,9 (2, B), €5 (x, B)) = (ni(x), e;(¢(x, B))) = 0.
Hence the determinant can be computed as
det D) = det ((De, 1, e;)) det((0p,¢, n;))
= det ((De,1), €5)) det(65)
= det ((De;1), €5))
for which we have the right-hand side of (2.4).

Denoting (e*)i,, (n')}_, the coframes characterized by e’(e;) = &} and n(n;) = 4%,

volgn (A) :/ Ta(z)el A Ae™ ANt AL ANF(2)
(V)
:/ el/\-~-/\€m(9@')/ dpr ... dBxla(Y(z, B))| det Dy (z, B)]
U B
sp

18112 B
—/UVOIM(dx)/B dBi...dpk1a(¢(x, B)) exp <_/o <H(w(x,w),n(:c,”/6”)> ds)

on the second line using the change of variable formula and on the third line plugging in the

determinant expression (2.4) with n(zx, 5) = Z§:1 %ﬂﬁw) and t = ||3]|2. The final expression is

k
70

obtained by the substitution s’ = ﬁ so that

I8l N R o &) n(o. o' 8) ds’
/ <H<w<x,”m>,n<xw>>ds— [ 18l (.8 0t '5) a

1 k
— [ Yo s s')s.
0 =

O]

Corollary 2.10 (Codimension 1). If M has codimension 1 then the ambient volume measure on
7Y (U) can be written in terms of the disintegration

volgn (A) = / / Ly (6 (z, B))e I HG@ @IS 43 ol (dr), YA € Blx=Y(U),
UJ—o

(2.9)
where voly (dx) is the volume measure of the submanifold M and H ((-, 3)) is the mean curva-
ture on the Riemannian submanifold 1 (U, 3).

2.2 Approximate transport maps

In the sequel, we work with transport maps which are only optimal up to sufficiently high degree
for asymptotically small diameter of support of the test measures. We present a result which
justifies the use of such transport maps.

Let X be a Polish space, P(X) the set of probability measures, define

P1(X) :={pn e P(X):3Ixy € X such that /Xd(xo,a:)u(dx) < oo}

and consider two families of probability measures (119)s=0, (143)s=0 C P1(X).

12



Lemma 2.11 (W, distance approximation). If diam supp 1§ = O(6°) and pu < p$ for every

&
d = 0 with the density satisfying sup,cpp 1, Z—Z};(CL’) =14 O(6"), then
2

sup Wi, p1§) — Wilp, pu3)| = O(6*+).
HEPL(X)

Proof. By reverse triangle inequality and Kantorovich-Rubinstein duality, Vi € Py (X):

W (e, 1) =W (1, 13) | < W (), 1)
— swp / F (@) (i () — dpi(a))

f€Lip, (X

- IR ( (2)d §<x>—du§<x>)

- Ssu T % ) — FY T
= o [ 5 ><dﬂg( )~ 1) du)
= sup /X(f(w) — F(20))O(8M)dps (z) = O(6++),

fELip, (X)

where zg € supp Mg is arbitrary. On the last line, we introduced the term

(o) (d”f(m) ~1) dia(o) =

X

because f(x() is constant and the density integrates to 1, and then used the 1-Lipschitz property
of f together with the O(6%) bound on the diameter of the support of j5. O

Let (19)5=0 C P1(X) be another family of probability measures.

Definition 2.12 (Approximate transport map). A measurable map 7° : X — X is said to be an
approximate transport from £0 to ug with degree k if 79 1% < po and the density satisfies

d Té é
sup %@) = 1+0(8").
wesupp pz Ay

Corollary 2.13. IfT° : X — X is an approximate transport map from 110 to ,ug with degree k
and diam supp i = O(6°) then

Wi (il pd) = Wi (u®, T2 ) + O(6*T).

Proof. Set u‘f := T9% and apply the previous lemma. O

2.3 Test measures in Fermi coordinates

Let (M, g) be a Riemannian submanifold of codimension k in R™* and U ¢ M an open neigh-
bourhood of a point xy € M as in Notation 2.2. The Fermi coordinates are a suitable tool for
explicit computations and will be used throughout the rest of this work. The following is a modi-
fication of classical Fermi coordinates to the submanifold setting.

Definition 2.14 (Fermi coordinates). Let v : (—dp,d9) — M be a unit speed geodesic with
do > 0 small enough for v to be contained in U, ¢ the uniform injectivity radius in M along 7y
and o smaller than half the reach of U in R™**. Let (e;)™; be an orthonormal frame for the
fibres of T'M along ~y such that e; (1) = (1) and V,].ywei(oq) =0fori=1,...,m and every
a1 € (—6o,00). Also let (n;)%_; be a local orthonormal frame for fibres of the normal bundle
T M+ along .

13



Denote by B™~! the centered ball of radius ¢ > 0 in R™~' and by B¥ the centered ball of
radius o > 0 in R*. Denote o = (a1, ..., ), 8 = (B1, ..., k) and define

¢ : (—50,50) X Bm—l X Bk — Rm+k,
k
¢(Oé,6) = €XPM y(a1) <Z azez a1 ) +Zﬁ]nj(a)
j=1

which is a diffeomorphism provided that dg, g, 09 > 0 are sufficiently small. This is referred to as
the Fermi chart along « adapted to the submanifold M. See Fig. 3 for an illustration on a 2-surface
in R3.

The Riemannian metric is expressed in the Fermi coordinates as

gij(a) = (aai¢<a?0)7aaj¢(a?0)>' (2.10)

Remark 2.15. The advantage of ¢ over a generic v as given in Notation 2.7 is that ¢ is adapted to
the geodesic 7 in a way that simplifies computations of distances relevant to our optimal transport
problem. The chart ¢ yields again a foliation {¢(U, B8) : B € B% } of M,,.

Definition 2.16 (Test measures). Denote the cylinder-like segment in R™ of height o and radius
centered at z € M as

Byc(z) :={z € My : dy(m(2),x) < e}

and let 1 be the Lebesgue measure on R™. For any xz € M define the family of test probability
measures

M(A N Bas(x))
VA € B(R") : puo¢(A) = 02 Zoed))
1(Boe(x))
indexed by €, > 0.
Denote @ = («ag,..., Q) so that « = («ay,&). The main purpose of the expansion in the

following lemma is twofold. First, we use it to design the third order corrections in the approximate
transport map of Definition 2.18 so that density matching occurs in Proposition 2.23. Second,
the first order term of the expansion interacts with first order term of pointwise distance when
integrating to get the Wasserstein upper bound in the proofs of Sections 3 and 4.

Lemma 2.17 (Test measures in Fermi coordinates). For anyy = (9), the expansion of the density
of test measures in Fermi coordinates is

(65 1) (dav, dB)
:%ﬂé (5—{—0&1, ,,8 <1—251HZ Zzajﬁz o io¢)(0)
i=1

=1 j=1

k ‘ 1 F ‘ , 2.11)
= D BiBi0s,(H 0 9)(0) + 5 > BifH'(6(0) H (6(0))

i,j=1 i,j=1

1 m m
+ 7 D D Do, O, 0ii(0) + 0(53)> dodf

a,0=2 i=1

where Z is the probability normalization constant and g = (gi;) is the Riemannian metric of M
in Fermi coordinates given by (2.10).

Proof. First, note the pull-back of the test measure p;° (dev, df3) to Fermi coordinates is
(&3 g ®) (dar, dB)
1 . ! _
= Zﬂéo,s (a1 + 6,4, ) exp (—/0 18Il (H(¢(ev, s8)), n(d(cx, s8))) ds) (65 'volas)(da)dp.
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The Riemannian metric in Fermi coordinates expands as

g9ij(a) = gij(0) + Z @00, 9ij(0 Z g0 0a, 00, ij(0) + 0(53)
/=1 qE 1

1 m
= 51] + 5 Z aqagaaqaaegij(O) -+ 0(53).
ql=2

(2.12)

Indeed, 0, gj¢(01,0) = 0 for all oy € (—0do, dp), and hence also Jn, On, gje(t1,0) = 0. We show
this by cases:

* Vi,j, 0 =2,...,m: 0;gje(c1,0) = 0 because for every fixed a; €
normal coordlnates within the injectivity radius of exp. (o) ({¥(a1)}
e.g. [2, Sec. 1.4] for a proof).

50,(50) (ﬁ(Ozh )are

(=
Ly c M aty(ay) (see

* Vi,j=1,...,m:01gij(a1,0) = 0forany oy € (—dp, do) as the orthonormal frame along
~ used to define the Fermi chart is parallel translated along ~y.

e Vi=2,...,mandj=1,...,mand any ay € (—dp, o),
9ig1j(a1,0) = (8a,0a,¢(a1,0), 04, ¢(1,0)) + <3a1¢>(061,0),Vgi¢3aj¢(041,0)>
_ <vﬂ§; 500, 6(01,0) — V3! ¢8ai¢(a1,0),8ajqﬁ(a1,0)> —0

using that V§:1¢8ai¢(a1, 0) — Vg/ild)@aigb(al, 0) L M and Vgid)@ajd)(al, 0) = 0. The
latter vanishes for j # 1 again by normality of the chart on expv(al)({f'y(oq)}L), and for
j = 1 because 0, ¢ is given by parallel translation along ~.

The Riemannian volume expanded in the Fermi coordinates then simplifies to

o VolM da) = y/det gi;(a

1
. 3
=det [ 0;j + = Z g8, 00, 9ij(0) + O(€®) | da
q,0=2

N —

1 &
= |14+ 4 Z Z aéaaqaouzgw( )+O(€3) dev.

q,0=2 i=1

Moreover, expand the exponent in the normal part of the disintegration as

/IIﬁIIH (@ 58))d /Zﬁl o0, 56))ds

*Zﬁsz Zajﬁl aJ iOQZ))(O)
- Z B0, (H" o ¢)( ) +0(&%)

1,J

and apply the approximation up to second order e* =1 + = + % + O(2?) to obtain

o (- / 1B Hu( (o sﬁ))d8>

—1—ZBZHZ Za]ﬁz o (H' © 9)(0) (2.13)
= 2 BiBs0s,(H' 0 6)(0) + 5 Z BiB H'(6(0) H' (6(0)) + O(5°).
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We conclude the result by taking the product of the two factors (2.12) and (2.13), merging third
order terms in «, 3 into O(63) by the assumption € V o < %
The probability normalization constant can be deduced by integration of (2.13) with respect

to pug° as
Yy 1 i
Z=14 ;0" H 2 s

and so

k
z- ' 2(kzl+ 2)02;:;1%((?(0)>2 o

2.4 Proposed transport map

As mentioned in the introduction, when considering an embedded manifold, it is crucial to include
the mean curvature in the transport map. We will show that the transport map proposed below
is an approximate transport map with degree 3. We then present a criterion for optimality of the
proposed map in Lemma 2.25.

