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Introduction

This thesis is devoted to the study of two different problems: the properties of the
disintegration of the Lebesgue measure on the faces of a convex function and the existence
of smooth approximations of bi-Lipschitz orientation-preserving homeomorphisms in the
plane.

The first subject is analyzed in Part I, Chapters 1-3, while the second subject is treated
in Part II, Chapters 4-5. Our contribution to the material contained in this thesis is
mainly contained in a joint work with L. Caravenna [19] and in two papers obtained in
collaboration with A. Pratelli [23], [24].

In Part I we deal with the explicit disintegration of the n-dimensional Hausdorff mea-
sure on the graph of a convex function f : R — R w.r.t. the partition given by its faces.
By faces of a convex function we mean the convex sets obtained by the intersection of the
graph with its tangent hyperplanes.

As the graph of a convex function naturally supports the n-dimensional Hausdorff mea-
sure, its faces, being convex, have a well defined linear dimension, and then they naturally
support a proper dimensional Hausdorff measure.

Our main result is that the conditional measures induced by the disintegration are equiv-
alent to the Hausdorff measure on the faces on which they are concentrated.

THEOREM 0.1. Let f : R® — R be a convex function and let 7™ L graph f be the
Hausdorff measure on its graph. Consider the partition of the graph of f into the relative
interiors of the faces {Fu}aen -

Then, the Lebesque measure on the graph of the convex function admits a unique disinte-
gration

"L graph f = /AAQ dm(a) (0.1)

w.r.t. this partition and the conditional measure A\, which is concentrated on the relative
interior of the face Fy is equivalent to €% L F,, where k is the linear dimension of F.,.

In particular, as yield by formula (0.1), we recover the s#™-negligibility of the set of
relative boundary points of the faces whose dimension is greater or equal than 1, which
was first obtained with other methods in [40].

The absolute continuity of the conditional probabilities w.r.t. the proper dimensional
Hausdorff measures of the sets on which they are concentrated, despite seeming an intuitive
and natural fact, does not always hold for Borel partitions of R” into locally affine sets,
i.e. relatively open subsets of affine planes of R™. The only cases in which the result
is trivial are the partitions into O-dimensional sets (i.e., single points) and n-dimensional
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4 INTRODUCTION

sets. Indeed, on one hand existence and uniqueness of a disintegration can be obtained by
classical theorems relying on weak measurability conditions on the quotient maps defining
the partition. On the other hand, as soon as n > 3, there exist examples of Borel collections
of disjoint segments such that the conditional measures induced by the disintegration of
the Lebesgue measure are Dirac deltas (see the counterexamples in [40], [3]).

Hence, for this kind of result further regularity properties are needed. For partitions defined
by a Lipschitz quotient map between two Euclidean spaces, the absolute continuity of the
conditional probabilities is guaranteed by the Coarea Formula (see e.g. [5]), and also for
local Lipschitz conditions one can reduce to the same tools (in applications to optimal
mass transport problem, see for example [56], [17], [4], [7]). In particular, when n = 2
the directions of a family of disjoint segments satisfy the local Lipschitz property, up to an
# ?-negligible set, and then Theorem 0.1 holds (see [6]).

In our case, up to our knowledge, the directions of the faces of a convex function do
not have any weak differentiability property which can be used to prove Theorem 0.1 by
standard Coarea Formulas. Therefore, our result, other than answering a quite natural
question, enriches the regularity properties of the faces of a convex function, which have
been intensively studied for example in [27], [40], [41], [6], [49].

In absence of any Lipschitz regularity for the directions of the faces, we look for another
kind of “regularity”. In particular, we show that the directions of the faces of a convex
function can be approximated, in a suitable sense, by vector fields of partitions belonging to
a class for which the absolute continuity property holds and, moreover, passes to the limit
in the approximation process (the cone vector fields defined in 1.8). While the construction
of the approximating vector fields and their convergence heavily depends on the specific
problem, namely the fact that the directions we are approximating lie in the faces of a
convex function, the definition of this suitable approximation property and the fact that,
when satisfied, it guarantees the absolute continuity of the conditional probabilities, can
be extended to arbitrary Borel partitions into locally affine sets —namely, sets which have a
well defined linear dimension. Due to the structure of the approximating vector fields, this
property will be called cone approrimation property and, in this thesis, it will be studied for
general Borel locally affine partitions. For families of disjoint segments, this approximation
property was first introduced in [13] in order to solve a variational problem and it has been
successfully applied to show the existence of optimal transport maps for strictly convex
norms in [18].

Our result is the first dealing with the absolute continuity problem for locally affine
partitions into sets of arbitrary dimension (i.e., possibly greater than 1). Actually, the
approximation technique developed in the thesis can be also interesting for possible appli-
cations to other fields. Indeed, the disintegration theorem is an effective tool in dimensional
reduction arguments, where it may be essential to have an explicit expression for the con-
ditional measures. In particular, in the optimal transportation framework, the problem of
the absolute continuity of the conditional measures on a partition given by locally affine
sets was addressed by V.N. Sudakov in [55]. While trying to solve the Monge problem for
general convex norms in R™ and absolutely continuous initial measures, which is straight-
forward when n = 1 due to monotonic rearrangement, he had the idea of reducing the
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transport problem, via disintegration of the initial and final measures, on the partition
into locally affine sets where the potential of the dual problem is an affine function and
the norm is linear. In particular, for strictly convex norms, these sets form a collection
of disjoint segments. Then, the absolute continuity of the conditional mesures of the first
marginal would permit to solve the so obtained family of independent 1-dimensional Monge
problems and finally, gluing the so obtained optimal transport maps, to find a solution of
the original Monge problem on R". Unfortunately, the proof was based on a faulty lemma,
which claimed the absolutely continuity property to be true for all Borel partitions into
locally affine sets. Several years later, the counterexample in [3] opened the problem of
filling the gap in Sudakov’s proof. For uniformly smooth and convex norms and abso-
lutely continuous initial mesures, thanks to a kind of Lipschitz regularity satisfied by the
segments of the partition in this case, it was solved by L. Ambrosio in [4] (see also [7]
for the extension to non-compactly supported measures, and [17] and [56] for the case in
which both the initial and final measures are compactly supported and absolutely contin-
uous). As mentioned before, for general strictly convex norms the problems was solved
by L. Caravenna [18], proving that the segments where the potential is affine satisfy the
approximation property introduced in [13]. The general convex case has been recently
settled in a joint work with S. Bianchini [12].

Just to give an idea of how this technique works, focus on a collection of 1-dimensional
faces ¢ which are transversal to a fixed hyperplane Hy = {z € R" : z-e = 0} and such that
the projection of each face on the line spanned by the fixed vector e contains the interval
[h=,ht], with h~ < 0 < h". Indeed, we will obtain the disintegration of the Lebesgue
measure on the k-dimensional faces, with £ > 1, from a reduction argument to this case.
First, we slice € with the family of affine hyperplanes H; = {x-e = t}, where t € [h~, h™],
which are parallel to Hy. In this way, by Fubini-Tonelli Theorem, the Lebesgue measure
£ ™ of € can be recovered by integrating the (n—1)-dimensional Hausdorff measures of the
sections of € N H; over the segment [h~, h*] which parametrizes the parallel hyperplanes.
Then, as the faces in & are transversal to Hj, one can see each point in 4 N H; as the
image of a map ¢! defined on ¢ N H, which couples the points lying on the same face.
Suppose that the (n — 1)-dimensional Hausdorff measure s#"~' (¢ N H;) is absolutely
continuous w.r.t. the pushforward measure ol ("' L (4 N Hy)) with Radon-Nikodym
derivative a. Then we can reduce each integral over the section 4’ N H; to an integral over
the section € N Hy:

/ de™ = / A"V (E N HY) dt = / / ot (0'(2)) da™ Y (2) dt.
@ [h—,h+] (h—h+] JenH,

Exchanging the order of the last iterated integrals, we obtain the following:

dgnz/ / Yol (2)) dt dae™ L (2).
[g B R CO) (2)

Since the sets {O'[h_’hﬂ(Z)}zggm H, are exactly the elements of our partition, the last equal-
ity provides the explicit disintegration we are looking for: in particular, the conditional
measure concentrated on ¢*""I(z) is absolutely continuous w.r.t. "L gl" (2.
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The core of the proof is then to show that
A"L(E N Hy) < ol ("L (€ N Hy)).
We prove this fact as a consequence of the following quantitative estimate: for all 0 <t <
h*t and S C €N H,
t—h~
—h-

A" a'(9)) < ( )nlff"—l(S). (0.2)

This fundamental estimate, as in [13], [18], is proved approximating the 1-dimensional
faces with a sequence of finitely many cones with vertex in ¥ N H,- and basis in 4 N H;.
At this step of the technique, the construction of such approximating sequence heavily
depends on the nature of the partition one has to deal with. In this case, our main task
is to find the suitable cones relying on the fact that we are approximating the faces of a
convex function.

One can also derive an estimate symmetric to the above one, showing that o?, (7 L (En
Hy)) is absolutely continuous w.r.t. " 'L (4 N H;): as a consequence, o' is strictly
positive and therefore the conditional measures are not only absolutely continuous w.r.t.
the proper Hausdorff measure, but equivalent to it.

The fundamental estimate (0.2) implies moreover a Lipschitz continuity and BV reg-
ularity of of(z) w.r.t ¢: this yields an improvement of the regularity of the partition that
now we are going to describe. In Chapter 3 we present these results for general locally
affine Borel partitions satisfying the cone approximation property, while here for simplicity
we consider the partition given by the faces of a convex function.

Consider a vector field v which at each point = is parallel to the face through that point
x. If we restrict the vector field to an open Lipschitz set {2 which does not contain points
in the relative boundaries of the faces, then we prove that its distributional divergence is
the sum of two terms: an absolutely continuous measure, and a (n — 1)-rectifiable measure
representing the flux of v through the boundary of ). The density (divv),.. of the abso-
lutely continuous part is related to the density of the conditional measures defined by the
disintegration above.

In the case of the set € previously considered, if the vector field is such that v-e =1, the
expression of the density of the absolutely continuous part of the divergence is

Ot = (div v)ac.al.

Up to our knowledge, no piecewise BV regularity of the vector field v of faces directions is
known. Therefore, it is a remarkable fact that a divergence formula holds.

The divergence of the whole vector field v is the limit, in the sense of distributions,
of the sequence of measures which are the divergence of truncations of v on the elements
{#}sen of a suitable partition of R™. However, in general, it fails to be a measure.

In the last part of Chapter 3, we change point of view: instead of looking at vector fields
constrained to the faces of the convex function, we describe the faces as an (n + 1)-uple of
currents, the k-th one corresponding to the family of k-dimensional faces, for k =0,... n.
The regularity results obtained for the vector fields can be rewritten as regularity results for
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these currents. More precisely, we prove that they are locally flat chains. When truncated
on a set ) as above, they are locally normal, and we give an explicit formula for their
border; the (n+ 1)-uple of currents is the limit, in the flat norm, of the truncations on the
elements of a partition.

An application of this kind of further regularity is presented in Section 8 of [13]. Given
a vector field v constrained to live on the faces of f, the divergence formula we obtain
allows to reduce the transport equation

divpv =g

to a PDE on the faces of the convex function. We do not pursue this issue in the thesis.

In Part II we deal with approximations of bi-Lipschitz orientation-preserving homeo-
morphisms v :  C R? — A C R? where 2 and A = u(Q2) are two open bounded subsets
of R2. In particular, we show that both u and its inverse can be approximated in the W1»-
norm (p € [1,4+00)) by piecewise affine or smooth orientation-preserving homeomorphisms.
Our main theorem is the following.

THEOREM 0.2. Let Q C R? be any bounded open set, and let v : Q@ — A be a bi-
Lipschitz orientation-preserving homeomorphism. Then, for any & > 0 and any 1 < p < oo,
there exists a bi-Lipschitz orientation-preserving homeomorphism v : Q@ — A such that
u=v on 0S),

lu = vllzoe (@) + lu™ = 07 |zeoa) + [[Du = Dvl|og) + [|Du™" — Do~ |roia) <&, (0.3)

and v s either countably piecewise affine or smooth. More precisely, there exist two geo-
metric constants Cy and Cy such that, if u s L bi-Lipschitz, then the countably piecewise
affine approximation can be chosen to be C L* bi-Lipschitz, while the smooth approzimation
can be chosen to be CoL?8/3 bi-Lipschitz.

Thanks to a result by C. Mora-Corral and A. Pratelli [46] (see Theorem 4.1 below),
the problem of finding smooth approximations can be actually reduced to find countably
piecewise affine ones —i.e. affine on the elements of a locally finite triangulation of €2, see
Definition 4.4.

The fact that v might not be (finitely) piecewise affine but countably piecewise affine
is due to the fact that we require v = v on 9€) and it may happen that either €2 is not
a polygon or that u is not piecewise affine on the boundary. In fact, we also prove the
following

THEOREM 0.3. If under the assumptions of Theorem 0.2 one has also that § is polygonal

and u is piecewise affine on 0S), then there exists a (finitely) piecewise affine approximation
v:Q — A as in Theorem 0.2 which is C1C'(Q2)L* bi-Lipschitz.

About the dependence of C’(2) in Theorem 0.3 on the domain €2, see Remark 4.22.

The first naive idea coming to one’s mind in order to construct a piecewise affine approx-
imation of u could be the following: first, to select an arbitrary locally affine triangulation
of Q) with triangles of sufficiently small diameter; then, to define v as the function which, on
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every triangle, is the affine interpolation of the values of w on its vertices. Unfortunately,
if on one hand the functions defined in this way provide an approximation of u in L*,
on the other hand they may fail to be homeomorphisms. The problem is due to the fact
that, taking arbitrary nondegenerate triangles in 2 —no matter how small— then the affine
interpolation of u on the vertices of the triangles can be orientation-preserving on some
triangles and orientation-reversing on the others (see Figure 1). This prevents the affine
interpolation to be injective since an homeomorphism on a connected domain in R? must
be either orientation-preserving or orientation-reversing on every subdomain. An explicit
example of a function with such a bad behaviour can be found in [53].

D C

A B u(B)

FIGURE 1. The square ABCD is divided in the triangles .7 and .7’. The affine
interpolation v of u on ABCD is not injective, since v(7) C v(7') (v(7) and
v(J") are shaded). Moreover, u is orientation-preserving in the square while v is
orientation-reversing on .7 .

The general problem of finding suitable approximations of homeomorphisms u : R D
Q — u(Q) C R? with piecewise affine homeomorphisms has a long history. As far as
we know, in the simplest non-trivial setting (i.e. d = 2, approximations in the L*-norm)
the problem was solved by Radé [50]. Due to its fundamental importance in geometric
topology, the problem of finding piecewise affine homeomorphic approximations in the L>°-
norm and dimensions d > 2 was deeply investigated in the 50s and 60s. In particular, it
was solved by Moise [43] and Bing [14] in the case d = 3 (see also the survey book [44]),
while for contractible spaces of dimension d > 5 the result follows from theorems of Con-
nell [20], Bing [15], Kirby [38] and Kirby, Siebenmann and Wall [39] (for a proof see,
e.g., Rushing [52] or Luukkainen [42]). Finally, twenty years later, while studying a class
of quasi-conformal varietes, Donaldson and Sullivan [25] proved that the result is false in
dimension 4.

Let us consider now homeomorphisms u which are bi-Sobolev, i.e. u € WY and
u™t € WP for some p € [1,+0c]. As pointed out by Ball (see [9], see also Evans [26]), the
problem of proving the existence of piecewise affine approximations of bi-Sobolev homeo-
morphisms as in (0.3) arises naturally when one wants to approximate with finite elements
the solutions of minimization problems in nonlinear elasticity (e.g. the minima of neo-
hookean functionals, see also [8], [10], [21], [54]). In that context, the function u represents
the physical deformation of a material with no interpenetration of matter (in particular,
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d = 2 as in the present paper, or d = 3). The reason why one requires that the approxima-
tion in the Sobolev norm holds also for the inverse of u is that the functionals of nonlinear
elasticity usually depend on functions of the Jacobian of u which explode both at 0 and
~+00. The physical meaning of choosing such functionals is that too high compressions or
strecthings require high energy.

The additional difficulty in this case is to keep under control the derivatives of the
approximating piecewise affine functions. In particular, one has to prevent the angles and
the sides of the triangulations defining v from becoming comparatively too big/small.

The results available in the literature provide, under increasingly weaker hypotheses
on the derivatives of u, piecewise affine or smooth approximations of u and its deriva-
tives, but not of its inverse u~'. The first results were obtained by Mora-Corral [45] (for
planar bi-Sobolev mappings that are smooth outside a finite set) and by Bellido and Mora-
Corral [16], in which they prove that if u € C%* for some o € (0, 1], then one can find
piecewise affine approximations v in C%? where 3 € (0, «) depends only on a.

Recently, Iwaniec, Kovalev and Onninen [37] almost completely solved the approxi-
mation problem of planar Sobolev homeomorphisms, proving that whenever u belongs to
WP for some 1 < p < +o00, then it can be approximated by smooth homeomorphisms v
in the W!*-norm (improving the previous result for homeomorphisms in W2 [36]).

However, as mentioned also by the authors of [37] themselves, the original problem
posed by Ball and Evans of finding approximations of bi-Sobolev homeomorphisms together
with their inverses still remained a completely open problem.

Our construction is the first one to take care also of the distance of the inverse maps,
leading to a partial result towards the solution of the general problem: in fact, we are able
to deal with homeomorphisms which are bi-Sobolev for p = +00. The techniques adopted
in [16] and [37] are completely different with respect to the ones which will be used
throughout this paper. While the proof in [16] is based on a refinement of the supremum
norm approximation of Moise [43] (which, as pointed out by the authors themselves, cannot
be extended to deal with the Sobolev case) and the approach of [37] makes use of the
identification R? ~ C and involves coordinate-wise p-harmonic functions, our proof is
constructive, thus lomg, but it does not make use of more sophisticated tools than the
Lebesgue differentiation Theorem for L'-maps in R? and the Jordan curve Theorem.

Here we give a very short and rough scheme of the construction, simply aiming at
introducing the main chapters and sections of the second part of the thesis. First, exploiting
the nicer properties of u around the Lebesgue points of Du, we show that we can cover
an arbitrarily large (in the Lebesgue sense) part of Q with a family of uniform squares
on which we can take v equal to the piecewise affine interpolation of the values of v on
the vertices of the squares. Indeed, we prove that, in a sufficiently small neighborhood
of a Lebesgue point of Du, the phenomenon depicted in Figure 1 cannot happen. Then,
we cover the remaining part of €2 with a countable “tiling” made of right squares and we
construct the piecewise affine approximation of u on the sides of these squares. Finally, to
complete the construction, we have to define v in their interiors.

In order to do so, we use a planar bi-Lipschitz extension theorem for homeomorphic
images of squares obtained in a joint work with A. Pratelli [24].
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The proof of this bi-Lipschitz extension theorem will be the subject of Chapter 5. In
particular, we prove that, given a planar bi-Lipschitz homeomorphism u defined on the
boundary of the unit square, it is possible to extend it to a function v of the whole square,
in such a way that 0 is still bi-Lipschitz. Denoting by L and L the bi-Lipschitz constants
of @ and ¥, with our construction one has L < CL* (being C' an explicit geometrical
constant). The existence of a bi-Lipschitz extension of a planar bi-Lipschitz homeomor-
phism defined on the boundary of the unit square had already been proved in 1980 by
Tukia (see [57]), using a completely different argument, but without any estimate on the
constant L. Moreover, we show that if @ is a piecewise affine function, then © can be
taken piecewise affine too. Hence, taking u equal to the restriction of v to the boundary
of any square of the countable “tiling” and defining v = v in the interior, we complete the
construction of the countably piecewise affine approximation of u. The explicit bound for
the Lipschitz constants of our bi-Lipschitz extensions in terms of the Lipscitz constant of
u will be actually essential in order to choose the approximating v as close as we want to
u in the sense of (0.3).

More precisely, let @ : 9D — u(dD) C R? be a bi-Lipschitz orientation-preserving
homeomorphism on the boundary of the unit square D = D(0,1). By the Jordan curve
Theorem, its image @(0D) is the boundary OI' of a bounded closed Lipschitz domain
I C R%

Our main result is the construction of a piecewise affine bi-Lipschitz extension when @
is a piecewise affine function, hence I" is a closed polygon.

THEOREM 0.4. Let u: 0D — OI' be an L bi-Lipschitz orientation-preserving piecewise
affine map. Then there exists a piecewise affine extension © : D — T which is CL*
bi-Lipschitz, being C a purely geometric constant. Moreover, there exists also a smooth
extension ¥’ : D — I, which is C'L*/3 bi-Lipschitz.

Moreover, thanks to the geometric Lemmas 4.19 and 4.20 and Theorem 0.2 of Chapter
4, we also prove the existence of a (countably piecewise affine) bi-Lipschitz extension for
any bi-Lipschitz map.

THEOREM 0.5. Let @ : 0D — OI' C R? be an L bi-Lipschitz orientation-preserving
map. Then there exists an extension ¥ : D — I' C R? which is C"L* bi-Lipschitz, being C"
a purely geometric constant. Moreover, v can also be taken countably piecewise affine with
constant CL* or smooth with constant C'L*/3.

Hence, Theorem 0.4 is needed in the proof of Theorem 0.2, while Theorem 0.3 is needed
in the proof of Theorem 0.5.

Our proof of Theorem 0.4 is constructive, thus quite intricate. However, the overall
idea is simple and we try to make it as clear as possible in Chapter 5.

We conclude observing that, in the proof of Theorems 0.2, 0.3, 0.4 and 0.5, we can give
an explicit —though rough— bound on the values of the costants C;, Cy and C5 (while the
constant C’(§2) depends on the set 2, see Remark 4.22)

C, = 72°Cs, Cy = 7007, Cy = 636000
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C' = 636000, C' = 170073, C" = 236C .

Plan of the thesis

In Chapter 1 we deal with general Borel partitions of R™ into locally affine sets (see
Definition 1.12).

In Section 1.1 we recall the definition of (strongly consistent) disintegration of a mea-
sure over a partition and a general abstract theorem which guarantees the existence and
uniqueness of a disintegration in the cases analyzed in the thesis.

The main issue of this chapter is to show that, whenever collections of segments obtained
by slicing the sets of the partition with transversal affine planes satisfy a suitable “cone
approximation property”, then the conditional probabilities of the disintegration of the
Lebesgue measure on the sets of the partition are absolutely continuous w.r.t. the proper
dimensional Hausdorff measures of the sets on which they are concentrated. These collec-
tions of segments are the 1-dimensional model sets, introduced in Section 1.2.

The aim of Section 1.2 is to define the “cone approximation property” for 1-dimensional
model sets and show that it implies the absolute continuity w.r.t. ! of the conditional
probabilities.

In Section 1.3 we show how to reduce the problem of absolute continuity of the disin-
tegration on Borel locally affine partitions to testing the approximation property on the
1-dimensional model sets obtained with suitable slicings of the sets of the partition.

In Chapter 2 we deal with the locally affine partition given by the relative interiors
of the faces of a convex function f : R®™ — R. After giving the main notation and
preliminary definitions (Section 2.1), in Section 2.2 we prove that this partition satisfies
the required measurability properties in order to support a unique and strongly consistent
disintegration. In Lemma 2.3 of Section 2.3 we prove the “cone approximation property”
for the 1-dimensional slices of the faces. Finally, in Section 2.4 we show that the “cone
approximation property” and the fact that the faces are convex sets imply the Lebesgue-
negligibility of the relative boundary points of the faces. Thus, we can conclude the proof
of our main Theorem 0.1.

Chapter 3 deals with the divergence of the directions of the sets of locally affine par-
titions satisfying the “approximation property” as in Chapter 1. In particular, the results
we obtain apply to the directions of the faces of a convex function. Section 5.2 contains
a study of the regularity properties of the density function of the conditional probabilities
of the disintegration w.r.t. the Hausdorff measures on the sets of the partition. Sections
3.2 and 3.3 describe, with two different approaches, how the regularity properties of the
density function reflect on the regularity of the divergence of the directions of the sets
of the partition. In Section 3.2 we consider the divergence of any vector field which at
each point x € R" is parallel to the face of f through z. In Section 3.3 we consider the
boundaries of the (n 4 1)-uple of currents associated to the faces of f, the k-th one acting
on k-forms on R"™.
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In Chapter 4 we prove that any planar bi-Lipschitz orientation-preserving homeomor-
phism u can be approximated by countably piecewise affine homeomorphisms v as in The-
orem (0.2. In Section 4.1 we give an idea of the proof. The construction is based on a
suitable subdivision of the domain € into a tiling made of “Lebesgue squares” and into a
countable tiling of “non-Lebesgue squares”, up to the boundary of €). In Section 4.3 we
define the “Lebesgue squares” and construct a piecewise affine approximation of u on these
sets. In Section 4.4 we complete the construction defining v out of the “Lebesgue squares”.
Finally, in Section 4.5 we prove the existence of (finitely) piecewise affine approximations
of v under the assumptions of Theorem 0.3.

Chapter 5 is devoted to the proof of the piecewise affine bi-Lipschitz extension Theorem
0.4 for piecewise affine bi-Lipschitz maps defined on the boundary of the squares. In
Section 5.1 we introduce the main notation and Section 5.2 contains a brief scheme of the
construction. Each of the Sections 5.3-5.10 corresponds to a step of the proof. Finally,
in Section 5.11 we show how to get smooth bi-Lipschitz extensions, also for general bi-
Lipschitz maps as in Theorem 0.5.
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CHAPTER 1

Disintegration on locally affine partitions of R"

In this chapter we prove that, whenever suitable subpartitions into 1-dimensional sets
of a locally affine partition of R™ —called 1-dimensional slices (Definition 1.23)— satisfy a
regularity property called cone approximation property (Definition 1.11), then the condi-
tional probabilities of the disintegration of Lebesgue measure on these sets are equivalent
to the proper-dimensional Hausdorff measure of the sets on which they are concentrated.
Our main result is the following

THEOREM 1.1. Let {X*} ,ea, C R™ be a Borel partition into locally affine sets whose

k=0,...,n
1-dimensional slices satisfy the cone approximation property. Then,

"Xt :/,ude(k,a),

k,a

where the conditional probability u® which is concentrated on the k-dimensional set X* is
equivalent to %L X, for m-a.e. (k,a).

The definition of the regularity property for general locally affine partitions needed in
Theorem 1.1 is not straightforward. However, the core of the technical role of this property
at the aim of proving the absolute continuity of the conditional probabilities is already clear
in the particular case in which the locally affine sets are 1-dimensional sets (i.e., segments)
whose projections on a fixed direction of R? are given by a fixed segment. Collections of
disjoint segments of this kind will be called 1-dimensional model sets (Definition 1.7). The
aim of Section 1.2 is to define the cone approximation property for 1-dimensional model
sets (Definition 1.11). Instead of defining it at the beginning of the section, we introduce
it as the final ingredient of a disintegration technique which permits to show the absolute
continuity property. The content of Section 1.2 was first presented in [13] for a partition
into segments coming from a variational problem, though not stated within this general
framework.

In Section 1.3 we first deal with partitions into higher dimensional sets, called k-
dimensional model sets. All the sets of such partitions have the same dimension (equal to
some k € {1,...,n —1}) and their projection on a fixed k-dimensional subspace of R" is
given by a fixed k-dimensional parallelogram. In particular, when k£ = 1 the definition is
consistent with the one of 1-dimensional model set given in Section 1.2. By a Fubini-Tonelli
argument, we will see that whenever all the 1-dimensional model sets obtained by slicing
a k-dimensional model set with transversal affine planes (i.e., the 1-dimensional sices of
the model set) satisfy the cone approximation property defined in Section 1.2, then the

15



16 1. DISINTEGRATION ON LOCALLY AFFINE PARTITIONS OF R"

result of Theorem 1.1 holds. Finally, in Subsection 1.3.1 we deal with general locally affine
partitions. After showing how to reduce via a countable covering argument from general
locally affine partitions to k-dimensional model sets called k-dimensional D-cylinders (as
in [19] for the faces of a convex function), we complete the proof of Theorem 1.1, which is
implied by the validity of the cone approximation property defined in Section 1.2 for the
1-dimensional slices of the so obtained k-dimensional D-cylinders.

1.1. An abstract disintegration theorem

A disintegration of a measure over a partition of the space on which it is defined is a
way to write that measure as a “weighted sum” of probability measures which are possibly
concentrated on the elements of the partition.

Let (X, X, 1) be a measure space (which will be called the ambient space of the disinte-
gration), i.e. X is a o-algebra of subsets of X and pu is a measure with finite total variation
on ¥ and let {X,}, .o C X be a partition of X. After defining the following equivalence
relation on X

r~y & daeA: z,yeX,,
we make the identification A = X /. and we denote by p the quotient map p : x € X —
[z] € A.
Moreover, we endow the quotient space A with the measure space structure given by the
largest o-algebra that makes p measurable, i.e.

o ={FCA:p(F)eXx},
and by the measure v = pypu.
DEFINITION 1.2 (Disintegration). A disintegration of u consistent with the partition
{Xo}aen is a family {pa}aen of probability measures on X such that
1. VE €Y, aw puy(E) is v-measurable;

2. ,u:/,uadu, i.e.
WENp L (F)) = /FHQ(E) dv(a), YEEX, Fed. (1.1)

The disintegration is unique if the measures p, are uniquely determined for v-a.e. a € A.
The disintegration is strongly consistent with p if o (X\X,) =0 for v-a.e. a € A.
The measures i, are also called conditional probabilities of p w.r.t. v.

REMARK 1.3. When a disintegration exists, formula (1.1) can be extended by Beppo
Levi theorem to measurable functions f : X — R as

[ ran= ([ £aua) vt

The existence and uniqueness of a disintegration can be obtained under very weak assump-
tions which concern only the ambient space. Nevertheless, in order to have the strong con-
sistency of the conditional probabilities w.r.t. the quotient map we have to make structural
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assumptions also on the quotient measure algebra, otherwise in general p,(X,) # 1 (i.e.
the disintegration is consistent but not strongly consistent). The more general result of
existence of a disintegration which is consistent with a given partition is contained in [48],
while a weak sufficient condition in order that a consistent disintegration is also strongly
consistent is given in [35].

In the following we recall an abstract disintegration theorem, in the form presented
in [11]. It guarantees, under suitable assumptions on the ambient and on the quotient
measure spaces, the existence, uniqueness and strong consistency of a disintegration. Before
stating it, we recall that a measure space (X, X)) is countably-generated if > coincides with
the o-algebra generated by a sequence of measurable sets {B,, }nen C 2.

THEOREM 1.4. Let (X,X) be a countably-generated measure space and let j1 be a mea-
sure on X with finite total variation. Then, given a partition {X,}aea of X, there exists a
unique consistent disintegration {jia }aca. Moreover, if there exists an injective measurable
map from (A, o) to (R, Z (R)), where  (R) is the Borel o-algebra on R, the disintegration
18 strongly consistent with p.

REMARK 1.5. If the total variation of pu is not finite, a disintegration of pu consistent
with a given partition as defined in (1.1) in general does not exists, even under the assump-
tions on the ambient and on the quotient space made in Theorem 1.4 (take for example
X=R", Y2=2R"), u=2"and X, ={zx:x-2z = a}, where z is a fred vector in R"
and o € R).

Nevertheless, if u is o-finite and (X,X), (A, o) satisfy the hypothesis of Theorem 1.4,
as soon as we replace the possibly infinite-valued measure v = pyp with an equivalent o-
finite measure m on (A, <), we can find a family of o-finite measures {fiq taca on X such
that

= [ fiadma) (1.2)
and
fo(X\Xo8) =0 for m-a.e. a € A. (1.3)
For example, we can take m = pyu0, where 0 is a finite measure equivalent to fu.
We recall that two measures py and ps are equivalent if and only if

p K pa o and o <K fiy. (1.4)

Moreover, if X and {S\Q}ae/_\ satisfy (1.2) and (1.3) as well as m and {fiq }aeca, then A
18 equivalent to m and
dm , . _

a = ﬁ(&)ua,

P

where fl—’j\"‘ is the Radon-Nikodym derivative of m w.r.t. .

Whenever p is a o-finite measure with infinite total variation, by disintegration of
strongly consistent with a given partition we will mean any family of o-finite measures
{fta }aea which satisfy the above properties; in fact, whenever p has finite total variation

we will keep the definition of disintegration given in (1.1).
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Finally, we recall that any disintegration of a o-finite measure p can be recovered by
the disintegrations of the finite measures {uL K, }nen, where { K, }nen C X is a partition
of X into sets of finite pi-measure.

Throughout this part of the thesis it will be convenient to denominate in a different
way the partitions of R™ satisfying the assumptions of Theorem 1.4 with ¥ = % (R").

DEFINITION 1.6. We say that a partition of R"™ into sets {Xs}aea € R™ is a Borel
partition if the quotient map p : UAXa — A is (% (R"), o/ )-measurable and there exists
ae
an injective measurable map from (A, /) to (R™, 2 (R™)) for some m € N.

The unique strongly consistent disintegration of a finite measure p over a Borel partition
{X4}aea will be denoted as

= /,ua dm(a), pa(Xy) =1 for m-ae a€A. (1.5)

1.2. Disintegration on 1-dimensional model sets
In this section we consider partitions of R? into segments as in the following

DEFINITION 1.7 (1-dimensional model set). A 1-dimensional model set is a o-compact
subset of R? of the form
cgl - Uera

reR
where {0, },er C RY is a collection of disjoint segments for which there exist a unit vector
e € St and two real numbers h= < h* such that

{x-e:xel}=[h,n"], VreRr
Moreover, let us assume that for all t € [h=, h™], the map
ol 22— 0. N{x-e=1t}, VreR
has o-compact graph and that £ *(€") < +oo.

For an example of 1-dimensional model set see Figure 1.
Notice that, by the abstract disintegration Theorem 1.4 there exists a unique strongly
consistent disintegration

L E = /,ui dm(r), p-(¢,)=1 for m-a.e r€R. (1.6)

Our aim is to show that, if the segments of a 1-dimensional model set satisfy an addi-
tional “regularity property” called cone approximation property (Definition 1.7), then we
get the equivalence w.r.t. s#! of the conditional probabilities p!. In particular, this prop-
erty will be presented as a final tool which permits to complete a disintegration technique
for showing absolute continuity, first developed by S. Bianchini and M. Gloyer in [13].

Given a 1-dimensional model set €', we always fix a vector e and two real numbers
h~, k' as in Definition 1.7. We also define the transversal sections Z; = €*N{z : z-e = t},
for all ¢t € [h~, h7].
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Rﬂ,

] . — 1 /()/—l

— — = — _ bz
— T il <

A E T < <

| | | -2 €7 . xl
i B < <

|a(z)_zl — - —] e |

— — =<
| m— —— ~

FIGURE 1. A 1-dimensional model set. Given a subset Z; of the hyperplane
{z-e = 0}, the above model set is made of disjoint segments passing through
some z € Zy, truncated between {z-e=h"} and {z-e=h"}.

1.2.1. A Fubini-Tonelli technique and absolute continuity on transversal hy-
perplanes. In this short section we show that, by a Fubini-Tonelli argument, we can revert
the problem of absolute continuity w.r.t. 2! of the conditional probabilities {u!},cr to the
absolute continuity w.r.t. %! of the push forward by the flow induced by the directions
of the segments of the 9 !-measure on transversal sections.

First of all, we cut the set ¢! with the affine hyperplanes which are perpendicular to
the segment [h~e, h™e], we apply Fubini-Tonelli theorem and we get

ht
Loe@azi@ = [ [ partta, voecd®), (17)
2 t

Then we observe the following: for every s,¢ € [h~, h™], the points of Z, are in bijective
correspondence with the points of the section Z; and a bijection is obtained by pairing the
points that belong to the same segment /., for some r € R. In particular, this bijection is
given by the map of, : Z; — Z.

Therefore, as soon as we fix a transversal section of €1, say for e.g. Zy = {z-e =0}N¥

assuming that 0 € (b, h"), we can try to rewrite the inner integral in the r.h.s. of (1.7)
as an integral of the function ¢ o afzo w.r.t. to the ¢! measure of the fixed section Z.

Setting for simplicity of notation o' = a|tZ and Z = Zj, this can be done if
0

(") (L o'(2) < L Z. (1.8)
Indeed,
[, #0 E) = [ plo' ) dla'y (L o 2)(e)
and if (1.8) is satisfied at least for #'-a.e. t € [h~, h"], then

(17) = /}iJr/ng(O—t(z)) Oz(t, Z) d(%ﬁd*1<z> dt,
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where a(t, z) is the Radon-Nikodym derivative of (o!),'(#9'L 0'(Z)) wart. 'L Z.

Having turned the r.h.s. of (1.7) into an iterated integral over a product space isomor-
phic to Z 4 [h™e, hTe], the final step consists in applying Fubini-Tonelli theorem again so
as to exchange the order of the integrals and get

/%ISO(I) d.e(x) :/Z/hfi+ o(0'(2)) alt, 2) dt d# ().

This final step can be done if « is Borel-measurable and locally integrable in (¢, z).
By the uniqueness of the disintegration stated in Theorem 1.4 we have that, calling
r(z) the index r € R such that z € ZN¥,,

a(t,z)-da#'L 0.(t)
I s, 2) ds

Moreover, we observe that if also the reverse absolute continuity estimate

ol (AT Z) < T L o' (2) (1.10)

holds, then a(t,-) > 0 #9 1-a.e. on Z and the conditional probabilities (1.9) are equivalent
to the 1-dimensional Hausdorff measure on the segments.

dui(z)(t) = , for #% ae. 2 € Z. (1.9)

1.2.2. An approximation property and absolute continuity estimates. In this
section we want to find additional conditions on the segments of a 1-dimensional model set
so that (1.8) and (1.10) hold for a.e. ¢t € [h~,h"]. In this way, by the reasoning made in
Section 1.2.1, we get the equivalence to ! of the conditional probabilities (1.6). These
conditions will be expressed by the cone approximation property defined in Definition 1.11.

First of all, given a 1-dimensional model set 4 we denote by v, : €' — S?! the unit
vector field such that ve - e > 0 and (ve(2)) = (lr(») — 2) and we call it direction vector
field of €*. Let us observe that v, is constant on each segment ¢,, thus a 1-dimensional
model set is completely identified by e, h~, h* and v.. Moreover, notice that, for all z € Z,
s € [h,hT]

Ve(2)

o’(z) =z + Sve(z) =

(1.11)

S __
We also set v; = vel,, .

Now we fix u € (™, h") and we introduce a class of collections of segments which will
be shown to satisfy (1.8) or (1.10).

DEFINITION 1.8 ((Finite union of) Cones). A cone with basis Z7 C {x-e=u} (Z, C
{z-e=u}) and vertex in Zy+ (Z,-) is a set of the form

U [zy7]
zeZF
(resp. U [z,y7]) for some y* € Zy+ (y~ € Zy-). The point y* (y~) is called vertex
2€Z,
of the cone. A finite union of cones is a subset of R? given by a finite collection of cones
which intersect at most in a #'-negligible subset of {x -e = u}.



1.2. DISINTEGRATION ON 1-DIMENSIONAL MODEL SETS 21

We notice that, for all s € [u,h*) the intersection of a finite union of cones 4, , with
basis Z and vertices in Z,+ with the set {x € R? : z-e € [u,s]} is a 1-dimensional
model set. The same holds by simmetry for finite union of cones with basis Z, and
vertices in Zy,-, taking s € (h~,u]. Therefore, on €}, N{x € R : z-e € [u,h")} we
can define a direction vector field v¥, as done for the 1-dimensional model set €'.On
G, N{z e R : z-e e (h,ul} we define the direction field v¥_ in such a way that
Ve, - € < 0. Moreover, we define

Vet (2)
o) =z+ (s —u)—2——, Vse€uh®],zeZ'
) = - Ve e i)
u,s _ Ug,—(z) _ _
o (z) =z 4+ (s u)vg_(z)-e’ Vselh ,ul,z€Z,.

The importance of the finite unions of cones lies in the fact that they satisfy the
following quantitative estimates on the push-forward of the # % '-measure on transversal
sections.

LEMMA 1.9. Let €, , be a finite union of cones with basis Z} and vertices in Zy+ .
Then, for all s € [u,h™) and for all A C Z}F

d—1( _u,s d—1 Wt — s\
2o (A)) = (A)<h+—u> : (1.12)
Let Cﬁul’_ be a finite union of cones with basis Z, and vertices in Zy-. Then, for all

s € (h,u] and for all A C Z;

AT 0" (A)) > %ﬂd—l(A)(h_ — 8>d1. (1.13)

Moreover, (1.12) (resp. (1.13)) holds also for finite union of cones with basis in {x-e¢ = h™}
(resp. {x-e=h"}).

The proof of Lemma 1.9 is a straightforward consequence of the similitude criteria for
triangles.

Now, let us see how the estimates (1.12),(1.13) imply (1.8) and (1.10). If ¢ > 0, taking
u=0and s =tin (1.12) we get (1.10), while choosing u = ¢t and s = 0 in (1.13) we obtain
(1.8). If instead t < 0, then (1.8) (resp. (1.10)) is obtained taking u = ¢ and s = 0 in
(1.12) (resp. u =0 and s =t in (1.13)).

We are then ready to state and prove the main result of this section. We prove that, if
the restrictions to transversal sections of the direction vector field of a 1-dimensional model
set can be pointwise approximated with finite unions of cones with vertices in Z,+, then
the (d—1)-dimensional Hausdorff measures of the transversal sections satisfy the estimates
(1.12) and (1.13), thus yielding the equivalence w.r.t. /" of the conditional probabilities.

LEMMA 1.10. Let €' be a 1-dimensional model set and let v, : €' — S be its
direction vector field. Let us assume that, for all uw € (h™,h™), there exist two sequence of
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direction vector fields of finite union of cones {vy, ;}jen and {vy_ . }jen with bases in Z,
and vertices respectively in Zy+ and Z,- such that
AN (ZN\domul, ) =0, VjeN (1.14)
Ve j — Eug, A" ae. on Z,. (1.15)
Then, for allh~ < s <t <h* and for all AC Z
s d_lﬁd—l(aS(A)) < (o'(A)) < # (0%(A)) h =\ (1.16)
ht —t - - h= —s ‘ '
Moreover, the right estimate in (1.16) holds also for t = h™ in case there exists an approz-

imating Sequence {Ug:j}jeN and the left estimate holds also for s = h™ if there exists an

approzimating sequence {U?;j}jeN as above.

Before proving Lemma 1.10, we give the following

DEFINITION 1.11 (Cone approximation property). We say that a 1-dimensional model
set €' C RY satisfies the cone approximation property if it satisfies the assumptions of
Lemma 1.10.

PrRoOOF OoF LEMMA 1.10: First of all we observe that, by symmetry, it is sufficient
to fix t = 0 € (h~,h*] and prove that, if 3{v_;}jen converging to —v? as in (1.14) and
(1.15), then the r.h.s. of (1.16) holds for all s € (h~,0].

The estimate (1.13) of Lemma 1.9 with u = 0 tells us that, for all j € N, s € (h7,0]
and A C Z

B — o\ 41
#9(0% (4)) > %ﬂd‘l(A)( - S) | (1.17)

Moreover, (1.17) is stable under pointwise limit. Indeed, take any compact set A, C A
such that: #%(A\A.) < e, and vQ and v _; are continuous on A, for all j € N. In
particular, {ag’fj(Ag)}jeN is a sequence of compact sets that, due to (1.14), converge w.r.t.
the Hasudorff distance to the compact set 0°(A.) C 0%(A). By the upper-semicontinuity
of the (d — 1)-dimensional Hausdorff measure on compact sets of {x - e = s} converging
w.r.t. the Hausdorff distance, we have

AT 0% (A)) = #97 (0°(AL)) > limsup %d’l(ao’sl(As))

jHOO =]

Letting ¢ tend to 0 we get exactly the r.h.s. of (1.16) for ¢ = 0.

1.3. Disintegration on locally affine partitions

The aim of this section is to define the 1-dimensional slices for Borel locally affine
partitions in R™ and to give a proof of Theorem 1.1.
First of all we give a rigorous definition of locally affine set.
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DEFINITION 1.12. A nonempty set E C R"™ is locally affine if it consists of a single
point or if there exist k € {1,...,n} and an affine k-dimensional plane V- C R"™ such that
E CV and FE s relatively open in V. By relatively open in V' we mean open in the relative
topology induced by R™ on V.

Given a set £/ C R", we denote by aff(E’) the affine hull of E’, namely the minimal
(w.r.t. set inclusion) affine subspace of R™ containing E’. We denote by ri(E’) the relative
interior of E', which is the interior of £’ in the relative topology induced by R™ on aff(E’)
and by rb(E’) its relative boundary. If O # ri(E’) € E’' C clos (ri(E")), the dimension
of E' is defined as dim(E") := dim(aff(E’)). Whenever dim(E’) = k, we say that E’ is a
k-dimensional set and single points are equivalently called 0-dimensional sets. An example
of sets whose linear dimension is well defined are the convex sets.

Concerning the disintegration on 0-dimensional and n-dimensional sets we make the
following

REMARK 1.13. The result of Theorem 1.1 for k = 0,n is trivial. Indeed, for all o € Ay
we must put p = dix0y, where 0, is the Dirac mass supported in xo, whereas if a € A,
we have that p = L Xa
a1 L7 Xz
Hence, from now onwards we will care only about the disintegration on the sets of
dimension k € {1,...,n —1}.

1.3.1. Disintegration on k-dimensional model sets. In this subsection we define
a class of locally affine partitions into sets of a fixed dimension k € {1,...,n— 1} called k-
dimensional model sets, which generalize the concept of 1-dimensional model set introduced
in Definition 1.7. Then, we define the 1-dimensional slices for these kinds of partitions
and prove Theorem 1.1 in this special case.

We fix k € {1,...,n — 1} and a plane V € 4(k,n), where ¢4(k,n) is the Grassmanian
of k-dimensional planes of R™ passing through the origin. We denote by S"~' NV the
(k — 1)-dimensional unit sphere of V' w.r.t. the Euclidean norm and 7y : R” — V the

projection map on the k-plane V. We consider an orthonormal set {eq, ..., e} in R"™ such
that (e;,...,ex) = V and two k-uple of points | = (Iy,...,Il;), m = (myq,...,my) € Z* with
l; <m;j forall j =1,..., k. Then we define the k-dimensional
k
CH(1,m) = [l ej,m;e5].
j=1

Now we are ready to give the definition of k-dimensional model sets

DEFINITION 1.14. A k-dimensional model set is a o-compact subset of R™ of the form
¢ = | ¢, (1.18)

reRg
where {€*},er, is a collection of disjoint closed k-dimensional sets such that

v (€F) = C*(1,m).
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Moreover we assume that, for all w € C*(1,m) the map
CF sz Nyt (w)
has o-compact graph.

Again by the measurability assumptions made in Definition 1.14, Theorem 1.4 applies
and then there exists a unique strongly consistent disintegration

LrLEr = /u,’f dm(k,r), pF(@*) =1. (1.19)

Given a k-dimensional model set €%, we always fix a k-plane V and a k-dimensional
rectangle C*(1,m) as in Definition 1.14. We also define the transversal sections Z¥ =
€F N ryt(w), for all w € C*(1, m)

As in Section 1.2, the problem of the absolute continuity (or equivalence) of the con-
ditional probabilities w.r.t. #* can be reduced to the problem of absolute continuity
(equivalence) w.r.t. # " * of the push-forward of the (n — k)-dimensional Hausdorff mea-
sure on transversal sections.

As soon as we fix a transversal section Z*¥ = Z¥ the set €* can be parametrized with
the maps

wtte > (Z)
wtte) o ( ) +t|7Tv<Ue(Z))|’ (1'20)

where e is a unit vector in S ' NV, t € R satisfies w + te € C*(1,m) and v.(2) is the unit

direction contained in the set €* passing through z which is such that ”VE”eE§)§| =e. We

O_Vv+te . Zk N Zk

observe that, according to our notation,
(O_W-l—te)—l _ O_(w+te)—te

For all w € C*(1,m) we also define the real numbers
ht(w,e) =sup{t: w+te€ C*(,m)}, h (w,e)=inf{t: w+tec C*1,m)}
The first step of the proof of Theorem 1.1 for the partition (1.18) consists in cutting
the set €* with affine hyperplanes which are perpendicular to e; for i = 1,..., k and apply

k-times the Fubini-Tonelli theorem. Then, the main point is again to show that, for every
e and t as above,

(0"), (" * L ZE ) is equivalent to 27" * L Z* (1.21)

and, after this, that the Radon-Nikodym derivative between the above measures satisfies
proper measurability and integrability conditions.
The main observation is now that the sets of the form
U {0W+te(z) S te [h_(w,e),h+(w,e)]} (1.22)
2€Zk
are 1-dimensional model sets as in Definition 1.7, living in the d = (n — k + 1)-dimensional
space 7r‘71<[h_ (w,e),h*(w,e)le). Hence, if the 1-dimensional model sets (1.22) satisfy the
approximation property of Definition 1.11, in the same way as shown in the previous section
one gets that (1.21) holds.
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The role of the 1-dimensional model sets (1.22) in proving Theorem 1.1 leads us to give
the following definition

DEFINITION 1.15. We call 1-dimensional slice of a k-dimensional model set €% any
1-dimensional model set of the form (1.22)=€* Nr' ([~ (w,e), k" (w,e)]e).

As we have just observed, Lemma 1.10 of Section 1.2 can be rewritten adapting to this
context in the following way.

LEMMA 1.16. Let €% N ;' ([h=(w,e),h*(w,e)le) be a 1-dimensional slice of a k-
dimensional model set €* which satisfies the cone approzimation property. Then, for all
h™(w,e) < s<t<h"(w,e) and for all AC ZF

(20 e e

< %”—k(aw+se(,4))(m> L 23)

Moreover, the right estimate in (1.23) holds also for t = h'(w,e) and the left estimate
holds also for s = h™(w,e).

Indeed, Lemma 1.10 implies the following

COROLLARY 1.17. Let €% be a k-dimensional model set whose 1-dimensional slices
satisfy the cone approzimation property and let oV +*¢(Z*), o“T(Z*) be two sections of
€¢* with s and t as in Lemma 1.16.. Then, if we put s = w + se and t = w + te, we have
that

a;;'sjﬂe(%nikl_at(zk)) < %n*kLaS(Zk) (124)

and by the Radon-Nikodym theorem there exists a function af(t,s,-) which is A" *-a.c.
defined on o%(Z%) and is such that

oy (A Lo (ZY) = aftys ) - A Lo (ZY). (1.25)

PRrROOF. Without loss of generality we can assume that s = 0. If " %(A) = 0 for
some A C Z*, by definition of push forward of a measure we have that

(0007 (L () (4) = o () (120

and taking s = 0 in (1.23) we find that J#""*(A) = 0 implies that #"*(c¥*(A))
0.

ol

In the proof of Theorem 1.1 we will also need the following

REMARK 1.18. The fuction a = «(t,s,y) defined in (1.25) is measurable w.r.t. y and,
for A" F-a.e. y € o¥Te(Z¥), we have that

als,t,y) = a(t,s, ot~y 7L (1.27)
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Moreover, since

W—i—se)—l W+te)—1 o Us—Hs—t\e

(o = (o

we have that
als,w,2) " L 78 = (0W+Se);(%ﬂ”_k L o%(Z%))
— (O.W+te>;#1(o_;+\5—t\e%nfk L O_S<Zk)>

= ()3 (alsst) - L 0'(2)

= a(t,w,2)-a(s,t,0%(2)) - " *L Z. (1.28)

From (1.23) we immediately get the uniform bounds:

e B = L) R

h*(t,e) —h=(t,e)
(W) < a(t +ue,t, ) < (W) if u € [h(t,e),0].  (1.29)

In particular, a(-,w, z) > 0 on C*(1,m) for m-a.e. z € ZF.
Now we can finally give the proof of Theorem 1.1 for k-dimensional model sets.

PROOF OF THEOREM 1.1 FOR k-DIMENSIONAL MODEL SETS: To end the proof of
the theorem we only have to make rigorous the Fubini-Tonelli Tonelli argument which
leads to check 1.21 on the 1-dimensional slices. For simplicity of notation, let us fix

w =0 € C*(1,m) and let us set Z¥ = ZF hFf = h*(w,e;), for all i = 1,... k and

gltierttper) — swH(tier++tger)

Our aim is then to show that, for all ¢ € L} (R"),

hto bt
coder = [ [ [T alhent e, 0,2) o0 @) by diy dot " Hz),
¢ z+ Jhg Jhy

(1.30)
where « is the function defined in (1.25).
We proceed using the disintegration technique which was presented in Section 1.2.

/ ht hi k
ok 90( ) ( ) - ” CkN{z-ep=ti}N---N{z-e1=t1} 7

hF ht
= / L / ' / atrer, 0,2) ... a(tie; + - + tpeg, toey + - - - + trey, 2ot Hier) ()
(1.24) n L Jzk

gp(a(tlel—'—m—'—tkek)(z)) djf"_k(z) dty ... dty

ht i
= / § .. / ' / a(tie; + -« - + tgeg, 0, 2) S0(Cr(tlel—ir--~+1tkezc)(Z>) d%pn—k(z) dt, ... dt,
(1.28) y T Jzk

hi ht
= /Zk /f . ./h1 04(25161 4+ -+ treg, 0, Z) Sp(a(tlel+---+tk€k)<z)) dt, ... dt dc%pnfk(z).
. k -
Rem 1.18
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By the uniqueness and strong consistency of the disintegration guaranteed by Theorem
1.4, analogously to (1.9) we have that
a(t1e1 + -+ tkek, 0, Z) f%ﬂk L (grk(z)(dtl . dtk)

hy; hi
a(sie; + -+ + spex, 0, 2) dsy ... dsg

[

: (1.31)

g

1.3.2. Reduction to k-dimensional model sets and global disintegration. In

this section we finally consider a general Borel locally affine partition into sets { X*} ,ea, C
k=0,...,n

R™. Neglecting by Remark 1.13 the 0-dimensional sets, we show that the set
7= U U Xk (1.32)
ke{l,...,n} aEAg

can be partitioned, up to an £ "-negligible set, into a countable family of k-dimensional
model sets called k-dimensional D-cylinders. Finally, we complete the proof of Theorem
1.1.

In order to find a countable partition of 7 into model sets like the set €* which was
defined in Section 1.3.1, w.l.o.g. we start assuming that 7 is a o-compact set and that the
quotient map p of Definition 1.6 has o-compact graph. In fact, it is sufficient to remove an
£ "-negligible set. We also define

X' = |JXE Vk=0,...,n (1.33)

acAy

and the (multivalued) equivalence map R : UX I UX Iy
Q Q

Xtsre R@) =XF, forallk=0,...,n, a €A, (1.34)
Moreover, we define the multivalued direction map
y—x
ETRS R(:L')\{x}} (1.35)
ly — =]
By the assumptions on the quotient map p, it is easy to check that the maps R and D

have o-compact graphs.
Now we can start to build the partition of X* into k-dimensional model sets.

D:T —S"' D)= {

DEFINITION 1.19. For all k = 1,...,n, we call sheaf set a o-compact subset of X* of
the form
7%= U R(z), (1.36)
zeZk

where Z* is a o-compact subset of X* which is contained in an affine (n — k)-plane in R"
and s such that

R(z)NZF ={z}, VzeZ"
We call sections of 2% all the sets Y* that satisfy the same properties of Z* in the Defi-
nition 1.19.
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A subsheaf of a sheaf set 2% is a sheaf set #W'* of the form
W= U R(w),

weWk

where W¥ is a o-compact subset of a section of the sheaf set 2%,

Now we prove that the set X* can be covered with countably many disjoint sets of the
form (1.36).
First of all, let us take a dense sequence {V;};eny C 4(k,n) and fix, Vi € N, an orthonormal
set {e;,,...,e; } in R™ such that

V;: <ei1,...,eik>. (137)

Recalling the notation set at the beginning of Section 1.3.1, we denote by m; = my; :
R"™ — V; the projection map on the k-plane V;. For every fixed 0 < ¢ < 1 the following
sets form a disjoint covering of the k-dimensional unit spheres in R™:

k—1 n—1 . k—1 ’

Sit={S""'nV:V eY(kn), eSlnrlflm/Hﬂ-V( )| >1 8}\ US : i=1,...,1,
where I € N depends on the £ we have chosen.

In order to determine a countable partition of X* into sheaf sets we consider the
k-dimensional rectangles in the k-planes (1.37) whose boundary points have dyadic coor-
dinates. For all

l=(l,...,lg), m = (mq,...,my) €ZF withl; <m; Vj=1,...,k
and for alli = 1,...,1, p €N, let Ck

i D€ the rectangle

k
C(zplm - 2—pH [l] eija my; eij]- (138)
j=1
LEMMA 1.20. The following sets are sheaf sets covering X*: fori =1,...,1, p € N,
and S C ZF take

2,

,,%”ps = {az € X¥:D(x) CSF! and S C ZF is the mazimal set such that

Y, Chien € m(R(z)}. (1.3
Moreover, a disjoint family of sheaf sets that cover X* is obtained in the following way:
mn case p = 1 we consider all the sets fps as above, whereas for all p > 1 we take a set

sz iof and only if the set U C 1041y does not contain any rectangle of the form Ck 1041

for every p’ < p.
As soon as a monempty sheaf set ff;ps belongs to this partition, it will be denoted by
Zk
ipS *

)

For the proof of this lemma we refer to the analogous Lemma 2.6 in [18].
Then, we can refine the partition into sheaf sets by cutting them with sections which
are perpendicular to fixed k-planes.
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DEFINITION 1.21. (See Figure 2) A k-dimensional D-cylinder of {X*} achy 15 a k-

,,,,,

dimensional model set of the form

¢ =2 nm L, (CY), (1.40)
where 2% is a k-dimensional sheaf set, {ey,...,ex) is any fived k-dimensional subspace
which is perpendicular to a section of Z* and C* is a rectangle in (ey, ..., ex) of the form

k
Ck = H[t;ez,t;rez],
i=1

with —oo < t; <tf < +4oo foralli=1,..., k, such that
CF C 7oy e (R(2)) VzeE ZFN 7r<_ei

We set €% = €%(Z",C*) when we want to refer explicitily to a sheaf set 2% and to a
rectangle C* that can be taken in the definition of €*.

The k-plane {ey, ..., ex) is called the axis of the k-dimensional model set and every set Z*
of the form

,,,,,

1s called a section of the D-cylinder.

We also define the border of €* transversal to D and its outer unit normal as
06 =G Nl (b(CH)),

fy ., (¥) = outer unit normal to 7T<_e} ek>(0k) at z, for all 2 € 06", (1.41)

.....

LEMMA 1.22. The set T can be covered by the D-cylinders
T (Zps, Cikpl(lJrl))a (1.42)

7

where S CZF, 1€ S and Zg, C’Zpl 141) are the sets defined in (1.39),(1.38).
Moreover, there ezists a countable covering of T with D-cylinders of the form (1.42)
such that
b Cgk(%p:% Czp1(1+1 ) N cgk(gk/sv Czp’l’(l’-l—l)) - rb[ozpl(l-l-l ] A rb[czp’l’ 1’+1)] (143)

for any couple of D-cylinders which belong to this countable family (if i # ', it follows from
the definition of sheaf set that €*(Z5s, Clriairy) N CM(Zhys Cliypryry) must be empty).

PROOF. The fact that the D-cylinders defined in (1.42) cover 7 follows directly from
Definitions 1.19 and 1.21 as in [18].

Our aim is then to construct a countable covering of 7 with D-cylinders wich satisfy
property (1.43).
First of all, let us fix a nonempty sheaf set Z; ks which belongs to the countable partition
of T given in Lemma 1.20.
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| R™
S T 1
. — k
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FIGURE 2. Sheaf sets and D-cylinders (Definitions 1.19, 1.21). Roughly, a
sheaf set 2% is a collection of k-dimjensional sets, which intersect exactly at
one point some set Z* contained in a (n—k)-dimensional plane. A D-cylinder
€* is the intersection of a sheaf set with ﬂ@}’m’ew((ﬁ'k), for some rectangle

C* = conv({t; e;,t]e;}i=1.. ), where {ej,...,e,} are an orthonormal basis
of R™. Such sections Z* are called basis, while the k-plane (e, ..., e;) is an
axis.

In the following we will determine the D-cylinders of the countable covering which are
contained in 2 ips; the others can be selected in the same way starting from a different
sheaf set of the partition given in Lemma 1.20.

Then, the D-cylinders that we are going to choose are of the form

e ( 2k, O

ipS? zpl(lJrl )

where f K ¢ Is a subsheaf of the sheaf set Q’;ps

The constructlon is done by induction on the natural number p which determines the

diameter of the squares C’“ (i) obtained projecting the D-cylinders contained in ff;ps

on the axis (e;,...,e;). Then as the induction step increases, the diameter of the k-
dimensional rectangles associated to the D-cylinders that we are going to add to our
countable partition will be smaller and smaller (see Figure 3).

By definition (1.39) and by the fact that Z; kS is a nonempty element of the partition
defined in Lemma 1.20, the smallest natural number p such that there exists a k-dimensional

rectangle of the form Ck i(is1) which is contained in Wl(ﬁ’;ps) is exactly p; then, w.l.o.g., we

can assume in our mductlon argument that p = 1.
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FIGURE 3. Partition of E¥ into D-cylinders (Lemma 1.22).

For all p € N, we call Cyl; the collection of the D-cylinders which have been chosen up
to step p.
When p =1 we set

Cyl, = {E*(Z}s. C'11(1+1)) e St
Now, let us suppose to have determined the collection of D-cylinders Cyl; for some p € N.
Then, we define

Cyl;,, = Cyly U {%k = %k(ﬁ’; (+1)87 Ci’?ﬁﬂ)i(ﬂl ) ,,@’;'(“pﬂ is a subsheaf of ffps and

Cgk‘ 7¢_ Cgk k/S/ O,Z)III(I/+1)) fOl" aﬂ Cg (gklsl O/ PV +1) ) € Cylﬁ}

Before completing the proof of Theorem 1.1, we give the following

DEFINITION 1.23. We call 1-dimensional slice of a locally affine partition any 1-
dimensional slice of the k-dimensional sets given by its k-dimensional D-cylinders as in
Definition 1.15, for allk =1,... ,n— 1.

Indeed, by Remark 1.13, the disintegration on n-dimensional D-cylinders is simply a
consequence the g-additivity of the Lebesgue measure

PRrROOF OF THEOREM 1.1. As we observed in Remark 1.13, it is sufficient to prove the
theorem for the disintegration of the Lebegue measure on the set X* when k € {1,...,n—

1.
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Moreover, by (1.43), for all k = 1,...,n — 1 there exists a % "-negligible set N* such
that

k k __ k k
XAV = Y ghae],

where {(5]’“ }ien is the countable collection of k-dimensional D-cylinders covering X* which

was constructed in Lemma 1.22, so that the sets %}"“ = %ﬁ\b‘fjk are disjoint.
The fundamental observation is the following:

U er = U XF. = u uXF = u X"NNF

jeN jEN aEAL J acAg jEN J aeAk

where X7, = Xk N %ﬂf.
For all 7 € N, we set
Avj={a€Ap: XE, #0},

we denote by py; : ‘5}"3 — Ay ; the quotient map corresponding to the partition

¢k = U X*

J ach,” @i

and we set vy ; = prj L "L CK}’“.

Since the quotient space (Ag;, 2 (Ax;)) is isomorphic to (ZF, 2 (Z))), where Z} is a
section of ‘Kjk, and since by assumption the 1-dimensional slices defined in Definition 1.23
satisfy the cone approximation property, by the proof of Theorem 1.1 for k-dimensional
model sets given in Section 1.3.1 we have that

2L EHE; N p;! /,Ja] Vdvi(y), VE; € % (6Y), Fy € 2 (A,), (1.44)

where ,ul&j is equivalent to 2% L Xfl’j for vy j-a.e. a € Ay ;.
Moreover, for every E € # (R") N X* there exist sets E; € 2 () such that

E= UL
JEN
and for all F' € % (Ax), where A, = _UNA;W-, there exist sets F; € 8 (A ;) such that
JE€
— . -1 — “I(F.
F=UF and p(F)= Up'(F).
Then,

L K(ENp Y(F)) = ioz”L (B Np; (F)))

j=1

+oo
_ /ua,] ) dvi ()

- Z /A @)l (Ey) dvi(a)
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= ijAk Lry (@)pe ;(Ej) fi(a) dvg(), (1.45)

where f; is the Radon-Nikodym derivative of 14 ; w.r.t. the measure v, on A; given by
pe L "L (K NXF).
Since, by Theorem 1.4, there exists a unique disintegration {u*} ,eca, such that
k=0

2" K(ENVfY(F)) = / W (E)dpye?"L K(k,a) forall Ee (R, Fe®(A),
F
we conclude that the last term in (1.45) converges and

“+oo
MZ = ij(a) M’;j for yp-a.e. a € Ay,
j=1

so that the Theorem is proved. O






CHAPTER 2

Disintegration on the faces of a convex function

In this chapter we deal with the Disintegration Theorem 0.1. For the proof we will
show that the partition given by the relative interiors of the faces of a convex function
satisfies the approximation property of Theorem 1.1 (Lemma 2.3) and that the points in
the relative boundaries of the faces of dimension greater or equal than 1 are a negligible
set (Lemma 2.4).

For notational convenience, instead of considering the disintegration of the n-
dimensional Hausdorff measure on the faces of the graph of a convex function f : R® — R,
we consider the disitegration of the n-dimensional Lebegue measure on the sets given by
the projections of the faces on the first n-coordinates (2.4). This and other preliminary
questions and definitions will be discussed in Section 2.1. Moreover, in Section 2.1 we
will state Lemma 2.3 and 2.4 and prove that the validity of Lemma 2.3 and Lemma 2.4
immediately yields Theorem 0.1 (see the proof at Page 37). In Section 2.2 we prove that
the partition into “projected faces” satisfies the measurability assumptions of Definition
1.6, which guarantee the existence and uniqueness of a disintegration (see Theorem 1.4).
Section 2.3 contains the proof of the approximation Lemma 2.3. In Lemma 2.4 of Section
2.4 we finally prove the negligibility of the relative boundary points of the faces.

2.1. Preliminaries and main results

In this section we set some notation and basic definitions which enter into the statement
and the proof of our main Theorem 0.1.

First of all, let us consider the ambient space (see Section 1.1)
(R", % (R"),Z"L K),

where £ ™ is the Lebesgue measure on R", % (R") is the Borel o-algebra, K is any set of
finite Lebesgue measure and £ " L K is the restriction of the Lebesgue measure to the set
K. Indeed, by Remark 1.5 in Section 1.1, the disintegration of the Lebesgue measure w.r.t.
a given partition is determined by the disintegrations of the Lebesgue measure restricted
to finite measure sets.

Then, let f: R™ — R be a convex function.
We recall that the subdifferential of f at a point x € R" is the set 9~ f(x) of all r € R"
such that
fw)—=f(z)>r - (w—2x), YweR" (2.1)
From the basic theory of convex functions, as f is real-valued and is defined on all R",
O f(z) # 0 for all x € R™, it is a closed convex set and it consists of a single point if and

35
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only if f is differentiable at x. Moreover, in that case, 0~ f(z) = {V f(z)}, where V f(x)
is the differential of f at the point z.
We denote by dom V f a o-compact set where f is differentiable and such that R™\ dom V f
is Lebesgue negligible. Vf : domVf — R denotes the differential map and Im V f the
image of dom V f with the differential map. By the convexity of f, we can moreover assume
w.l.o.g. that the intersection of V f~1(y) with dom V f is convex, for all y € Im V.

Now we give the formal definition of face of a convex function and relate this object
to the sets Vf1(y).

DEFINITION 2.1. A tangent hyperplane to the graph of a convex function f:R"™ — R
is a subset of R"*! of the form

H,={(z,hy(2)): z€R", and hy(z) = f(z) +y-(z —x)}, (2.2)
where x € Vf~1(y).
We note that, by convexity, the above definition is independent of x € V f~(y).
DEFINITION 2.2. A face of a convex function f: R"™ — R is a set of the form
H, Ngraph f, .o, (2.3)

Definition 2.2 corresponds to the notion of ezposed face of the epigraph of f given in [51].
The faces of a convex function are a family of disjoint convex sets whose union covers
graph flu,, o -
It is easy to check that, Vy € Im V f and V 2 such that (2, f(2)) € H, Ngraph fi, ., We
have that y = Vf(2).