Definition 2.18. Define T : B, .(x9) — By (y) in Fermi coordinates as
T(¢(a, B)) = ¢(6 — 1,00, ..., Oy,

51— (0 = )0 — 20100, (H' 0 6)(0),

B 50" = A6 - 200)00, (4 0 6)(0)).

Denote by & = (aa, . . ., a;,) and similarly for &', and denote the input vector on the right in the
above definition as (o, §’). Note that

oy =6—a;, & =a B =B+0().

Remark 2.19. Observe that 7" is a local diffeomorphism and

k
[det D(¢~" 0 T 0 §)(, B))] = 1= 3 Bild — 201)0u, (H' 0 9)(0) + O(F%)  (2.14)

i=1
and deduce
|det D(¢~ 0T o¢) (o, 8'))] = [det D(¢ o T 0 ¢)(ar, B))|

k . (2.15)
=14 Bi(d = 201)0a, (H' 0 $)(0) + O(5*).

i=1
Remark 2.20. The third order terms in the definition of 7" are adjustments to cancel out second
order terms in the proof of Proposition 2.23 below, obtaining an approximate transport of degree
3 as a result. In fact, the form of T is tailored precisely for this to occur. It turns out these third
order adjustment terms do not influence the Wasserstein distance computation up to order 4.

We need two general lemmas to show that 7" is an approximate transport of degree 3.

Lemma 2.21 (Density under pushforward). Let X,) be measurable spaces, ¢ : X — Y a
measurable bijection with measurable inverse, and i, v two measures on X with |, < v. Then the
push-forward measures are also absolutely continuous with density

d(up1)

i,
T @) = L @) 216

dv
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Proof. For all measurable sets A C X,

bep(A) = p("(A))

O

Noting that the representations (2.8) and (2.9) are decompositions into skew-products of two
measures, the following will be used for density comparisons.
Let X', ) be measurable spaces. Given measures {y} : y € Y} on X' and a measure 2 on

Y, the skew-product is defined as follows: For all bounded measurable real valued functions f on
X®),

11 @ pa(f) = /y /X £, y)dad () dp ().

Lemma 2.22 (Skew-product density factorization). Consider two families of measures (11),cy
Y
and (v{)yey on X such that jif < v for every y € Y and the map (z,y) ZLI},(SU) is measur-
g1
able. Furthermore, let uy and va be measures on Y with ps < vo. Consider the skew products of
(1Y) yey with pg and that of (v)yey with va. Then 11 @ pg < v1 ® vo and

d(p1 @ p2) _dp{, dmn
d(r1 @ v9) () = dvy () dvy

(y)-

Proof. Plugging in the densities, Vf € My ® M3 bounded:
o) = [ [ 5o
d d
- [ [ e @ S it @i
v

dl/2
- [ [ fen @ 2w o m)y
Vl 1/2
= [ [ e G o)),

We verify that the density of Thug; via T matches that of 5 up to O(53).

Proposition 2.23. The proposed map is an approximate transport map of degree 3, i.e.

d(Typay)

G (000, 8) =1+ 0(").

Proof. First, combining the elementary change of variable formula with the Fermi coordinate
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representation of jug; , with notation of Definition 2.18 we have

(65 Tupgy) (dav, dB)
- (¢ 'oTo ¢)*(¢* 1:“;5)((10‘7 dﬁ)

1 k ' kK m
=Zﬂgg,5<a’1—&@’ﬁ’)(l—;ﬁ;ff%aﬁ(o»—;g Bi0a; (Hn, © ¢)(0)

k L F (2.17)
= D BiBj0s,(H 0 9)(0) + 5 D B H!(6(0)H (6(0))

i,j=1 i,j=1

m m k
+ i 3> g0y 00,9i(0) + > Bi(5 — 2001)0a, (H' 0 ¢)(0) + 0(63)>dad6

a,0=2 i=1 i=1

using the expansions (2.15) for the determinant of ¢~! o T o ¢ and (2.11) for the coordinate

representation of ¢, !5y .

We use Lemma 2.21 to push the density into Fermi coordinates, and then Lemma 2.22 allows
us to take the ratio of the densities of (2.17) and (2.11), obtaining

ATopizs) (oo gy — U Topizs)
dug,s (¢( 7/8))_ (¢*1 06) ( 75)

=1z (ol =80 (1+ 0(5%))

because the second order terms cancel out. Here we also used that 7' is a diffeomorphism from
By e(0p4%) t0 By (0, 0y 4-—1), hence

L, 0@, 8) =15 (a1 —10,6,5).
]

Remark 2.24. Building upon the preceding proposition and leveraging Corollary 2.13, we readily
deduce that the proposed transport map satisfies:

Wy (Hg{f’ ug,a) =W (Mzo ) ,uag) + 0(54)

taking also into account that supp Ty g, = supp iy~ leading to diam supp Tz = O(5) when
ocVe < g. Thus, when computing the coarse curvature, we may use Wi (ug; , Tijiqy ). This is
justified as terms involving the second fundamental form at the point zy emerge only at the third
order in the expansion of Wi (ugy , ig’°), making precision up to O(5%) sufficient.

The following will allow us to deduce a Wasserstein lower bound from an upper bound pro-
vided by an approximate transport map of degree 3, and merging these into a both-sided estimate
up to O(4%).

Lemma 2.25. If f : Bos(z0) C R™* — R is smooth and takes the form
f(T2) = f(z) = ||T=z = 2| + O(6") = O(6) (2.18)
and the magnitude of its gradient satisfies

sup | Vf(2)]| =1+ 0(5)

z€Bys(x0)

>

then for all o, ¢, 0 sufficiently small with o \V € < ¢,
Wi gy, Tepiy) /HTZ — 2|l dug; (2) + O(6") = /(f(TZ) — f(2))dpgs (2) + O(8").

18



Proof. Using the expansion p%a =1—a+ O(a?), we deduce that

-1
< sup Wf(z’)\) J(z) = (1+0@*)F(2).

2’ €Bas(z0)

By the mean value theorem, a differentiable function divided by the supremum of its gradient is
1-Lipschitz. Then by Kantorovich-Rubinstein duality

-1

Wiz, Tepiy ) = /B()< sup HW‘(Z’)H) (f(Tz) = f(2))ugy (dz)

z'€Bas(x0)

B /B ( )<1 + O(6)(f(Tz) — f(2)dud’ (o, B)
= [ @) - s + 0
Bo e (x0)

= [ rs - i) + 0
Bs 5(130)

Wl (ILLLIZO ’ */‘I’xo ) + 0(64)
using the assumption (2.18) on the third and fourth line. ]

Finally, in order to integrate over the correct range of Fermi coordinates to cover precisely
By < (z0) as the support of pg; , we need to find the range parameter () such that if

k

Bo:(0) := {(, B) : Jaz| < 57206 < Zﬁ? < 02} c R™tE

]:2 =1

then
#(Boe (0)) = Be(0)-

This is a necessary consideration, because in general non-flat spaces
¢(Ba,e (0)) # Boe(wo)-

The following is a classical result of Toponogov, which is a generalization of Pythagoras
theorem for Riemannian manifolds and gives a characterisation of sectional curvature. See e.g.
[31] for a proof.

Lemma 2.26. For any point xo € M and any w1, ws € Ty, M sufficiently small, the Riemannian

distance between exp,, (w1) and exp,, (w2) has the expansion

1
d(exp,, (w1), exp,, (w2)) = |lwr — wz| — 3 (R(w1, wa)wa, wr) + O(max([|wil], [lw2]))°)-

As a consequence, we deduce that given a coordinate o1 € (—¢, ¢), the range parameter ()
is characterized by the relation

& = o + (a)? + Omax(af, e(a)?))

where the coefficient in the remainder term only depends on a fixed neighbourhood of xy. This
implies €(a) = O(e) and

c(@) = (1+0(2)y/e? — a2 = \Je2 —a? + O().

We shall label the remainder term 7(a) = O(e?) for the purpose of the following proof. The
next corollary will allow us to ignore the distinction between B, .(0) and B, -(0) up to O(5*)
whenever we integrate with respect to the test measure 47, in Fermi coordinates.
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Corollary 2.27. If P : R™% — R is a polynomial with no constant term and max(o,¢) < 0 then

/ P, B)d(67 1% ) (a1, B) = /B o, P DA T 0,8) +0()

Bs.-(0)

Proof. We split the domain of integral on the right so that one part matches the domain on the left
and the integral of the other part is O(6%):

/ Plav B)d(67 155 ), B)
B,,-(0)

S PR OO O ST

I6ll<o
- 1,06
_/alss,mimf(avﬂ)d(% figy ), B)
+ Pl Aoz )01 6)

|1 |<e,—[r(a) <&l —+/e2—a2<|r (@)
- / Pov, B)d(65 125 (e, B) + O(8Y),
3075(0)

on the last line we using that P(c, 3) has no constant term and 7(«) = O(e3) = O(53). O

3 Curves and surfaces

We establish explicit formulas for the coarse extrinsic curvature defined by (1.4) in four practically
relevant cases: a circle, a planar curve, a space curve, and a surface. We begin by presenting the
common setup shared among all these cases.

3.1 The circle example

Our motivating example is the circle S}% with a fixed radius R > 0, which avoids technicalities
arising from varying radius in the osculating circle, an issue that will be addressed in Section 3.2
in the case of planar curves.

Notation 3.1. Denote the polar coordinates
_ ((R—=pB)cos(a/R)

where o € (—7R, mR) parametrizes arc-length distance from the point (R, 0) along the circle and
B € (—o,0) parametrizes the direction normal to the circle.