If we denote by mgn : R™' — R™ the projection map on the first n coordinates, one
can see that, for all y e ImV f,

Vi t(y) = mre (Hy N graph fi o) (2.4)

For this reason, the sets {Vf ' (y)},emvs} C R™ will be called projected faces of f.
Notice that the projected faces are a partition in R™ into convex sets whose union covers
dom V f. For notational convenience, the set V f~!(y) will be denoted as F,,. We also write
Fyk instead of F} whenever we want to emphasize the fact that the latter has dimension
k, for k = 0,...,n (where the dimension of a convex set C, denoted by dim(C), is the
dimension of its affine hull aff(C')). We also denote by ri(F,) the relative interior of a face
and by rb(F}) its relative boundary (see Definition 1.12).

Due to the fact that the map graph f : R® — R" X R is bi-Lipschitz and that its inverse
Trn preserves the convexity of the faces, their disjointness and their linear dimension, we
have the disintegration Theorem 0.1 is implied by the following two lemmas.

LEMMA 2.3. Let f: R" — R be a convex function and let {ri(F})}yemvs C R" be the
partition given by the relative interiors of the projected faces of f. Then, the 1-dimensional

slices of {ri(F},) }yemvs C R" (see Definition 1.23) satisfy the cone approximation property
(see Definition 1.11).
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LEMMA 2.4. The set
N = |J Trb(F) (2.5)
y:dim Fyy >1
18 L " -negligible.

Indeed, we have the following

PROOF OF THEOREM 0.1: Let us assume that Lemma 2.3 and Lemma 2.4 hold.
Then, by Theorem 1.1, for all K C R™ such that Z"(K) < +o0

LUK = /u’;de#(.,%"LK)(y), (2.6)

where 45 is equivalent to #* L F for Vfu(£ "L K)-a.e. y € ImVf.
Finally, by the properties of the map graph f : R — R” x R mentioned above, this

immediately yields the Disintegration Theorem 0.1.
O

2.2. Measurability of the faces directions

The aim of this subsection is to show that the set of the relative interiors of the pro-
jected faces of a convex function f (2.4) can be parametrized by a Borel measurable (and
multivalued) map as in Definition 1.6. This will give the existence of a unique strongly
consistent disintegration and will allow us to decompose dom V f into a countable family
of k-dimensional model sets as in Section 1.3.2.

Since Vf is a Borel map, we can assume that the quotient map p of Definition 1.2 is
given by the restriction of V f to the set yeILIthf ri(F,) and that the quotient space is given

by (ImV f, % (Im Vf)), which is measurably included in (R", 2 (R")).
Therefore, we are left to prove the set IUW ri(F),) is Borel.
y€lm

To this aim, let us set some more notation and define sets and (multivalued) maps
relative to the projected faces, which will be used also in the rest of the chapter.
First of all, we define the equivalence maps

domVf >z Px) = {Z cedomVf:dyeImVfst x,z¢€ Fy} (2.7)
and
domVf3z— R(z):={z€dmVf:IyeImVfst z€ F,and z €ri(F,)}. (2.8)

We notice that P(x) is the projected face of f to which x belongs, while R(z) is its relative
interior. Moreover,
U ri(F,) = m(graph R), (2.9)
yelm V f
where m : R™ x R" — R" denotes the projection onto the second factor.
Since the disintegration over the O-dimensional faces is trivial, we will restrict our
attention to the set (see (1.32))

7T = {z € m(graphR) : R(x) # {x}}. (2.10)
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On 7 we can also define the direction map (see (1.35))

N v
732+ D(x):= {Hy—IH cy e R( )} (2.11)

Our aim is then prove the following lemma. We recall that a multivalued map is defined
to be Borel measurable if the counterimage of any open set is Borel.

LEMMA 2.5. The graphs of the multivalued maps P, R and D are a o-compact sets.

As a consequence of Lemma 2.5 and equations (2.9)-(2.10), the domain of our partition

U_ 1i(F,) and T are o-compact, thus Borel.
yelm V f

PROOF OF LEMMA 2.5: From the continuity of f and from the upper-semicontinuity
of its subdifferential (2.1), we have that the graph of the multivalued map P : R* — R”
defined as

P(z) := [z eR": Jyed f(z)st. f(z)=fla)+y-(z—2)}
is closed in R™ x R™.
Hence, since dom V f is o-compact (see Section 2.1), the sets
graph P = graph P Ndom Vf x R", graph R = graph P Ndom V f x dom V.
The fact that the graph of D is o-compact follows from the continuity of the map R™ xR"™ 5

(x,2) — ==y out of the diagonal. O

2.3. Validity of the cone approximation property

This section is devoted to the proof of Lemma 2.3. Using the notation of Chapter 1,
with X% = ri(sz) for some y € ImV f, we can restrict to prove the cone approximation
property for a 1-dimensional D-cylinder ¢ with axis (e) generated by a unit vector e € S"~1,
direction vector field v, and parameterizing map o™ (see Definition 1.21). Moreover,
w.l.o.g., we can assume that w = 0 and we set, for simplicity of notation, o' := o%*t%,
h* = ht(w,e) and Z; = Zy . By symmetry, it is sufficient to prove the existence of
approximating finite union of cones {v} _;};en for —v} as in Lemma 1.10 with bases in Z;
for some fixed ¢ € (h~, h*] and vertices in Z,-. We also introduce the following notation

Hy:={z€eR": z-e=t}, where te[h ,ht] and h ,hT€R: h” <0<h;
By ' (z) ={z € Hyyey : ||z — || < R}
6= U HNE;

s€[h—,t]
li(z) =R(z)N%, Vze5E,
VreR", #:=(z,f(r)) €R™™ and VACR", A:=graph f,;

t __ .t
UJ o /Ue777j'

Moreover, we recall the following definitions:
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DEFINITION 2.6. The convex envelope of a set of points X C R"™ is the smaller convex
set conv(X) that contains X. The following characterization holds:

J J
COI]V(X) = {Z)\J Tj o Xy c X, 0< )‘j < 1, Z)\] = 1, J € N} (212)
j=1 j=1

DEFINITION 2.7. The graph of a compact convex set C' C R"*!, that we denote by
graph(C), is the graph of the function g : mrn(C) — R which is defined by

g(z) =min{t e R: (z,t) € C}.

DEFINITION 2.8. A supporting hyperplane to the graph of a convex function f : R* — R
is an affine hyperplane in R™*' of the form

H={weR""":w-b=p},

where b# 0, w-b < for allw € epi f = {(x,t) e R* xR :t > f(x)} andw-b = for at
least one w € epi f. As f is defined and real-valued on all R™, every supporting hyperplane
is of the form

Hy = {(z,hy(2)) - z € R", hy(2) = f(2) +y- (2 — o)},

for some y € 0 f(x). Whenevery € ImV f, H, is a tangent hyperplane to the graph of f
according to Definition 2.1.

DEFINITION 2.9. A supporting k-plane to the graph of a convezr function f : R" —
R is an affine k-dimensional subspace of a supporting hyperplane to the graph of f (see
Definition 2.8) whose intersection with graph f is nonempty.

DEFINITION 2.10. An R-face of a convex set C C R? is a conver subset C' of C' such
that every closed segment in C with a relative interior point in C' has both endpoints in
C'. The zero-dimensional R-faces of a convex set are also called extreme points and the
set of all extreme points in a convex set C' will be denoted by ext(C).

The definition of R-face corresponds to the definition of extremal face of a convex set
in [51].
We also recall the following propositions, for which we refer to Section 18 of [51].

PROPOSITION 2.11. Let C' = conv(D), where D is a set of points in R, and let C" be
a nonempty R-face of C. Then C' = conv(D’), where D' consists of the points in D which
belong to C".

PROPOSITION 2.12. Let C' be a bounded closed convex set. Then C' = conv(ext(C)).

In our construction we first approximate the 1-dimensional faces that lie on the graph of
f restricted to the given D-cylinder and then we get the approximating vector fields {v§ }ien
simply projecting the directions of those approximations on the first n coordinates.

PrROOF oF LEMMA 2.3: Step 1 Preliminary considerations
Eventually partitioning € into a countable collection of sets, we can assume that ¢*(Z) and
o (Z) are bounded, with o*(Z) C Bjy, '(z1) C H; and o (Z) C B}, (22) C Hj,-. Then,
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if we call K; the convex envelope of By '(z1) U B}, ' (22), the function f| «, 1s uniformly
Lipschitz with a certain Lipschitz constant L.

Step 2 Construction of approximating functions (see Figure 1)
Now we define a sequence of functions {f;};en whose 1-dimensional faces approximate,

Neg

—_
m
/m
/1w
7 i
i

;_m,

FiGURE 1. Illustration of a vector field approximating the one dimensional
faces of f (Lemma 2.3). One can see in the picture the graph of f;, which is
the convex envelope of {g;};—1,.4 and f| u,- The faces of f; connect ¥ s
a.e. point of H; to a single point among the {7, };, while the remaining points
of H, correspond to some convex envelope conv({9;, }¢) — here represented
by the segments [7;, #;+1]. The region where the vector field v}, giving the
directions of the faces of f;, is multivalued corresponds to the ‘planar’ faces
of f;. The affine span of these planar faces, restricted to suitable planes
contained in H;, provides a supporting hyperplane for the restriction of f
to these latter planes — in the picture they are depicted as tangent lines.
The intersection of ¢*(Z) C H; with any supporting plane to the graph of
|, must contain just one point, otherwise D would be multivalued at some
point of o'(Z).

in a certain sense, the pieces of the 1-dimensional faces of f which are contained in %;.



2.3. VALIDITY OF THE CONE APPROXIMATION PROPERTY 41

The directions of a properly chosen subcollection of the 1-dimensional faces of f; will give,
when projected on the first n coordinates, the approximate vector field v§.
First of all, take a sequence {f;}ien C 6" (Z) such that the collection of segments

{l;(yl-)}ieN isdensein U [(y).
yeah™ (Z)

For all j € N, let C; be the convex envelope of the set

Y
Wik U sraph i
and call f; : mgn(C;) — R the function whose graph is the graph of the convex set C.
We mnote that mge(C;) N Hy- = conv({y;}i-;) and graph f; =

conv({y; }_,)

graph(conv({7i}]_1))-
We claim that the graph of f; is made of segments that connect the points of
graph(conv({gji gzl)) to the graph of f‘anl( : (indeed, by convexity and by the fact that
R; ¥l

i = (i, f(i)), f; = [ on B, ' (21)).
In order to prove this, we first observe that, by definition, all segments of this kind are
contained in the set C;. On the other hand, by (2.12), all the points in C; are of the form

J
w=">Y \w;,
=1

J _
where > X\; =1,0 < \; <1 and w; € {g;}{_; Ugraph f| g In particular, we can write
=1

Bﬁzl(m

w=az+(1-a)r, where0<a <1, zé€conv({fi},) andr € epi f‘BTH( . (2.13)
Ry

21)
Moreover, if we take two points 2z’ € graph(conv({g;}_,)), 7' € graph f‘BEl(m such that
mre (2') = mra(2) and 7ge (r") = g (), we have that the point

w =az +(1—a)’
belongs to C;, lies on a segment which connects graph(conv({gji}{zl)) to graph f‘BTézl(ll)

and its (n + 1) coordinate is less than the (n + 1) coordinate of w.

The graph of f; contains also all the pieces of 1-dimensional faces {l;(yi)}zzb since by
construction it contains their endpoints and it lies over the graph of f|7r]R -
nity

Step 3 Construction of approzimating vector fields (see Figure 1)
Among all the segments in the graph of f; that connect the points of

graph(conv({gji}gzl)) to the graph of f|Bn_1( ) we select those of the form [Z, 4], where
Ry 1

z € o'(Z), yp € {y;}_,, and we show that for s#" '-a.e. z € ¢'(Z) there exists only one
segment within this class which passes through . The approximating vector field will be
given by the projection on the first n coordinates of the directions of these segments.
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First of all, we claim that for all z € B} '(z1) the graph of f; contains at least a
segment of the form [Z, g;] for some ¢ € {1,...,7}.
Indeed, we show that if Z is the endpoint of a segment of the form [Z, (v, f;(y))] where
y € conv({y; {:1> but (y, f;(y)) & ext(conv({y: 3521)), then there are at least two segments
of the form [, 9] with g € ext(conv({#:}_,)) C {#:}_, (here we assume that j > 2).
In order to prove this, take a point (z, f;(2)) in the open segment (Z,(y, f;(y))) and a
supporting hyperplane H(z) to the graph of f; that contains that point. By definition,
H(z) contains the whole segment [Z, (y, f;(y))] and the set H(2)N (th xR) is a supporting

hyperplane to the set graph(conv({g;}/_,)) that contains the point (y, f;(v)).
Now, take the smallest R-face C of conv({g]i}{:1>) which is contained in
graph(conv ({7 {:1))) and contains the point (y, f;(y)), that is given by the intersection
of all R-faces which contain (y, f;(v)).
By Propositions 2.11 and 2.12, C' = Conv[ext<conv({gji}f:1)) NC] and as (y, f;(y)) ¢
ext(conv({gi}gzl)), dim(C') > 1 and the set ext(conv({g]i}{ﬂ» N C contains at least two
points Y, Ui.
In particular, since both C' and & belong to H(z) N graph(f;), by definition of supporting
hyperplane we have that the graph of f; contains the segments [Z, k], [Z, %] and our claim
is proved.

Now, for each j € N, we define the (possibly multivalued) map D} : By (x1) — R™ as
follows:

'Dt-:xr—>{

: 52T 15, Cgrapwj)}

lyi — x|
and we prove that the set
Bj =o' (Z)N{x € By, '(z1) : Di(x) is multivalued } (2.14)

is "1 —negligible, Vj € N.

Thus, if we neglect the set B = ‘UNBj’ we can define our approximating vector field as
J€

vﬁ(x) = {D;(I)}, Vo e o' (Z)\B, VjeN. (2.15)

In order to show that J#"~*(B;) = 0 we first prove that, for " -a.e. x € By '(z1),

whenever D; (x) contains the directions of two segments, f; must be linear on their convex
envelope.

Indeed, suppose that the graph of f; contains two segments [Z,¢;, |, where i € {1,...,j}
and k = 1,2, and consider two points (2, fj(zx)) C [Z,7;,] such that

21 =x+se+avy, s€[h” —10), vy € Hy;
29 =X+ se+agvy, s€E€ LT —t0), vy € H,.
As f; is linear on [z, y;, |, we have that
fi(zk) = fi(x) + 7). - (se + agvy), (2.16)
where r, € 0™ f;(z), k=1,2.
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Moreover, since

w0 () = 0 fi,, (@)
Ry V1
and the set where 8*f|8n_1( : is multivalued is s# " %rectifiable (see for e.g. [58, 1]), we
Ry \*1
have that, for " -a.e. x € By (21)
rev= V(f|8%71(11))(x) ‘v, Vred fi(x), Yve H,.
1

Then, if we put w = V/( )(x), (2.16) becomes

f'B;glwn

fi(zk) = fi(x) + 7 - se +w - agvy. (2.17)
If Zz=(1— A)z1 + Azy, we have that
fi(Z) < (X =A) fi(z1) + Afj(z)
217) filx)+s((T =N+ Arg) e +w- ((1 — XN)ayv + Aagvs). (2.18)
As ((L = X)ry + Arg) € 0~ f;(z), we also obtain that
fJ(Z) Z f](l') + S((l — )\)7'1 -+ )\7’2) - e
+ ((1 — )\)7“1 + /\TQ) . ((1 — /\)a1U1 + )\CLQUQ) =
= fi(x) +s((L=XN)r1 + Arg) e+ w- (1 — N)ayvy + Aagvs) =

(2.17) (1= N fi(z1) + Afi(z).

Thus, we have that f;((1 — X\)z1 + Az2) = (1 — ) fj(21) + Afj(22) and our claim is proved.

In particular, there exists a supporting hyperplane to the graph of f; which contains the

affine hull of the convex envelope of {[Z, ¥;,]}x=1,2 and then this affine hull must intersect

H; x R into a supporting line to the graph of f|B%_1(m1) which is parallel to the segment
1

[gil 3 gzz] .
Thus, if all the supporting lines to the graph of f|6n71( : which are parallel to a segment
Ry 1

[Tk, Um) (with k,m € {1,...,7}, k # m) are parametrized as
lk,m + w,

where I ,,, is the linear subspace of R"*! which is parallel to [k, §m] and w € Wy ,,, € H xR
is perpendicular to Iy ,,, we have that

Bj=d(2)n| M U e (lom .
J U( ) kymefl,...j} WEWk.m TR (k +w)
k<m

By this characterization of the set B; and by Fubini theorem on H; w.r.t. the partition
given by the lines which are parallel to mgn (Ix ) for every k and m, in order to show that
2" 1(B;) = 0 it is sufficient to prove that, Vw € Wy,

A" 0" (Z) N e (I + w)) = 0. (2.19)
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Finally, (2.19) follows from the fact that a supporting line to the graph of f‘Bn

-1
R, 1)
cannot contain two distinct points of 6%(7), because otherwise they would be contained in
a higher dimensional face of the grapf of f contraddicting the definition of (7).

Then, the vector field defined in (2.15) is defined " *-a.e..

Step 4 Convergence of the approximating vector fields

Here we prove the convergence property of the vector field defined in (2.15) as stated
in Lemma 1.10.
This result is obtained as a consequence of the uniform convergence of the approximating
functions f; to the function f which is the graph of the set

C= CODV({Zt(yi)}ieN)-
First of all we observe that, since C; C ,

dom f; = mpn(C;) / dom f = mpa(C) and  fi(z) \, f(z) Yz € ri(mp(C)),
where f;(z) is defined V j > jo such that @ € mrn(C},).
In order to prove that f;(z) \, f(x) uniformly, we show that the functions f; are

uniformly Lipschitz on their domain, with uniformly bounded Lipschitz constants.
We recall that the graph of f; is made of segments that connect the points of graph f|

By @)
to the points of graph(conv({gi}gzl)).

In order to find and upper bound for the incremental ratios between points z,w €
dom f;, we distinguish two cases.

Case 1: [z,w] C [z, yx], where x € B}%l_l(xl), Y € {y,-};{:l and [Z, Jx] C graph(f;).

In this case we have that

£5) = )l _ @) ~ Hwdl _ 1f@) ~ )l _
[z~ wl v =yl o=yl T

where Ly is the Lipschitz constant of f on K.

Case 2: Otherwise we observe that, since f; is convex,

1fi(2) = fi(w)] < sup r- (2 = w)l. (2.20)
red™ f;(2)U0 fi(w)

Let then r € 07 f;(2) U 0™ fj(w) be a maximizer of the rh.s. of (2.20) and let us
suppose, without loss of generality, that r € 07 f;(z). If x € Bp '(z) is such that
(2, fi(2)) C [y, fi(y)),Z] C graph(f;) for some y € conv({y;}_,), we have the follow-
ing unique decomposition

r— =z

w_z:@@w(w_ﬂ)+%@wm

where ¢ € S"™' N Hy and §;(z, w), v;(z,w) € R.
Then,
r—z

rew=2) =gz o) T2 ) a0l o) (2.21)

|z = 2|
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The first scalar product in (2.21) can be estimated as in Case 1.

As for the second term, we note that the supporting hyperplane to the graph of f;
given by the graph of the affine function h(p) = f;(2) + - (p — z) contains the segment
[(#, fj(2)), %] and its intersection with the hyperplane H; x R is given by a supporting
hyperplane to the graph of f|5"*1<zl> which contains the point 7.

Ry

Moreover, as g € Hy, we have that
req=myy(r)-q,

Bn_l(z )<m>
Ry 1
By definition of subdifferential, for all s € 07 f

and we know that 7y, (1) € 0~ f|
(x) and for all A > 0 such that

By (@)
T+ A, T— N € B?{l(xl),
fla) = fle=da) _ | _ flatd) - fa)
A A
and so the term |r - ¢| is bounded from above by the Lipschitz constant of f.
As the scalar products 5;(z,w), v;(z,w) are uniforlmly bounded w.r.t. j on dom f; C

(2.22)

dom f , we conclude that the functions {f;};en are uniformly Lipschitz on the sets
{dom f;};en and their Lipschitz constants are uniformly bounded by some positive constant

L.
If we call fj a Lipschitz extension of f; to the set dom f which has the same Lipschitz
constant (Mac Shane lemma), by Ascoli-Arzeld theorem we have that

‘]Ej — f uniformly on dom f.

Now we prove that, for #" '-a.e. x € 0'(Z)\B, vi(z) — ve(x).
Given a point = € ¢*(Z)\B, we call §j;(,), where j € N, the unique point g € {g}/_, such
that

t Yp — T
€Tr) = .
@) =1 =]

By compactness of graph(conv({; }ien)) , there is a subsequence {j, tnen C N such that

gﬂn(m) - g € graph f7

hence

~

_ 4=z
9=l

v; (x) =0

As the functions f; converge to f uniformly, the point y and the whole segment [z, 7]
belong to the graph of f.

So, there are two segments [,(x) and [z, §] which belong to the graph of f and pass through
the point 7.
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Since f;
f'Bgfm)

that the set (2.14) was " '-negligible to conclude that the set

= f'sn—1< > We can apply the same reasoning we made in order to prove
Ry *1

a'(Z)N {x € By '(x1) : 3 more than two segments in the graph of f

that connect Z to a point of graph(conv({gji}ieN))}

has zero 5"~ '-measure.
Then, [z,9] = l;(z) and ¢ = —vl(z) for # " 'ae. z € ¢'(Z), so that the lemma is
proved.

{r-e=h"} {z-e=0} {z-e=t} {x-e=ht}

F1GURE 2. The vector field v, is approximated by directions of approximat-
ing cones, in the picture one can see the first one. At the same time, Z is
approximated by the push forward of ¢*(Z) with the approximating vector
field: compare the blue area with the red one.

U

For the proof of Lemma 2.4 in the next section, we will use the following remark, which
extends the cone approximation property also to the 1-dimensional model sets containing
relative boundary points of the faces.

REMARK 2.13. In Lemma 2.4 we proved the cone approrimation property for 1-
dimensional D-cylinders, i.e. 1-dimensional model sets given by the intersection of

u_ ri(EF) with some (n — k + 1)-dimensional affine plane, for some F* C F* and
YyeVf(FF)

ke {l,...,n—1}. Now we observe that, since the sets sz are convez, then also every
pointr € U rb(F;) belongs to a 1-dimensional model set obtained intersecting U F;
yeEV f(FF) yeFk

with some (n — k + 1)-dimensional affine plane. In fact, for all x € rb(F}) there exists
some e(z) € S""' and either some t* > 0 such that (x,z+t e(x)] C ri(F}) or somet™ <0
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such that [z +t~e(z),z) C ri(Fy). Repeating ezactly the same reasoning made in the proof
of Lemma 2.4, one can prove that for the points in %er(Fy) the cone approximation prop-

erty of Lemma 1.10 holds in the direction +e of the corresponding 1-dimensional model set
pointing towards the relative interior of the faces. Hence, for such points, one of the two
absolute continuity estimates for the endpoints of the segments of a 1-dimensional set as

in (1.23) holds.

2.4. Negligibility of relative boundary points

In this section we prove Lemma 2.4.

We observe that the union of the borders of the n-dimensional faces has zero Lebesgue
measure by convexity and by the fact that the n-dimensional faces of f are at most count-
able.

For faces of dimension k, with 1 < k < n, the proof is by contradiction: one considers
a Lebesgue point of suitable subsets of U, rb(Fyk) and applies one of the two fundamental
estimates of (1.23) (see Remark 2.13) in order to show that the complementary is too big.

Equation (2.5) was first proved using a different technique in [40] —~where it was shown
that the union of the relative boundaries of the R-faces (see Definition 2.10) of an n-
dimensional convex body C' which have dimension at least 1 has zero " !-measure.

PROOF OF LEMMA 2.4: Consider any n-dimensional face F;'. Being convex, it has
nonempty interior. As a consequence, since two different faces cannot intersect, there are
at most countably many n-dimensional faces {F;}Z,GN; moreover, by convexity, each Fj!
has an .Z "-negligible boundary. Thus

Z”(Urb (F;;)) =0.

Since A C Lnj FEUXL(f), where X1(f) is the .2 "-negligible set of non-differentiability
k=1
points of f, the thesis is reduced to showing that, for 1 < k < n,
2"(F*\EY) =0, (2.23)

with E* = %Jrl(Fyk)
Given a k dimensional subspace V € ¥(k,n), a unit direction e € S""' NV, and

p € Ny = NU {0}, define the set AP*Y of those z € A N Féf(x) which satisfy the two
relations

[l (@) 2 1/v2 (2.24)
Ty (Féf(x)) D conv <{7rv(x)} U my(z) + 277 e+ 277(S"1 0 V)) (2.25)

Choosing (p, e, V') in a sequence {(p;, €;, Vi) }ien which is dense in Ny x (S”_l HV) X9 (k,n),
the family {Api’ei’vi}ieN provides a countable covering of F'*\ E* with measurable sets. The
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measurability of each AP*Y can be deduced as follows. The set defined by (2.24) is exactly
1

Do w;l(v \ ri (\/56"))

Moreover, (2.25) is equivalent to
m(P(z) — 2) D conv(2PHe +277(S" 1 N V).

Since P and D are measurable (Lemma 2.5), then the measurability of AP*Y follows.

In particular, if by absurd (2.23) does not hold, then there exists a subset APV of
F¥\E* with positive Lebesgue measure. Up to rescaling, one can assume w.l.o.g. that
p =20,V ={e,...,e), where {es,...,e,} is an orthonormal basis of R", and e = e.
Moreover, we will denote AP*" simply with A.

Before reaching the contradiction .2 "(A) = 0, we need the following remarks.

First of all we notice that, thanks to Remark 2.13, for 0 < h < 3 and t € my(.A), one can
prove the fundamental estimate

n—~k
AR (e (S)) > (33h> H"F(S) VS C Anmt(t) (2.26)
exactly as in Lemma 1.10, with the approximating vector field given in Step 3, Page 41.
Indeed, the (n — k + 1)-plane 7' (Re) cuts the face of each z € AN, (t) into exactly one
line 1; this line has projection on V' containing at least [t,t + 3e].

Notice moreover that, by (2.25), each point x € 1, with my(z) € ri ([t,t + 36]), is a point
in the relative interior of the face. In particular, it does not belong to A.

Let us now prove the claim, assuming by contradiction that £ "(A) > 0 (see also
Figure 3). Fix any ¢ > 0 small enough. w..o.g. one can suppose the origin to be a
Lebesgue point of A. Therefore, for every 0 < r < 7(¢) < 1, there exists T C [, [0, rey],
with #%(T) > (1 — ¢)r*, such that

A" F(ANT ) N[0,r]") > (1 - forallteT. (2.27)
Moreover, there is a set Q C [0, re], with 2#(Q) > (1 — 2¢)r, such that
%k_l(T N W@%(q)) > (1 —¢e)rkt for q € Q. (2.28)

Consider two points ¢, s := q + 2¢cre € @, and take t € T'N 7r<_e§ (q). By the fundamental
estimate (2.26), one has

A" (0TS, )) = (=) Fa R (S,y) where S, == AN, (t) N[0, r]"

Furthermore, condition (2.23) implies that ||z + 2ere — o*"%7¢(2)||< 2er for each x €
AN m,(t). Moving points within ;' (t) N [0,7]™ by means of the map o'*%" they can
therefore reach only the square ;' (s) N [—2¢er, (1 + 2¢)r]". Notice that for e small, since
our proof is needed for n > 3 and k > 1,

AR ([=2er, (14-28)r]"\ [0, 7]") = (1+4e)"Fr"F —r"=F < 4(n—k)er"F+o(e) < n2"er™*.
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Rn

(e2,...,ex) v
,./j;; ol
STE—— (e1)
q s =q+ 2er
1 -
7T<e1>(:1)
Ty (s)

FiGURE 3. Illustration of the construction in the proof of Lemma 2.4. A
is the set of points on the border of k-faces of f, projected on R", having
directions close to V' = (ey,dots, ex) and such that, for each point z € A,
v (FE () contains a fixed half k-cone centered at z with direction e;. T is
a subset of the square [[*_,[0,re;] such that, for every t € T, m,*(t) N A is
‘big’. Finally, q, s = q+2ere; are points on [0, re;] such that the intersection
of T with the affine hyperplanes w@b(q), 7r<_ei>(s) is ‘big’. The absurd arises
from the following. Due to the fundamental estimate, translating by 2ere;
the points 7' N W@b(q), one finds points in the complementary of T'. Since

TN 7r<_1>(q) was ‘big’, then T"\ 7T<_ei>(s) should be big, contradicting the fact

€1

that 7N 7r<_1 (s) is ‘big’.

e1)

As a consequence, the portion which exceeds 7y,'(s) N [0,7]" can be estimated as follows:
%ﬂ*k (O_t+25re (St,r> N [07 T]n) > %nfk (O_t+2sre <St,r)) _ nzngrnfk.

As notice before, condition (2.25) implies that the points o*+2re (Sw) N [0, 7]™ belong to
the complementary of A. By the above inequalities we obtain then

AN T (4 2ere) N[0, 7)) = " (oM (S, ) N[0, r]")
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(1 — )" R (S, ) — m2ter™

(1 )n—k+lrn—k _ n2n€rn—k

The last estimate shows that, for each t € T'Nm; >( ), the point s = t + 2ere does not

satisfy the inequality in (2.27): thus (T N ;(q)) + 2ere lies in the complementary of T
In particular

%ﬂk_l(T N 7T<_e)1(S)) < k=t ,%”k_1<T N 7r<_e>1(q))
However, by construction both t and s belong to (). This yields the contradiction, by
definition of Q:

1 (2.28) (2.28) 1
S < ) < =l

T mg(s) <t = (T o (t) O



CHAPTER 3

A divergence formula

The disintegration technique developed in Chapter 1 for locally affine partitions sat-
isfying the assumptions of Theorem 1.1 led to define of a function «a, on any D-cylinder
¢F =¢H(2* CF), as the Radon-Nikodym derivative in (1.25).

In the present section we find that on €* the function « satisfies the system of ODEs

for £ = 1,...,k, where we assume w.l.o.g. that 0 € C*, (ey,...,e;) is an axis of €, v;(7)
is the vector field

r = Lge(2)(D(@) Nl (e)

and (divv;)a. (z) is the density of the absolutely continuous part of the divergence of
v;, that we prove to be a measure.
This is a consequence of the Disintegration Theorem 1.1 and of the regularity estimates
on « which will be proved in Proposition 3.1.
Notice that even the fact that the divergence of v; is a measure is not trivial, since the
vector field is not weakly differentiable.

Heuristically, the ODEs above can be formally derived as follows.
In Section 1.2.1 we saw that €* is the image of the product space C* + Z*, where Z¥ =

-----

k k
P(t+z)=z+ Y tivi(z) =o'(z) forall t = tie; € CF, z € Z". (3.1)

i=1 i=1

In Theorem 1.1 we found that the weak Jacobian of this change of variable is defined,
and given by

13t +2)| = a(t,0,2).

From (3.1) one finds that, if v; was smooth instead of only Borel, this Jacobian would be

J(t+2) = det <{[Vj .ei}i'il ..... .
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by direct computations with Cramer rule and the multilinearity of the determinant, more-
over, from the last two equations above one would prove the relation

0y, J(t + z) = trace (Jve(z) (JO(t + z))_1>3(t +2),

where Jg denotes the Jacobian matrix of a function g.
By the Lipschitz regularity of o w.r.t. the {¢;}¥_, variables given in Proposition 3.1, one
could then expect that

d,,a(t, 0, 2) (Za% vi(® ))-ej)|x¢(t+z)>a(t,0,z). (3.2)

Notice that Y2, 0y, (vi(®7 (%)) - €j)|s=a(t42) 1S the pointwise divergence of the vector field
vi(®~1(x)) evaluated at x = ®(t + z). In this article, we denote it with (div(v; 0 ®71)),...
Finally, given a regular domain {2 C R"™, by the Green-Gauss-Stokes formula one should
have

/Q (div(vi 0 ®V))ae dL™(x) = /8 (@7 (@) - dot " (@), (3.3)

where 7 is the outer normal to the boundary of 2.

The analogue of Formulas (3.2) and (3.3) is the additional regularity we prove in this
section, in a weak context, for direction vector fields parallel to the sets of the partition
and for the current of the k-dimensional sets. We give now the idea of the proof, in the
case of partitions into 1-dimensional sets.

Fix the attention on a 1-dimensional D-cylinder ¢ with axis e and basis Z = Cﬁﬂﬂ@l(()).
Consider the distributional divergence of the vector field v giving pointwise on % the
direction of projected faces, normalized with v - e = 1, and vanishing elsewhere (i.e., the
direction vector field of the 1-dimensional slice of % in the direction e defined in Section
1.2.2). The Disintegration Theorem 1.1 (see the proof at page 26) decomposes integrals
on € to integrals first on the sets {R(2)}.cz, with the additional density factor «, then
on Z. By means of it, one then reduces the integral [, Vi - v, defining the distributional
divergence, to the following integrals on the sets of the partition:

= Joenta Vo ()| omstiiv(e) - V(2)a(t, 0, 2) do# (t) where z varies in Z.

Since « is Lipschitz in t and V|, _ywiner) - v = 0y, (@ 0 0¥ "'(2)), by integrating by parts
one arrives to

f o ©20"  (000(.0.2) (1) ~ [p 0 0" ()a(t.0, )

Applying again the disintegration theorem in the other direction, by the invertibility of
a, one comes back to integrals on the D-cylinder, where in the first addend ¢ is now
integrated with the factor 0y, o/«

t=hte

t=h"e
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An argument of this kind yields an explicit representation of the distributional diver-
gence of the truncation of a vector field v, parallel at each point x to the set R(x) through
x, to €%. This divergence is a Radon measure, the absolutely continuous part is basically
given by (3.2) and, as in (3.3), there is moreover a singular term representing the flux
through the border of €* transversal to D, already defined as

W =%l L, 0b(Ch), Ay

.....

outer unit normal to 7T<_1 ...,ek>(0k)‘ (3.4)

€k €1,

As €* are not regular sets, but just o-compact, there is a loss of regularity for the

divergence of v in the whole R". In general, the distributional divergence will just be a
series of measures.

3.1. Regularity of the density function

In this section, we show that the quantitative estimates of Lemma 1.16 allow not only
to derive the absolute continuity of the push forward with o¥** and prove Theorem 1.1,
but also to find regularity estimates on the density function defined in 1.25. This regularity
properties will be used in the rest of this chapter.

PROPOSITION 3.1. Let €%(Z*,C*) be a k-dimensional D-cylinder parametrized as in
Section 1.3.2 and assume without loss of generality that w = 7T<ehm7ek>(Zk) = 0. Then,
the function a(t,0,z) defined in (1.25) is locally Lipschitz in t € 1i(C*) (and so jointly
measurable in (t,z)). Moreover, for #" *-a.e. y € a%(Z) the following estimates hold:

1. Derivative estimate

- (H)a(t+ue t,y) < iOz(t—i—ue t,y) < (n_k>a(t+ue t,v);
h+(t,e)—u yLY) > du 0L Y) > u—h—(t,e) 6, Y)3
(3.5)
2. Integral estimate
[h*(t,e) — u|>n_k 1 1 |h~(t,e) — ul o 1
_ (—=1) <y <t 4 ue, t,y) (—1) Hu<0r < | ——2—F—— (—1)tu<os,
( | (t, e)] |h=(t, e)]
(3.6)
3. Total variation estimate
ht(te)| d |ht — h—|n—k |ht — h—|n—k
—a(t 0,2)| du < 2a(t,0 —1 3.7
[t .09 < 200000 Sppoi— e Smp— ), @0

where ht h™ stand for h*(t,e), h™(t,e).

PROOF. Lipschitz reqularity estimate First we prove the local Lipschitz regularity of
a(t,0,z) wr.t. t € ri(C*). We repeat the reasoning made in Remark 1.18.
Given s,t € C*, we set e = 2=t

[s—t] -
As

—|s—tle

gl -5 ¢
o'S sl [s] = o't Mlt\ oo’ ,
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then
I )
— o, a2
= a(t,0,2) - a(s, t,0'(2)) - Q%”"Z*k. (3.8)
By definition of « it follows that
a(5,0,2) — a(t,0,2) = a(t,0, 2)[als, t,0*(2)) — 1], (3.9)

Now we want to estimate the term [a(s, t, 0'(z)) — 1] with the lenght |s—t| times a constant
which is locally bounded w.r.t. t. In order to do this, we proceed as in the Corollary 2.19
of [18] using the estimate

+ €) — U2 nk —k/ _tduie n—k( _t+uze
C;&S_u) A THE(S)) < AR (GH(S))

< <U2 —h” (ta e)>nk%n—k(at+u1e(5«>> (3 10)
~ \uy — h=(t,e) ’ '
which holds V h™(t,e) < uy < uy < h*(t,e) and V.S C o' (7).
Indeed, (3.10) can be rewritten in the following way:

h+(t,e) — U2 ok T »
noLe) T U " - .
(th(t’e) — u1> /Soz(t +uge, t,y) dA" " (y) < /Sa(t + uge, t,y) d#" " (y)

uy — h=(t,e) nk n—
<( =) Aa“+m&1£§% v

Therefore, there is a dense sequence {u;}ien in (h™(t,e), hT(t,e)) such that for #" *-a.e.
y € S and for all u; < uy, 7,7, € N the following inequalities hold

<h+(t, e) — u,

n—k
ht(t,e) — u,) — 1} alt +ue, t,y) < ot +uje, t,y) — alt +we, t,y)

Thanks to the uniform bounds (1.29), for all y € ¢*(Z) such that (3.12) holds, the function
a(t + -e,t,y) is locally Lipschitz on {u;};eny and for every [a,b] C (h™(t,e), ht(t,e)) the
Lipschitz constants of a on {u;}ieny N [a, b] are uniformly bounded w.r.t. y.

Then, on every compact interval [a,b] C (h™(t,e), h*(t,e)) there exists a Lipschitz exten-
sion a(t + -e,t,y) of a(t + -e,t,y) which has the same Lipschitz constant.

S a(t+uie7tay)'

(3.12)
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By the dominated convergence theorem, whenever {u;, }nen C {u;};jen converges to some
u € |a, b] we have

/ alt +uje t,y)d™ " (y) — / alt +ue, t,y)dA" " (y), V¥SCo'(2).
S S
However, the integral estimate (3.11) implies that
[att+u,ety) ey — [ alt+uety)dem (),
s s

so that the Lipschitz extension & is an L'(#"*) representative of the original density
a for all u € [a,b]. Repeating the same reasoning for an increasing sequence of compact
intervals {[an, b,]}nen that converge to (h™(t,e), A" (t,e)), we can assume that the density
function «a(t + we,t,y) is locally Lipschitz in u with a Lipschitz constant that depends
continuously on t and on e.

Then, by (3.9), the local Lipschitz regularity in t of the function «a(t,0, z) is proved.

Derivative estimate If we derive w.r.t. u the pointwise estimate (3.12) (which holds for
all w € (h=(t,e),h"(t,e)) by the first part of the proof) we obtain the derivative estimate
(3.5).

Integral estimate (3.5) implies the monotonicity of the following quantities:

(e o) 20 (G <

Integrating the above inequalities from u € (h™(t,¢e),h"(t,e)) to 0 we obtain (3.6).
Total variation estimate In order to prove (3.7) we proceed as in Corollary 2.19 of [18].

0 d d
/ —oa(t + ue, 0, 2) du</ —a(t + ue, 0, 2) du
h=(t,e) du = a(t+ue,0,z >0}ﬂ{ue( 0)} du
Ja(t +ue 0 z)
d
+/ (t,e) |lfr (t,e) — u| "

d
g/ . %a(tJrue,O, z) du-+
0

(n — k)a(t + ue, 0, 2)
h—(t.e) |ht(t,e) — ul

0 (n—k)a(t+ ue,0,2)
¢ 2 [ du. (3.1
a(t,0,z2) + (o (o) — u (3.13)

From (3.9) we know that a(t + ue, 0, z) = a(t,0, 2) a(t + ue, t,0%(2)).
Moreover, since u < 0

+ 2 du

a(t + ue, t,0'(2)) (:«;3) ( |ht(t,e) )
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If we substitute this inequality in (3.13) we find that

O (n—K)ht(te) —uftH!
13) < aft 20(t / d
(3.13) < a(t,0,2) + 2a(t,0, 2) b (66) Lt (t, e)[r* u
[h*(t,e) — h(t,e)["
= —o(t 200(t . 14
a(t,0,2) + 2a(t, 0, 2) O (3.14)
Adding the symmetric estimate on (0, A" (t,e)) we obtain (3.7). O

3.2. Divergence of direction vector fields

In the present subsection, we study the regularity of a vector field parallel, at each
point, to the corresponding k-dimensional set through that point.

3.2.1. Study on D-cylinders. As a preliminary step, fix the attention on the D-
cylinder

GF = F (ko).

One can assume w.l.o.g. that the axis of ¢* is identified by vectors {ey,...,e;} which are
the first k& coordinate vectors of R™ and that C* is the square

k

C* =T]l—ei el

=1

Denote with Z* the section 2% N} ! o (0).

<el7"'7e

DEFINITION 3.2 (Coordinate vector fields). We define on R™ k-coordinate vector fields
for €% as follows:

vilz) = 0 if v ¢ €*F
v e (D(x) such that T, eov==e; ifz€E"

The k-coordinate vector fields are a basis for the module on the algebra of measurable
functions from R™ to R constituted by the vector fields with values in (D(z)) at each point
x € €%, and vanishing elsewhere.

Consider the distributional divergence of v;, denoted by divv;. As a consequence of
the absolute continuity of the push forward with o, and by the regularity of the density
«, one gains more regularity of the divergence.

Let us fix a notation. Given any vector field v : R — R"™ whose distributional di-
vergence is a Radon measure, we will denote with (divv),. the density of the absolutely
continuous part of the measure divv.
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LEMMA 3.3. The distribution divv; is a Radon measure. Its absolutely continuous part
has density

O, (t = Ter,...e0) (T ) 0,2 —YF x- eivi(w))
(Ter, o) (), 0,2 = Sy - epvi())
Its singular part is A" 'L (€* N {zx-e; = —1}) — A" (TP {x e =1}).

(div v})ae(x) = 1gn(z). (3.15)

ProOOF. Consider any test function ¢ € C°(R™) and apply the Disintegration Theo-
rem 1.1, Page 26:

(divvig) i= = [ Vo) vil@)dz (@) == [ [ a(t,0.2) V(o' () - vilz) doe(0) doe (),
where we used that v; is constant on the sets of the partition, i.e. v;(z) = v;(c%(z)). Being
o'(z) = 2 + 38 t;vi(2), one has

Vap(z = 0'(2)) - vi(2) = Vapp(z = 0'(2)) - 0, (0" (2)) = 01, (0(0"(2))).

The inner integral is thus
[, Velo'(2) -vilz)alt,0,2) 4™ (1) = [ 0 (p(0"))a(s,0,2) ™ (b)
c C

Since Proposition 3.1 ensures that o is Lipschitz in t, for t € C¥, one can integrate by
parts:

L, (oo @Nalt.0.2) drt(6) = = [ (o' (2)dhalt,0.2) dat()
+ [ et @alt.0.2) ()

kﬂ{ti:1}

- /c (0 (2))a(t, 0, 2) da " (t).

kn{t,=—1}

Substitute in the first expression. Recall moreover the definition of v in (1.25), as a Radon-
Nikodym derivative of a push-forward measure, and its invertibility and Lipschitz estimates
(Remark 1.18, Proposition 3.1), among with in particular the L' estimate on the function
Oy, a/a. Then, pushing the measure from t = 0 to a generic t, one comes back to the
integral on the D-cylinder

e /z /c a(t,0,2) da*(t) dam*(z)
- /z /ckm{til} o(08(2))alt, 0, 2) dA*1(t) de™ " (2)
! /z /Ckm{tl:l} (o (2))alt, 0, 2) ™ (t) doe ™ (z)
— (6)k§0($)(diVVi>a.c.(fE) d.2L"(zx) — [K ﬂ{fé,l?%n ¥ +/ m{zeﬁq?%n .

where (div v;)... is the function == % 2 precisely written in the statement. Thus we have just
proved the thesis, consisting in the last formula. O
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REMARK 3.4. Consider a function A € L'(€*;R) constant on each set of the partition,
meaning that X(o'(z)) = M(2) fort € C* and z € Z*. One can regard this \ as a function
of Vf(x). Then the same statement of Lemma 3.3 applies to the vector field Av;, but the
divergence is clearly div(A\v;) = Adivv,;. The proof is the same, observing that

(div(Av,), ) = — // Ve(a)  A@pilz) d2"(2)
_ /Zk /Ck A2)Vp(0t(2)) - vi(2)alt, 0, 2) dok (t) doe " (2)
T /Zk /Ck 2)0y, (p(0"(2)))a(t, 0, 2) dst™(t) d#" % (2)
_ /Z k /C k )0y, 0t,0, 2) dAk (t) doe™F(2) (3.16)
Bl /Zk /cm{ti:l} A(z)p(0'(2))a(t, 0, 2) d* 1 (t) ot "(z)
n /Z k /C oy MR (E)a(6.0.2) dor 7 (1) d ™ (2)
(1.30) [5 CP(@)A@) (v Vi)ac () 4L " () — /% S\ () de™ ()

6 ’“ﬂ{z-eizl}

+ L o)\ (@) " (x).

tkN{z-e;=—1}

Suitably adapting the integration by parts in the above equality (3.16) with

/Ck /\(Jt(z))f)ti(gp(gt(z)))a(m 0, Z) d%k(t) _

= [ A (2De(o! (2)duat, 0, 2) dor™( / M ot(2))alt, 0, 2) d (k)
[ 2 el al0.2) (o) - | kmﬁé(_q}(z))gow (2))a(t, 0, 2) &1 (1)

one finds moreover that for all X € L*(R™;R) continuously differentiable along v; with
integrable directional derivative Oy, \, the following relation holds:

div(Av;) = Adivv; + 0, AdZL" (3.17)

Notice that in (3.17) there is the addend A" ' L (€*N{z-e; = 1}), which would make no
sense for a general A € L*(R™; R). Now we prove that the restriction to €% N {x-e; = 1}
of each representative of X which is C1(R(z) N €*), for #" *-a.e. z € Z*, identifies the
same function in L*(€* N {x-e; = 1}).

Indeed, any two representatives A, A of the L'-class of X\ can differ only on a £ ™-negligible
set N. By the Disintegration Theorem 1.1, and using moreover Fubini theorem for reducing
the integral on C* to integrals on lines parallel to e;, one has that the intersection of N with
each of the 1-dimensional slices whose projection on (e1, ..., e) is parallel to e; is almost
always negligible:

%1<N N{q+ <vz(q)>}> =0 forqe € n{x-e; =0} \ M, with ™" (M)=0.
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Being continuously differentiable along v;, one can redefine \, A in such a way that N N
{g+ (vi(@)} =0 forallge €*N{x-e; =0} \ M. As a consequence N N{z-e; =t} is a
subset of 7' (M), where 7' is the map moving along each set of the partition with tv;:

(gk N {33' ‘e = O} 3q+— Ttei (q) =q + tVZ' — 0—(7"<e1 ,,,,, ek)(fI))'f'tel (q)
By the push forward formula (1.25), denoting wWq := e, . e)(q) and zg == Tie, .y ey (@)
HTL(T(S)) = a(wg, Wg + te, 2) T (A QL S))  for SCEF N {x e =0}.

Therefore, as #" (M) = 0, one has that X and \ identify the same integrable function
on each section of €% perpendicular to e;, showing that the measure A" 1L ({x-e; = 1})
1s well defined.

Actually, the same argument as above should be used in (3.16) in order to show that
\(2) is integrable on Z¥, so that one can separate the three integrals as we did. Indeed,
being constant on set of the partition by assumption, the restriction of X to a section is
trivially well defined as associating to a point the value of A corresponding to the set of
that point, but the integrability w.r.t. A" on each section is a consequence of the push
forward estimate.

As a direct consequence of (3.17), by linearity, one gets a divergence formula for any
sufficiently regular vector field which, at each point of €*, is parallel to the corresponding
set of the partition.

COROLLARY 3.5. Consider any vector field v = % | \jv; with \; € LY(€*;R) contin-
uously differentiable along v;, with directional derivative d,,\; integrable on €*. Then the
divergence of v is a Radon measure and for every ¢ € CL(R")

(dive, ) = [ o(@)(@iv e @) d2 @)= [ o) V(@) i) de @)

where 06", the border of €* transversal to D, and 7, the outer unit normal, are define in
Formula (3.4). Moreover, for x € €*

k

i = i(x ) 3 i(x
(le V)a.c. (x) - ; >\Z( ) O{(W<el’.__7ek>($)7 O7 T — Z;q:l T - e,LVZ(:L")) + ; aViAZ( )
(3.18)

Ot = e, ey (2), 0,2 — Sk weeivi(w)

REMARK 3.6. The result is essentially based on the application of the integration by
parts formula when the integral on €* is reduced, by the Disintegration Theorem 1.1, to
integrals on C*: this is why we assume the C' reqularity of the \;, w.r.t. the directions of
the k-dimensional set passing through each point of €*. Such regularity could be further
weakened, however we do not pursue this issue here. As a consequence, one can easily
extend the statement of the previous corollary to sets of the form €5 = X* N W@iwem(ﬁ),
for an open set Q C (eq, ..., e) with piecewise Lipschitz boundary, defining 065 = X* N
7T<_1 (rb(€2)).

€1,.sen)
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3.2.2. Global Version. We study now the distributional divergence of an integrable
vector field v on 7, as we did in Subsection 3.2.1 for such a vector field truncated on
D-cylinders.

COROLLARY 3.7. Consider a vector field v € L'(T;R"™) such that v(z) € (D(x)) for
x € R", where we define D(x) = 0 for x ¢ T. Suppose moreover that the restriction to
every set XX, for a € Ay, is continuously differentiable with integrable derivatives.
Then, for every ¢ € CL(R™) one can write

‘
dive. o) = I /
(div v, p) elj&%{ .

Oy

POV (0) 427 (0) = [ (o) (o) - la) doe " (o).
(3.19)

where {6, }ien 1s the countable partition of T in D-cylinders given in Lemma 1.22, while
(div(14,V))ac. is the one of Corollary 3.5 and 0%, n; are defined in Formula (3.4).

REMARK 3.8. By construction of the partition, each of the second integrals in the r.h.s.
of (3.19) appears two times in the series, with opposite sign. Intuitively, the finite sum of
these border terms is the integral on a perimeter which tends to the singular set.

REMARK 3.9. Suppose that divv is a Radon measure. Then Corollary 3.7 implies that
1ok (divv)ae = (div(1gev))ac.-

PROOF OF COROLLARY 3.7. The partition of 7 into such sets {%} }sen is given exactly
by Lemma 1.22. Therefore, by dominated convergence theorem one finds that

(@) = = [ ) Vola) 2270 = — i 3 [ (o) Viplo) 42" (o).
The addends in the r.h.s. are, by definition, the distributional divergence of the vector
fields v1¢, applied to ¢. In particular, by Corollary 3.5, they are equal to

_/ r)dZL"(z) = /v”z o(z) ( div v)a'c' (x) dﬁ”(m)—i—/wk o(x)v(x)-n(z) d#" 1 x),
proving the thesis. U

3.3. Divergence of the currents of k-dimensional sets

3.3.1. The currents of k-sets. In the present subsection, we change point of view.
Instead of looking at vector fields constrained to the sets of the partition, we regard the
k-dimensional sets as a k-dimensional current. We establish that this current is a locally
flat chain, providing a sequence of normal currents converging to it in the mass norm. The
border of these normal currents has the same representation one would have in a smooth
setting.

Before proving it, we devote Subsection 3.3.1.1 to recalls on this argument, in order to
fix the notations. They are taken mainly from Chapter 4 of [47] and Sections 1.5.1, 4.1
of [28].
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3.3.1.1. Recalls. Let {ey,...,e,} be a basis of R”. The wedge product between vec-
tors is multilinear and alternating, i.e.:

(Z)\iei)/\ul/\---/\um:Z)\i(ei/\ul/v--/\um) meN, Ai,....,\, €R
i=1 =1

Ug A AU A ANty = (=) w4 Aug Ao AT A+ Aty 0 <4< m, ug, ..., U, €R",
where the element under the hat is missing. The space of all linear combinations of
{eil.,,im =epn N Ney, i <o <y in {1,...,n}}

is the space of m-vectors, denoted by A,,R™. The space AgR is just R. A,,R™ has the
inner product given by

1 ifi=j

0 otherwise

m
€irovim " €jrm = 1] Oipje  Where &;; = {
k=1

The induced norm is denoted by |[|-||. An m-vector field is a map & : R" — A,,R".

The dual Hilbert space to A,,R™, denoted by A™R", is the space of m-covectors.
The element dual to e;, ; is denoted by de;, ; . A differential m-form is a map
w: R" — A™R".

We denote with <-, > the duality pairing between m-vectors and m-covectors. Moreover,
the same symbol denotes in this paper the bilinear pairing, which is a map APR" x A,R" —
APTIR™ for p > g and APR" x A,R" — A,_,R" for ¢ > p whose non-vanishing images on a
basis are

deil._if = <dei1mi£ A\ deiul._iﬂm, €i£+1_._i£+m> if p= V4 +m>m= q
Cigy1.igim = <dei1..‘iga €iy..ip N\ eig+1...ig+m> ifp=0<l+m=q.

Consider any differential m-form
w = Z Wiy i €45 i,
il---im

which is differentiable. The exterior derivative dw of w is the differential (m + 1)-form

dw =Y Zaw“ = dej A dei, i,

21...0m J=1 L

If w € CY(R™; A™R"), the i-th exterior derivative is denoted with d'w.
Consider any m-vector field

§= Z &ireviim Cir.viim

which is differentiable. The pointwise divergence (div¢),.. of £ is the (m — 1)-vector
field

iy i
(divE)ae. = > Z oz, < j:ei1...im>-

1. 0m J=1
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Consider the space 2™ of C*°-differential m-form with compact support. The topology
is generated by the seminorms

vi(9) = sup ||do(z)] with K compact subset of R", i € N.

zeK,0<5<i
The dual space to 2™, endowed with the weak topology, is called the space of m-
dimensional currents and it is denoted by %,,. The support of a current 7' € %,

is the smallest close set K' C R” such that 7'(w) = 0 whenever w € 2™ vanishes out of K.
The mass of a current 1" € &,, is defined as

M(T) = sup {T(u)) twe P, supllw(z)] < 1}.

zeR™

The flat norm of a current T' € &, is defined as
F(T) = sup {T(w) cwe P, supllw(z)]] <1, suplldw(x)] < 1}.
zERn zERP

An m-dimensional current 7' € %,, is representable by integration, and we denote it
by T' = uNE, if there exists a Radon measure p over R” and a u-locally integrable m-vector
field £ such that

T(w) = / (w, & dp  Ywe ™
R
If m > 1, the boundary of an m-dimensional current 7" is defined as
Ol € D1, <3T) (w) = T(dw) whenever w € 2™,

If either m = 0, or both T" and 0T are representable by integration, then we will call
T locally normal. If T is locally normal and compactly supported, then T is called
normal. The F-closure, in Z,),, of the normal currents is the space of locally flat chains.
Its subspace of currents with finite mass is the M-closure, in %,,, of the normal currents.

To each ¢ "-measurable m-vector field £ such that ||£|| is locally integrable there corre-
sponds the current 2" A& € 9, (R™). If € is of class C!, then this current is locally normal
and the divergence of ¢ is related to the boundary of the corresponding current by

—0(2"NE) =2 A (div )ac.,

Moreover, if 2 is an open set with C! boundary, n is its outer unit normal and dn the dual
of n, then

L™ A (1g€)) = —(L"LQ) A (div E)ae. + (LI A (di, &). (3.20)

In the next subsection, we are going to find the analogue of the Green-Gauss For-
mula (3.20) for the k-dimensional current associated to k-faces, restricted to D-cylinders.
In order to do this, we will re-define the function (div¢),.. for a less regular k-vector field
and this definition will be an extension of the above one.



3.3. DIVERGENCE OF THE CURRENTS OF k-DIMENSIONAL SETS 63

3.3.1.2. Divergence of the Current of k-dimensional sets on D-cylinders. As a prelim-
inary study, restrict again the attention to a D-cylinder as in Subsection 3.2.1, and keep
the notation we had there.

The k-dimensional sets, restricted to €%, define a k-vector field

E(x) = 1grvy Ao+ A V.
In general, this vector field does not enjoy much regularity. Nevertheless, as a consequence
of the study of Section 3.2, one can find a representation of (9(.,2” A 5) like the one in a

regular setting, (3.20). This involves the density « of the push-forward with ¢ which was
studied before, see (1.25).

LEMMA 3.10. Consider a function \ such that it is continuously differentiable on each
set of the partition and assume €* bounded.
Then, the k-dimensional current (X” A )\f) 1s normal and the following formula holds

AL AN) = =2 A(div A e, + (" LOEY) A (dit, XE),

where 06*, 1 are defined in (3.4), dn is the differential 1-form at each point dual to the
vector field n, and (div A{)a.. is defined here as

k
(div Af)ac. == Z(—l)”l(div AV)ace VIA - AV Ao Ay,

i=1

with the functions (divv;)a.... of (3.15):

at,Oé(t = 7T<el ,,,,, ek>( ) Z =1 X - elVZ(QJ)>
a<7T<el ----- ek>(‘r) Z =1 ezvz( )>

PROOF. Actually, this is consequence of Corollary 3.5 in Subsection 3.2.1, reducing to

computations in coordinates. One has to verify the equality of the two currents on a basis.
For simplicity, consider first

(div AV;)ac. (2) = ()\(x) + OVZ.)\(x)) 1gn(x).

w:¢deg/\~~/\dek.
with ¢ € C'(R™). Then
dw =0y pder N+ Nde + > Oy, dde; A -+ Adey,

i=k+1
(dw, &) =V -vi (W, ([divAac) = (divIV)acd (W, {dit, §)) = ¢ e
and the thesis reduces exactly to Lemma 3.3, and Remark 3.4:
02" M) = [ (dwrg)dem 2 — [ (o (@ivaue) dz™ + [ (w, (i, 2g)) dem!
’ = —Z" A (div AE)ae. + (1L o%’“) A (R A XE).
The same lemma applies with (—1)""!v; instead of vy if

w=g¢der A Ade; A--- A dey,
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since the following formulas hold:

(dw,&) = (-1)""'Vev; (W, (divA)ac) = (1) (divAV))acd  (w, (di, &) = (=1) ' pire;.

Let us show the equality more in general. By a direct computation, one can verify that

~ _ thy1 ig—1 ) )
VIN- AV N AV = E E g sgn o Va(h+l) cee Va(k—l) €o(1)...o(h)ipyr-ik_1s
h=0 k<ipi1<... 0€S(L...i...k—1)
w<ig—1Sn o(1)<--<o(h)

where Vj is the j-th component of vi; S(1...7...k) denotes the group of permutation of
the integers {1,...,%,...,k}, with ¢ is missing, and, if 0 € S(1...7...k), sgno is 1 if the
permutation is even, —1 otherwise.

On the other hand, consider now a (k —1) form w = ¢ de;,. 4, Nde;, ., i, ,, where 1 <y <

c<ip <k,and k < ipy1 < --- <ir_1 <n. Then, again by direct computation,

<dw, §> = 5%: . (Vo v )Sgnavg‘(‘,:ﬂﬂ) v;’“@;,
[4AS
o(2)=i1,...,0(h+1)=ip

k
<w, (div )\S)a,c.> = ¢Z(—1)’+1(div AVi)ac Z sgnav (h+1) Zk(kl 1
i=1 oeS(1.i...k—1)
o (V)i ()i

— > (¢ (divAVe))ac.) sgnavff(;ﬂﬂ) . .fo"@;,

ceS(1...k)
O’(?)Zil,...,a(h+1)=ih

and finally
k
<w, <dﬁ, £>> = Z( DA - e) <w, ViA- AV, A A Vk>
i=1
= Y (¢n-vo))sgnov ’2212) R
ceS(1..k)
O'(2)=i1,‘..,0(h+1)=ih
Therefore the thesis reduces to Corollary 3.5, being each vj- constant on each face. [l

3.3.1.3. Divergence of the current of k-dimensional sets in the whole space. In the pre-
vious section, we considered a k-dimensional current (.,2” " L%k) A & identified by the re-
striction to a D-cylinder €% of the k-dimensional sets of the partition, projected on R™.
We established the formula analogous to (3.20) for the border of this current, which is
representable by integration w.r.t. the measures 2" L €* and s#" 'L 0%*. In particular,
when %* is bounded it is a normal current.

Moreover, we have related the density of the absolutely continuous part to the function «a
by

: ot =, TN el
(div ) = S (1)1 % (E et >(0)20 — ev(m( )

Lok () ViA- - - ATA- - AV
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We observe now that the partition of R" into the sets {X*}7_,, and the remaining set
that we call now X, define a (n 4 1)-uple of currents. The elements of this (n + 1)-uple
are described by the following statement, which is basically Corollary 3.7 when rephrased
in this setting.

COROLLARY 3.11. Let {€}}ien be a countable partition of X* in D-cylinders as in
Lemma 1.22 and, up to a refinement of the partition, assume moreover that the D-cylinders
are bounded.

Consider a k-vector field & € L*(R™; AyR™) corresponding, at each point x € X*, to
the k-plane (D(x)), and vanishing elsewhere. Assume moreover that it is continuously
differentiable if restricted to any set X*, with locally integrable derivatives, meaning more
precisely that &, o o™ (2) belongs to L ,k(z)(Zé“;Ctl(C’k; ALR™)) for each (.

Then, the k-dimensional current L™ A& is a locally flat chain, since it is the limit in
the flat norm of normal currents: indeed, for k > 0 one has

o(2" n&) — F- hmﬁ{ 2N (iv(Lgr))ae + (7 LOEE) A (di, &), (321)

where (div 14k&y)ac. s the one of Lemma 8.10, 06, the border of €F transversal to D,
and n;, the outer unit normal, are defined in Formula (3.4), and dn; is the dual to n;.

Notice finally that the current £ "™ A&y is itself locally normal if restricted to the interior
of X*. However, in general X* can have empty interior. If 8(.,2” A §k) is representable
by integration, then the density of its absolutely continuous part w.r.t. £ ", at any point
T € 6F, is given by div(1grér)ac. (@).

The following table collects some of the notations used in this part of the thesis.
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equivalent
separated

perpendicular

vew
Nl
Sn—I’ B
G (k,n)
TL
()
(vi,..
aff(A)
conv(A)
dim(A)

ri(C)

rb(C)

R-face
extreme points
ext(C)

dom g

graph g

epig

-7Vk>
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Borel sets in R”

n-dimensional Lebesgue measure

k-dimensional Hausdorff outer measure

>} = o-algebra of subsets of X and

p = measure on X, i.e. p: X — [0,400], u(@) =0

and p is countably additive on disjoint sets of X

(locally) integrable functions (w.r.t. p)

(locally) essentially bounded functions

k-times continuously differentiable

functions (with compact support)

1a(x) =1ifx € A, 14(x) = 0 otherwise

restriction of a measure p to a set A

disintegration of u, see Definition 1.2

u(A) = 0 whenever v(A) =0

(absolute continuity of a measure y w.r.t. v)

w is eqivalent to v if p < v and v < p (1.4)

two sets A and B sets are separated

if each is disjoint from the other’s closure

A set A is perpendicular to an affine plane

Hof R if Jw € H s.t. m(A) = w

Euclidean scalar product in R"

FEuclidean norm in R"

{ze R |lo| =1}, {z e R : |laf| <1}

Grassmaniann of k-dimensional vector spaces in R"
orthogonal projection from R" to the affine plane L C R"
pairing, see Subsection 3.3.1.1

linear span of vectors {vi,...,vg} in R"

affine hull of A, the smallest affine plane containing A
convex envelope of A, the smallest convex set containing A
linear dimension of aff(A)

relative interior of C, the interior of C' w.r.t. the topology of aff (C)
relative boundary of C', the boundary of C' w.r.t. the topology of aff (C)
see Definition 2.10

zero-dimensional R-faces

extreme points of a convex set C

the domain of a function ¢

{(2,9(x)) : @ € dom g} (graph)

{(x,) : = € domg, t > g(x)} (epigraph)
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Vg gradient of g

0 g subdifferential of g, see Page 35

9la evaluation of g at the point a

glft the difference g(b) — g(a)

9ia the restriction of g to a subset A of dom g

f a fixed convex function R" — R

dom V f a fixed o-compact set where f is differentiable, see Section 2.1

ImVf {Vf(z): v € domVf}, see Section 1.3

face of f intersection of graph f|, o ; with a tangent hyperplane

k-face of f  k-dimensional face of f

B, Vi Hy) ={z edomVf: Vf(z)=y}

Ey F, when dim(F,) =k, k=0,...,n

F* the set LyJF;

P(x) see Formula (2.7)

R(z) see (1.34) and (2.8) for the faces of a convex function

T {r € domVf Nm(graphR) : R(x) # {z}}

D multivalued map of set directions, see Formula (1.35)
and (2.11) for the faces of a convex function

zk section of a sheaf set, see Definition 1.19

z* sheaf set, see Definition 1.19

[V, W] segment that connects v to w, i.e. {(1 —A)v+Aw: A€ [0,1]}

% [vi,w;]  k-dimensional rectangle in R™ with sides parallel to {[v;, w;]}¥_;,
equal to the convex envelope of {v;, Wi}le

€F(Z*,C*)  k-dimensional D-cylinder €%, see Definition 1.21

26k, n .,  border of " transversal to D and outer unit normal, see Formula (3.4)

gWtte a map which parametrizes a D-cylinder (2, C*), see Formula (1.20)

ote ot® = g0t wheree € S" 1 t € R

ot if we write t = te with e a unit direction, then ot = g0t%¢

a(t,s,x)  see Formula (1.25)

divv if ve Ll (R";R"™), its divergence is

the distribution C}(R") 3 ¢ +— — [v -V
(divv)ac. see Notation 3.2.1, Formula (3.18)
Vi see Definition 3.2
(divv;)ac. see Formula (3.15)
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CHAPTER 4

Smooth approximation of planar bi-Lipschitz
orientation-preserving homeomorphisms

4.1. Scheme of the proof

The aim of this section is to present a short scheme of the construction of a count-
ably piecewise affine approximation of u as in Theorem 0.2. Indeed, as mentioned in the
introduction, the smooth extension readily follows by the following recent result from [46].

THEOREM 4.1. Let v : Q — R? be a (countably) piecewise affine homeomorphism,
bi-Lipschitz with constant L. Then there exist a smooth diffeomorphism 0 : Q — v(Q)
such that 0 = v on 0, ¥ is bi-Lipschitz with constant at most T0L7/3, and

[0 = [l o0y + [ D = Dol oy + 1071 = 07| oo iy + D87 = Do~ | o)) < €.

Approximation of u on Lebesgue squares. The first idea is to use the fact that,
in a sufficiently small neighborhood of each Lebesgue point z for the differential Du, the
map u is arbitrarily close, both in W' and in L™, to an affine L bi-Lipschitz map (given
by its linearization around the point z). The WP estimate is simply a restatement of the
definition of Lebesgue point of Du, while the L> estimate is proven in Lemma 4.13. Indeed
we prove that, given a square D C (e.g. a neighborhood of z), the more Du is close in
LP(D) to an L bi-Lipschitz matrix M (given e.g. by Du(z)), the more u is close in L>®(D)
to an L bi-Lipschitz affine map ujy; with Duy, = M. Moreover, since u is bi-Lipschitz, we
have that also the inverse of u is close both in W (u(D)) and in L (u(D)) to the inverse
of Upg-

The main implication of these estimates towards the construction of a piecewise affine
bi-Lipschitz map approximating u is the following. Let us take a square D C ) as above
and let us consider the piecewise affine function v which coincides with u on the vertices
of D and is affine on each of the two triangles obtained dividing D with a diagonal. If

|Du— M| ,p) is sufficiently small, then the L> estimate implies that u(9D) is uniformly
relatively close to the parallelogram of side lengths at least side(D)/L given by uy (9D).

Hence, since v = u on the vertices of the square and is affine on each side of 9D, the
same uniform estimate holds also for v. In particular, the map v is orientation-preserving,
injective, and approximates u and its inverse as desired.

Finally, thanks to the fact that the Lebesgue points of Du have full measure in €2,
we fix two orthonormal vectors e, e; € R? and, Ve > 0, we find a set . CcC Q with
Z(Q2\ Q) < e which is made by a uniform “tiling” {D,}, of squares with sides parallel

to ey, es with the following property. On each square D, of the tiling, Du is sufficiently
71
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close to an L bi-Lipschitz matrix M (in particular, M will be equal to Du(z) for some
Lebesgue point z € D,). Then, putting together the previous remarks, one can show
that the piecewise affine function v obtained interpolating between the values of u on the
vertices of the squares is injective and satisfies (0.3) on .. Moreover, v is L+-¢ bi-Lipschitz.
The squares of the tiling covering 2. will be called Lebesgue squares, and the set €. right
polygon, due to its shape —see Figure 1.