Denote z := ¢(0,0) = (R, 0) and for every § > 0 denote y := (gsclis((;//]g))>

Lemma 3.2. The test measures in polar coordinates take the form

’, 1 p
(63 ' ug®) (da, dB) = 1oc Lo-cdte)x(~a0) (@ F) (1 - R) dadp.
Proof. At any (« 5) the radial coordinate is R — (3, the radlal length element is dﬂ and the
angular element is 9, giving the volume element (R — 3)d =(1- —)dadﬂ with ;. as the

probability normahzatlon factor for the support (§ — &,d + 5) (—o,0).
This is consistent with the formula of Proposition 2.9, as the mean curvature at («, 3) is
which gives the density

1
R—5

1
o Jo wspds _ Jog(R—p)-logR _ 1 _ B

=

n(d—¢ed+e¢e)x(—0a,0). O
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The transport map of Definition 2.18 boils down to

T(6(0 ) = 006 - a.) = ([~ 5ol 0=, 62)

and note that y = T'xzog = T'(¢(0,0)). See also Fig. 1 below.

Remark 3.3. In this case the transport map 7 is precise in the sense that Ty gy = ;. Indeed,
for any f : R> — R Borel measurable,

/ FATpTo)(z) = / F(T2)dse (2)

/ F(r )d(¢; " 1) (dev, dB)

~ doe /f L(—ce)x(=a0) (@ B) (1 — g) dod
405/f 8=, B)L(—ee)x(o0) (0 5) (1—Z)dadﬁ
405/f @ B))L(5-c5t2)x(~o0) (@ ) (1—£> dadp3

~ [ s@augee)

Proposition 3.4. For all 6,¢,0 > 0 sufficiently small with o V € < %, it holds that

o o . 0 1 . € o2
Wl(/JIIE)E, ,LLy"s) = 2R2 sin <2R> g S1n <E> <]_ + 3R2)
2

R . e o
= leo 1 Zsn () (14 57)

Proof. For every point z = ¢(a, 3),

Tz — z|| = 2(R — B)sin <5 ;RQO‘) ,

which is the Euclidean distance of two points on the circle at angle 9=2a 20‘ apart. Integrating with
respect to the test measure yields

Wa (45, ) / 1Tz — 2lldugs(z)

B I} . 0 — 2
—F‘g 3 dﬂ da(l—R>2(R—,8)sm< °R )

0\ 1 € o2
_ 2 iy _ R
=2R 5111(2 >€sm< )<1+3 2).

For the lower bound, we test against the 1-Lipschitz function

fz) = <zxo,m>. (3.3)
We have
- s-s0- (S8 () - (545 ).
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and so ||y — xo|| = Ry/2(1 — cos(6/R) = 2Rsin(d/(2R)), giving

y — o 1 <COS(5/R) - 1) , (3.4)

ly — o — 2sin(6/(2R)) \ sin(d/R)

Then we compute using (3.1), (3.2) and (3.4):

) = 1) = (960~ ) — o 8), =20

ly — ol

(R—B) <cos((5 —a)/R) — cos(a/R)) . (cos<5/R) - 1)

- 2sin(6/(2R)) \sin((d — o)/ R) — sin(a/R) sin(d/R)
__R-5 cos(a/R) — cos((6 — «

= 2(R — §)sin((6 —20)/(2R)) = || Tz — z||
by trigonometric identities. Therefore
Wilpgy s 1y©) /f (dug=(2) — dugy (2))
= [@s) - renaze)
= [ 2duzi,
which shows the lower bound agrees exactly with the upper bound. O

3.2 Planar curve

Let~y : (—dp,8p) — R? be a smooth unit speed curve. As before, let 7 := v(0), y := v(5) where
4 € (—do, do).

The normal vector field along ~ is given by n(«) := ”W'E ;H , the radius of the osculating circle
is R(a) := M(la)” and we have the relationships
_ n(a B 1 R(a)
’Y(a) - R(Oé ’ 7(04) R(O[)Q’Y( ) R(Oé)zn(a)’ (3 5)
_ o) _ R oL |
n(a) - R Oé), (Oé) R(O{)2 (a) R( )2 (Oé)
Let ¢ : (=69, 00) X (—00,00) — R? be given as follows:

¢(a, ) := y(@) + fn(a).

This is the Fermi chart along . While we have the general Fermi coordinate representation in
terms of the expansion in Lemma 2.17, in this case we arrive at a precise form:

Lemma 3.5. The test measures aty = ~y(0) are

1 B

Toc Lo—edte)x(- o0) (@, B) <1 - > dodp. (3.6)

1 O'E o
(6545 (dov, dB) = G

Proof. To evaluate H (¢(«, B)) in applying Proposition 2.9, normalize the vector field tangent to
the curve a +— ¢(c, 3) and compute the second derivative in R? as

Oa ((%éb(oz,ﬂ) >: 0ad(e,B)  (Oad(a,B), dadla, B))
10ad(c, )| \10ad(c, B)II ) [10ad(a; B)I1? 10ad(c; B)I?

dad(a, B).
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Figure 1: Planar curve case: test measures in red with some transport pairs of 7" in blue.

The second term is tangential to the curve, so may be ignored for the computation of H. Moreover,

2 =Y(«a n(a) = R(a)'a S n{«a
020(0,5) = i(e) + fii(e) = g () + s (1= 7 )

2 _ s Bala)l—? — B\
10ad(a B)17% = 14 + Bir(a)| —(1 R(a)> |

Note that n(«) is normal to o — ¢(av, 3) for every (3 since
(n(a), dadp(e, B)) = (n(a),j(a) + fn(a)) =0,

therefore the mean curvature is

H<¢<a,ﬁ>>=<n<a> 0o <3a¢(a,5) >>

) Haa(b(Oé,IB)H Haa¢(a’ 6)”
1
= Touda pp (@) 020 5))
()
= R(a) R(«) R@)) " Rla) =8
Finally,
eI H(¢(e:5)dB qodB = e~ J5 mdﬁldadﬁ - (1 N R(ﬂ&)> dadf 3.7

and the Lebesgue measure of the support ﬁ is the normalization factor because the 5 term van-
ishes when integrating over € (—o,0). O

In this case the proposed transport map of Definition 2.18 reduces to

T(¢(c, B)) = ¢ (5 —a,f— ;]f(gé (0 — B%)(0 — 2a)> .

As a consequence of Corollary 2.13,

Lemma 3.6. Forall §,e,0 > 0 sufficiently small with o V € < %, it holds that
Wi(ugy s my®) = Wangy Toudy) + O(6%).
For notational ease we shall from here onwards denote R := R(0) and R := R(0).

Proposition 3.7. Let v be a smooth unit speed curve in R? such that v(0) = xo and v(§) = y.
Forall §,e,0 > 0 sufficiently small with o V € < g, it holds that
Wiz ) = o — il (1= 5 + 25 ) + 08"
1:“.1’0?1“y = 1|To — Y _6R2+3R2

where R is the radius of the osculating circle of the curve at xg.
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Proof. Lemma 3.6 allows computing W1 (g, Tijiqzy ) instead. Throughout the proof, terms of
order 5% and higher are absorbed into O(§*). For the upper bound, we compute by expansion with
respect to the orthonormal basis (7(0), n(0)) at o,

2 3

B0, B) =1(0) + B(0) + a(5(0) + Bi(0)) + 5-(5(0) + Fia(0)) + F75(0) + O(3")

2T 2 37 2
=xo+<a—0§—6m+ﬁ2‘;f>fy(0)+<ﬁ+“—O“R—ﬁo‘>n(o)+0(54)

(3.8)

having inserted for the derivatives at 0 using the list (3.5). Then the distance of the transport pairs
up to order 4 is

IT(d(ex, B)) = ¢l B)|| = [|6(6 — o, B) — d(ev, B

1 R
(1‘2‘632(52‘50‘“‘ )+25R26+0(63)> ¥(0)

(06 no

having used the factorizations (6§ —a)?—a? = (§—2a)(62—da+a?) and (—a)?—a? = §(—a).
By orthonormality of (4(0), n(0)), we compute this norm as

2 2
(1—5—1(52—5a+a )+ﬁR5+0(53)) + (2‘;+0(52)> ]

= (0 — 2a)

(3.9)

N

5—2
(6 = 2a) R~ 6R2 2R2

N

= (6 — 2a) 1——B+6—2*L(5275a+a2)+£ﬁ5+—52 + 0(6%)
R ' R? 3R? R? 4R?

= (5~ 20) <1ﬁ I 255>+0(54)

R 24R?> 6R? 6R2
(3.10)
by the expansion /1 +xz =1+ %:c - %mZ + O(?) for the square root on the last line.
Moreover, expanding the volume distortion factor as

(1—}3?{0) :1—%+%aﬁ+0(53)

and multiplying the expression for ||T'(¢(a, 8)) — (v, B)]| by this factor, we integrate and note
that only terms of even order in both o and 3 contribute, yielding

Wi (Mggf, i)

S doe / /_U dp <1 -5t ﬁaﬁ + 0<53)> IT(¢(v, B)) = b(ax, B)

3
52 2 R
x(5—2a)<1 % 24R2+ ;2_601[%2+2R265)+0(54>

2 2 o2 ,
g 1 — —
g ( 24R?  6R? 3R2) +00@)

— lly — zol| gL + oY),
— =0 6R2 " 3R2
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To obtain the factor ||y — z|| on the last line, we applied that

52
o= s0ll =3 (1 577z ) + 060"

which can be deduced by plugging in for &« = 5 = 0 in the previous computation of 7'(¢(a, 3))

#(a, B). The o? coefficient came from integrating the 32 term of the integrand, -2 3 = % fg(—

(—E)dﬁ . The terms with odd power in « or 5 such as d«/3 vanished as they are mean zero.
We proceed with showing the lower bound, using again the 1-Lipschitz test function

1) = (o=, L2200,

ly — ol

e

Express the vector between the centres of the two test measures, recalling (0) = xo,
7(0) = 7(0) = T(¢(0,0)) — ¢(0,0)
52\ . d 2 4

This vector has magnitude

2
Ih(8) =1l =3 (1 547 ) + 066"

and so we deduce that

y—xo _ 7(0)—~(0) _ 62 : Y
=20l = Th® =70 (1 8R2+O(53)> 1O+ <2R+O(52)> n(0)-

Then we compute, using the expression (3.9) for T'(¢(a, 5)) — ¢(«v, B) obtained above,

f(Tz)— f(z)
_ <T(¢(a,6)) - ¢(0‘75)’M>
. 2

+ (0 — 20) <2(; - 0(52)> <2i% + 0(52)> + 0(6%)

B 52 da o  BOR A
—(6-2a)(1-2 - :
(6= 2) < R o Ter o tare ) TO0)

We see that this agrees with the pairwise transport distance (3.10) up to O(64), hence Lemma 2.25
applies and the upper and lower bounds agree up to an O(5%) term. O

3.3 Space curve

Let v : (—dg,60) — R3 be a smooth, unit speed curve with velocity 7. Define the unit normal and
binormal vector fields along ~ as

(o) _ @) % nfa)
Al P T

This yields the so-called Frenet-Serret frame (§(a), n(«),
y for the radius of the osculating circle and () == ||

n(a) :=

b(a)) of R? along . Writing R(a) :=
EICI ﬁ/( b(a)|| for the torsion, the Frenet-Serret
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formulas give relationships between the vector fields of the frame,

) = e
n(a) —;(Z)) + 7(a)b(a), G.11)
b(a) = —7(a)n(«)
From these, we deduce the higher order derivatives
0) =~ @)~ (@) + Fba)
n(a) = }?((j))zy(a) — <T(a)2 + R(L)2> n(a) + 7(a)b(a), (3.12)
T(a) .

blo) = F254(@) ~ F(an(@) ~ 7(0)b(a).
We will employ the Frenet-Serret frame for explicit computations of distances between points
in the tubular neighborhood of a space curve. Additionally, we will employ it in formulating a
sufficiently accurate approximate transport map between test measures, represented through an
expansion in Fermi coordinates.

Definition 2.14 for Fermi coordinates requires a choice of a local orthonormal frame of the

normal bundle along . We choose (n1, ng) as follows:

n(a) — ar(a)b(a)

)i OO _ (1 0(a))ne) - ar(a) + O (o)
mmyzwwﬂjxgﬁw:u+ommu@+mﬂ®+ommmm

where n, b come from the Frenet-Serret frame.

Definition 3.8. Define the Fermi coordinates ¢ : (—dg, 59)* — R3, adapted to -, by the formula:

d(a, Br, B2) : = v(a) + fini(a) + Bonz(a)

Y
(@) + (B1 + afer(a) + O(63))n(a) + (B2 — afir(a) + O(5°))b(a).

Denote R = R(0), R = R(0), 7 = 7(0), 7 = 7(0).

Consider the family of curves {« — ¢(«, 51, 82) : (51, 82) € Bs}. Denote the particular unit
normal vector fields
1

VB + 53

The mean curvature of each curve in the direction n is expressed as

n(a, B, fe) = (Bini(a) 4 Bana(a)) .

- o Ao aa aagb(a’ﬂlaﬁ2)
<H<¢’<O"Bl’B”)’“(“’ﬁ“ﬁ?”‘< (B P2)s 1 51, B )] <|raa¢<a,/31,ﬁz>u>>

8§¢<0‘7 B, /82) >
H8a¢(06,61,,32)”2 ‘

where the second equality holds because n is normal to d,¢ by Lemma 2.4.

= <fl(0¢, Bla B2)7

Remark 3.9. We perform computations in terms of the Frenet-Serret frame as it can be interpreted
in terms of the radius of the osculating circle and torsion of the curve.
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Figure 2: Space curve case: test measures in red with some transport pairs of 7" in blue.

(1) As a special case of Lemma 2.17, using that the mean curvature components are

H'(6(0)) = (n(0),5(0)) = <n<0>, ;;f(gg> -

H2(6(0)) = (b(0),5(0)) = <b<o>, ;;f(gg> —0,

the test measures at every y = -y(d) in Fermi coordinates along - are

(65 1g®) (dov, By, dBo)
B 15, (o1, o) <1 A
 Jp, (U (s B, B))d(dx g ) (@, B Bo) U R(0)

+ (e, B1, 52)) dadB1dB2

where (o, 31, B2) = O(4?) is the remainder.

(2) The proposed transport map of Definition 2.18 reduces, in this case, to

T($(cv, B1, B2)) = ¢(6 — v, B1 + O(6%), B2 + O(8°)).

These expressions will be used in the proof of the next theorem.

Theorem 3.10. Let v : (—8p,d0) — R3 be a space curve with xg = v(0),y = () and pug; , py*
the test measures defined in Definition 2.16 with coordinate representation of Remark 3.9. For all
8,0,e > 0 sufficiently small and with o \/ € < 3, it holds that

o2 g2

o, 0.\ __ 4
Wau25.157) = oo = ol (14 {7z — o) + O

where R = m is the radius of the osculating circle.

Proof. Due to Lemma 3.6, it is sufficient to work with the distance W1 (ug; , Tipiay ) as it approx-
imates W1 (ugy , py°). The computation of the pairwise distances is similar to the planar curve
case, (3.9), with additional terms due to the component b(«). Concretely, since

b(a) = b(0) + ab(0) + %a26(0) + 0@

a’r . 1 5. 1

= 5510 — <m + 50 7’) n(0) + <1 — 20?72) b(0) + O(a?),
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and using the derivatives (3.11) and (3.12), compute

3 2 T 2
Pl f) = ot (0‘ it t 0(54)> 3(0)

) (3.13)
+ (51 + S—R + 0(53)> n(0) + (B2 + 0(5%)) b(0).
Then similarly to (3.9) we obtain
|T(p(cr, B, B2)) — ¢(v, B, B2) |
= Hv@ —a)+ 4in(d — a) + fob(d — a) — y(a) — fin(a) — Gab(a)
_ 5 DR AP oy, BIR | PBadr Y
= (6 — 2a) <1 7 6R2(6 da + o) + 2R25+ o +0(d )> 4(0) Gt

4 (2;5 + 0(52)) n(0) + 0(52)b(O)H

— (5 — 20a) (1—51— # o o +51R5+525T+0(53)>.

R 24R? ' 6R? 6R? ' 2R2 2R

The Wasserstein distance upper bound is then computed by integration with respect to yg;, using
the coordinate representation of Remark 3.9 as

Wi (pzy Tepizy) </ IT(¢(cx, B, B2)) — blev, B, Bo)lld(d 1) (v, B, Ba)

Bgs,e

52 g2 2 ,
=0 (1_ 2aR? IR 6R2> +00)

0'2 82 4
—zwo—yl (142 - =) 100
applying on the last line that ||zg — y|| = (1 — %) + O(6%). In the integral on the first

line, terms of odd order vanish upon integration, and the remaining terms amount to integration of
quadratic polynomials.

We now address the lower bound. Analogously to the plane curve case, define the test function
for the Kantorovich-Rubinstein duality as

f(¢<a, 51,ﬁ2)) = <¢(a, 51752) — o, H??j:zzu>

which is again clearly 1-Lipschitz in R3. We wish to apply Lemma 2.25 to show the lower bound
and upper bound coincide up to O(§%). Noting that y — z9 = ¢(,0,0) — ¢(0,0,0), we deduce
from (3.14) that

2
y—1z9=20 (1 — 6% + 0(53)> 5(0) + 6 <2(; + 0(52)> n(0) + O(6)b(0),

52 3
o= s0ll =6 (1= 577 +06") )

and so

At (1 24067 ) 4(0) + (g + 06 ) m(0) + 00
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M

Figure 3: Fermi coordinates along + adapted to the surface M embedded in R3.

Therefore

f(o(T (e, B1, B2))) — f(ev, Br, Ba)
= <T(¢(a,5l,52)) — é(a, 1, B2), Hg;—a:o>

— x|
B 62 b o®  Bi6R  PBedT 5
—(5—-2a) (12— . 5| .
( O‘)< R o T ore eme T ame oo TO0)

This is the same expression as for ||T'(¢(cv, 81, 82)) — é(«, f1, B2)||, hence Lemma 2.25 applies
and the lower and upper bounds agree up to O(64). O

3.4 Surface

We now consider a smooth 2-surface M C R? and 7y : (—1,1) — M a unit speed geodesic in M,
denoting again xg := 7(0),y := () for § > 0 sufficiently small. Let n € T'(T' M) be the unit
normal vector field and m € I'(T'M |.,) the unit vector field along ~y orthogonal to the velocity 7.
Both n and m are unique up to sign.

Definition 3.11. * Define the Fermi coordinates ¢ : (—dg, dp) X (—ep,€0) — M along ~ in
M as
P(a1, a2) = eXPyf(ap) (@2m(ar)).

* Define the Fermi coordinates ¢ : (—dg,8g) X (—¢€0,€0) X (—09,00) — R3 along y in R?
adapted to the surface M as

(a1, az, B) = P(a1, az) + Bn(ar, ag).
See Fig. 3 for a graphical representation of 1 and ¢.

» For i,j € {1,2} denote the components of the second fundamental form in the Fermi
coordinates

Iij(a) = (n(), 8a,0a,6(a,0)) .

Remark 3.12. We point out that we overload the second fundamental form symbol I depending
on the context of use. In the notation (1.1) and in the statements of Theorem 3.16 and Theorem 4.1,
the subscript is the point zo on the manifold and the bracket arguments are tangent vectors. On
the other hand, in coordinate computations taking place in the proofs, the subscripts will represent
components with respect to the Fermi frame at Fermi coordinates «, 3 in brackets.
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Similarly to the Frenet-Serret frame in the case of a planar curve, we now consider the or-
thonormal frame (%, m, n) with the intent to expand at xg, i.e. a3 = g = 5 = 0.

Lemma 3.13. The first derivatives of the normal vector field at (a1, ag) = 0 are
6a1n(0) = —]Tll(O)")/(O) - ﬂlQ(O)m(O), 6a2n(0) = —]IQQ(O)HI(O) - 1[12(0)"}/(0). (3.15)

Hence the derivatives of ¢ at (a1, aa, B) = 0 up to third order are

956(0) =n(0), 95p(0) =0 fork > 2

90, #(0) = 4(0),  0ay¢(0) = m(0),
90,0a;0(0) = I;;(0)n(0), i,j € {1,2},
980a,6(0) = —11;(0)¥(0) — L;2(0)m(0), i€ {1,2},

03,6(0) = —111(0)*4(0) — 111 (0)I12(0)m(0) + Jo, 111(0)n(0),
Oy 03, 0(0) = —I11(0) I52(0)(0) — I12(0)M22(0)m(0) + Iy, M22(0)1(0),
oy 021 6(0) = —I11(0) 12(0)5(0) — I12(0)*m(0) + Ja, 111(0)n(0),

9, 0(0) = —I2(0)I22(0)7(0) — I22(0)*m(0) + Ba, T22(0)1(0).