FIGURE 1. An open set 2 and a right polygon €2, CC 2

Thus, the first idea of the proof leads to define a piecewise affine approximation of u
on a set whose Lebesgue measure is as close as we want to . (§2). In order to complete
the construction, we have to define v in the interior of the set Q0 \ €2..

Countably piecewise affine bi-Lipschitz extension. The second idea of our proof
is to reduce to the following model case: Q2 \ (). is a square of Lebesgue measure at most
e and uj, o, is @ piecewise affine function. In particular, by the previous construction,
v =wu on O0f)..

In this case, an approximating function v is provided by the planar bi-Lipschitz exten-
sion Theorem 0.4 proved in [24]. Indeed, it is sufficient to take @ = v),, and v = 0. In
particular, as mentioned at the end of the Introduction, in [24] it is shown that one can
take the geometric constant C'3 = C' = 636000.

It is then easy to verify that, provided ¢ is chosen sufficiently small at the beginning,
such an extension of uj, ., , together with the already defined piecewise affine interpola-
tion of u on the Lebesgue squares, satisfies the assumptions of Theorem 0.2. Indeed, by
definition, v is injective on the whole €2. Moreover, we know by the previous construction
that it satisfies (0.3) on Q.. On the other hand, on Q \ Q., |Du| and |Dwv| are bounded
by the two Lipschitz constants L and C5L* (together with their inverses) on a set of small
area and then the WP estimates in (0.3) follow. Finally, since 2\ €. and u(\ €2.) have
small Lebesgue measure, v and v~! are also close to u and u~! in L.

In order to reduce to this model case, we perform the following steps:
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FIGURE 2. The countable tiling of © \ Q. (the shaded region is .)

1. We cover 2\ Q. with a countable (locally finite in Q) “tiling” of small squares whose
sides are parallel to e; and ey (see Figure 2).

2. On the 1-dimensional grid Q given by the boundaries of the squares of the tiling
we define the piecewise affine approximation v in such a way that v(Q) C A and v is 72L
bi-Lipschitz.

3. We “fill” the squares of the tiling extending v}, by means of Theorem 0.4, thus
getting a globally C3(72L)* bi-Lipschitz function on 0 \ ..

The fact that the Lipschitz constant of v on €). depends only on the Lipschitz constant
of u will tell us that, as in the model case, the W'? and L* norms of u —v and v~ — v~}
can be made as small as we want —provided we choose ¢ sufficiently small at the beginning.
Thus we end the proof of Theorem 0.2.

Let us also give a very rough idea of how the proofs of Steps 1, 2 and 3 works. While
Step 1 is a simple geometric construction, Step 2 essentially consists in approximating u
on the grid @ with a piecewise affine function. This will be possible thanks to Lemma 4.19,
which tells that it is possible to approximate u on the segments, and Lemma 4.20, which
takes care of the “crosses”. Finally, Proposition 4.15 in Section 4.4 concludes the argument
of Steps 2 and 3. The essential idea there is that, since on the “non-Lebesgue squares”
the behaviour of u is wilder, one cannot simply take v equal to the affine interpolation of u
on the vertices. Indeed, as already pointed out in the introduction, this could easily give a
non-injective function. However, since the total area of the non-Lebesgue squares is small,
any approximation of u on them is ok, and this is why we use the extension of v given
by Theorem 0.4 in Step 3.

4.2. Notation and Preliminaries

In this section we give some preliminary definitions and fix some useful notation which
will be used in this part of the thesis.
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We denote by € a bounded open subset of R? and by clos Q2 its closure.
First we recall the following

DEFINITION 4.2 (L bi-Lipschitz map). We say that a function u : Q@ — u(Q) is L
bi-Lipschitz for some L > 0 if

1
Iy —al < July) — u(@)| < Lly - 2], Yo,y e, (4.1)
In particular, L > 1.

Then we recall the definition of orientation-preserving (resp. reversing) homeomor-
phism.

DEFINITION 4.3 (Orientation-preserving (reversing) homeomorphism). We say that an
homeomorphism u : @ — u(Q) C R? is orientation-preserving (reversing) if whenever a
simple closed curve [0,1] 3 t — ~(t) € Q is parameterized clockwise, then [0,1] > t —
u(y(t)) € u(Q) is parameterized clockwise (resp. anti-clockwise).

It is well known that if  is connected, then any homeomorphism u : Q — u(Q) C R?
is either orientation-preserving or orientation-reversing. Moreover, if u is a diffeomorphism
being orientation-preserving (reversing) is equivalent to satisfy det Du > 0 (det Du < 0)
pointwise on €.

Next, we define the class of (countably) piecewise affine functions, in which we look
for approximations of orientation-preserving homeomorphisms. To this aim we recall the
definitions of (finite) triangulation of a polygon and of locally finite triangulation of Q. A
polygon is an open connected subset of R? whose boundary is given by a finite union of
segments intersecting only at their endpoints.

DEFINITION 4.4 ((Finite) triangulation). A (finite) triangulation of a polygon ' C R?
is a finite collection of closed triangles {T;}Y., whose union is equal to clos§Y and for all
iF

T;NT; s either empty, or a common vertez, or a common side of T; and T;. (4.2)

DEFINITION 4.5 (Locally finite triangulation). Let Q C R? be a bounded open set. A

locally finite triangulation of Q is a locally finite collection of closed triangles {T;};en such
that Q C Usen T; C closQ and (4.2) holds.

We notice that, unless €2 is a polygon, the number of elements of a triangulation cannot
be finite.

DEFINITION 4.6 (Piecewise affine and countably piecewise affine function). A function
v: Q — R? is countably piecewise affine if v, is affine on every triangle T of a suitable
locally finite triangulation of Q2. If Q is a polygon and the triangulation is finite, then we
say that v is (finitely) piecewise affine.

In order to build the triangulation on which the function v of Theorem 0.2 is countably
piecewise affine, we will use, on a subset of €2 of Lebesgue measure as close as we want to
Z(Q) (ie., the Lebesgue measure of §2), uniform triangulations into right triangles. The
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union of such triangles will be called a right polygon, according to the following definition.
From now on, e;, e; will be two fixed orthonormal vectors in R2.

DEFINITION 4.7 (Right polygon). An open bounded set Q' C R? is called a right polygon
of side-length r (or simply an r-polygon) if it is a finite union of closed polygons whose
sides are all parallel to ey, es, and have lengths which are integer multiples of r > 0.

Points in © will be denoted by z € R? or by (z,y) € R x R, with 2 = ze; + yes.
We denote with B(z,7) the ball of center z and radius r and with D(z,r) the square of
center z, side length r and sides parallel to e, es. Moreover, the generic square of a
collection of squares {D(zq, 7o) }aen Will be also sometimes denoted simply by D,,. Instead
of working directly with triangulations, it will be convenient, in order to apply our method,
to subdivide €2 into a countable and locally finite family of squares called tiling.

DEFINITION 4.8 (Tiling). Given an open, bounded set €2, a tiling of € is a locally finite
(in Q) collection of closed squares {Du(za,Ta)}aen whose union is contained between
and closQ and such that, Va # 3 € N, D, N Dy is either empty, or a common vertex of
D, and Dg, or a side of one of the two. Two squares of a tiling are said to be adjacent if
their intersection 1s nonempty.

Notice that a tiling of €2 can be either finite or countable, and in particular it is surely
countable if () is not a right polygon.

It will be often useful to regard a given tiling of 2 as the union of the finite tiling
corresponding to a right polygon €' CC 2 and a countable tiling of 2\ €, locally finite in
Q). Since these kinds of “sub-tilings” will be frequently used in the paper, we define them
separately.

DEFINITION 4.9 (r-Tiling of a right polygon and tiling of (2, Q)). Given an r-polygon
0, the r-tiling of Q' is the (unique) finite collection of closed squares {D(za,7)},c.7
whose union is equal to clos€Y and, Ya # [ € F(r), D, N Dy is either empty, or a
common vertezx, or a common side of D, and Dg. Given a bounded, open set ) and an
r-polygon ' CC Q, a tiling of (Q2,$Y) is a tiling of Q whose restriction to ) is the r-tiling
of .

The 1-dimensional skeleton of a tiling will be called grid, according to the following
definition.

DEFINITION 4.10 (Grid). Let {D,}aen be a tiling of Q. We call grid of the tiling the
1-dimensional set given by the union of the boundaries of the squares of the tiling. FEach
side (resp. vertex) of the squares of a tiling will be called side (resp. vertex) of the grid.

A possible definition of a piecewise affine approximation of u on a given r-polygon,
which will be used in Section 4.3, is the following.

DEFINITION 4.11 ((€¥,r)-interpolation of u). Let & CC Q and {Da},c g, be an
r-right polygon and its r-tiling. We call (€, r)-interpolation of u the piecewise affine
function v : Q" — v(Q') C R? which coincides with u on the vertices of the r-tiling and,
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for each o € 7 (r), is affine on the two right triangles forming D, and having as common
hypothenuse the north-east/ south-west diagonal of D,,.

We conclude this section with a table collecting the main notation.

St unit sphere of R?

Q CR? a given open bounded set ,

u:Q — A agiven L bi-Lipschitz function,

A (2 % 2) two by two real matrices,

| M| sup{‘Mv‘ : |U|:1},

M (2x2;L) {M e .#(2x2):Det M >0,
M| < L,|M~'[ <L},

e1, e two fixed positively oriented
orthonormal vectors in R?,
B(z,r) ball with center z and radius r,

D(z,r)

square with center z, side length r
and sides parallel to eq, es,

D(0,1),

Lebesgue measure on R?

1-dimensional Hausdorff measure,

interior of a set A C R?,

closure of A,

boundary of A C R?,

closQY C Q,

inf{|z —w|: z € A, w € B}.

4.3. Approximation on “Lebesgue squares”

The aim of this section is to prove the following

PROPOSITION 4.12. For every € > 0 there exists a right polygon Q. CC Q of side
length r such that the (., r)-interpolation v : Q. — v(Q.) C R? is L + ¢ bi-Lipschitz and

satisfies

A, =0v(Q) CCA,

v = ull o) + [v™" = w | poan) + | Du = Dv|| oy + [|Du™" — Do ™| poga.) <

ZQ\Q) <e, Z(A\A)<e, d(Q,R*\Q)>2r,

Var

v = ull L) < I8

4.3)
4)
5)

(4.6)

(
3
(
(

=

The reason why the piecewise affine interpolation of u will be injective on €, is that,
for each square D, of the r-tiling of €)., the function u will be uniformly close to an affine
L bi-Lipschitz function on the nine squares around D,. The linear part of each of these
affine functions will be the differential of u at some Lebesgue point for Du inside D,. For
this reason, the squares of such r-tiling will be called “Lebesgue squares”.

The plan of this section is the following. Section 4.3.0.4 contains Lemma 4.13, which
is the main ingredient in the proof of Proposition 4.12. Indeed, Lemma 4.13 says that,
when on a square Du is close in average to an L bi-Lipschitz matrix M, then u is close in
L to an affine function uy; with Duy, = M. Then, in Section 4.3.0.5, we will determine
(). as a suitable union of squares of an r-tiling on which Lemma 4.13 holds and provides
a sufficiently strong L estimate. Finally, in Section 4.3.0.6 we show that the (£.,r)-
interpolation of u satisfies the required properties.
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4.3.0.4. An L*>® Lemma. We are now ready to begin the proof of Proposition 4.12,
starting from the following fundamental lemma. Here and in the following, by .# (2 x 2; L)
we denote the set of the two by two invertible matrices M such that the affine map
z — M(z) is L bi-Lipschitz. Moreover,  and u will always be a set and a function
as in the assumptions of Theorem 0.2.

LEMMA 4.13. For any n > 0 there exists 6 = 6(n) > 0 such that, if z € Q, M €
M (2% 2;L) and p > 0 are so that D(z,p) CC Q and

][ \Du(z) — M|dz < 6, (4.7)
D(z,p)
then there exists an affine function uy : R? — R? with Duy; = M and so that

u(z) — ()] < mp VzeD(zp). (4.8)

PrOOF. Up to a translation, we are allowed to assume for simplicity that z = u(z) =
(0,0) € R2. Let us then call, for a big constant R to be specified later,

. r/2
B! = {me [—p/Q,p/Q] : / ) ]Du(:c,t)—M|dt§pR§},
—p/2

) p/2
B?:= {yE [ —p/2,p/2] : /p/ZIDU(t,y)—MldtSP%}'

Notice that, since u is bi-Lipschitz on {2, then so is its restriction to the horizontal and
vertical segments of the square D(0, p). Hence, the above integrals make sense for every x
and y. By (4.7) and Fubini-Tonelli Theorem, we readily obtain

A~ p/2,0/2]\ B') < £, A~ p/2,0/2)\ B?) < 2. 49

Define now uy(z) = Mz, and ¢(z) = u(z) — up(2). For any z;, 5 € B and y;, y» € B>
we immediately get

Pl mn) — (@, )| < |olwr,91) = (s, 1) + |02, 1) — p(@a, )|
< /x2 " Du(xq,t) — M‘ dt <2pR6 .
z1

Du(t,y,) — M’ dt +
Y1
Let now (z,y) € D(z, p) be a generic point. By (4.9), there exist z; € B! and y;, € B? so
that

(4.10)

p P
omm| <2, o<t
and since u and wuy; are L bi-Lipschitz, thus ¢ is 2L-Lipschitz, we get
2\/§pL
oz y) = elanm)| < =5 (4.11)

Let finally (z,y) and (Z,7) be two generic points in D(z,r). Putting together (4.10)
and (4.11) we immediately get

4v/2pL
\/];p +2pRd < np,

oz, y) — o(@,9)] <
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where the last inequality is true up to take R big enough and then § small enough. Since
©(0,0) = 0, this concludes the proof. O

4.3.0.5. A large right polygon made of Lebesque squares. In this section we show that,
for any n > 0, it is possible to construct a right polygon 2, CC Q of side length 7, such
that £ (Q\ Q,) < n and such that, for any square D(z,r,) of the r,-tiling of Q,, the
assumption (4.7) of Lemma 4.13 holds on the bigger square D(z,3r,). As we will show
in Section 4.3.0.6, if we choose n and then r, small enough, the corresponding (€2,,1,)-
interpolation of u satisfies the requirement of Proposition 4.12. Then, €2, will turn out to
be the right polygon of Lebesgue squares we are looking for. The goal of this section is to
show the following estimate.

LEMMA 4.14. For every n > 0 there exists a constant r = r(n) > 0 and an r-polygon
Q, CC Q such that £ (2\ Q,) < n and each square of the r-tiling {D(20:7) }aesr ()
satisfies the following properties,

D(z4,3r) CCQ Yae I(r), (4.12)
][ |Du(z) — M| dz < 0(n) for some M = M(a) € # (2 x2;L). (4.13)

D(za,37)
PrROOF. We start selecting some ry = ro(n) > 0 and an ro-polygon ©y CC 2 such
that .2 (2 \ Q) < 7/2 and each square of the ro-tiling of Q satisfies (4.12). Then, for

every r such that ro € rN, we can regard )y also as an r-polygon, and consequently call
{D(2a:7)} oz, 1ts 7-tiling. We define the set

S (r) = {aeﬂo(r):]é(z . |Du — M| S(SforsomeM:M(a)E.//Z(QXZ;L)},

where § = §(n) is given by Lemma 4.13, and we let

Q= U D(zar).
ozef(r)

Since property (4.13) is true by construction, to conclude the proof it is enough to select
a suitable 7 = r(n) in such a way that . (QO \ Qn) <n/2.

To do so, we apply the Lebesgue Differentiation Theorem to the map Du finding that,
for £ -a.e. z € Q, there exists r(z) > 0 such that D(z,4r(z)) C Qy and

][ ‘Du(w) — Du(z)‘ dw < 0 VO <p<dr(z).

D(z,p) 2

We can then choose 7 = r(n) so small that the set A(r) := {z € Qy : r(z) < r} satisfies
2 (A(r)) < n/2. (4.14)

We now claim that, for each oo € . ((r),
D(24,7) € A(r) = a€ I(r). (4.15)
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Indeed, letting M = Du(z) for some z € D(z,,7) \ A(r), by definition of A(r) and r(z) we
get
1

1 16
][ ]Du—M|:—/ |Du—M|§—/ |Du—M|:—][ |Du— M|
D(za,3r) 9r2 D(za,3r) 9r2 D(z,4r) 9 D(z,4r)

<%,
-9
thus (4.15) is obtained. As a consequence, by (4.14) we have that

2(20\9) =2 (U, ) Dlowrr) ) < 2 (40) <

and, as we noticed above, this concludes the proof. Il

4.3.0.6. Affine approximation of u on Lebesgue squares. In this section we complete
the proof of Proposition 4.12. At this point, the proof reduces to show that, provided
we choose 1 small enough, the (£, r)-interpolation of w on the right polygon 2, as in
Lemma 4.14 satisfies the properties of Proposition 4.12.

PROOF OF PROPOSITION 4.12: Let € > 0 be a given constant. Then, let n = n(e) be
a sufficiently small constant, whose value will be precised later. Define now 6 = ¢ (77(5))
as in Lemma 4.13, and define also r = r(n(g)) and ). = ), () according to Lemma 4.14.
We will show that the right polygon 2. fulfills all the requirements of the proposition as
soon as 7(¢) is small enough. To this aim we call, as in the statement, v : . — A, the
(€, r)-interpolation of u (see Definition 4.11) on the right polygon €2..

Let us briefly fix some notation which will be used through the proof. For any o € .# (1),
we define M, € # (2 x 2; L) so that (4.13) holds. Applying Lemma 4.13 with p = 3r, we
get an affine function u, : R? — R? such that Du, = M, and

’u - ua’ < 3nr on D(z,,3r) . (4.16)

Figure 3 depicts the functions u, v and u,.
We can then start the proof, which will be divided in some steps for clarity.
Step I. For any a € 7 (r), v(D(zq,7)) C u(D(24,3r)).
Take a € .# (r). Keeping in mind (4.16) and recalling the definition of v, we get that

v(D(za,7)) C B(UQ(D(za,r)), 3777") : (4.17)

Similarly, we get that
u(D(z0,3r) 2 {o: Blx,30r) C ua(D(z,31))} . (4.18)
Hence, the step is concluded if
B(ta(D(z0.1)). 677) € ua(D(za.3r).

which in turn, recalling that Du, = M, € .# (2 x 2; L), is true as soon as n < (6L)".
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F1GURE 3. The functions u, v and u, on a square.

Observe that, as an immediate consequence of this step and (4.12), we have A, CC A,
that is, (4.3) holds.

Step II. Injectivity of v.

Take oo € # (r). Applying again (4.16) as in Step I, we deduce that v is injective on
D(z4,3r)NQ. as soon as n < (6L)~!. To conclude that v is injective, then, we have to show
that v(D(za,7)) Nv(D(23,7)) = 0 if D(24,7) and D(z5,7) are two non-adjacent squares of
the tiling of €2.. But in fact, if D, and Djs are non-adjacent, then

D(za,3r) N D(25,7) = D(25,3r) N D(24,7) =0,

thus the fact that U(D(za,r)) N U(D(z5,7“)) = () follows as an immediate consequence
of (4.17) and (4.18) applied to « and 3.

Step III. Estimate on ||v — ul|p=(q.) and on [[v™F — u™|| Lo (a.)-

Fix a generic square D, of the r-tiling of €)., and observe that |us — u||r~p,) < 3nr
by (4.16). Moreover, v and u, are both affine on each of the two right triangles on which
D,, is divided, and since on the vertices of these triangles v equals u, again by (4.16) we
deduce also ||v — uq||L=(p,) < 3nr. Thanks to these two estimates, we deduce

v —ullpe@y = sup ||v —ullz=mp.) < sup v = ualle ) + Ua — ull LoD,
ac S (r) aef(r)
) (4.19)
<6nr < —
== g

where the last inequality is true as soon as 7, hence also r, is small enough.

Since we have already proven that v is injective, the L> estimate for the inverse maps
is now a simple consequence. Indeed, taking a generic point w = v(z) € A,, with x € ),
by (4.19) we have

™ (w) — v ()| = [uT (v(2)) — w7 (u(2))| < Llo(z) — u(z)| <
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so that
-1

. (4.20)

| v e(an) <

Step IV. Estimate on || Dv — Du| ().
Let us start observing that, since by construction |Du| < L and |Dv| < /2L, one has

IDv = Dullpq,y = 3 [IDv = Dullyp,)

aej(r)
1
< (3L>p Z HDU — DUHLl(Da) (421)
aej(r)
1
<(3L)"" > |IDv - Duglrip, + || Dua — Dul|pip,) -
an(r)

By (4.13), we already know that for each o € .# (r) it is

”Du_DuaHLl(DQ) = /

D(za,r)

Du—Dua’ < 97’2][
D(za,37)

Du—M,| < 951* = 95| Da . (4.22)

Let us then concentrate on ||Dv — Du,|| [1(p.)- Consider the triangle T' = 212523, being
zlzza+(—r/2,—r/2>, zgzza—i—(r/Q,—r/Z), zgzza—l—(r/Z,r/Z).

Since both v and wu, are affine on T, then in particular Dv — Du, is a constant linear
function on 7T'. Recalling again (4.16), let us then calculate

(’U(Zz) — v(zl)) — (Ua(2’2> — ua(zl)>‘

= [(uz2) = () = (walz2) — alz0))| < G,

’(DUT — Duy)(rey)

and similarly
(U(Zg) — v(zz)) — (ua(z3) — g (22)

We deduce that || Dv — Dug||r=(ry < 6v/21. We can argue in the very same way for all the
different triangles in which D(z,,3r) N Q. is divided, thus we get

< 6v2n < 9. (4.23)

Za,3r)NQe)
p
19
< | = 4.24
<(5) . a2

where again the last inequality holds true as soon as 7, hence also d, is small enough.

< 6nr.

‘ (DU|T — Dua) (reg)

HDU N DUO‘HLOO(D(

Inserting this estimate and (4.22) into (4.21), we get

|1Dv = Dullyyq., < (BL)'9(6+1) 3 [Da| = (3L)"9(n+0)|0

ocef(r)

Step V. Bi-Lipschitz estimate for v.
Take a point z € D(z,,3r) N Q.. Recalling that u, is L bi-Lipschitz and (4.23), we get

1
A 9In < ‘Dv(z)‘ <L+9. (4.25)
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Let then z, 2/ € Q. be two generic points, and assume that z € D(z,,r). If one has
2" € D(zq,3r), then an immediate geometric argument using the definition of v and (4.25)

yields
(2—977)'2«—5 — ()] <

On the other hand, assume that 2’ ¢ D(z,, 37"), so that |z — 2’| > r. In this case, the L™
estimate (4.19) gives

’v(z) — v(z')’ < ‘u(z) —

(4.26)

(L+9n)‘z—z

2|+ ’v(z) — u(z)‘ + ’U(Z —u(Z)] < , (4.27)

(L+ 127])’2 -7

and similarly

1
’U(Z) —v(2") z/)’ — ’U(Z) — u(z)’ - ‘U(Z/> — u(z/)’ > <L - 127]) ‘z - Z/‘ . (4.28)
Putting together (4.26), (4.27) and (4.28), provided that 7 is small enough we conclude
that v is L + € bi-Lipschitz.

Step VI. Estimate on [[Dv™" — Du™||1p(a.)-

Fix a generic o« € £ (r), and recall the elementary fact that, given two invertible
matrices A and B, one always has }B_l - A‘l‘ < ‘A‘lHB_lHB - A‘. Since by construction
u and wu, are L bi-Lipschitz, and Du, is constant on D,, then Step I, (4.13) and (4.22)
ensure that

| Du™" = Du || 11 (wipay) = ’Du_l(z) - Dua_l(z)‘ dz
v(D(2za,r)

§L2/ Du(u(2)) —Ma\dsz‘*/
u(D(za,37)) D(za,3T)

- 9r2L4][ Du — M,| < 9rL'§ = 9L'5 D, .
D(za,37)

On the other hand, again using ‘Bil — Ail‘ < 'A*lHB*1 , the fact that Du, is
constant on D,, the fact that u,, is L bi-Lipschitz by definition while v is (L+¢) bi-Lipschitz
by Step V, and (4.23), we readily obtain

| Do = Dug .

Du(w) — Ma‘ dw

< L(L < 18L%.
ooy S LA+ )9 < 1817

We can then repeat the same argument as in (4.21) to get

_ -1 _ _ _ _
IDv™ = DuM[fpa < BL)" X0 IDv! = Dug |y + [1Dug = Du™t || piuo

et () , (4.29)
g
€> S <> )
1

where as usual the last estimate holds up to possibly further decrease 1 and then also 9.

Step VII. Conclusion.
Let us now conclude the proof of Proposition 4.12 by checking that €2, fulfills all the re-
quirements of the statement. The fact that v is L + ¢ bi-Lipschitz is given by Step V.

< (31)" (1812
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The validity of (4.3) has been observed in Step I. The estimate (4.4) just follows by
adding (4.19), (4.20), (4.24) and (4.29). Concerning (4.5), the facts that 2\ €. is small and
that d(92.,R?\ Q) > 2r are given by Lemma 4.14, while the fact that also A\ A, is small
is immediate by the bi-Lipschitz property of u and the L> estimate (4.8) of Lemma 4.13.
Finally, (4.6) is an immediate up to choose n < v/2/(36L%), since (4.19) ensures that
[0 = ul oo,y < Gnpr U

4.4. Approximation out of “Lebesgue squares”

In this section we complete the proof of Theorem 0.2, defining the countably piece-
wise affine approximation of u out of the large right polygon . of “Lebesgue squares”
constructed in Proposition 4.12. Following the scheme outlined in Section 4.1, the con-
struction is carried out in three steps: the covering of Q\ €2, with a suitable (locally finite)
tiling, the definition of a bi-Lipschitz piecewise affine approximation of u on the grid of the
tiling and, finally, the extension of the approximating function to the interior of the grid
by means of Theorem 0.4. The main result of this section is the following.

PROPOSITION 4.15. Let v, : Q. — A, be a piecewise affine bi-Lipschitz function as in
Proposition 4.12. Then, there exists a C, L* bi-Lipschitz countably piecewise affine function
0 Q\ Qe — A\ A, where Cy is a geometric constant, such that 0. = u on 0 and
U, = v, on 0S2..

We can immediately notice that Theorem 0.2 will follow as an easy consequence of
Propositions 4.12 and 4.15.

ProOOF OF THEOREM 0.2: Take € > 0, and apply Proposition 4.12 to get an 7-
polygon Q. CC € and a piecewise affine bi-Lipschitz function v, : Q. — A.. By
Proposition 4.15, we have a C;L* bi-Lipschitz function 9. : Q\ Q. — A\ A_, so we
can define the function v :  — A as v = v. on Q. and v = 0. on Q\ €2.. Since v, (resp.,
.) is bi-Lipschitz with constant L + & (resp., C1L*), and 0. = v. on )., we have that
v is a bi-Lipschitz homeomorphism with constant C;L* Moreover, by construction v is
countably piecewise affine, and it is orientation-preserving since so is v and v = u on 0f).
We are then left with showing that v satisfies (0.3), and by (4.4) this basically reduces to
consider what happens in Q \ .. Since o, is bi-Lipschitz with constant C;L*, by (4.5) we
clearly have

(Lo (4.30)

O\ Q.

| Dv — Dul|rna.) < [|Dv — Dul| o @\0.)

and similarly
||DU_1 — DU_IHLp(A\AS) < (L + 01L4>€1/p. (4.31)

Concerning the L* estimates, since ‘Q \ .| < e then for every z € Q\ Q. there exist
2" € Q. such that |z — 2/| < y/e/m, thus by (4.4) we find
[0(2) —u(z)] < |v(z) = ()] + [0(z') = u(z)] + [u(z) — u(2)]

<(L+ 01L4)\/§ + [Jve — ullpoogen) < (L + 01L4)\/i +e.
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Arguing in the very same way to bound |[v™1(w) — u~!(w)| for a generic w € A\ A, yields

9 _ _ 9
HU — 'U/HLOO(Q\QE) S (L + ClL4)\/;+ g, HU - u 1HL00(A\AE) S (L + ClL4>\/;+ .

(4.32)

Putting together (4.30), (4.31) and (4.32), we find that v satisfies (0.3) as soon as ¢ is
chosen small enough, depending on &. Hence, we have found the countably piecewise affine
approximation as required. Concerning the smooth approximation, its existence directly
follows applying Theorem 4.1, thus we have in particular Cy = 706’17 /3, U

We have now to prove Proposition 4.15. To do so, let us fix some notation. Recall
that €2, is an r-polygon for some r = r(g). We will then start by selecting a suitable tiling
{D; = D(zj,7})}jen of (£,€.), according with Definition 4.9. This means that {D;} is a
tiling of €2 whose restriction to ). coincides with the r-tiling of €2.. The only requirements
that we ask to {D;} are the following,

ri=r Vj:closD;NoN #0, (4.33)
D;cc VjeN. (4.34)

Notice that (4.33) is possible thanks to (4.5), while (4.34) basically means that the tiling
has to be countable instead of finite, and the squares have to become smaller and smaller
when approaching the boundary of 2. Of course, in the particular case when (2 itself is a
right polygon, instead of (4.34) one could have asked the tiling to be finite (we will discuss
this possibility more in detail in Remark 4.21).

Since it is of course possible to find a tiling of (£2,€2.) which satisfies (4.33) and (4.34),
from now on we fix such a tiling, and we denote by Q its associated 1-dimensional grid
according with Definition 4.10. Moreover, we set Q" = QN (22 \ clos(2.), which is the part
of the grid on which we really need to work. Notice that Q' is a 1-dimensional set, made
by all the sides of the grid @ which lie in Q \ clos (2.

Let us call now w, the generic vertex of Q’, hence, the generic vertex of the grid Q
which does not belong to €. (but it may belong to 0f).). Each vertex w, is of the form
wq = zj + (£r;/2,%r;/2) for some j, and it is one extreme of either three, or four sides of
Q. To shorten the notation, we will denote the other extremes of these sides by wfx with
1 < i <i(a), being then i(a) € {3, 4}. Finally, we will denote by £, the minimum of the
lengths of the sides w,w?,. Observe that if w, ¢ 9., then w, is one extreme of either
three or four sides of @ C Q. On the other hand, if w, € OS2, then by (4.33) it is one
extreme of four sides of Q, either one or two of these four sides lies in @', and ¢, = r.

Thanks to Theorem 0.4, to obtain the piecewise affine function v, of Proposition 4.15
we essntially have to define it, in a suitable way, on the 1-dimensional grid @’. To do
so, our main ingredients are the following two lemmas. The first one, Lemma 4.19, states
that, on any given segment of {2, u can be approximated as well as desired in L*> with
suitable piecewise affine 4L bi-Lipschitz functions. This is of course of primary importance
to define the piecewise affine approximation o, of u on the sides of the grid @', but it is
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still not enough. In fact, we have to take some additional care to treat the “crosses” of
Q' (that is, the regions around the vertices), in order to be sure that our affine 9. on Q'
remains injective. This will be obtained thanks to the second Lemma 4.20.

To state the next two lemmas, it will be useful to introduce some piece of notation.

DEFINITION 4.16 (Interpolation of u). Given a segment pq CC 2, let {z;z;1}o<i<n be
N essentially disjoint segments whose union is pq, with zo = p and zy = q. For any such
subdivision of the segment, will call interpolation of u the finitely piecewise affine function
Upg : pg — R? such that, for any 0 <i < N —1and any 0 <t <1,

Upq <zl + t(zip1 — zl>) = u(z) + t(u(zig) — u(z)) .

DEFINITION 4.17 (Adjusted function and crosses). Let {€a}aen be a sequence such that
for any o one has 3LE, < Ly. For any a € N and any 1 < i < i(«), we define &, as the
biggest number such that

ulwa) — ulwa + € (wh —wa)| S Fuwaui
w(wa) — ve(wa + & (W, — wa))’ <&, if waw!, C Q\ Q.

We will call adjusted function the function u.g; : © — R? defined as follows. First of
all, we set Uadj = Ve 0N Q\ Q. Then, let wawg be a side of Q', thus being wg = w!, and
Wy = w% for two suitable i and j. We define

u(wa) + & (u(wa + € (ws — wa)) — uwa)) in (0,€),

Uadj (wa+t(wﬁ—wa)) = u(wa + t(wg — wa)) | in (€,1 - fjﬂ) ,
u(wg) + (lgz) (u(wg + fé(wa — w5)> — u(w5)> in (1 — 5%, 1).

In words, for any side in Q', u,qj coincides with w in the internal part of the side, while
the two parts closest to the vertices w, and wg are replaced with segments. Moreover, for
any vertex w, of Q@ we will define its associated cross as

i(a) A A

Z, = U {wa—f—t(wg—wa): Ogtgfg}.
i=1
REMARK 4.18. Some remarks are now in order. First of all, since u is L bi-Lipschitz on

Q, and also v. is L bi-Lipschitz on any segment wawfl C O\ Q, by the choice 3LE, < U,
we directly deduce that 0 < & < 1/3 for any « and any i. Thus, two different crosses
have always empty intersection. For the same reason, each of the i(a) extremes of the
cross Z,, has a distance at least £, /L from w,. Finally, for all different o and 5 one has
B(u(wa), &) N B(u(wg),&s) = 0. Indeed, assuming without loss of generality that £, > (g,
we have ’u(wg) — u(wa)‘ > lo/L. And as a consequence, &, + &5 < lo/(3L) + €5/ (3L) <

200/ (3L) < |u(wg) — u(wy)|.
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LEMMA 4.19. For every segment pqg CC € and every d > 0, there exist a function
ugq i pqg — A which is a 4L bi-Lipschitz interpolation of u with the property that ||ugq —
[ oo (pgq) < 6.

LEMMA 4.20. There ezists a sequence {&q }aen such that the associated adjusted function
Uagj : @ — R? 4s 18L bi-Lipschitz and u,q;(Q) C A.

Before giving the proof of Lemmas 4.19 and 4.20, we show how they enter into the
proof of Proposition 4.15.

PROOF OF PROPOSITION 4.15: To define the searched function o, : 2\, — A\ A,
let first u,q; : @ — R? be an adjusted function according with Lemma 4.20, corresponding
to the sequence {{,}. Our strategy will be first to define a suitable piecewise affine and
injective function ugdj : @ — A, coinciding with u,q; near the vertices w,, and then to
obtain . extending u,4; in the interior of each square making use of Theorem 0.4. We
divide the proof in some steps.

Step I. Definition of u,q; : Q@ — A.