Proof. The derivatives involving 0 are clear, recalling the definition

(a1, az, B) := (a1, az) + fn(ag, az),

and the first derivatives in a1, ag follow from the definition of ¥ (a1, o).
For 0,,1n(0) we check its components with respect to the frame (¥, m, n),

(0)) = 5%, (n1) (0) =0,
<aa1n(0)7'7(0)> aoa <n7 aoz1w> (0) - <n(0),8§11/1(0)> = _1[11(0)7
(0)> 8061 <n7 aa2w> (0> - <n(0)7 804180621/}(0 > = —ﬂlg(O)

and similarly for d,,n(0).
For the second derivatives in oy, oz at (aq, 0,0) for any oy € (=g, ) and j = 1,2,
8(11804]' ¢(C¥1, 07 O) = 80&18 1/1(0417 0)
3
= VR 80471/}<a17 ) - Vgilaa,ji/’(aly O)
- -”( a11/}(a1) )7 8Oéjw(alu 0)) = -”lj(alv O)D(Oél, O)
having introduced the term Vgil Oa;¥(1,0), which vanishes for j = 1,2, because a; — (g, 0)

is a geodesic on M and m(«; ) is the parallel translation of m(0) along +. By the same argument,
for any (a1, a2) € (—60,00) X (—€0,¢€0),

332¢(041, az,0) = lya(0, az)n(ag, as)

because ag — (a1, a2) is a geodesic for every oy € (—dg, dp).

For the second derivatives in /5 and one of 1 and a2, deduce J30,,¢(0) = 0y, 1n(0) and plug
in for 0,,n(0).

For the third derivatives at (a1, ag, ) = 0, write by the chain rule

(0) a1|a1 O(ailqb(aho?o)) = Ell(o)aoqn(o) + aalﬂll(o)n(o)v
3a1<9§2 (0) = Bay |an=0(93,0(a1,0,0)) = I29(0)8; n(0) + oy, I22(0)0(0),
8a28§¢1 (0) a1 |a1 0(6041 8a2¢(a17 07 O)) = ﬂlZ(O)aaln(O) + aal Hu(O)H(O),
(0) 042 |a2 O(a 2¢(0’ a2, 0)) = HQQ(O)BQQH(O) + 8a2ﬂ22(0)n(0)
and plug in for 0,,n(0) in each. O
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Figure 4: Test measures in red with some transport pairs of 7" in blue.

Denote D,V the plain derivative in the direction © € R" of a vector field V' as a smooth map
from an open subset of R™ to R™.

Notation 3.14. Denote B, . := {(a1, 9, ) : af + a3 < €%, || < 0} C R>.

Consider the family of surfaces {¢(U,3) : 5 € (—09,00)}. For any 5 € (—09,00), we
denote the unit normal vector field of the surface as n(«;, az), which is unique up to sign. The
corresponding mean curvature is:

2
H(¢(ar, a2, 8)) = <n(a1, a2), Z eri(cb(al, o2, 5))>

i=1
where (e, e2) is an orthonormal frame on each ¢(U, 3).

Remark 3.15. (1) As a special case of Lemma 2.17, the test measures at y = 7(d) in these
Fermi coordinates are

(65 ' 1°) (o, dara, dPB)
_ 130,5(54-041,042,,8)
 Jp, (e B)d(6: 1y (@, B)

<1 — ﬂ(ﬂu(O) + EQQ(O)) + r(a,ﬁ))daldagdﬁ

where 7(a, 8) = O(6?2) is a second order remainder.

(2) The proposed transport map of Definition 2.18 reduces, in this case, to
T(p(ay, o, B)) = (6 — a1, a0 + O(8°), B+ O(6%)).

See Figures 4, 5 and 6 for a pictorial representation of this map.
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Figure 5: Top-down perspective for the transport map 7.

Figure 6: Cross-sectional perspective for the transport map 7.
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Theorem 3.16. Let M be an isometrically embedded surface in R3, let xq be a point and (e1, e2)
an orthonormal basis of principal curvature directions at xo. Let v be a unit speed geodesic in
M with v(0) = zo, ¥(0) = ey and denote y = ~(9). For all §,e,0 > 0O sufficiently small with
oVe< %, it holds that

0.2 52

Wz, 5°) = = aoll (14 (G = 5 ) Waler,en). Haw) ) + 06

Remark 3.17. If we set ¢ = 2\}?0 we note that the bracket on the right reduces to 1. This is due
to the effects of second fundamental form and the curvature of the submanifold cancelling out,
so it would appear in such special case that the coarse extrinsic curvature is flat, even though the
second fundamental form may be non-vanishing. Such a special case is due to having an additional
degree of freedom because of the additional o parameter and the sign of the o term happens to
oppose that of the £ term. The extrinsic curvature should thus be seen as encapsulated by varying
both o and & in Wy (ugy, py°)-

Proof. The conclusion of Corollary 2.13 holds, so we may compute Wy (ugy , Tipizy ) instead.
For every point ¢(«aq, a2, 3), expanding up to third order and using the list of derivatives of
Lemma 3.13, we collect terms as components of the frame (7, m, n) at 0,

(,25(0{1, 0[2,6)
=20 + Z ;00; $(0) + BI3H(0 Z i 0jOn,; 0a; (0) + Z Bai030a,$(0)

»]

+ Z 03040, Oor; Ory (0 Z Bti0tj0a, 0, 05$(0) + O(5%)
i,9,k ,J
P (m ~ I11(0)Ban — %1{11(0)%& _ %1[11(0)1122(0)@053 + 0(5‘5)7(0)
+ (a2 — I52(0)Baz + O(5°)) m(0) (3.16)

+ <,8 + %HU(O)o@ + %1&2(0)@% + 0(53)> n(0)
1
+ 3 Z Baij0500,;00,;$(0).
Z?]

While the terms Sa;o; 8/36%6%(1)(0) are only of order 3, they are linear in 3, and hence will not
influence the integral with respect to ug; up to O(d%). In the same way an expression for the
proposed transport

T(p(ar, a2, 8)) = (8 — a1, a2 + O(8%), 5 + O(5%))

can be obtained by making corresponding substitutions for the components in the above expression
for ¢(au, ag, B). Then the pointwise transport vector is

T(¢(a1, a2, B)) — ¢(au, g, B)
= (5 — 2@1)

Kl — 11 (0)5 - élfn(O)Q(é2 — S +af) — %Hll(O)EQQ(O)ag - 0(53)>7(0)
(3.17)
+0(5%)m(0) + <;Jh1(0)5 + 0(52)> n(0)

5020300, 0 0(0) + 3 550:0%,6(0) + 03"
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and its magnitude is

|T(p(a1, a2, B)) — p(au, ca, B)||
— (5 - 2m) (1 I (0)5 — 61111(0)2(52 ~ b +a) — %1111(0)1122(0)043
+ 1110001252 4 Bag (B, Bayn(0),5(0)) + %55 (82 n(0), 1(0)>> +O(sY).

8
(3.18)
Using the density of the test measure 17, in Fermi coordinates given by Remark 3.15, the upper

bound is
Wi (ugy, Tepsy )

</ Tz = sl a2

= / 1T (¢(ex, B)) — d(cv, B)||(¢5 ' 1LF) (dev, dB) + O(6%)

_ 5<1 _ iﬂn(())?(s? + (;1111(0)2 + ;1111(0)1122(0)> o?
— é (ﬂ11(0)2 + Hll(O)ﬂQQ(O)) 82) + 0(54)

= ool (14 § (12(0) + E(0)12(0)

wl

- L IO 4 10 5(0) ) + 006,

In the third equality, we plugged in for || T'(¢(c, 8)) — ¢(cv, B)]| as computed above and used that
terms of odd order in one of oy, o, 3 integrate to 0 and again absorbed higher order terms into
O(6%). On the last line, we used that

1
ooyl =5 (1= 50 (0%42) + 05"
We proceed with showing the lower bound. Define

$(6, az, B) — #(0, az, B)
”(b((sv a3, 6) - ¢(07 a2, 6)”

p(OQv ﬁ) =
and the test function

f(o(a1, a2, 8)) == (d(a1, a2, B) — xo, p(a2, B)) (3.19)

for the Kantorovich-Rubinstein duality, with the intention of applying Lemma 2.25 to conclude.
We first expand

¢(6, a2, B) — ¢(0, az, B)
1

—5 [(1 I (0)5 — 61111( )62 — 11111(0)1122(0)05

+ ﬁ6< ,4(0)) + ﬂa2 (O, B0 (0), (O)>+0(53)>sy(0) (3.20)

+ 0(8*)m(0) + <21[11(0)5 + 0(52)> n(O)] :

Deduce

||¢)(67 a2, ﬁ) - ¢(07 a2, 6)”

. 5(1 I (0)5 — izzll(())?a? - 11[11(0)1[22(0)(13
+ 206 (22,1(0),3(0)) + 3 B0 (9, 8,0(0), 5(0 >>) Lo,
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and therefore

plaz ) = (1= (078 + 0% ) (0)

1 3.21)
+ 0(6*)m(0) + <2ﬂ11(0)5 + 0(62)> n(0).

Then it can be verified using expansions (3.17) and (3.21) to compute the inner product that
f(Tz) — f(2) = (T(¢(a1, a2, B)) — (a1, az, B), p(az, B))
= |T(¢(cr, a2, B)) — ¢an, o, B)[| + O(6*).

by comparison with (3.18).
It remains to show that the magnitude of the gradient of f satisfies

sup  ||[VF(2)| =14+ O(5°). (3.22)
#€Bas(wo)

For this we need to expand the inverse matrix of the metric in Fermi coordinates. Using the
expansion (3.16), compute

Oay P(01, 2, B) = (1 — I1(0)5 — 1Hu(o)z@% - 1E11(0)1722(0)04%

+ 3B (02,0(0),5(0)) + 30 (9,000 (0), <>>+0<53>) 0)

+ 0(6*)m(0) + (I11(0)ar + O(6%)) (
dayd(01, a2, B) = O(6*)%(0) + (1 — I22(0)B + O(6°)) m(0) + (I22(0)crz + O(5)) n(0),
Opp(ar, o, ) = — (1711(0)oq+0(62)) 4(0) — (E22(0)a2+0(5 )) m(0)

+ (14 0(6%)n(0).

We shall label the term

(0) = 501 (02,m(0),4(0)) + 302 {0u, 00,0(0), 9(0)).

Then the metric matrix has the shape

g11 g12 O
G=1g21 g2 O
0 0 1

g1 =1-— 2H11(0)5 + HH(O)QﬁQ — ][11(0)1[22(0)0&% + 257“(04) + 0(53),
g2o = 1 — 2I»(0)B8 + O(6?),
g1z = O(6?).

Note that the matrix is of the form

with

G=I+A

with A = O(¢), which means the expansion of its inverse is

G l=1-A+A%+0().

I11(0)? 0 0
A% = 42 0 I55(0)2 0| +0(8%),
0 0 0

We compute
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and thus
g11 =1 + 2ﬂ11(0)5 + 3E11(0)252 + EH(O)ﬂm(O))a% — 257"(06) + 0(53),
g'? = 0(5%),
9% = 14 2B152(0) + O(5?).
From (3.21) we deduce the derivatives of the projection vector field in coordinates are
Dasp(az, B) = O(6%)7(0) + O(6)m(0) + O(5)n(0),
9pp(az, B) = O(8%)7(0) + O(5)m(0) + O(8)n(0).
Then the first derivatives of the test function defined in (3.19) are

aal(fo Qb)(a,ﬂ) = <8a1¢(041,0é2,6),p(012,5)>
— 1 I (0)8— %1[11(0)%@ - %1111(0)1[22(0)043

1 1
— §E11(0)252 + §I11(0)2(5041 + ,37’(04) + 0(53),

0oy (f 0 ¢)(a, B) = (DayP(a1, a2, B), p(az, B))
+ (¢(a1, az, B) — w0, Oa,p(2, B))
=0(5?)
95(f o ¢)(a, B) = (99, az, B),p(a2, B))
+ (¢(a1, a2, B) — w0, Ip(az, B))

1
= —ﬂll(O)Oél + 5ﬂ11(0)5 + 0(52)
Then the magnitude of the gradient is

IVF(é(a1, a2, B)II* = (9" 0 6)(Da (f 0 ¢))* +2(9"% © 6)0ay (f © $)Das (f 0 ¢)
+ (9% 0 9)(a (f 0 9))* + (95(f © 9))°,

and we find the individual summands
1
(6" 0 0)n, (£ 00) = 1+ (=0 + 001~ 10°) 1 (0 + O)

(912 © ¢)8a1 (f © ¢)8042(f © ¢) = 0(53)’
(972 0 $)(ay(f 0 9))* = O(8”),

(6% 0 0)03(7 00))* = (o = dar + 1) I (0 + 03,

which indeed gives

”Vf(¢(0&1,062,6)” =1+ 0(53)

as the first and second order terms cancel out. Hence Lemma 2.25 applies and we conclude the

lower bound coincides up to O(§%) with the upper bound.

4 General Riemannian submanifolds

We now consider a Riemannian submanifold M of arbitrary dimension m and codimension k
embedded isometrically in R”™1%. Theorems 3.10 and 3.16 are thus special cases of Theorem 4.1
below. We begin by defining an orthonormal frame of R™*-valued vector fields on a sufficiently
small open domain U in the submanifold M, which is used to define the Fermi coordinates on U

in this general setting.
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4.1 Frame extension

We take the ambient manifold to be R™**. Recall the second fundamental form at a point € M
is
Iy(wi,we) = VE"' W = VMW Yy, wy € T, M,

w1 1
where W is an arbitrary local vector field on M with W (x) = ws. The mean curvature at x is

m

H(z) = T.(ej¢;)

J=1

for an arbitrary orthonormal basis (e;)7L; of T, M. Both I, (w1, w2) and H (z) are normal to the
submanifold, i.e.
(I (w1, w2),u) = (H(z),u) =0 Yu e T,M.

Recall from Definition 2.14 that the Fermi coordinates in M along ~ are given by

¢(CM) = €XPM y(a1) Z ajej(al) )
=2

where (ej(a1)}L; is the parallel transport along « of an orthonormal basis (e;(0))}2; of Ty, M

with e;(0) = 4(0). We refer back to Section 2 for properties of the Fermi chart.
Denote & = (a2, ..., ) so that @ = (a1, &). Extend the frame (e;j(1))72; defined along
ayg — y(ay) to U C M by imposing

D
ds

ej(on, sé&) =0,

i.e. by parallel translating in M along the geodesic s — 1 (aq, s&).
Given an initial orthonormal basis (n;)¥_, of T, M, first extend it to a frame along 7 by
requiring that

Oy (i(1),ej(a1)) =0 and  (Jaymni(a1))t =0 Yoy € (=, ).
The first requirement implies
(3a1ni(041),€j(041)> = = <ni(a1)aaa16j(a1)> = - <ni(041)71[(61(041)76]'(041)»

which together with the second requirement implies the first order ODE

Oayni(a1) = — > (ni(a1),0a,ej(ar)) ej(an)

M

1

! 4.1)

(n;(ar), I(e1(ar),ej(an))) ej(ar).

M

1

J

The solution exists and is unique by standard ODE theory. Having defined the frame (n;(a1))%_,
along the geodesic a; — (1), we may also extend it to the submanifold by requiring that for

every a € (—8o,00) and & € B 1,

d d +
T (n;(ou, sé),ej(aq,s&)) =0 and <dni(a1, s&)) =0 Vse|[0,1].
s s
Similarly to the above, the first requirement implies that forall j = 1,...,m,

d . ) . d .
<d8ni(a1, sar), ej(a, sa)> = — <ni(a1, s&), %ej(al, sa)> ,
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and from the second requirement we conclude the frame satisfies the first order ODE

d ) = . d . R
ﬁni(al, sG) = — Z <ni(a1, s@), aej(al, sa)> ej(a, s&) 4.2)

=1

along each geodesic s — ¢(aq, s&) in M.
With these concrete vector fields, recall the Fermi coordinates in R™** along ~ adapted to the
submanifold M were defined in Definition 2.14 as

k
(e, B) = () + ) fimi(a)
i=1

and note that ¢(a, 0) = ¥ («). )
For every a1 € (—do,dp), the map ¢ () : B! — M is the exponential chart on its
image. It is known that the Christoffel symbols vanish at the centre for such charts, i.e.

Vgii¢8ajw(a1,0) =0 Vi,j=2,...,m.

Moreover, since Jn,%(1,0) = ej(ay) for j = 1,...,m is parallel transport of e;(0) along 7,
also
Vil 40a,(01,0) =0 Vj=1,...,m,

noting that y(a) = 04, ¢ (a1, 0).
Denote the components of the second fundamental form with respect to the Fermi coordinates

as
Lje() = (a, 00, (0) = V3 400,16(0),mi(a)) (43)
Note that the first index represents the normal direction and the latter two represent manifold
directions. Then we can write for every j,£{ =1,...,m,
k
Oa; 0a, (a1, 0) = o, 0n, (a1, 0) — vg{waw(al, 0) = Iije(e1,0)n(c1,0).  (44)
i=1

In addition, (4.1) can be written as

m

Oy ni(ay) = — Zlfijl(al)ej(al)-

Jj=1

Thus the third derivatives with at least one in o are

k
aal aaraag¢(alv O) = Z 8011 (Eirﬁ(alv O))ni(ala 0)
=1 (4.5)

kK m

— Z Z Iip(ay, 0) 51 (o1, 0)ej ().

i=1 j=1

4.2 Main theorem

In the statement of the theorem, I, (w1, w2) is the vector of second fundamental form. In the
proof exclusively, Z;;(c, 3) denotes the ij-component of the second fundamental form with re-
spect to the Fermi frame at Fermi coordinates «, (3.

Theorem 4.1. Let M be an isometrically embedded submanifold of R™ % and ~ a unit speed
geodesic in M such that (0) = xo and v(6) = y. Let (e;)’]L, be an orthonormal basis of T,y M
with e; = 4(0) and assume that I, (e1,e;) = 0 forall j = 2,...,m. Then for every ,&,6 > 0
sufficiently small with o \V € < g it holds that

o2 g2

k+2 2(m+2

W5, 5%) =y ol (14 ) Uaer.en). o)) ) + 006
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Remark 4.2. We point out two special cases:

¢ If the submanifold has dimension 1 then the condition on the second fundamental form is
trivially satisfied as there are no submanifold directions other than that of the curve itself.
In this case

H(z0) = y(er, e1) = V5 4(0) = %(0),

and hence (I, (e1,e1), H(xo)) = ||5(0)|?. This is the square curvature of the curve and
for m = 1, k = 2 agrees with Theorem 3.10.

 [f the submanifold has codimension 1 with a normal vector field n on the submanifold, then
the orthonormal eigenbasis of (I, (-, ), n(zg)) satisfies the condition I, (e;, e;) = O for
it # j. Such a basis always exists as I, is symmetric and consists of the so-called principal
curvature directions. Thus for m = 2, kK = 1, we obtain Theorem 3.16 as a special case.

* In general codimension, however, such a basis may not exist for a general submanifold,
hence the assumption on the second fundamental form needs to be made and is highly
restrictive.

If this assumption was dropped, the upper bound for the Wasserstein distance via the pro-
posed transport map would still apply. However, the computation of the lower bound using
a projection plane, as done in the proof of Theorem 3.16 and applied again in the proof
below, would yield additional lower order terms not agreeing with the upper bound. This
is symptomatic of the non-optimality of the transport map up to third order. The more gen-
eral computation including the off-diagonal terms to show this is straightforward but rather
lengthy and is thus omitted.