First of all, we define u)y; = waqj = v- on @\ Q. Then, consider a generic side
wawg C Q' and define pq the internal segment of the side wywg, that is, p and ¢ are the
extremes of the segment w,wgs \ (Za U Zg). Taken now a small constant § = d(a, ), to

0 é
pq Pq

be precised later, we set ugdj = Uaqj ON WawWg N (Za U Zg), and ugdj = u® on pq, where u
is given by Lemma 4.19.

By definition, it is clear that ugdj is a continuous, countably piecewise affine function
on Q. Moreover, since the different constants d(a, 3) are independent and any internal
segment pq is compactly supported in €2, one clearly has that u,(Q) C A up to choose

adj
the constants small enough. In addition, since u,g; is obtained glueing the 4L bi-Lipschitz

functions v, and the 18L bi-Lipschitz function u,q;, we clearly have that ufy is 18v/2L-
Lipschitz (but, a priori, not bi-Lipschitz!). To conclude the proof, we will first show that
in fact uy; is bi-Lipschitz, thus in particular injective, then eventually we will extend g,
to the interior of the squares of the tiling, hence to the whole Q \ Q..

Let us then fix two points z, 2’ € Q. In the next Steps II-IV we will show that

u;dj(z) - u;dj(zl)

1
> |z — 2 ,
> —|s— 2, (435)

considering separately the different possible positions of z and z'.

Step 1. The case when z € pg C wawg, 2 ¢ wawg .

The first case is when z belongs to an internal segment pg which is contained in the
side wawg C Q', and 2’ does not belong to the side w,ws. In this case, as observed in
Remark 4.18, we know that |z — 2/| > £, /L. Thus, there are two subcases. If 2’ does not
belong to any internal segment (hence, either 2z’ belongs to some cross, or 2’ € €).), then
Ui (2') = waqj(2) and then by Lemma 4.20, provided that we choose

adj
min{&,, {3}

<
(o, B) < e

(4.36)
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we have

u;dj(z) - ugdj('zl)

= ‘uiq(z) — uadj(z’)‘ Z

aaj(2) = taay ()| = ‘uf}q(z) — Uaqy ()|

= |Uagj(2) — uadj(zl)’ — ‘uf,q(z) — u(z)‘ 2 13 L |z — 2| — 0(a, B)
1 13 1

> |z— 24 > T |y—

= 18L ¢ J| - 3602 2 360 1° 7

so that (4.35) is proved.

Consider now the other subcase, namely, when 2’ belongs to some other internal segment
P'¢ C wywg. In that case, since by construction and (4.36) it is |z — 2’| > 36Ld(a, ) and
|z — 2| > 36Ld(c, '), one directly has

u;dj (2) — u/adj<zl)

= [uby(2) = ufy ()| = |u(z) = u(z))
1

—0(a, B) —0(, B') > —|z — 2|,

hence again (4.35) is established.

‘u(z) — ugq(z)’ — ‘u(z’) —ud(2)

>—1\ -2
zZ—z
L

Step II1. The case when z € pqg C wawg, 2 € wWaws .

The second case is when z still belongs to an internal segment pq contained in the
side wawg C Q', and also 2’ belongs to the side w,ws. In particular, if also 2’ is in the
internal segment pg then we already know the validity of (4.35) because ujy;(z) = ud (2)
and )y (2') = ud, (2'), while u), is 4L bi-Lipschitz. Therefore, we can directly assume that
2" € w,p, being the case 2’ € qug clearly the same.

By Definition 4.17 we know that u;4;(2") = uaqj(2') lies in the segment u(w,)u(p), which
is a radius of the ball B( (wa), §a) Hence, for any point s outside the same ball, a trivial
geometric argument tells us that

5 = )] + Julp) — ey (2)]
. .

Notice now that it is not true, in general, that u)y(z) = ud(2) lies outside the ball

‘s — uadj(z’)‘ > (4.37)

( (W), fa) However, recalling that ugq is an interpolatlon of u, by Definition 4.16
we know that upq(z) is in a segment whose both extremes are out of the ball. Thus, if

’upq z) — u(wa)‘ < &4, it is anyway surely true that

= Jia(2) = wlwa)] < [u(2) = )

Y

up to possibly decreasing §(«, 3). Putting this observation together with (4.37) we readily
obtain that

[ud, (2) = u(p)| + [ulp) — waai(=)]

Uagj(P) — Uadj(Z’)‘
4 Y
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recalling that uaqj(p) = ud,(p) = u(p) (of course, by selecting §(cv, 3) small enough, we could
have used any number greater than 3, instead of 4, in the above estimate). Therefore, since
ugq is 4L bi-Lipschitz while u,q; is 18 L bi-Lipschitz, we readily obtain

, , o [1,(2) = WD) [ttaai(p) — waai(2")
uadj(z> - uadj(z )‘ - ’qu(z) - uadj(z )’ 2 4 + 1

=r| = =2
— 16L 72 T T2L

recalling that z, p and 2’ are aligned. Hence, (4.35) is checked once again also in this case.

Step IV. The case when neither z nor z' are in some internal segment.

Thanks to Step II and Step III, and by the symmetry of the inequality (4.35), we are
left to consider only the situation where no one between z and 2’ is inside some internal
segment. In other words, both z and 2z’ must be either in @\ Q' or in some cross. By the
definition of ujq;, this means that u;(2) = waqj(2) and ujg;(2") = uagj(2). And thus, since
Uaaj 1s 18L bi-Lipschitz thanks to Lemma 4.20, the validity of (4.35) is already known.
Summarizing, we have shown the validity of (4.35) in any possible case, and this means

that the function u4; : @ — A is injective and 72L bi-Lipschitz.

Step V. Conclusion.

We have now to define the piecewise affine and bi-Lipschitz function o, : Q \ 2. —
A\ A., matching u on 02 and matching v. on 99Q.. To do so, consider each square D
of the tiling contained in 2\ Q.. The function wu,; is 72L bi-Lipschitz from 9D; to a
subset of A, then by Theorem 0.4 it can be continuously extended to a piecewise affine
bi-Lipschitz function of the whole square D;, with bi-Lipschitz constant C372*L*. Define
U as the countably piecewise affine function on 2\ Q. which gathers all these extensions
on all the squares D; C Q\ Q. of the tiling.

For each square D; C Q\ €., we clearly have that 8(65(Dj)> = U,q;(0D;). This
yields that ©. is injective. Moreover, by continuity it is clear that ©. = u on 92, and by
construction 7. = v. on J€).. As a consequence, 7. : 2\ Q. — A\ A, fulfills all our

requirements. In particular, one has O = 72*Cs. U

Let us now make a simple observation, which will be useful in the sequel.

REMARK 4.21. Assume that §2 is a right polygon of side-length ¥ and that u is piecewise
affine on ). Then, consider the right polygon Q). of side-length r given by Proposition 4.12.
By the construction of Section 4.3, it is not restrictive to assume that ¥ € rN, and that . is
a subset of the r-tiling of Q). Therefore, we can repeat verbatim the construction of Propo-
sition 4.15 using, as tiling, the r-tiling of Q. Notice that in this case assumption (4.34) is
not valid —see the remark right after (4.34)- but in fact if Q0 is a polygon, and u is affine on
its sides, there is no need for the tiling to use smaller and smaller squares at the boundary.
As a consequence, the bi-Lipschitz approximation provided by Proposition 4.15 is (finitely)
piecewise affine instead of countably piecewise affine. Observe that the assumption that u
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is piecewise affine of 0 is essential, because otherwise the approrimation v. would not
coincide with u on 0S).

To conclude the proof of Theorem 0.2, we then only need to give the proofs of
Lemma 4.19 and of Lemma 4.20.

PrOOF OF LEMMA 4.19: Let p > 0 be a small number, to be fixed later. Define then
to = 0, zg = p and then recursively

lit1 = max {t >t ’U(Zz) - U(Z’ + (g — p))‘ < p} ; Zig1 =D+ tiy1(q —p).

In this way, we have selected a finite sequence of points zp = p, z1, ...2y = ¢ in the
segment pg, where N = N(p, ¢, p). We can then already define the function ugq by setting,
forany 0 <i < N—1landany 0 <t <1,

ugq <z, + t(zi+1 - z,)) =u(z;) + t<u<2i+1) — u(zﬁ) .

is the interpolation of u associated with the points {z;}, according with Defi-

§
pq

and by the uniform continuity of u in pq it is also clear that the bound ||u — uqu Lo(pg) <0
holds true as soon as p is small enough. To conclude, we have thus only to check that

5
Hence, uy,

nition 4.16. The function u?, is by construction finitely piecewise affine and L-Lipschitz,

[0, (2) — udy ()| = 2 — 7| (4.38)

for all z, 2’ in pqg. If both z and 2’ belong to a same segment z;z;,1, then the estimate is

true because ugq is affine on that segment and wu is L bi-Lipschitz.

Assume then that z € 22,41 and 2’ € zjz;4; with j > i. If j =i+ 1, thus z and
2" belong to two consecutive segments, then by the definition of the points z; the angle

ud (2)uld, (zip1)ud,(2') is at least /3, hence

pg(2) = Uy (21 ud (zip1) — udy (7
‘ugq(z) _qu(zl) > ’ pq( ) 2pq( i )‘ . ‘ pq( )2 pq( )
Jutzs) = u(zi0)]

2|Zz — Zi+1|

w(zip1) — u(ziga)| |z — 2|

2|Zi+1 — Zz'+2| - 2L ’

—V—%H| W

+ |Zi+1 —Z

so that (4.38) is checked.
Instead, consider what happens if j > i 4+ 1. In this case, since ud,(2) € u(z)u(zi11)
and for all [ > ¢ + 1 one has u(z) ¢ B(u(z), p) U B(u(zit+1), p), an immediate geometric

argument ensures that [ud (2) — ul,(z')] > v/3p/2. As a consequence, we have

9

+2p < (1+;1 ﬂ) b, (2)—ud ()

< 4‘ugq(z)—ugq(z’)

[u(z) —u(z01)| < Juby(2)—ud, ()

which yields

zi—zﬂl‘ . ‘z—z’
4 - 4L — 4L 7’
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hence (4.38) holds true also in this case and we conclude the proof. U

PRrROOF OF LEMMA 4.20: Let us take a vertex w, of the grid Q’. Take then a constant
€a < lo/(3L), with &, = {,/(3L) = r/(3L) if w, € 0L, while if w, ¢ 0. the inequality
can be strict. In particular, it is admissible to ask that for any a one has

r

ﬁ .

Define now &, as in Definition 4.17 and, for any 1 <i < i(«a), let p; = w, + & (w; — wa).
If w, € 2\ 052, then we have

wwa)u(p)) CCA  V1<i<i(a), (4.40)

o < (4.39)

up to possibly decrease the value of £,. Instead, if w, € 9f)., then (4.40) is already ensured
by (4.6) and (4.5) in Proposition 4.12, without any need of changing &,.

We introduce then the adjusted function u,q; of Definition 4.17: to obtain the thesis,
we need to check that it fulfills the requirements of Lemma 4.20. Thanks to (4.40), we
already know that wu,g; : @ — A. Hence, all we have to do is to check that

_
|2181:/Z | < |Uaqj(2) — uadj(z’)‘ < 18L|z — 7. (4.41)

for all z, 2/ € @. We will do it in some steps.

Step I. For all a, ua_dlj (clos B(u(wa),gaD = Z,.

We start observing an important property, that is, for any o and for any z € Q we have
that |uaq5(2) — u(wa)‘ <&, if and only if z € Z,,. In fact, if 2 € Z, then z € w,p; for some
1 < i < i(a), and since u,q; is affine in the segment w,p;, while |uaq;(p;) — u(wa)‘ = &a,
Uadj(2) — u(wa)‘ <&,

On the other hand, assume that z ¢ Z,: we have to show that |u,q;(2) —u(wa)‘ > &, If
z € waw!, for some 1 <7 < i(a), then there are three possibilities. First, if w,w!, C Q\ @/,
then u,q; = v, is affine on the side w,w?,, so the claim is trivial. Second, if w,w! C Q' and z
belongs to the cross Zg associated to the vertex wg = wy,, then again the claim is immediate
since u,qj(2) belongs to the ball B(u(uw),éb), which does not intersect B(u(wa),ga) by
Remark 4.18. Lastly, if waw!, C Q' and z ¢ Zg, then uaq;(z) = u(z), thus the claim is
again obvious by the definition of &,.

To conclude the step, we have to consider a point z ¢ Z, which does not belong to any
side of Q starting at w,. We have again to distinguish some possible cases. If z belongs
to the cross Zs for some 3, then again the claim follows by the fact that B(u(wa),éa) N
B(U(UJ5), 5@) = (). If z does not belong to any cross and z € Q’, then u,q;(z) = u(z) so the

claim follows because, using the bi-Lipschitz property of u and the fact that &, < ¢,/(3L),
we have

then of course

la

u(z) € B(u(wa),fa) = ‘Z — wa‘ < 3
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which is impossible because |z — w,| > ¢,. Finally, consider the case when z € Q \ Q'. In
this case, we surely have |z — w,| > 7 by construction, thus by (4.6) and (4.39) we get

Uagj(2) — w(wa)| = [0-(2) = w(wa)| > |u(z) = u(wa)| — [u(z) — ve(2)|
’Z_wa‘ \/§T T
e AT A

thus the first step is concluded.
Now, taken two points z, 2z’ € Q, we have to show the validity of (4.41).

Step II. Validity of (4.41) if z, 2’ € Z,.

Let us first suppose that both z and z’ belong to a same cross Z,. By construction,
Uadj 18 L bi-Lipschitz on each segment w,p;, hence to show (4.41) we can assume without
loss of generality that z € w,p; and 2’ € w,py. Therefore, on one side we have

Uagj (2) = tagj(2))] < [taqj(2) = ttaaj(wa)| + [ttaai (wWa) = 1agj ()| < L(|2 = wal + [wa — 2'])
<V2L|z—7].

On the other side, to estimate

Uadj(2) — Uaqj (2 )‘ from below, assume without loss of

Uadj(Wa ) — Uaqj(2")], and define 2 € w,2’ so that

generality that |u.q5(ws) — uadj(z)‘ <

Uadj (Wa) = taaj(2)| = [ttadj () = 1agj ()]

Since the triangle wag;(Wea ) Uadj(2)uag;(z”) is isosceles, then

s
ady () ttac (2" )tags (') = 5 - (4.42)

Moreover, we claim that

Uadj(2) — Uaqj(2")| _ 1
’z - z”‘ 2L

(4.43)

Indeed, if both waw), and w,w? belong to Q', then by definition

Uadj(2) — Uagj(2")

’z — 2!

B Uadj(pl) _uadj(pQ)‘ B ’U(pl) —U(p2)‘ S 1
= = > 7

P P

50 (4.43) holds true. Conversely, if both w,w} and w,w? belong to Q \ Q', then since v,
is L 4 ¢ bi-Lipschitz we have

ve(p) —ve(p2)| 1
‘pl—p2‘ T L+e’

Uadj (p1) — Uadj (pz)’
’pl - P2‘

Uadj(2) — Uagj(2")

‘Z_Zl/

so again (4.43) holds true. Finally, assume that wowl C @ while w,w? C Q\ Q' (the
case of waw! C Q\ @ and waw? C Q' being completely equivalent). In this case, it must
clearly be w, € 0f)., hence by Remark 4.18 we know that |p; — w,| and |ps — w,| are both
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at least &,/L = r/(3L%), thus |p, — pa| > v/2r/(3L?). Therefore, recalling again (4.6), we
have

Uadj(2) = Uaqj(2")

Uagj (P1) — Uagi (p2)|  [ulp1) — v-(p2)|

‘Z — 2" ’Pl —P2‘ ‘Pl —pQ‘
- u(py) — U(pz)’ B ‘u(m) - Us(pQ)’ S 1 \/57“/(6[,3) _ 1
B ‘pl - pz’ ’pl —p2‘ L \/§T/(3L2) 2L°

thus (4.43) has been finally checked in all the possible cases. This inequality, together

with (4.42) and again with the fact that w,q; is L bi-Lipschitz on the segment 2’2" C w,ps,

yields

V2

> o (2") = tasi ()
Y/ "o

>\/§<|z z|+\z Lz!>>\/§

= 92\ 2L

_|_

uadj(z) — Uadj (Z,) Uadj (Z) — Uadj (Z”)

> 4L\z—z’\.

Summarizing, under the assumptions of this step

2
e

Uadj(2) — uadj(z')‘ < V2L|z —2]. (4.44)
Therefore, (4.41) is shown and this step is concluded.
Step I11. Validity of (4.41) if for all o one has z, 2’ ¢ int Z,,.

Consider now the situation when neither z nor 2’ belong to the interior of any cross.
In this case, we have that u,q;(2) = u(2) if z € @', while u,q;(2) = ve(2) if z € Q\ Q’, and
the same holds for 2’. Since u is L bi-Lipschitz while v, is L + e bi-Lipschitz, the validity
of (4.41) is obvious if both z, 2/ € @', as well as if both z, 2’ € Q\ Q. Therefore, we can
just concentrate on the case when z € @', 2/ € Q\ Q'.

In this case, the main observation is that |z — 2| > v/2r/(3L?), since both z and 2’ must
be at distance at least r/(3L?) from any vertex w, € 9., because they do not belong to
any cross Z,. As a consequence, again by (4.6) we get

() — (2] = u(2) = ve(2)] = Julz) = u(2)

o o
>]z z|_\/§r>\z z\’
- L 6L3 — 2L

~ Ju(z) = vel()

while

tagj(2) = tay ()] = [u(2) = 0o(2)] < Jul2) = u()

+ul) = v(2)

1
<Llz—2|4+ -5 < (L+2L>|z—z'|,
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thus also in this case (4.41) is proven (keep in mind that, since u is a L bi-Lipschitz map,
then of course L > 1!). In particular, under the assumptions of this step one has

2 = 7]
2L

3
< i (2) = Uagi(2')] < 3 L|z—~|. (4.45)
Step IV. Validity of (4.41) if z € Z, and for all 5 one has 2’ ¢ int Zg.

We pass now to consider the case when z belongs to some cross Z,, while 2z’ does not
belong to the interior of any cross. In particular, we can assume that z € w,p;. To get

the above estimate in (4.41), it is enough to make a trivial geometric observation, namely,
that there exists 1 < i < i(«) such that

V2
2= 21 2 S (lz =il + i — ).

not necessarily with ¢ = 1. As a consequence, we can use the estimate (4.44) of Step II for
the points z and p; —which both belong to Z,— and the estimate (4.45) of Step III for the
points p; and 2z’ —none of which belongs to the interior of some Zz— to get

3
+ [tac; (pi) — taai(2')| < V2L|z = pif + 5 Llpi =]

Uad (2) = thadi ()| < |ttaaj(2) — wac (ps)
3
< 3 V2L|z—7].
On the other hand, to get the below estimate in (4.41), let us recall that by Step I we have

Uaqj(2) € clos B(u(wa), &), uaqi(2') ¢ Blu(w,), &) - (4.46)

Since u,qj(2) belongs to the radius u(wy)uaq;(p1), then an immediate geometric argument
from (4.46) implies, as already observed in (4.37), that

adj(2) = tadi(p1)| +
3

Thus, using the L bi-Lipschitz property of u,q; in the segment w,p;, and the estimate (4.45)
of Step III for p; and 2/, we get

tadi(P1) — tacy () |

(4.47)

Uadj(2) — Uagj(2')| >

! /
il Il e
Uadj(2) = Ui (2)| 2 ==+ T 2 e

Summarizing, under the assumptions of this step we have

|z — 7|
6L
hence in particular (4.41) is again checked.
Step V. Validity of (4.41) if =z € Z, and 2’ € Zg.
The last situation which is left to consider, is when z and z’ belong to two different
crosses. This situation will be very similar to that of Step IV. Indeed, for the above estimate

3
S uadj(z) - uadj(zl)‘ S 5 \/§L|Z - Z/| s (448)
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in (4.41) we can again start observing that for some 1 < i < i(«) it must be

V2
2= 2| > 7<|Z — pil + [ps —Z/\) :

Then, we use the estimate (4.44) of Step II for the points z, p; € Z,, and the estimate (4.48)
of Step IV for the points 2’ € Zz and p; ~which does not belong to the interior of any cross—
getting

_|_

aaj(2) = Uags ()] < ttacy (2) = tacy (P2)] + 100y (P2) — w0y (=)

3
< V2L|z — pi| + 3 V2 Llp; — 2| <3L|z— 2.

Finally, to find the below estimate in (4.41) we notice again that (4.47) is in force, and we
use the L bi-Lipschitz property of uaq; in wap; and the estimate (4.48) of Step IV for p;
and z’, obtaining

N e Nl

3L T 18L = 18L

Thus, we have finally checked (4.41) in all the possible cases, so that the proof is concluded.
O

Uagj(2) — Uagj(?)

4.5. Finitely piecewise affine approximation on polygonal domains

In this last short section we give a proof of Theorem 0.3. In fact, the proof is quite
short, since it is just a simple adaptation of the arguments of Section 4.4.

PrOOF OF THEOREM 0.3: First of all, assume that € is an 7-right polygon and that
u is piecewise affine on 0f2. Then, as already underlined in Remark 4.21, we can slightly
modify the proofs of Proposition 4.12 and Proposition 4.15 to get what follows. First of
all, there exist some r such that ¥ € rN, an r-right polygon 2. CC €2, which is part of
the r-tiling of Q, and an L + ¢ bi-Lipschitz and piecewise affine function v, : . — R?
for which (4.3), (4.4), (4.5) and (4.6) hold. Moreover, there exists also a finitely piecewise
affine map 0. : 2\ Q. — A\ A, which is C}L* bi-Lipschitz and which coincides with
u on 0f) and with v. on 0€).. Therefore, glueing v. and ¥. exactly as in the proof of
Theorem 0.2, we immediately get the required C;L* bi-Lipschitz and (finitely) piecewise
affine approximation of wu.

Consider now the general situation of a polygon 2 with a map u which is piecewise
affine on 0€2. Of course, there exists a right polygon Qand a bi-Lipschitz map ¢ : () — /Q,
having bi-Lipschitz constant C'(€2). The map u o &1 is a C(Q)L bi-Lipschitz map from
the right polygon Q to A, which is piecewise affine on the boundary. Then, we can apply
the first part of the proof to get an approximation v : Q — A which is finitely piecewise
affine and C,C(Q)*L* bi-Lipschitz. Finally, vo ® : Q — A is a C;C(2)°L* bi-Lipschitz
approximation of u as desired. Thus, the proof is concluded by setting C'(Q2) = C'(Q)5. O
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REMARK 4.22. Observe that the (best) constant C'(§2) depends on the geometric features
of Q, such as the minimum and the maximum angles of its boundary. However, by the
construction above one has that C'(2) = 1 whenever ) is a right polygon.






CHAPTER 5

A planar bi-Lipschitz extension theorem

In this chapter we let @ : 9D — u(0D) C R? be a bi-Lipschitz orientation-preserving
homeomorphism on the boundary of the unit square D = D(0,1). By the Jordan curve
Theorem, its image u(9D) is the boundary OI' of a bounded closed Lipschitz domain
' C R%. As mentioned in the Introduction, our aim is to find a bi-Lipschitz extension of
u to the whole square D, with a Lipschitz constant which can be explicitely estimated in
terms of the Lipschitz constant of @ times a geometric constant.

Our main result is Theorem 0.4, in which we construct a piecewise affine bi-Lipschitz
extension when « is a piecewise affine function, hence I' is a closed polygon. In particular,
as observed in the Introduction and in the previous Chapter, Theorem 0.4 permits to end
the proof of Theorem 0.2.

Moreover, by an approximation argument exploiting also Theorem 0.2 of the previous
chapter, in Section 5.11 we prove Theorem 0.5, yielding the existence of a (countably
piecewise affine) bi-Lipschitz extension for any bi-Lipschitz map .

5.1. Notation

In this short section, we briefly fix some notation that will be used throughout the
chapter. We list here only the notation which is common to all the different steps of the
proof of Theorem 0.4: some steps, in fact, use some additional specific notation which will
be specified only when needed.

We recall that D = [—1/2,1/2]? is the unit square in R? with center at O = (0,0). The
points of D will be always denoted by capital letters, such as A, B, P, () and so on. On the
other hand, points of I will be always denoted by bold capital letters, such as A, B, P, Q
and similar. To shorten the notation and help the reader, whenever we use the same letter
for a point in 9D and (in bold) for a point in JI', say P € 0D and P € 0T, this always
means that 4(P) = P. Similarly, whenever the same letter refers to a point P in D and (in
bold) to a point P in I, this always means that the extension ¥ that we are constructing
is done in such a way that o(P) = P.

For any two points P, ) € D, we call PQ and {(PQ) the segment connecting P and @
and its length. In the same way, for any P, Q € I', by PQ and by E(PQ) we will denote
the segment joining P and @ and its length. Since I' is not, in general, a convex set, we
will use the notation PQ only if the segment PQ is contained in .

Moreover, for any two pomts P, Q € 0D, we call PQ the shortest path inside 9D
connecting P and @, and by ((PQ) € [0,2] its lenght. Notice that PQ is well-defined

97
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unless P and () are opposite points of 9D. In that case, the length 6(1/3—6\2) is still well-
defined, being 2, while the notation F/’—@ may refer to any of the two minimizing paths (and
we write PQ only after having specified which one) Accordingly, given two points P and
Q on OI', we write PQ to denote the path u(PQ) Observe that, if u is piecewise affine

on 0D, then PQ is a piecewise affine path for any P and @ in OT.

2. An overview of the construction

In this section we give an overview of the proof of Theorem 0.4, which will be the object
of Sections 5.3-5.10. N

First of all (Section 5.3) we determine a “central ball” B, which is a suitable
ball contained in I' and whose boundary touches the boundary of I' in some points
Ay, Ay ..., Ay, being N > 2. The image through v of the central part of the square D
will eventually be contained inside this central ball.

For any two consecutive points A;, A;,; among those just described, we consider the
part of T" which is “beyond” the segment A;A; ;1 (by construction, the interior of this
segment lies in the interior of I'). We call “primary sectors” these regions, and we give
their formal definition and study their main properties in Section 5.4. It is to be observed
that I' is the essentially disjoint union of these primary sectors and of the “internal polygon”
having the points A; as vertices (see Figure 2 for an example).

We start then to consider a given sector, with the aim of defining an extension of @
which is bi-Lipschitz between a suitable subset of the square D and this sector. In order
to do so, we first give a method (Section 5.5) to partition a sector in triangles. We will
call vertex of a sector any point P € JI' which is a vertex of one of these triangles. Then,
using this partition, for any point P we define a suitable piecewise affine path ~, which
starts from P and ends on a point P’ on the segment A;A;1 (Section 5.6). These paths
will be called “paths inside a primary sector”. We also need a bound on the lengths of
these paths, found in Section 5.7.

Then we can define our extension. Basically, the idea is the following. Take any point
P € 0D such that P is a vertex of OI' inside our given sector. A temptative method to
define the extension of @ is the following. Denoting by O the center of the square D, we
send the first part of the segment PO of the square (i.e., a suitable segment PP’' C PO)
onto the path v found in Section 5.6, while the last part P'O of PO is sent onto the segment
connecting P’ with a special point O of the central ball B (in most cases O will be the
center of B) Unfortunately, this method does not work if we simply send PP’ onto 7 at
constant speed; instead, we have to carefully define speed functions for all the different
vertices P of the sector, and the speed function of any point will affect the speed functions
of the other points. This will be done in Section 5.8.

At this stage, we have already defined the extension ¢ of @ on many segments (paths
inside a primary sector) of the square, thus it is easy to extend ¢ so as to cover the whole
primary sectors. To define formally this map, and in particular to check that it is C'L* bi-
Lipschitz, is the goal of Section 5.9. Finally, in Section 5.10, we put together all the maps
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done for the different primary sectors and fill also the “internal polygon”, while keeping
the bi-Lipschitz property. The whole construction is done in such a way that the resulting
extending map v is piecewise affine. In Section 5.11 we conclude the proof of Theorem
0.4, showing the existence of a smooth extension ©. This will obtained from the piecewise
affine map thanks to a recent result by Mora-Corral and the second author in [46], see
Theorem 5.32. Moreover, thanks to the results obtained in Chapter 2, we give the proof
of Theorem 0.5.

5.3. Choice of a “central ball”

Our first step consists in determining a suitable ball, that will be called “central ball”,
whose interior is contained in the interior of I', and whose boundary touches the boundary
of OI". Before starting, let us briefly explain why we do so. Consider a very simple situation,
i.e. when I' is convex. In this case, the easiest way to build an extension u as required
by Theorem 0.4 is first to select a point O = 9(0) having distance of order at least 1/L
from OI', and then to define the obvious piecewise affine extension of «, that is, for any
two consecutive vertices P, Q € 0D we send the triangle OPQ onto the triangle OPQ in
the affine way. This very coarse idea does not suit the general case, because in general I"
can be very complicated and a priori there is no reason why the triangle O PQ should be
contained in I". Nevertheless, our construction is somehow reminiscent of this idea. In fact,
we will select a suitable point O = u(0) € I' in such “central ball” and we will build the
image of a triangle like OP(Q) as a “triangular shape”, suitably defining the “sides” OP
and OQ which will be, in general, piecewise affine curves instead of straight lines. Since
our “central ball” will be sufficiently big, in a neighborhood of O of order at least 1/L the
construction will be carried out as in the convex case.

The goal of this step is only to determine a suitable “central ball” B. The point O will
be chosen only in Section 5.10, and it will be in the interior of this ball —in fact, in most
cases O will be the center of B.

LEMMA 5.1. There exists an open ball B C T such that the intersection OBNOT c/gnsists
of N > 2 points Ay, As, ... Ay, taken in the anti-clockwise order on the circle OB, and

with the property that 0D is the union of the paths A;A; 1, with the usual convention
N+1=1.

REMARK 5.2. Before giving the proof of our lemma, some remarks are in order. First
of all, since the ball B is contained in I, then OI' N B=20. Asa consequence, the path
OI' meets all the points A; in the same order as 85’, hence also the points A; € D are in
the anti-clockwise order (since U is orientation preserving). Hence, the thesis is equivalent
to say that for each i, among the two injective paths connecting A; and A; 1 on 0D, the
anti-clockwise one 1s shorter than the other.

In addition, notice that from the thesis one has two possibilities. If N = 2, then
necessarily ((A1Ay) = 2, so that the two paths @ and @ have the same length. On
the other hand, if N > 3, then it is immediate to observe that there must be two points
A; and A;, not necessarily consecutive, such that E(ZZ—/TJ) > 4/3. In any case, by the
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bi-Lipschitz property of u, this ensures that the radius ofB 15 at least 3%, since the circle
OB contains two points having distance at least %.

Finally notice that, given a ball B contained in I' and such that OI' N OB contains at
least two points, there is a simple method to check whether B=~B satisfies the requirements
of the lemma. Indeed, B is a central ball unless there is an arc of length 2 in 0D whose

image does not contain any point of OI' N OB.
PrROOF OF LEMMA 5.1. First of all, we define the set
S={(A,P)COl'xdl': A# Pand 3B C I st. {A P} COBNILY}.

We notice that S is symmetric and nonempty. Indeed, since I" is a polygon, for almost all
A € 0T there exists an snward normal at A, i.e. a direction v € S' such that for some
e>0
B(A + ev, 5) cr.

Of course, if v is an inward normal at A, then the above inclusion holds true for all
0 <e<&=¢(A,v) and then any point P € 9T N B(A + év, &) is such that (A, P) € S.
In the following, we will denote by N(A) C S' the set of inward normals at A. Notice
that, for any A € I, the set N(A) is either empty (at internal corners), or a single point,
or a proper closed interval of S! (at external corners). Then, we will say that v < v/ if o/
follows v in the anti-clockwise order on N(A). In the same way, we will say that A < P

on Ol if A is the first point of AP according to the anti-clockwise order. Moreover, we

denote by B(A, P) a ball contained in I' such that {A, P} C 0B(A, P)Norl.

Then, there are two cases. The first case is when there exists (A, P) € S with {(AP) =
2. If this happens, then by Remark 5.2 any ball B(A, P) is a central ball.

Now, let us consider the case in which ((AP) < 2 for all (A, P) € S. By a compactness

and continuity argument we take (A, P) € S such that f(@) is maximal in S. Indeed it
is easy to see that, for all n € N, the set

[(A,P) € S: ((AP) > 1/n}

is compact and that the length of the minimal arcs is a continuous function. Moreover,
supposing e.g. that A < P, among the balls contained in I' and containing A and P on
their boundary, we take B(A, P) = B(A + év, é) such that v is maximal in N(A).

The proof of the lemma is then concluded once we have shown the following

Claim: There is some point R € 9B(A, P)N ol \ AP.

In fact, let R be a point in 0B(A, P)Nol"\ ;1—1\3, which exists thanks to the claim, and
consider the three points A, P and R on 0D and the corresponding shorter paths 1/4?, AR
and PR. Since R € AP by construction, by the maximality of 6(2—15) we derive that AR
does not contain P and PR does not contain A. Thus, 0D is the essentially disjoint union
of the three paths ﬁ, AR and PR. But then, if we take any path of length 2 in 0D, this

intersects at least one between A, P and R. Thanks to the last observation of Remark 5.2,
this gives a central ball B = B(A, P).
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Let us now prove the claim. We show that, if such R does not exist, then the pair
(A, P) is not maximal, thus contradicting our assumptions. Since /(AP) < 2, we can find
two points A’, P’ € OI' such that A’ < A, P < P/, AP D AP and K(ZX’TD’) < 2 (see
Figure 1). Moreover, since we have assumed that OB(A, P) N oI\ AP = ), there exists
0 > 0 such that dist(@l“\@, O0B(A, P)) > 4. Then, by a simple continuity argument, we
claim that there exist two points A’ < A” < A and P < P” < P’ such that (A”, P"”) € S
and the center of the ball B(A”, P”) lies out of the region © shaded in Figure 1, i.e. the
closed subset of I' enclosed by AP and by the two radii of B(A, P) passing through A
and P. By the maximality of v, at least one between A” and P’ must be different
from A, resp. P. Then, since A” > A’ and P” < P’, we have that Av pr D AP and
E(W) > ((AP), thus contradicting the maximality of (A, P) in S.

d-neighborhood of B(A, P) in I"

FIGURE 1. Argument for the proof of the Claim of Lemma 5.1

5.4. Primary sectors

In this step, we will give the definition of “sectors” of I', we will study their main
properties, and we will call some of them “primary sectors”. Let us start with some
notation.