Qualitatively, the issue is that the off-diagonal terms of the second fundamental form in-
troduce a deformation of the supports of the test measures which is not easily remedied
and leaves the fully general case open. The deformation arises because the principal cur-
vature directions above the reference point xg for each leaf of the foliation of the tubular
neighbourhood change their vertical alignment as we consider leaves further away from the
base submanifold M. On the other hand, the diagonal assumption on the second fundamen-
tal form ensures an aligned stacking of principal curvature directions of leaves above xg,
leading to the favourable cylinder-like support of the test measures.

2(m+2)

T O, We refer back

* For the interpretation of the special case of the parameters € =
to Remark 3.17.

Proof of Theorem 4.1. Expand the Fermi chart up to and including third order as

m k m
dla, B) =0+ Y 000, 0(0) + > _ B:95,6(0) + % > 000, 00, $(0)
7j=1 i=1

=1

+* Z @i 0j0pO0,; 0 O, (0 +Zzﬁza38& a; $(0)

,]Zl =1 j=1

+ Z > Bioj D3, 00, 00,6(0) + O(5%).

i=1 jl=1

| =

From the definition of the Fermi chart and (4.4), (4.5), we have the derivatives at the origin on the
right hand side:

aaj¢(0) = ej(o)v aﬁzd)( ) = ni(0)>

Oc] a4¢ ZEZ]E

kK m
aoc180c]8a[¢ Zaoq 'L]Z 041, nz 0417 Zzﬂljf(o)][zrl(o)er(o)

=1 r=1
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With these we obtain:

m k k m
1
$(c, B) =m0+ > aje;(0) + Y Bmy(0) + 5 > araullyi(0)n;(0)
= i—1 i=1 =1
1 1M
- 6 al 111 2]1 5 Zalaéﬂlfl Zjl(O)Cj(O)
Jj=1/4=2
1 o= — 1
_ 52 Z aroyraplliye(0)1;51(0)e; (0) + 6 Z ;g0 O ;O 0 (0)
j=14r=2 1,5,0=2
k m 1 k m
- Z Z Braﬁﬂrfj(o) 5 Z Z raﬁaqaagaaan( )+ 0(54)
r=1/¢7j=1 r=11,q=1

In the above, the sum of third derivative terms in @ was split into those that involve at least one
power in «;, for which we have a formula, and those that don’t. The other third derivatives
Ou; 00, 0, #(0) for 4,7, ¢ > 2 are not easily written in Fermi coordinates, but will not be needed
for our computations. Rearranging the terms, we write ¢ in terms of the basis (e1(0), ..., e, (0),
n;(0),...,n;(0)) and apply the assumption I;1(0) = O:

k

P(a, B) = w0 + (Oél Zﬁralﬂrll - %ai’ Zﬂzll

r=1

1 m
-5 > a1l (0) 1 (0) + 6 Z a0t (O, Oa; 00, $(0), €1(0))

0r=2 i,5,0=2

+§:ZmW%%@w4)<»uwﬂq@

r=11,q=1
m k m
+ Z (Oéj — Z Z ﬁragﬂrgj(()) + 0(53)> Ej(O)
=2 =1 (=2
. 1
+ Z 62 + 041 211 Z araéﬂzré + 0(53) nz(O)
=1 T‘Z 2

(4.6)
We will henceforth denote

ri(a) == %al <8§1ni(0), e1(0)) + Z @y (0n, 00y 1i(0), €1(0)) .
(=2

Let T" be the transport map defined in Definition 2.18. With asymptotic notation for the third
order terms,

T(¢(a1,&,B)) = ¢(6 — o, B+ O(5?)).

In the expansion of ¢ above, from the third derivatives in @ we only needed to specify those
involving o, because the transport map 7" changes only the first coordinate up to O(63). These
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derivatives were given by (4.5). Then the pointwise transport vector is

T(¢(aaﬂ)> - ¢(a75)
= ¢(0 —a1,a+0(8%), 8+ 0(8%)) — ¢(, B)

1 k 1 k
= (5 — 2&1) [<1 — 6(52 — 5041 + Oé%) Zﬂill(O)Q — 5 Z Z Oézﬂzrﬁ 111(0)

=1

k
- Z Bill;11(0) + Z Biri(a) + O( 53)) e1(0)

+ 30650 +z( 1(0)+0(6") ) (o)

Jj=2

“.7)

Therefore, using the expansion /1 4+ x =1+ %x — éxQ +O(2?), the pointwise transport distance
is

IT(é(ex, B) = d(ex, B

k
1
= (0 — 2a1) <1 - 6(52 —doq +a?) E I;11(0)% — E g arollig(0) ;11 (0) “8)
i=1 i=1 7 0=2 .

52 k k
+tg > I11(0)° =D Billin (0) + Z Biri(a) + O( 53))
i=1 =1

Lemma 2.17 expressed the density of the test measure pg; in Fermi coordinates up to second
order. Denoting the second order remainder of the density as r(«, /3), the density simplifies to
give

(65 1gy ) (da, df)
1, (a,B)
= f~ (1 —|—7’( ))( -1 aa)(da, dﬁl ZZﬁ’L ’Lj_] OZ 6) dadﬁ,

Bo,e i=1 j=1

(4.9)

where the form of the normalizing factor in the denominator is deduced from the two facts

/ S S Bl (0)d(65 4 ) s ) — | et =1

9¢ =1 j=1

We deduce the upper bound in the statement of Theorem 4.1 by computing the integral on the right
side of the inequality

Wi (uZe, 1%%) < / IT(é(ar, B) — (e, B)||(67 12) (dov, dB)

o,e

up to and including third order terms. Using the product of expressions (4.9) and (4.8), this
amounts to integrating a quadratic polynomial in «, 3. First, as terms with odd power in one of
the coordinates vanish, we simplify the integral to

/ 1T (e B) — dlav, B)]| (65 15 (des, dB)

0 k m k
=6 [ I (0 4 53 ad Y (E(0)° - B (0)15(0)
7:€ =1 7j=1 =1
k m m
+> 87| Y L (0)I1;5(0) + = > I(0) da df + O(5%)
=1 7j=1 J=2



We now use the fact that the average integral of the square of any coordinate over a d-dimensional
ball of arbitrary radius r > 0 is

2
][ zidry ... drg = L /T |0BY|s%ds = il /T shHlgs = ,
Bg ¢ |Bg|d 0 5 T'd 0 d+2

where de denotes the integral normalised by the volume of the ball and using that

[NJisH

2T _
1BY) = vl |oBY) = 2T gt
I (

S

[\ClIsH

)

This in particular gives

2

][ o2 da df = e ][ 82 da df = -2
Boe J Com+2’ By E k42

Then

/B 1T (e B) — Blev, B)]| (65 15 (des, dB)

52 &

2 2 kK m
= 1—— I; 2 o € I I ,
) 24 g 11(0)* + <k T2 2m+ 2)> 2.2 11(0)I;5;(0) | +O(6%)

o? g2 4
(1 ) *ZL“ (k:+2 - 2(m+2)> wz‘)(el’el)’ﬂ(m))) e

Furthermore, from (4.8) for &« = 0, 8 = 0 we deduce

[zo —yll =4 (1 — o7 Zﬂm ) + O(5%).

Therefore, we can rewrite in terms of the Euclidean distance:

Wi (W02, 0% < /B 1T (e B) — o, B (67 45 (da, dB)

3

= o=l (1+ (5~ gy ) Enlersen) L)) + 06"

We now address the lower bound. Denoting

¢(57 &7 B) — ¢(07 &76)
H¢(57&7B) - qb(ovd?ﬁ)n’

emphasizing that this vector does not depend on o1, we propose
f(d)(av /8)) = <§Z5(Oé, 6) - anp(da B)>

as the test function for Kantorovich-Rubinstein duality, with the intention of applying Lemma 2.25
to conclude the upper bound is also a lower bound up to O(§*). We deduce from (4.7) that

p(&, B) ==

52 &
p(&, ) = (1 Y Ii11(0)* + 0(53)> e1(0)
- = (4.10)
+) " 0(5%)e;(0) +Z< T ( +O(52)> n;(0).
j=2
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Then it can be verified, using the expansions (4.7) and (4.10) to compute the inner product up to
and including third order terms, that

a, B)) = ¢(a, ) + O(6%), p(&, B))
= |T(¢(, 8)) — ¢(a. B)| + O(8")

by comparison with (4.8).

Finally, we wish to compute the square magnitude of the gradient of the test function in order
to verify that its supremum over Bas(x) is 1+ O(8%) for Lemma 2.25 to apply. For this we need
to establish the Riemannian metric in Fermi coordinates g;; = <3a¢ ¢, Ou; ¢> . The first derivatives
of the Fermi chart are deduced by differentiating (4.6) as

k m
Dbl B) = [ 1" Billn %Z S @ aelling(0)L11(0) + O(5%) | €1(0)
; i=1 rf=2

=

+ 3 0(0%)e(0) + > (a1 T;11(0) + O(62)) ni(0),

=2 =1
B@ wj +O(52)) ( )
k m
+3 (Z o lli;(0) + 0(52)) i(0) for2<j<m,

1=

1
m m k

0p,H(cx, B) = =) (Z e lliej(0) + 0(52)) e (0)+ ) (dir + O(6%)) ni(0).
=2 \i=2

r=1

&
-
B
=
I
NE
§”
M»

Then the entries of the inverse metric matrix are computed from these to be

k k
g11(d(a, B)) =1 - 22&11@-11(0) + > BiBrIin1(0)

i,r=1
- Z Z arafﬂzrﬁ 111( ) + 0(53)7
1=1 rf=2 (411)
gj€(¢( = 0j4¢ — 2 Zﬁl ZZJ + 0(52) for ],f < m,

9ii (¢, ) = O(8%) form+ L<i<m+k j<m
9ir(¢(aaﬁ)) = (ni<a)7nr(a)> =0; form+1<i, r<m+k.
Note that d,, ¢ and g1 needed to be expanded up to second order due to the particular role of the

first coordinate. For the rest, expansion up to first order is sufficient. The above means the metric
matrix has the block structure

_ ((gje)je<m O(8%)
“= ( gg(gg) I > '

In particular, denoting

k
Qjp = —2 ZBiEZJE(O)v
=1
m k
b= BiBeIin1(0) I ( Z Z araellive(0)Zi11(0)
(=11i,r=1 =1 rf=2
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and the matrix

aj1 + b+ O0(8?) 0(6?) 0(8?)
4 0(6?) as + 0(6?) :
0(6?) Amm + O(6%)
having used that a;; = 0 for j = 2,...,m as I;;:(0) = 0 by assumption, we can write

onns oy %)

Noting that the second matrix is O(9), the expansion of its inverse is
a1 (Im—A+ A2+ 0(53%) 08
0(6?) I + O(8%)

due to the block structure. Computing

m k
( jg = Za]qagq + O (53 = Z Br zjq Mq( ) =+ O<53),

q=1 g=1
we deduce

9" (¢(a, B)) =1~ a1 +afy — b+ 0(53)

k
=142 pBill;1:1(0)+3 BiBrd;11(0) X111 (0)
; ”ZI 4.12)

k. m
+ Z Z Q; aéﬂzﬂ 111( )+ 0(53)

i=1 j,0=2

by plugging in for a,, and b, and also

g (¢(a, B)) = Jz+2Zﬁz 4e(0) +0(62) Vi1 < m. 4.13)

=1

We remark that for j, £ > 2 the expansion of g7¢ up to the linear term suffices for the computations
to follow, while the expansion of g'! up to second order is necessary.

We now compute the expansions of the derivatives of the test function. The first derivatives of
the projection vector field in coordinates can be computed from (4.10) as

da,;p(6,8) = O(6) V2<j<m,
dp,p(&, B) = O(8) V1 <i g k.

Then computing the inner products, using (4.6) for the derivatives of the chart,

aal(f O¢)(aaﬁ) = (&hgf)(a,ﬂ),p(A,B»
k k. m
=1- Zﬁiﬂill - %Z > ajoudl;0(0) 111 (0)

i=1 j =2
Zﬂzn gzlfm )+ 0(6°),

and for 2 < j < m,

0o, (f © &) (e, B) = (Oa, 0(ct; B), p(&; B)) + (¢(ct, B) — 20, B, 1(, B))
= 0(8%),
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and for 7 < k,

95, (f 0 ¢)(av, B) = (0p,0(cx, B), p(&, B)) + (d(ex, B) — w0, O, p(&, B))
= _alﬂill(o) + gﬂill(o) + 0(52)

We wish to compute

IV£(o(a, B)]* = Zgﬂ )0, (f © ) (ct, B)0a, (f © ¢)(ax, B)
7l=1
k m
+23°5 " g (Gl 8)05,(f © 6) (e, B)0a, (f © 9)(a, B)
=1 j=1
k

+ > (05,(f 0 9)(cr, B))*.
=1

The individual summands are

(6" 0 0)n(f00) =1~ (of ~and + ) Zﬂm 24 0",
(9 0 $)0a,; (f © $)0a, (f 0 ¢) = O(6%) for 1 < j <m,2 < L < m,
(g™ 0 $)0p, (f © $)Da, (f 0 ) = O(8%) fori < k,j < m,
54

(95, (f 0 9))* = (a% —aid+ ) I1;11(0)* + O(8%) for i < k.

4

All first and second order terms vanish upon summation, hence we may conclude that |V f(¢(c, 8))||? =
1+ O(6®) as required. O

S Applications

5.1 Poisson point processes on manifolds

In applications one may wish to recover curvature information from coarse curvature of a random
point cloud represented by a Poisson point process. Such an approach has already been investi-
gated in [18] and [1] for the Ricci curvature and generalised Ricci curvature, respectively.

We first recall the definition of a Poisson point process. Let (X, B, i) be a o-finite measure
space, M (X) the set of measures on X" and (2, F, P) a probability space.

Definition 5.1. A Poisson point process on X' with intensity measure y is a random measure
P QxB — |[0,00] (equivalently P : Q@ — M|(X)) such that the following three properties hold:

(i) For all p-finite measurable sets A € B: P(-, A) is a Poisson(p(A)) random variable,

(ii) For all disjoint, measurable p-finite sets A, B € B: P(-, A) and P(-, B) are independent
random variables,

(iii) Forallw € Q: P(w, ) is a measure on X

It turns out (see [32, Chap. 6]) that all Poisson point processes with a finite intensity measure
take the form of a random empirical measure, i.e.

N(w)
)= Z 0X;(w)
=1
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where N is a Poisson(u(&X')) random variable, (X;);cy are independent p-distributed random
variables on X’ and (X;);cn, IV are independent. Denote the random set of points thus generated
by P as

V(w) ={Xi(w):1<i< Nw)}.

Notation 5.2. Let (P,,),cn be a sequence of Poisson point processes on the ambient space R™+*
with uniform intensity measure nvolgm+«(dz). Denote by V,,(w) C R™*¥ the discrete random
set of points generated by P,,. Let xg € M, (6n)neN, (0n)neN, (En)nen sequences of positive
reals and y,, := exp,, (J,v) for a fixed unit vector v € Ty, M. As the discrete counterpart to the
test measures 5, for any point z € M denote the random empirical measures adapted to the
submanifold,

On,€n _ m if z € B0n75n (:C) N Vn
ngen (z) = § Floen ,
0 otherwise.

Ifo, Ve, < %’1 then By, ¢, (z0) U Bq,, ¢, (Yn) C xo + [—20,, 26,k

Using the following result proved in [18, Corollary 3], it is possible to quantify the approxi-
mation of the test measures by the empirical measures in the Wasserstein metric:

Lemma 5.3. Foralln € N, it holds that

sup  E[Wi(nd~e, ul»)] = O (log(n)n_m%r’ﬁ . 5.1
:EEBgn (:L'o)

We may then deduce that coarse curvature of point clouds with the empirical measures as
test measures has the same limit as coarse extrinsic curvature if the intensity of the point process
increases fast enough relative to the parameter J,,. Denote

Wi(ngg ™", nge™")

On € OnyE
Wl(ﬂmg " Ky, n)
on, ’

On

/%O'n,sn (.’Eo, yn) =1- Ko ,en (xﬂayn) =1-

This leads immediately to a corollary of Theorem 4.1:

Proposition 5.4. Under the assumptions of Theorem 4.1, if the sequences (6p,)nen, (0n)nen and
1
(En)nen satisfy op V ey, < % and log(n)n~ m+% = o(83), then
] 0.

N 1
E I:|K/Un75n (x()? yn) - K/Unaen (‘T07 yn)” = KE [’Wl (77;8“5717 7]:'3:75”) - Wl (Mg878n7 Mg:’gn)’]

2 2

dm+2) k4 2> (I (€1, €1), H(xo))

n—oo

1

"%O'n,En (330, yn) - (

Proof. By the triangle inequality and (5.1),

E[Wy (nZ0=n, uZp=) + Wi (ngmen, ugmer)]
=0 (log(n)n_ﬁ) = 0(82).

At the same time, from Theorem 4.1 we have

€2 o2
o ] yYn) = L - L -”.Z’ ) 7H )
s ea0et) = (555~ oty ) Ulsoenen) Hzo)

which gives the final result upon substitution and taking the limit as n — oo. O
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5.2 Retrieving mean curvature

Theorem 4.1 could in practice be exploited in the two settings already alluded to in the introduc-
tion, which considered the planar curve case for illustrative purposes. In the scope of generality of
Theorem 4.1, we have

2 2 -1 o, O,
: € o Wi (g, py™)
1 — 1—-———"= 7| = (I H .
a,elgr?/z; (2(m+2) k+2) ( lly — zol| (Lo (€1, €1), H (20))

6—0

In particular, we may distinguish two limit regimes:

(1) Assuming o = ©(9) and € = o(0),

k+ 2 (1 ~ Walpay, 1y°)

— lim
2 ly — o

=0 O

> = (I (€1, €1), H(x0)) -

This represents a situation where one can obtain a sample from the ambient measure in
a tubular neighbourhood of the surface. Decreasing £ corresponds to localization of the
geometric information thus retrieved.

(2) Assuming e = O(4) and o = o(¢),

550 €2 ly — o

) — (L (er.e1), H(zo))

In this case, we have a noisy sample from the surface and obtain convergence of the coarse
extrinsic curvature under attenuation of the noise as o decreases.

Note that these expressions depend on the vector v with y5 = exp,; . (dv). We can remove this
directionality by adding up coarse curvatures in all directions of an orthonormal frame at x(, thus
obtaining an expression involving the mean curvature.

Denote the square norm of the mean curvature vector as

k

1H (z0)|* =) (H (x0), mi(x0))*

i=1
for an arbitrary orthonormal basis (n;(7¢))%_, of the normal space T}, M+ C T, N.

Corollary 5.5. Let (e;)]", be an orthonormal basis of Ty, M, and for j = 1,...,m, let y; =
€XP s 4, (0€5). Assume that Iy (e;,e;) = 0 fori # j. Then for all 0,e,0 > 0 sufficiently small
with o V € < g it holds that

(LM wimz‘/’?)) ( 2 o? ) 2, s
Y oyl ) T - H +0(5).

J=1

Proof. We express the coarse curvatures using the expansion of Theorem 4.1 and sum up, noting

that 7 = 1, ..., m indexing each direction plays the role of the first coordinate,
m o, | O,& m
Wl(usz,ﬂy‘)) ( e? o° )
l——") = — I, (e;,e;), H(xg)) + O(5°
Z( et ) = (g~ 77m) 35 nler o) o) + 06

- _ Y | H (o) 2 + O
_<2(m+2)_k+2> 1H (o) + O(8%),

completing the proof. O
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This implies that given the family of coarse curvatures

{1 ~ Waluay s 1))

:U,E,5>O,j:1,...,m},
[0 — yjll

one can retrieve the square magnitude of the mean curvature vector of the surface at g as

, £2 o2 \ ' & Wi (pay > gy )\ >

lim — Z l——— | = HH:roH .

0,e<6/4 2(m+2) k+2 - H:UU _yj”
6—0 j=1

In conclusion, we introduced the notion of coarse extrinsic curvature of Riemannian sub-
manifolds embedded isometrically in a Euclidean space and verified that in a scaled limit of the
parameters we retrieve meaningful geometric information about the submanifold. As illustrative
examples, in the case of a curve we retrieve the inverse squared radius of the osculating circle
at a given point, while in the case of a 2-surface we obtain an expression in terms of the second
fundamental form and mean curvature. Such coarse extrinsic curvatures can be combined to yield
the square magnitude of the mean curvature as a scaled limit.
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