DEFINITION 5.3. Let A and B be two points in OU' such that int AB C intI'. Let
moreover AB be, as usual, the image under u of the shortest path connecting A and B on



102 5. A PLANAR BI-LIPSCHITZ EXTENSION THEOREM

OD (or of a given one of the two injective paths, if A and B are opposite). We will call
sector between A and B, and denote it as S(AB), the subset of I enclosed by the closed

path AB U AB.

REMARK 5.4. It is useful to notice what follows. If A, B, C, D € 0I', and C, D €
AB, then CD C AB. Moreover, if both int AB and int C' D lie in the interior of I', then
one also has

S(CD) C S(AB).

We observe now a very simple property, which will play a crucial role in our future
construction, namely that the length of a shortest path in 9D can be bounded by the
length of the corresponding segment in I'.

LEMMA 5.5. Let P, Q be two points in OI' such that the segment PQ is contained in
I'. Then one has -
((PQ) < V2L{I(PQ). (5.1)
PROOF. The inequality simply comes from the Lipschitz property of u, and from the
fact that D is a square. Indeed,

((PQ) < V2U(PQ) < V2LU(PQ).
O

REMARK 5.6. We observe that, of course, the estimate (5.1) holds true because 73?2 8
the shortest path between P and @ in 0D (however, this does not necessarily imply that
I/JTQ is the shortest path between P and Q in O'). We will see that the estimate (5.1) is
the reason why we had to perform the complicated construction of Lemma 5.1 so as to find
points A; on OT such that each path A;A;,, does not pass through the other points A;.

We now fix a central ball B as in Lemma 5.1 and define the “primary sectors”, which
are the sectors between consecutive points A;.

DEFINITION 5.7. We call primary sector each of the sectors S(A; A1), being A; the
points of B obtained by Lemma 5.1.

Notice that the above definition makes sense, because the points A; are all on the
boundary of the central ball B and B does not intersect JI', thus the open segments
int A; A, are entirely contained in the interior of I'. Moreover, by the claim of Lemma 5.1
it follows that the sectors S(A;A;; 1) are essentially pairwise disjoint. The set I' is the
essentially disjoint union of the sectors S(A;A; ;1) and of the polygon S = A1 A, ... Ay,
as Figure 2 illustrates.

5.5. Triangulation of primary sectors

In view of the preceding sections, we aim to extend the function @ in order to cover
a whole given primary sector. This extension of the function «, which is the main part
of the proof, will be quite delicate and long, being the scope of Sections 5.5-5.9. In this
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FIGURE 2. A set I' with four primary sectors

section, we describe a method to partition a given sector in triangles. Let us then start
with a technical definition.

DEFINITION 5.8. Let S(AB) be a sector, and let P, Q and R be three points in AB
such that the triangle PQR is not degenerate and is contained in I'. We say that PQR is
an admissible triangle if each of its open sides is entirely contained either in OT', or in T\OT .

If PQR is an admissible triangle, we say that PR is its exit side z'fﬁ?% = 1/3—6\2 U QT%

Figure 3 shows a sector S(AB), drawn in black, with five numbered triangles, having
dotted sides. Triangles 1 and 3 are not admissible because they contain a side which is
neither all contained in OI', nor all in I' \ JI', in particular triangle 1 has a side which is
half in OI' and half in I" \ OI', while triangle 3 has a side which is all contained in I" \ OT
except for a point. On the other hand, triangles 2, 4 and 5 are admissible, and an arrow
indicates the exit side for each of them.

REMARK 5.9. It is important to observe that each admissible triangle has exactly one
exit side. As the figure shows, an admissible triangle can have all the three sides in the
interior of I, as triangle 2, or two, as triangle 5, or just one, as triangle 4. In any case,
the exit side is always in the interior of I

It is also useful to understand the reason for the choice of the name. Consider a
point T € TJT%, being PR the exit side of the admissible triangle PQR, and consider the
segment TO which connects T = u~'(T) to the center O of the square D. Ifv: D — T is
an extension as required by Theorem 0./, then the image of the segment T'O under v must
be a path inside I' which connects T to O. This path must clearly exit from the triangle
PQR through the exit side PR.
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FIGURE 3. Some (admissible or not) triangles in a sector

Before stating and proving the main result of this step we fix some further notation.
Recall that I" is a polygon obtained as the image of 9D under @. Hence, 0D is divided in
a finite number of segments and « is affine on each of these segments. We will then call
vertex on D each extreme point of any of these segments. Therefore, the four corners of
0D are of course vertices, but there are usually much more vertices. Correspondingly, we
call verter on OI' the image of each vertex on dD. Thus, all the points of OI' which are
“vertices” in the usual sense of the polygon (i.e. corners), are clearly also vertices in our
notation. However, there may be also other vertices which are not corners, hence which are
in the interior of some segment contained in dI'. We will also call side in OI" any segment
connecting two consecutive vertices on dI'. Hence, some of the segments which are sides
of OT" in the sense of polygons are in fact sides according to our notation, but there might
be also some segments contained in OI' which are not sides, but finite union of sides.

Finally, notice that it is admissible to add (finitely many!) new vertices to D and then
correspondingly to OI'. This means that we will possibly split some side in two or more
parts, which is possible since of course u will be affine on each of those parts.

REMARK 5.10. As an immediate application of this possibility of adding a finite set of
new vertices, we will assume without loss of generality that for any two consecutive vertices
P and Q in D, one always has POQ < 1/50L.

We can finally state and prove the main result of this step.

LEMMA 5.11. Let S(AB) be a sector. There exists a partition of S(AB) in a finite
number of admissible triangles such that:

a) each vertez in S(AB) is vertex of some triangle of the partition,



5.5. TRIANGULATION OF PRIMARY SECTORS 105

b) for each triangle PQR of the partition, whose exit side is PR, the orthogonal
projection of Q on the straight line through PR lies in the closed segment PR
(equivalently, the angles PRQ and RPQ are at most w/2).

To show this result, it will be convenient to associate to any possible sector a number,
which we will call “weight”.

DEFINITION 5.12. Let S(AB) be a sector, and for any point P € AB (different from
A and B) let us call P, the orthogonal projection of P onto the straight line through
AB. We will say that AB “sees” P if P belongs to the closed segment AB and the
open segment PP | is entirely contained in the interior of I'. Let now w be the number of
sides of the path AB. We will say that the weight of the sector S(AB) is w if AB sees

at least a vertex P in AB. Otherwise, we will say that weight of S(AB) is w + %

A
A A
\ ) i
v
B
B B
B /
B
w=2 w=2 w=2,5 w=3,5 w=26,5

FIGURE 4. Some simple sectors and their weights

In other words, the weight of any sector is an half-integer corresponding to the number
of sides of the sector, augmented of a “penalty” 1/2 in case that the segment AB does
not see any vertex of AB. For instance, Figure 4 shows some simple sectors and the
corresponding weights. Notice that the last sector has non-integer weight because AB
does not see the vertex V, since the segment V'V | lies also out of I'. We now show a
simple technical lemma, and then we pass to the proof of Lemma 5.11.

LEMMA 5.13. If the sector S(AB) has a non-integer weight, then there exists a side
ATB™ in AB such that AB sees only points of the side ATB™.

PRrROOF. First, notice that the property that we are going to show appears evident from
the last three examples of Figure 4.
Let us now pass to the proof. For any point D which belongs to the segment AB,

there exists exactly a point C € AB such that AB sees C and C; = D. This point
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is simply obtained by taking the half-line orthogonal to AB, starting from D and going
inside the sector: C'is the first point of this half-line which belongs to 0", and in particular
it belongs to AB by construction.

The proof is then concluded once we show that all such points C's are on the same side.
Indeed, if it was not so, there would be some such C' which is a vertex, contradicting the
fact that the sector has non-integer weight. [l

PrOOF OF LEMMA 5.11. We will show the result by induction on the (half-integer)
weight of the sector.

If S(AB) has weight 2, which is the least possible weight, then the two sides of the
sector must be AC and CB for a vertex C. Moreover, AB sees C, because otherwise
the weight would be 2.5. Hence, the sector coincides with the triangle ABC', which is a
(trivial) partition as required.

Let us now consider a sector of weight w > 2, and assume by induction that we already
know the validity of our claim for all the sectors of weight less than w. In the proof, we
distinguish three cases.

FIGURE 5. The three possible cases in Lemma 5.11

Case 1. w € N.

In this case, there are by definition some vertices which are seen by AB. Among these
vertices, let us call C' the one which is closest to the segment AB. Let us momentarily
assume that neither AC' nor BC is entirely contained in OI'. Then, by the minimality
property of C, the open segments AC and BC lie entirely in the interior of I', as depicted
in Figure 5 (left). Hence, one can consider the sectors S(AC) and S(BC), as ensured by
Remark 5.4. Moreover, of course the weights of both S(AC') and S(BC)) are strictly less
than w, so by inductive assumption we know that it is possible to find a suitable partition
in triangles for both the sectors S(AC) and S(BC). Finally, since by construction the
sectors S(AC) and S(BC) are essentially disjoint, and the union of them with the triangle
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ABC is the whole sector S(AB), putting together the two decompositions and the triangle
ABC we get the desired partition of S(AB).

Let us now consider the possibility that AC C JU' (if, instead, BC C I, then the
completely symmetric argument clearly works). If it is so, we can anyway repeat almost
exactly the same argument as before. In fact, BC' is entirely contained in the interior of
I, again by the minimality property of C' and by the fact that w > 2. Moreover, the sector
S(BC) has weight strictly less than w, so by induction we can find a good partition of
S(BC), and adding the triangle ABC' we get the desired partition of S(AB).

Case 2. wg N, At £ A, B~ # B.

In this case, we can use the same idea of Case 1 with a slight modification. In fact,
define C € ATB~ the point such that C, is the middle point of the segment AB (this
point is well-defined as shown in the proof of Lemma 5.13). Again, by definition and by
Lemma 5.13 we have that the open segments AC and BC' are in the interior of I', see
Figure 5 (center).

Let us then decide that the point C' is a new vertex of JI'. This means that from now
on we consider the point C' as a vertex, and consequently we stop considering ATB~ as a
side of OT", instead, we think of it as the union of the two sides ATC and CB~. However,
notice carefully that this choice modifies the weight of S(AB)! In fact, the number of sides
of S(AB) is increased by 1, and since AB sees C by construction, then the new weight
of S(AB) isw + 1.

We can now argue as in Case 1. In fact, again the sector S(AB) is the union of the
triangle ABC' with the two sectors S(AC) and S(BC)), so it is enough to put together
the triangle ABC' and the two partitions given by the inductive assumption applied on
the sectors S(AC) and S(BC). To do so, we have of course to be sure that the weight of
both sectors is strictly less than the original weight of S(AB), that is, w (and not w + 3!).
This is clear by the assumption that AT # A and B~ # B, since the side ATB™ is

neither the first nor the last of the path AB, thus the weight of both sectors is at most
w—1.

Case 3. w €N and AT = A or B~ = B.

By symmetry, let us assume that A™ = A. In this case, we cannot argue exactly as in
Case 2, because if we did so the sector S(BC) may have weight either w or w — 3, and in
the first possibility we could not use the inductive hypothesis.

Anyway, it is enough to make a slight variation of the argument of Case 2. Define C,
as in Figure 5 (right), the point of AB™ such that BC' is orthogonal to AB™~. This time,
it is clear that the open segment BC' lies in the interior of I'. Let us now decide, exactly as
in Case 2, that the point C' is from now on a vertex, thus changing the weight of S(AB)
from w to w + %

By construction, the segment A B sees the point C, and the sector S(AB) is the union
of the sector S(BC') and of the triangle ABC'. Hence, we conclude exactly as in the other
cases if we can use the inductive assumption on the sector S(BC). In this case, notice
that the number of sides of S(BC') equals exactly the original number of sides of S(AB),

1 1

that is, w — 5. Hence, in principle, the weight of S(BC) could be either w — 5 or w, as
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observed before. But in fact, by our definition of C', we have that the segment BC' sees
the vertex B, so that the actual weight of S(BC) is w — %, hence strictly less than w,
and then we can use the inductive assumption. [l

To give some examples, let us briefly consider the three cases drawn in Figure 5. In
the left case, the weight of S(AB) was w = 12, and the weights of the sectors S(AC') and
S(BC) are both 6. In the central case, the weight of S(AB) was w = 6.5, then it becomes
7 because we add the new vertex C, and the weights of the sectors S(AC) and S(BC)
are respectively 3 and 4.5. Finally, in the right case, the weight of S(AB) was w = 7.5, it
becomes 8 as we add C, and the weight of the sector S(BC) is 7.

An explicit example of a sector with a partition in triangles done according with the
construction of Lemma 5.11 can be seen in Figure 6.

We conclude this step by noticing a natural partial order on the triangles of the partition
given by Lemma 5.11 and by adding some remarks.

DEFINITION 5.14. Let S(AB) be a sector, and consider a partition satifying the prop-
erties of Lemma 5.11. We define the partial order < between the triangles of the partition
as PQR < STU if the exit side of PQR is one of the sides of STU. FEquivalently, let
PQR and STU be two triangles of the partition, being SU the exit side of the latter.
One has PQR < STU if and only if all the points P, Q and R belong to the path SU.

F1GURE 6. Partition of a sector in triangles, and natural sequence of trian-
gles related to some P

REMARK 5.15. Notice that the relation defined above admits as greatest element the
triangle having AB as its (exit) side. Moreover, each triangle except the mazimizer has a
UNLqUe SUCCESSOT.

We remark also that, since the triangles are a finite number, in all the following con-
structions we will always be allowed to consider a single triangle of the partition and to
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assume that the costruction has been done in all the triangles which are smaller in the
sense of the order.

DEFINITION 5.16. Let S(AB) be a sector subdivided in triangles according to
Lemma 5.11, and consider a point P € AB = 9T N S(AB). We will call natural
sequence of triangles related to P the sequence (51, T oy v, QN) of triangles of the
partition satisfying the following requirements,

e 7 is the minimal triangle containing P in the sense of the order of Definition
5.14,

e 7y is the triangle having AB as its (exit) side,

® 7,1 1s the successor of 7 ; for all1 <i < N —1.

It is immediate, thanks to the above remark, to observe that this sequence is univoquely
determined. Figure 6 shows a sector subdivided in triangles and a point P with the related
natural sequence of triangles (9 1y evesy T 10), with the arrows on the exit sides.

5.6. Paths inside primary sectors

In this step we define non-intersecting piecewise affine paths starting from any point
P e /Aﬁ, where S(AB) is a given sector. This is the most important and delicate point
of our construction. The goal of this step is to provide the “first part” of the piecewise
affine path from a vertex P to the center O, that is, the part which is inside the primary
sector S(A;A;;+1) to which P belongs. Of course, to eventually obtain the bi-Lipschitz
property for the function ©, we have to take care that all the paths starting from different
points P # @Q do not become neither too far nor too close to each other. We can now give
a simple definition and then state and prove the main result of this step.

DEFINITION 5.17. Let S(AB) be a sector, and let P € OI' N S(AB). Let more-
over (91, T oy oo 9N> be the natural sequence of triangles related to P, according
to Definition 5.16. We will call good path corresponding to P any piecewise affine
path PP Py --- Py such that each P; belongs to the exit side of the triangle 7 ; (then
Py € AB). Notice that N depends on P.

Figure 7 shows a sector S(AB) subdivided in triangles as in Lemma 5.11 and shows
two good paths corresponding to the points P and Q.

LEMMA 5.18. Let S(AB) be a sector. Then there exist good paths PP{Py--- Py
corresponding to each verter P of O N S(AB), with N = N(P), satisfying the following
properties:

(i) for any P and for any 1 <i < N(P), the segment P; 1 P; makes an angle of at
least arcsin (6%) with the side of 7 ; to which P;_y belongs, and an angle of at
least /12 = 15° with the exit side of T ;;

(ii) for any P, ((PPy) = ((PP)) + {(P1P3) +--- + {(Py_1Py) < 4((AB);
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FIGURE 7. A sector with two good paths corresponding to P and Q

(iii) for any P, Q, if for some 1 <i < N(P) and 1 < j < N(Q) one has that P; and
Q; belong to the same exit side of some triangle, then

((PQ _
Q) < pia,) < 0FQ).

and moreover, if i < N(P) then
€<Pi+1Qj+l) = E(Pin)?
(iv) the piecewise affine paths PP Py --- Py are pairwise disjoint.
For the sake of clarity, let us briefly discuss the meaning of the requirements of

Lemma 5.18, having in mind the example of Figure 7. Condition (i), considered for the
point P and with ¢ = 3 (so that .7; = CDFE) means that

sin (P3P2D) sin <P3P2E) P,P,C > 12 P,P.E > 112

1 1
6L%° 6L2’
Condition (ii) just means that ¢ (PP7) 40 ), where PP7 denotes the piecewise

affine path PP, P, --- P7. Similarly, (QQ3) <4 ( )
Condition (iii) ensures that

((PQ =
(fL < ((P:Qs) < ((PoQ,) < ((PQ).

In particular, concerning the second half of (iii), notice that by construction if P; and Q;
belong to the same exit side of a triangle, then also the points P;y; and Q,,; belong to
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the same exit side of a triangle and so on. Hence, the second half of (iii) is saying that the
function { — £(P;1,Q,,,) is a decreasing function of [ for 0 <1 < N(P)—i= N(Q) — j.

Finally, condition (iv) illustrates the whole idea of the construction of this step, that
is, the piecewise affine paths starting from the external part OI' N S(AB) and arriving to
the segment AB do not intersect to each other, as in Figure 7.

ProOOF OF LEMMA 5.18. We will show the thesis arguing by induction on the weight
of the structure S(AB), as in Lemma 5.11. In fact, instead of proving that the thesis is
true for structures of weight 2 (recall that this is the minimal possible weight) and then
giving an inductive argument, we will prove everything at once. In other words, we take a
structure S(AB) and we assume that either S(AB) has weight 2, or the result has been
already shown for all the structures of weight less than the weight of S(AB).

Let us call C € 0I' N S(AB) the point such that ABC' is the greatest triangle of the
partition of S(AB) with the order of Definition 5.14.

Consider now the segment AC', which lies entirely either in the interior of I or on OT'.
In the first case, S(AC) is a sector of weight strictly less than that of S(AB). Then,
by inductive assumption, there are piecewise affine paths PP;--- Py for each vertex
P € AC, with Py € AC, satisfying conditions (i)—(iv) with S(AC) in place of S(AB).
We have then to connect the points Py on AC with the segment AB. In the second
case, i.e. if AC C 0TI, then AC = AC , thus we have to connect all the vertices contained
in AC (which are not necessarily only A and C!) with the segment AB. The same
considerations hold for BC' in place of AC.

The construction of the segments between AC' U BC and AB will be divided, for
clarity, in several parts.

Part 1. Definition of C.

By definition, C' is a vertex of dI'. Hence, the first thing to do is to define the good
path corresponding to C, that is a suitable segment CC'; with C; € AB. Let us first
define two points C* and C~, on the straight line containing AB, as in Figure 8. These
two points are defined by

{((BC™") ={((BC), ((AC™) =((AC).
In Figure 8, C* both belong to the segment AB, but of course it may even happen that

C™ stays above A, and/or that C~ stays below B. Let us now give a temptative definition
of C by letting C; be the point of AB such that

((AC)  (ACy)
((AB) ((AB)~

(5.2)

Taking C, = C; would be a good choice from many points of view, but unfortunately one
would eventually obtain estimates weaker than (i)—(iv).

Instead, we give our next definition. We define C; to be the point of the segment
C~C™" which is closest to C’l In other words, we can say that we set C; = 01 if 01
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belongs to CTC ™, while otherwise we set C; = C* (resp. C; =C"7) if 61 is above C'*
(resp. below C7).

C+

Cy

B

FIGURE 8. The triangle ABC with the points C*, C~ and C;

Notice that C; belongs to AB, since so does C; thanks to (5.2). It is also important
to underline that

((AC) < V2L((AC,), ((BC) < v2LU(BC,). (5.3)
By symmetry, let us only show the first inequality. Recall that by (5.1) we know
((AC) < V2L{(AC), ((AB) < V2L((AB).

As a consequence, either C; = C™, and then

((ACy) = ((AC™) = ((AC) > g@ :

or {(AC,) > ¢(AC)), and then by (5.2)

((AC)) > ((AC)) = ¢(AC) ii%g; > ‘g(z) .

Recall now that, to show the thesis, all we have to do is to take each vertex D € ACUBC
and to find a suitable corresponding point D’ € AB, in such a way that the require-
ments (i)—(v) are satisfied. Having defined C';, we have then to send the points Py of AC
in AC, and those of BC in BC,.
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We claim that the two segments can be considered independently, that is, we can limit
ourselves to describe how to send BC on BC' and check that the properties (i)—(iv) hold
for points of BC. Indeed, if we do so, by symmetry the same definitions can be repeated
for AC, and the properties (i)—(iv) hold separately for points of BC and AC. The only
thing which would be missing, then, would be to check the validity of (iii) for two points

P € AC and QQ € BC. Moreover, this will be trivially true, because since C' belongs to
both the segments AC and BC, then it is enough to use (iii) once with P and C, and
once with C' and @Q, recalling that clearly

(PQ)=1(FC) +((CQ).  (P.Q)=((P.C) +(C\Q).

For this reason, from now on we will concentrate ourselves only on the segment BC'. We

will call D the generic point of BC', which clearly corresponds to Px_; for some P € BC,
as discussed at the beginning of the proof.

Part 2. Construction for the case C1 = C*.

In this case, for any D € BC we set its image as the point D’ € BC; for which
¢((BD) = ((BD’). Then in particular all the segments DD’ are parallel to CC. Let us
now check the validity of (i)—(iii), since (iv) is trivially true.

Let us start with (i). Given D € BC, and D’ its image, call § = ABC € (0,7/2].

Then one has

m—# DD'A—DDC-"1F

DD'B=D'DB = : :
9 9

thus (i) holds true.
Let us now consider (ii). Given a point D € BC| by construction one has

((DD’) < ((CC,) < ((AC) < ((AC). (5.4)

We can then consider separately two cases. If BC C 0OI', then one simply has P = D and
Py = P, = D/, so clearly

((PPy) =((DD’) < ((AC) < ((AB).
On the other hand, if the open segment BC lies in the interior of T', then one has
((PPyx_) < 4((BC) (5.5)
by inductive assumption, thus (5.4) and (5.5) give
((PPy) = ((PPy_,) +((DD’) < 4/(BC) + ((AC) < 4((AB),

hence also (ii) is done.
It remains now to consider (iii). Thus we take two points D = Py_; and E = Q5 _,

on BC, denoting for brevity N = N(P) and N = N(Q). We have to consider separately
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the two cases arising if BC' lies in the boundary or in the interior of I'. In the first case,
P =D and Q = E, thus by the Lipschitz property of u we have

((PQ 5= ' g
(lz >§g(PQ):£(DE):€(DE>,

so that (iii) is trivially true. In the second case, ((D'E’) = ((DE), so (iii) is true by
inductive assumption.

To conclude the proof, we now have to see what happens when C; # C*. We will
further subdivide this last case depending on whether § > 7/12 = 15° or not, being
6 =ABC.

Part 3. Construction for the case Cy # C*, 3> m/12.
In this case, for any D € BC we define D’ € BC as the point satisfying

((BD’) = min {e(BD) , ((BC,) — £<5LC >} : (5.6)
being as usual P € BC the point such that D = Py_;. Observe that this definition
makes sense since, also using (5.3), one has that the minimum in (5.6) is between 0 and
l (B C 1) for each D € BC'. In particular, the minimum is strictly increasing between 0
and /¢ (BCl) as soon as D moves from B to C, so (iv) is already checked. Let us then
check the validity of (i)—(iii).

We first concentrate on (i). Just for a moment, let us call D* € BC™" the point
for which €(BD) = E(BD*), so that the triangle BD D™ is isosceles. Therefore, one
immediately has

T —f T+ 3

DD'B > DD*B = > z%, D'DC > D*DC =~ zg. (5.7)
Moreover, by construction it is clear that
DD'A>DBA=3> % (5.8)
To conclude, we have to estimate D’ BB, and we start claiming the bound
({((BD
((BD') > (BD) (5.9)

- \/§L2 .
In fact, recalling (5.6), either K(BD’) = K(BD), and then (5.9) clearly holds, or otherwise
by (5.3) and the Lipschitz property of u

((PC) _¢(BC) ¢(PC) _ ¢(BC)—((PC) ((BP)

((BD') = ((BC > > _ _ ((BP)
(BD') = ((BC,) - LT VoL L V2L V2L T V212
((BD)

YOI

v
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thus again (5.9) is checked. Concerning the last inequality, namely ¢ (ﬁﬁ) > K(BD), this
is an equality if the segment BC' belongs to OI', while otherwise it is true by inductive
assumption on the sector & (ﬁC\), applying (iii) to the points P and @ = B. Consider
now the triangle D BD’: immediate trigonometric arguments tell us that

((DD')sin (D'DB) = ((BD')sinf3, ((BD)sinf=((DD')sin(D'DB + ).

from which we get, using also (5.9),

— ((BD') — sin(m/12) _ 1
: / _ 3 l4
sin (D DB) = E(BD) sin (D DB +ﬁ) > NGTE > Tk (5.10)
Putting together (5.7), (5.8) and (5.10), we conclude the inspection of (i).
Concerning (ii), it is enough to observe that
(DD’) _((DD’) sin(CAB
(DD') _{DD') _ sin(CAB) _ 1 (5.11)

((AC) ~ ((AC)  sin(DD'A) ~ sin(15°)
Therefore, as in Part 2, cither BC C T, and then
((PPy)=((DD’) < 4((AC) < 4/(AB),
or thanks to the inductive assumption one has
((PPy) = ¢(PPy_,) +((DD’) < 4(BC) + 4/(AC) = 4/(AB)

so (ii) is again easily checked.
Let us now consider (iii). As in Part 2, we take on BC' two points D = Py
and E = Q5 , with N = N(P) and N = N(Q), and we assume by symmetry that

E(BD) < K(BE). Since it is surely E(DE) < E(I?Q), either as a trivial equality if
BC C Jr', or by inductive assumption otherwise, showing (iii) consists in proving that

g(fLQ) <((D'E') < ((DE). (5.12)

We start with the right inequality. Recalling the definition (5.6), if E(BD’ ) = E(BD)
then, since €<BE’) < E(BE), one has

((D'E') =((BE') — ((BD') <{(BE) — {((BD) = ((DE) .
On the other hand, if

((BD') = ((BC,) —
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then we get
((D'E’) = ((BE') — ((BD') < <€(BCI) B ﬁ(gLC) ) - <€(BCI) - E(fLC) )
(PQ
_ (fL ) < (pE),

where again the last inequality is true either by the Lipschitz property of u if PQ = DE,
or by inductive assumption otherwise. Thus, the right inequality in (5.12) is established,
and we pass to consider the left one.

Still recalling (5.6), if ((BE’) = ((BE) then

(7Q)
7L

being again the last equality true either by the Lipschitz property of w or by inductive
assumption. Finally, if

((D'E’) =((BE') — ((BD') > {(BE) — {((BD) = {(DE) >

((BE') = ((BC) — K(S?C)

then again we get

o) - taw) (50 > (dme) - G ) - (moy - )

so the estimate (5.12) is completely shown and then this part is concluded.

Part 4. Construction for the case C1 # C*, 8 < 7/12.

We are now ready to consider the last —and hardest— possible situation, namely when
C, # C" and the angle 3 is small. Roughly speaking, the fact that C; is below C™ tells
us that the segment BC has to shrink, in order to fit into BC';. On the other hand, the
fact that 8 can be very small makes it hard to obtain simultaneously the estimate (iii) on
the lengths and the (i) on the angles. As in Figure 9, we call H the orthogonal projection
of C on AB.

Since 3 < 7/12, the point C~ belongs to the segment AB, and then we obtain, by a
trivial geometrical argument, that

((BCy) = ((BC™) = ((BH) — ((CH) = ((BC)( cos f —sin §) > \f ((BC). (5.13)

Let us immediately go into our definition of Py for every vertex P & BC. First of all,
since we need to work with consecutive vertices, let us enumerate all the vertices of BC
as P' = B, P!, P?, ..., PM = C. The simplest idea to define the points P, would be
to shrink all the segment BC so to fit into BC4, thus getting, for any pair P?, P of
consecutive vertices,

((BCy)

((Py,PyL).
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Unfortunately, this does not work, since from the inductive assumption
. . 1, —
(Pt PH-l > ¢( Pt Pitl
(Py_APiL) > & (PP
one would be led to deduce

(PP > UBC) 1 — ¢(PipH) >

\/§
- e(BC) 7L 14

Y2 y(pipitl
L ( > )
by (5.13), so the induction would not work.
~However, our idea to overcome the problem is very simple, that is, among all the pairs
Pi, P of consecutive vertices we will shrink only those which are still “shrinkable”, that
is, for which the ratio
/ Pz Pi+1
0i == ( W;;Vl) (5.14)
((PipitL)

is not already too small, more precisely, not smaller than 1/(3L). Let us make this formally.
Define

. , 1
5= {e(PZNlPﬁll) 0 < 3L} (5.15)
and notice that
— — 1
T Pi+1Y . . -
((BC) =" {E(PP+ )0 < 3L} > 3L4,

then by (5.1)

5 < 1EC) V2 V2
3L

Finally, we define the points P’ in such a way that any segment P’ P4 has the same

length as P’ P!, if p; is small, and otherwise it is rescaled by a factor A < 1 (constant

through all BC'). In other words, setting the increasing sequence §; as

((BC). (5.16)

. . 1
6= {E(Pg\,_le]\f_ll) Jj<i,0; < 3L} (5.17)

so that comparing with (5.15) one has 6y = 0 and d,; = §, we define P’ to be the point
of BC such that
((BPY) =6, + \((BPy ;) ~4,). (5.18)

The constant ) is easily estimated by the constraint that P = C; and by (5.13)
and (5.16), getting

(5.19)
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For future reference, it is also useful to notice here another estimate of A which depends
on 3, obtained exactly as the one above from (5.13) and (5.16), that is,

\_ UBCi) - . ((BC)(cos 3 —sinf3) — & , cos—sinf3— L2 (5.20)
((BC) - ((BC) - 1-¥2
Notice that by (5.17) and (5.18) one readily gets
i i+1 : 1
(PPt = (PvaP) e g (521
A K(PﬁvflP’]\ﬂl) otherwise .

Now that we have given the definition of the points P%;, we only have to check the validity
of (i)—(iii), since again (iv) is trivial by definition.

C+

C*

B

F1GURE 9. The triangle ABC in Part 4

Let us start with (i). Take 0 < i < M and call, as before, D = P%_, and D’ = PY,.
Since by construction K(BD’) < E(BD), then one immediately gets DD’B > D’'DB,
from which one directly gets

/\ — 11 e —
DD’B27T2522477, D'DC =7 - D'DB >
so that the first two angles are checked and we need to estimate D’ DB and DD’A. To do
so, let us call C* € AB the point such that E(BC*) = Aé(BC), so that by construction

T+ 3

™
> — 22
=2 62)

D'DB > C*CB, DD’A > CC*A. (5.23)
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The point C* must lie either between H and Ct or between B and H. In the first case
also the other two angles are immediately estimated, since then by (5.23) one has

D’ﬁBZC*/C\BZHaB:;T—ﬂzf;w, DﬁAzC@Azg. (5.24)

Assume then that, as in Figure 9, C* is between B and H. Then we can estimate, also
recalling (5.20),

((C*H) = ((BH) — ((BC*) = ((BC)( cos f — )

. V2 V2 sinp
COSﬁ—SlHﬁ—T o 3 1+Cosﬁ+1 .
§€<BC)(COSﬁ— 1_@ > _g(BC>1_—ﬁ Slnﬁ.
3 3
As a consequence, we have
V2 sing
e ((C*H = +1
HCC* = arctan <H> < arctan (31+C°Sﬁ>
((CH) 1-¥2
V2 sin15° +1
< arctan < 3 licosl15® ) <0.36™ <65°.
Finally, from this estimate and (5.23) we get
D’EBZC*/C\B:g—ﬁ—H/C\C* > 11
8 (5.25)

DD'A > CC*A = g —HCC* > 25°.

Putting together the first two estimates from (5.22), and the last two estimates either
from (5.24) or from (5.25), we conclude the proof of (i).
Let us now check (ii). Repeating the argument of Part 3, we have that (ii) follows at

once as soon as one shows (5.11), that is, E(DD’) < 46(;4—6’). But in fact, using (5.25),
we immediately get

((CH) _ ((AC) _ ((AC)
sin (DI)\’A) ~ sin (DI)\’A) ~ sin (250)

(DD < <25((AC) <4((AC).
Let us then consider (iii). It is of course sufficient to check the validity of the inequality

only when P and Q are two consecutive vertices of BC. Let us then take 0 < i < M and
recall that we have to show

((Pipi+l o o

(7L) < ((PyPY') < ((Py,PyL) (5.26)
knowing, again either by inductive assumption or by the Lipschitz property,

¢(Pipitt , . —

g <U(Py_PJL) < (PP, (5.27)

7L
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The right inequality in (5.26) is an immediate consequence of (5.21), being A < 1. Con-
cerning the left inequality, it is also quick to check, distinguishing whether p; is small or
not. In fact, if o; < 1/(3L), then by (5.21) also the left inequality in (5.26) derives from the
analogous inequality in (5.27). Otherwise, if g; > 1/(3L), then one directly has by (5.21),
(5.14) and (5.19) that

UPYPY') = M(Py_ PJL) = Moy ((PiPH1) > 37 A(PiPitT) > 7—L£(P’PZ+1) :
thus concluding the proof. [l

5.7. Lenght of paths inside a sector

In Section 5.6, we have described how to get a piecewise affine path PP Py --- Py
which starts from a given point P € AB and ends on the segment AB, being S(AB) a
given sector. In this step, we want to improve the estimate from above of the length of this
path. This is important because this path will be (up to a small correction in the future)
part of the image of the segment PO C D under the extension v of u that we are building,
and then its length gives a lower bound to the Lipschitz constant of the map ©. After a
short definition, we will state the main result of this step.

DEFINITION 5.19. Let S(AB) be a given sector, P € AB and let PP 1Py Py be
the pzecewzse affine path given by Lemma 5.18. We will then denote this pzecewzse affine
path as PPN More in general, for any 1 < i < 7 < N, we will denote by P P; the
piecewise affine path PP,y --- P;.

LEMMA 5.20. Let S(AB) be a sector. Then, for any P € AB one has
((PPy) < 113 min {¢(AP), ((PB)}.

Let us fix a generic point P € AB. The proof of the lemma will require a detailed
analysis of the different triangles of the natural sequence of triangles related to P. Recall
that the natural sequence of triangles, according with Definition 5.16, is the sequence

(91, T oy e, 91\;) such that every P; of the path 15737\/ belongs to the exit side of .7 ;.
Let us start by calling for simplicity A;B; the exit side of the triangle .7 ;, being A; € AP
and B; € ﬁ, so that in particular Ay = A and By = B. Moreover, we call AgBj the
side of .71 which contains P = P,. Notice that, by the construction of the triangles done
in Section 5.5, for any ¢ the exit side of the triangle .7, is a side of the triangle .7 ;,;, thus
the exit sides of 7; and 7 ;.1 have exactly one point in common. In other words, either
A1 = A, or Biyy = By,

We give now an idea of how our estimate works. Let us assume, by simmetry, that e.g.
((PB) < ((AP). Since

N-1 .
((PB)=/((PBy) > {(PyBy) + ZK(BZ»BZ-H) =((PyBy) + {(ByBy),
i=0
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where m = ByB,+ -+ By_1By, we will prove that
((PPy) < 113((PyBy) + {(ByBy)) = 113({(P,By)). (5.28)
On one hand, if B;,; # B; for some triangle 7 ;,1, by property (i) of Lemma 5.18
((P;P;1) <4((B;B;).

Indeed, this is a consequence of the fact that Pilgi:lAiH > m/12. If instead B; = By, 1,
the length of the segment P;P,;.; does not apparently contribute to the increase of the

path ((PyBy). However, due to the fact that by construction
((P;y1Bi1) < U(P;B;) if B;= B,

the sum of the angles of the form AiB\iAiH cannot increase too much unless triangles .7 ;
for which Ail/S’\iAiH > 0 (or, equivalently, B; = B;.;) alternate sufficiently often with
triangles with Bi;l\iBiH > 0 (and then B; # B;1). In other words, the worst case is
when S(AB) has a spiral/snake shape. In order to overcome this problem, we will first
subdivide the natural sequence of triangles (;7 1, Toy ooy T N) into sequences of consec-
utive triangles = (9 is Tivty -y T iﬂ-) called “units”, then we will group consecutive
sequences of “units” into “systems of units” . = (?/ is UWinty v, U iﬂ-) and consecutive
sequences of “systems of units” into “blocks of systems” #Z = (5”1-, S ity yiﬂ).
Passing from one category of objects to the one containing it, the spiraling effect increases:
however, we will see that at every step this effect can be controlled, leading to the estimate
(5.28).
We can now introduce the first category.

DEFINITION 5.21. Let 0 <i < j < N be such that {i, i+ 1, ---, j—1, j} is a mazimal
sequence with the property that By is the same point for all i <1 < j (by “maximal” we
mean that eitheri = 0 or B;_; # B;, as well as either j = N or B; # Bji1). We will then
say that 7 = (9i+1, T oy v ﬂjﬂ) 1s a unit of triangles, where © + 1 s substituted by 1
ifi =0, and j+1 s substituted by j if 7 = N, and then no unit is defined ifi = 7 = N > 1.
To any unit we associate two angles, that is,

0+ = PZBZA] s 0 = BjAij+1 y
while 07 = POE\OAJ- if i =0, where Py = P.

The reason for this strange definition with ¢ + 1 and 7 + 1 will be clear later. The
meaning of the definition is quite simple: the first unit starts with .7; and ends with .7,
where j is the smaller index such that B; # B;. The second unit starts with .7 ;;, and
ends with .7 j;, where j' is the smaller index, possibly j+ 1 itself, for which B; # B;,. And
so on, until one reaches .7 y, and then one stops regardless whether or not B is different
from By_;. It is immediate from the definition to observe that the sequence of triangles
(71, T oy enny ﬂN> is the concatenation of units of triangles. To understand how the
units work, it can be useful to check the example of Figure 10, where N = 10 and the units
of triangles are (91, T o, T3, 94,), (95), (96, T, 98), (99) and (910). Notice also
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F1GURE 10. A natural sequence of triangles .7; with the points A; and B;
and the angles §*

that for any unit of triangles one has 67 > 0, unless the unit is made by a single triangle,
as (95) in the figure. Similarly, one has that 6~ > 0, unless j = N and B; = B,_4, as

(910) in the figure.
The role of the units is contained in the following result.

LEMMA 5.22. Let % = (T, Tis1, ..., T ;) be a unit of triangles. Then one has
(P P;) < (1+67)((P,1B, 1) — {(P;B;) +5((B,_\B;), (5.29)
((B;_1B;) > ZE(Pij), (5.30)

((P;B;) < ((P;_1B;_1) + ((B;_1B;). (5.31)

PrROOF. The proof will follow from simple geometric considerations thanks to
Lemma 5.18. To help the reader, the situation is depicted in Figure 11. First of all,
one has by definition

(P _\P)) = (P P;,) + (P, Pj). (5.32)
We claim that
(P, P;) < (1+0")U(PiyBioy) — ((P;1Biy). (5.33)

In fact, if i = j then E(Pi_le;i) = 0 and then (5.33) is trivially true. Otherwise, let us
consider the triangle P; 1 B; 1 P;. Thanks to property (iii) in Lemma 5.18, one has

g(PlBZ_1> S E(Pi—lBi—l) )
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B, 1=B;

FIGURE 11. Situation in Lemma 5.22

and then an immediate trigonometric argument tells us that

P, B, \P;
2

< £<Pi71Bi71> : Pz‘AB/z’:Pi + €(P¢71Bif1) - f(PiBiq) .

€<P171P1) S 2€(P2',1Bi,1) sin( > +£(Pi71Bifl> - €<P1B171>

We can repeat the same argument more in general. In fact, for any ¢ <[ < 5 — 1 one has
from Lemma 5.18 that

E(PlBi—l) < 5(P1—1Bz’—1) <-... < E(Pi—lBi—l) ) (5.34)
hence the previous trigonometric argument implies
((Pi1P) < (P;y\B; ) Pi\B; 1Py +((Pi1Biy) — {(PBi_y).

Adding this inequality for all <[ < j — 1 one gets
L — ‘]_1

(P Pj_) =Y (P P))

=t

i1 .
< Zg(Pz’—lBi—l) P 1B, P + E(Pl—lBi—l) — E(PlBi—l)
=i

= 9+€(Pi713171> + E(Pileifl> - g(ijBi—l) )

which is (5.33).

Let us now point our attention to the triangle ;. First of all, let us call H (resp.
B ) the orthogonal projection of P;_; (resp. B;_;) on the straight line passing through
A;B; (these two points are not indicated in the figure, for the sake of clarity). Since by (i)
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of Lemma 5.18 we have Pj_ll/%H > 15°, it is
((P;_H) _ 1

E(Pj_lpj) = — = . °
sin (Pj,1PJH> sin 15

((P;_\H) <4((P;1H), (5.35)

and similarly
€<Bl—1BJ) 2 E(Bi_lBJ_> = €<Aj—lBi—1) sin 6~ Z g(Pj—lBi—l) sin 6~

20~ (5.36)
> 7£(Pj—lBi—l)a

T
recalling the by definition of the triangles of the sectors one has §~ < 7/2. Moreover, since
P; , € A; B, 4, then clearly K(Pj_lH) < E(B,-_lBL), so (5.35) and (5.36) imply

((P;_1P;) <4((B;_1B,). (5.37)

Let us now call, as in the figure, B;-_l the first point of the piecewise affine path which starts
from B;_; and arrives to AB according to Lemma 5.18 —with the notation of Lemma 5.18
we should have called that point (B;_1);. Applying twice condition (iii) of Lemma 5.18
we get

This inequality allows us to conclude. Indeed, together with (5.32), (5.33) and (5.37) it

concludes the proof of (5.29). Then, together with (5.34), it yields (5.31). And finally,
together with (5.36), it gives (5.30) since

20~

20(B;_1B;) > — ((B;_1B;) + {(B;_1B,)
20~ 20~ 20~

g

After this result, we can stop thinking about triangles, and we can start working only
with units. In fact, notice that any unit of triangles, say 7 = (ﬂi, T i1y - ﬂj), starts
with the exit side of .7,;_; and finishes with the exit side of .7 ; and that the estimates (5.29),
(5.30) and (5.31) are already written only in terms of points of those sides. Let us then
number the units as %, %o, ..., % v, with M < N, and let us define ¢; and j;, for
1 <[ < M, in such a way that %, = (gm T i1y oy §j1>. Notice that i1 =1, jpr = N,
and j; + 1 =14, for each 1 <[ < M. Let us give the following definitions,

Ql::le7 Cl = A Dl I:le7 QOZ:POIP, DO::BOIBl, (538)

where the last two definitions are done to be consistent. Call also 6" the angles % related
to the unit % ;. Hence, the claim of Lemma 5.22 can be rewritten as

0Q1Q) < (1+6)4(Q_Di_y) — ¢(QDy) +5((Dy_1Dy) (5.29")

((Di_1Dy) > 9; (Q,Dy), (5.30")

Ji s
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0(QDy) <4(Q,_\Di_y) + (D1 D). (5.31")

Before passing to the definition of “systems” of units, and in order to help understanding
its meaning, it can be useful to give a proof of Lemma 5.20 in a very peculiar case.

LEMMA 5.23. The claim of Lemma 5.20 holds true if

((DoDy—) < E(QZDO), (5.39)
QD) > mf‘]) V1<I<M-—1. (5.40)

PRrROOF. First of all notice that, by the two assumptions and an easy geometrical ar-
gument (recalling that all the triangles .7; are disjoint, hence in particular the segments
Q, D, cannot intersect), one finds that

M M-1 13
o= > 0 <—m. (5.41)
I=1 I=1 6
Moreover, by (5.31") and (5.39), one gets
3
QD) < 1 ((QyDy) VO<I<M-—1. (5.42)

We can now evaluate, using (5.29’), (5.42), (5.41), (5.40) and (5.307),

E(CQ/O_CE) > UQQ) < f: (14+67)0Q,_yDi—y) — ¢(Q,Dy) +5¢(D;_1 D)

M
< Z 0(QyDo) > 6 +(QuDy) — £(QyDis) + 5((DoDyy)
=1
65 5 Ml —
< E(QODO)<1 + 5 7r> + 5 ((QoDo) > 0 +5((DoD) (5.43)
=1

5 M-1 o
<106(QuDo) + 5 > 0 {(QiD:) +5((Do D)
=1
5 M—-1 o
<106(QuDo) + 57 3 U(DiaDy) +5((Do Do)

=1
<104(QyDo) + (5+ 2 m)¢(DyDy) < 104(QyDyg) 4 13¢(DoDys) .
Finally, recall that
((PB) = ((PBy) + {(ByB) > ({(PBy) + ({(ByBy) = £(Q,Dy) + {(DyDy) ,

hence from (5.43) we directly get K(PPN) = ﬁ(QOQM> < 136(@). Since it is admissible

to assume, by symmetry, that E(PB) < 6(;4‘13), we conclude the proof of Lemma 5.20
under the assumptions (5.39) and (5.40). O
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It is to be noticed carefully that the key point in the above proof is the validity of (5.41),
which is a simple consequence of (5.39) and (5.40), but which one cannot hope to have
in general. Basically, (5.41) fails whenever the sector S(AB) has a spiral shape, and in
fact (5.39) and (5.40) precisely prevent the sector to be an enlarging and a shrinking spiral
respectively.

Since the assumptions (5.39) and (5.40) do not hold, in general, through all the units,
we will group the units in “systems” in which they are valid.

DEFINITION 5.24. Let kg = 0. We define recursively the increasing finite sequence
{ki, ---, kw} as follows. For each j > 0, if k; = M then we conclude the construction
(and thus W = j ), while otherwise we define k; < kj+1 < M to be the biggest number such
that

S ((Q, Dy,
€<ijij+1—1) < (kalk]) ) (5.39)
((Q, Dy,
QD) > (Qka) Vk; <l<kj. (5.40")

Notice that the sequence is well-defined, since if k; < M then the assumptions (5.39°)
and (5.40°) trivially hold with ki1 = k; + 1. Hence, W < M < N. We define then
system of units each collection of units of the form . ; = (% ki1t X ky_y42y -+ s ?/kj),
for1 <j<W.

Thanks to this definition, we can rephrase the claim of Lemma 5.23 as follows: “the
claim of Lemma 5.20 holds true if there is only one system of units”. But in fact, the
argument of Lemma 5.23 still gives some useful information for each different system, as
we will see in a moment with Lemma 5.25. Before doing so, in order to avoid too many
indices, it is convenient to introduce some new notation in order to work only with systems
instead of with units. Hence, in analogy with (5.38), we set

Rj = ij? Ej = ij, Fj = ij7 RO = QOZP, FO = D(]:Bl. (544)

We can now observe an estimate for the systems which comes directly from the argument
of Lemma 5.23.

LEMMA 5.25. Let .7 ; be a system of units. Then one has

(R, 1R;) <130(F, F;) +10¢(R; F; ;). (5.45)
and moreover
((R;F;) < ((R;1F;_1) + {(F;_,F;). (5.46)

PROOF. First of all, repeat verbatim, substituting 0 with k;_; and M with &;, the proof
of Lemma 5.23 until the estimate (5.43), which then reads as

(Q,, Q) <106(Q, Dy, ) +13((Dy,_,Dy,).
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This estimate is exactly (5.45), rewritten with the new notations (5.44). On the other hand,
concerning (5.46), it is enough to add the inequality (5.31’) with all k;_; +1 < < k;, thus
obtaining

k; j ks
Yo QD) < Qi Di1)+ > ((Di1Dy),
I=k;_1+1 I=k;_1+1 I=k;_1+1

which is equivalent to
€<ijij> < g(ij—lejA) + E(ij_le;) '
This estimate corresponds to (5.46) when using the new notations. U

Notice that, by adding (5.45) for all 1 < j < W, one obtains
- S o w-1
((PPy) =0(QoQy) = ((RyRw) < 130(FoFy) +10 Y ((R;F;),

=0

and since FoFy = BBy C ﬁ, to conclude Lemma 5.20 one needs to estimate the last
sum.

Having done this remark, we can now introduce our last category, namely the “blocks”
of systems. To do so, notice that by Definition 5.24 of systems of units and using the new
notations (5.44), for any 1 < j < W one must have, by maximality of &;,

— ((R;_F;_ (R, 1 F;_
cither  ((F; ,F;) > (le”), or  ((R;F;) < <J;“) (5.47)
We can then give our definition.
DEFINITION 5.26. Let pg = 0. We define recursively the increasing sequence
{p1, --+ , pu} as follows. For each i > 0, if p; = W then we conclude the construction

(and thus H = i), while otherwise we define p; < pix1 < W to be the biggest number such

that

(R F;)
2

Notice again that this strictly increasing sequence is well-defined since the inequality is

emptily true for p;vy = p;i + 1. We then define block of systems each collection % ; =

(S piat1s L pyag2s oee s S py)s for 1 < i < H.

f(RjFJ> < Vpl < ] < Pi+1 -

We can now show the important properties of the blocks of systems.

LEMMA 5.27. For any 0 <1© < H, the following estimate concerning the block % ; holds
true,

((R,R,.,) <13((F,F, ) +20((R,F,). (5.48)
Moreover, for any 0 <i < H — 1, one also has

(R, F

Pit+1 Pi+1)

<5((F,F,,,). (5.49)
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PROOF. It is enough to add (5.45) for p; + 1 < j < p;41 to obtain

Pit1 Pi+1 Pit1
€<R p+1) ZE( JlR)<132€< JlF)+1O Z ( Jle—l)
Jj=pi+1 Jj=pi+1 j=pi+1
o Pi+1—1 B
=134(F, F,.,)+ 10 i ((R;F;) <13((F,F,,_,) +20((R,F,,),
J=pi

thus (5.48) is already obtained.
Consider now (5.49). Recalling the definition of the blocks, the maximality of p;.; tells
us that either p;y; = W (and this is excluded by i < H — 1) or
K(R F £<Rpi+1—1FPi+1—1) _

Pi+1 p+1>— 2

Hence, keeping in mind (5.47) with j = p; 41, we also have that

— (R, _F,. _
£<Fp+1 1FP+1> ( — 411 — 1>'

Let us apply now (5.46) with j = p; 41, to get

E('R sz+1> < E(Rpi+1—1Fpi+1—1>+€<Fm +1) < 5£<sz+1 1F

Pi4+1

Pz+1> < 5€<Fpini+1) )

and so also (5.49) is proved. O
We finally end this step with the proof of Lemma 5.20.

PrROOF OF LEMMA 5.20. By symmetry, we can assume that min {8(@), E(PB)} =
((PB). Using (5.48) and (5.49), we then estimate

((PoPy) =0(QyQy) = ((RoRw) = > (R, R,,.,)
=0
H— H-1
< Z ((F, F,,, )+ 200(R,F,)
=0 1=0
H-1 H-2
=13 Y ((F,F,,,,) +200(RoF) +20 > (R, F,,.,)
1=0 =0
H-1 H-2
<13 Z ((FpFp.,)+200(RyFo) + 100 Y ((F,Fp,.,)

=0 1=0
H-
<1 Z ((F,F,,,) +200(RoFy) = 113¢(FoFy) + 20 ((RyFy)

= 113£(BlBN) +204(PyB,) < 113¢(P,By) = 113((PB).
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5.8. Speed of paths inside a sector

A temptative choice to complete the path from P to O could be the piecewise affine

path I'p = PPy U PO, which consists of the path PPy defined in Section 5.6 followed
by the segment Py0O. However, we can easily see that sending the segment PO to the
path I'p at constant speed is not the right choice. Basically, the reason is the following: if

two points P and @ in AB have distance ¢ > 0, the lengths of 15737\7 and of éQ\N may
differ of Ke for any big constant K (e.g. spiral shape of Section 5.7), thus if we use the
constant speed in the definition of ¥ we end up with a piecewise affine function making use
of triangles with arbitrarily small and big angles, thus with an arbitrarily large bi-Lipschitz

constant. For this reason, we parameterize the paths PPy with a non constant speed.
Choosing the correct speed is precisely the aim of this step.

Let us start with the definition of a possible speed function.

DEFINITION 5.28. Let S(AB) be a sector, and let 3 be the union of the paths ISP\N for
all the vertices P ofXE (such union is disjoint by Lemma 5.18). We say that 7 : & — RT
is a possible speed function if for any verter P € AB one has

e 7(P)=0,
e for each vertex P € AB and each 0 < i < N(P), the restriction of T to the closed
segment P;P;. 1 s affine.
Moreover, for any S belonging to the open segment P;P; 1, we shall write
T(Piy1) — 7(P))

TS =)

(5.50)

To avoid misunderstandings in the following result it is useful to underline that, if one

considers 7(.5) as the time at which the curve PPy passes through S, then in fact 7/(S)
corresponds to the inverse of the speed of the curve. Let us then state and prove the main
result of this step.

LEMMA 5.29. There exists a possible speed function T such that

1
— < < .
ST <T(S)<1 vSex, (5.51)

if Pi and Q; belong to the same exit side of a triangle, then

[7(Py) = 7(Q,)] < 170L((PQ). (5.52)

PROOF. We start noticing that, in order to define 7, it is enough to fix 7/ within the
whole path PPy for any vertex P € AB. We argue again by induction on the weight of
the sector.

Case 1. The weigth of S(AB) s 2.
In this case, the sector is a triangle ABC, and we directly set 7 = 1 within all X, so
that (5.51) is clearly true. Consider now (5.52). Since there is only a single triangle, then
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necessarily ¢ = j = 1 and P; and @, belong to AB, so that
T(Pl) = K(PP1> ) T(Ql) = K(QQI) )

by the choice 7/ = 1. It is then enough to recall Lemma 5.18 (iii) and to use the triangular
inequality to get

T(P1) = 7(Q)| = [{(PP1) - £(QQ,)| < ((PQ) + ((P1Q,) < 2((PQ),
so that (5.52) holds true.

Case II. The weigth of S(AB) is at least 3.

In this case, let us consider the maximal triangle ABC'. Then, we can assume that 7
has been already defined in the sectors S(AC) and S(BC), emptily if the segment AC
(resp. BC') belongs to dI', and by inductive assumption otherwise, and with the properties
that

T(Py-1) = 7(Qy_y)| < 170L0(PQ), (5.53)

for every P, Q € AB, and that 1/60L < 7/(S) < 1 for every S € S(AC) U S(BC).
Thus, we only have to deﬁne 7 in the triangle ABC' and by definition of possible speed
function it is enough to set 7 on the segment AB or, equivalently, to set 7" on the triangle
ABC.

Let us begin with a temptative definition, namely, we define 7 by putting 7/ = 1/60L
in ABC', and we will define 7 as a modification —if necessary— of 7. Notice that, for any
Py_, € AC U BC, our definition consists in setting

%(PN):T(PNfl) 60L

Of course the function 7 satisfies (5.51), but in general it is not true that (5.52) holds.
We can now define the function 7 by setting

((Py_1Py). (5.54)

r(Py) = #(Py) v max {#(Qy) — 170L(PQ) : Q € AB (5.55)

for any vertex P € AB. Since by definition 7 > 7, it is clear that 7/ > 7/ = 1/60L in the
triangle ABC, so the first inequality in (5.51) holds true also for .

It is also easy to check (5.52). Indeed, take P and Q in AB, and consider two possi-
bilities. If 7(Qy) = 7(Qy), then

7(Py) > 7(Qy) — 170LL(PQ) = 7(Qy) — 1T0L {(PQ) . (5.56)
On the other hand, if 7(Qy) = 7(Ry) — 170L E(QT%) for some R € AB, then
7(Py) > 7(Ry) — 17T0L{(PR) > 7(Ry) — 170L ((PQ) — 170L/(QR)

= 1(Qy) — 170L((PQ),

so that (5.56) is true in both cases. Exchanging the roles of P and @ immediately
yields (5.52). Summarizing, to conclude the thesis we only have to check that 7/ < 1
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on ABC, which by induction amounts to check that for any P € AB one has
T(PN> — T(PN_l) S E(PN_1PN> .

Let us then assume the existence of some vertex P € AB such that
7(Px) = 7(Px-1) > {(Py_1Py), (5.57)

and the searched inequality will follow once we find some contradiction. By symmetry,
we assume that Py_; € AC. Of course, if 7(Py) = 7(Py) then (5.54) already prevents
the validity of (5.57). Therefore, keeping in mind (5.55), we obtain the existence of some

vertex Q € AB such that
7(Py) = 7(Qy) — 170L((PQ) (5.58)
which gives
T(Py) = 7(Qn-1) + 601L (Qn1Qy) — 1T0L((PQ) .

Recalling (5.53) and (5.57), and eventually applying the triangle inequality if Q,_, € BC),
we deduce

H(Py_1) > 7(Qy 1) — 1T0LU(PQ) = 7(Py) — —— ((Qy Q)

60L
> 7(Pyn_1) + {(Py_1Py) — 601L€(QN1QN) ;
so that
{(Qn_1Qy) > 60LL(Py_1Py). (5.59)

Call now, as in Figure 12, P, and @, the orthogonal projections of Py_; and Qp_,
on the segment AB, and note that by a trivial geometrical argument —recalling that
Pyx_, € AC- one has

((Py_1P) . ((APy_,)
(QnaQ1) ~ U(AQy )

where the inequality is an equality if Qy_; € AC, while it is strict if Qy_; € BC. Then,
recalling Lemma 5.18 (i) and (5.59), one has

((APy_;)
((AQy )

— VAP yN_ 1 (AP y_
= E(QN_lQN) sin (QN_1QNA) EEAQN 13 > Z€<QN—1QN> ( N 1)
N-1
((APy_,)

((AQy_1)’

K(PN,1PN> > K(PNAPL) = g(QN—lQJ.)

> 15L¢(Py_1Py)

which means

((AQy_,) > 15LU(APy ).
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A
Py P,
Py
QNfl 7Ql
Qn
B

F1cURE 12. The triangle ABC' with the points Py_1, Py, P, and Qy_¢, Qu, Q|

Making again use of Lemma 5.18 (iii), we then have
UPQ) > U(Pn1Qy_1) = (AQy_,) — ((APy_,) > 14L{(APy_,) > 2((AP)
2
> = ((AP),
so that
— 2 — 2 2
3((PQ) > (1 + L) ((PQ) > - (((AP) +((PQ)) > - ((AQ).

Hence, by (5.58) and the Lipschitz property of u,

F(Qy) > 1T0L{(PQ) > 33O€(AQ) (5.60)

On the other hand, by definition and inductive assumption

H(Qn) =T(Qn-1) + 60L (Qn1Qn) < (QQx—1) +

which recalling Lemma 5.20 of Section 5.7 gives

= L ((Qn-1Qx) < 1(QQy).

A(Qy) < 130(AQ) < 27 1(AQ).

Finally, this gives a contradiction with (5.60) and the proof of the lemma is concluded. [
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5.9. Extension in the primary sectors

We are finally ready to define the extension of u inside a primary sector. The goal
of this step is to take a primary sector S(AB), being A = @(A) and B = @(B), with
A, B € 9D as usual, and to define a piecewise affine bi-Lipschitz extension @4 of @ which
sends a suitable subset D4p of the square D onto S(AB) (see Figure 13). First we observe
a simple trigonometric estimate for the bi-Lipschitz constant of an affine map between two
triangles and then we state and prove the main result of this step.

LEMMA 5.30. Let . and F' be two triangles in R?, and let ¢ be a bijective affine map
sending 7 onto Z'. Call a, b and « the lengths of two sides of T and the angle between
them, and let a’, b’ and o’ be the correponding lengths and angle in 7'. Then, the Lipschitz
constant of the map ¢ can be bounded as

Lip(6) < g’ N b’s%no/ N b’09sa' B a’CF)sa < g’ N
a bsin « bsin « asin a a

20 a

bsinae asina

(5.61)

PROOF. Let us take an orthonormal basis {e;, es} of R?. Up to an isometry of the plane,
we can assume that the two sides of lengths a and o’ are both on the line {e; = 0}, that
the two triangles 7 and 7’ both lie in the half-space {e; > 0} and that the vertices whose
angles are given by «, o’ coincide with the point (0,0). Hence, one has that ¢(z) = M z+w,
for some vector w € R? and a 2 x 2 matrix M. We have then

. Mv
Lip(¢) = |M| = sup [Mv]
v |V

With our choice of coordinates, we have clearly
M(a, 0) = (a'7 O) , M(b cos o, bsin a) = (b’ cos o, b’ sin o/) ,

which immediately gives

a Vcosa' da cosa
M= a bsin Z, | a,sm «Q 7
0 s?n «
bsin «
from which the estimate (5.61) immediately follows. O

LEMMA 5.31. Let S(AB) be a primary sector. Then there exists a polygonal subset
Dap of D, and a piecewise affine map tap : Dap — S(AB) such that:

(i) for any P € 0D, one has Dap NOP =0 if P ¢ AB, Dap NOP = {P} if P €
[A, B}, and DagNOP = PPy with Py =tO + (1 — )P and 0 < t = t(P) < 4/5
if P e AB\ {4, B}.
(i) diup =@ on AB=098DNDyp.
(iii) @ap is bi-Lipschitz with constant 212000L%.

: . . — —— 1
(iv) For any two consecutive vertices P, Q) € AB, one has Pynipy@Qn@)O = o=+

— 87L
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A A

N UAB

Dasp » —

FIGURE 13. The function tap : Dap — S(AB)

Proor. We will divide the proof in three parts.

Part 1. Definition of 4, 7, tUap : 07 — 07, and validity of (i) and (ii).
First of all, we take a vertex P € AB and, for any 1 <i < N = N(P), we set
7(P;)
10L
where 7 is the function of Lemma 5.29. Then, we define ui4p on the segment PPy as

the piecewise affine function such that for all i one has aa5(P;) = P;. It is important to
observe that

P, =tp;O+ (1 —tp,)P, with tpi =

(5.62)

4 —_——
0<tri< ¢, VPeAB,1<i< N =N(P). (5.63)

Indeed, using (5.51) in Lemma 5.29, (ii) in Lemma 5.18, and the Lipschitz property of ,
one has that

N
7(P;) < 7(Py) gz (P;_1P;) = {(PPy) < 4((AB) <4L{(AB) < 8L,

so by (5.62) we get (5.63).

We are now ready to define the set Dyp. Let us enumerate, just for one moment, the
vertices of AB as P* = A, P*, P2 ... PW-1 PW = B following the order of AB. The
set Dyp is then defined as the polygon whose boundary is the union of AB with the path
AP1 P2( 2 --P]?/(;Vl_l)B, as in Figure 13, where for each 0 < i < W we have written
N(i ) N(P"). Hence, property (i) is true by construction and by (5.63).

Then we take two generic consecutive vertices P, ) € AB , and we call ¥ C Dyp the
quadrilater PPyQ @, and 4 C S(AB) the polygon whose boundary is PQ U GQ\M U

Q, Py U PxP, where we have set N = N(P) and M = N(Q). Notice that, varying the
consecutive vertices P and ), D4p is the union of the different polygons 7, Whlle S(AB)
is the union of the polygons 4. We will then define the function @sp so that t45(y) = 7.
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Let us start with the definition of 45 from 0% to 04. The function @45 has been already
defined from the segment PPy to the path ﬁT\; and from the segment QQQ)y; to the path
QQ ;. Hence we conclude defining w45 to be affine from the segment PQ) to the segment
PQ, and from PyQy to PnQ,,. Notice that, as a consequence, also property (ii) is true
by construction.

Now we see how to extend @ sp from the interior of 4 to the interior of 4 satisfying
properties (iii) and (iv).

A
P UAB
Py
-0 —
!/ T~ .
VRS P
Qs
Q

FI1GURE 14. The sets 4 and ¥

Recalling the partition of S(AB) in triangles done in Section 5.5, PQ is a side of some
triangle PQR, and since PQ C 07 it cannot be the exit side. Let us then assume, without
loss of generality, that the exit side is QR. Hence, it follows that N > M. Moreover, if
(31, T oy enn, 9N> is the natural sequence of triangles related to P, as in Definition 5.16,
then it is immediate to observe that @ belong to the exit side of 7, forall 1 <i¢ < N — M.
Figure 14 shows an example in which N = 4 and M = 2. In the following two parts, we will
define u4p separately on the triangle PPy_j;Q) and on the quadrilateral Py_ PnvQy @,
whose union is 7.

Part 2. Definition of iap in the triangle PPy_yQ, and validity of (i) and (iv).

In this second part we define u4p from the triangle PPy_3/Q to the polygon in %
whose boundary is PPm UPn_nQUQP. The definition is very simple, namely, for
any 0 <7 < N — M we let uap be the affine function sending the triangle P;P;.,1Q) onto
the triangle P;P;1Q, as shown in Figure 15. We now have to check the validity of (iii)
and (iv) in the triangle PPy_ Q. Keeping in mind Lemma 5.30, to show (iii) it is enough
to compare the lengths of PP, and P;P;q, those of P,,1Q) and P;;1Q), and the angles
PP1Q and PiPi11Q.
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Py UAB

FiGURE 15. The situation in Part 2

We start recalling that (iii) in Lemma 5.18, together with the Lipschitz property of @,
ensures

<((P1Q) < ((PQ) < LI(PQ) (5.64)

(keep in mind that, since P and () are consecutive vertices, then PQ) = I/D—Q and PQ =

PQ). Recalling now (5.52) of Lemma 5.29 and (5.62), we get

T(Pit1) — 7(Qy)
10L

We want now to estimate ¢ (B+1Q>. To do so, let us assume, as in Figure 15 and without

loss of generality, that P and @) belong to the left side of the square D and that P is above

Q. Call also V = (—3, —1) the southwest corner of D, and let §, and &, be the horizontal
and vertical components of the vector P, ; — @), so that

U(PiaQ) = /02 + 02

By construction one clearly has d, = tp,1/2. We claim that

V2 0(PQ) < (PuiQ) <17 Y2 LU(PQ). (5.66)

In fact, since P;.; belongs to the segment PO, then one surely has

(PirQ) = ((PQ) sin (OPV) = Y2 1(PQ).

tpit1 =tpiv1 — oo = <17TU(PQ) < 17TLI(PQ). (5.65)

so that the left inequality in (5.66) holds. To show the right inequality in (5.66) we
consider two cases, depending on whether P;,; is above or below ) or, in other words,
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whether PZ-H@V is bigger or smaller than =/2. If P, is above @, then ¢, < E(PQ), SO
that thanks to (5.65) we get

U(PrQ) = JTETT < \/(tp,;l)z +e(PQ)2 < \/<127 L€(PQ))2 +€(PQ)2

(5.67)
V203 V2
= TLe(PQ) < 177L€(PQ) .
On the other hand, if P, is below ), then
TSOQV < PaQV <7,
hence s /3
0 2 2
((P; = <20, = ~tpi1 < 1T LI(PQ),
(s = Sy & V2= Ptran <17 Li(0)
which in both cases yields (5.66).
Keeping in mind (5.64), from (5.66) we obtain
2 UPF 2
I<Mg17-7\fﬁg&5ﬁ (5.68)

2L ~ ((Pi1Q) 2
It is much easier to compare ¢ <Pz'Pi+1> and ¢ (PiPiH). Indeed, by immediate geometrical
argument, recalling (5.62), (5.50) and condition (5.51) of Lemma 5.29, and letting S be
any point in the interior of P;P;,, one has

((PPy) < \f (tpivr —tp;) = 20\/i (7(Piy1) — 7(Py)) = ﬁT/(S)£<PiPi+1)
2
< ;g;/g(PiPiJrl) ;

and analogously
> tp7i_|_1 — tpﬂ' T(Pi+1> — T(Pl) T/(S)

1
E(]Dipi—i—l) > 5 = 201 = S0L E(PiPi—H) > m£<PiPi+l)~

Thus, we have
1L _UPhn) _ V2
120012 = ¢(P;P;y,) ~ 20L°
Let us finally compare the angles PZEEQ and P,]gz:lQ Concerning Pz-lgz-:lQ, it is

enough to recall (i) of Lemma 5.18 to obtain

15° < P,P; 1 Q < 165°. (5.70)

(5.69)

On the other hand, concerning PZ-E-;Q, we start observing

PPQ=PPL,Q<m—0PQ< iw. (5.71)
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To obtain an estimate from below to Piﬁi;@, instead, we call for brevity a := Piﬁ-:lQ =
RB+1Q and 0 := OPV — 7 € [— /4, 7T/4), so that an immediate trigonometric argument
gives

_tpin
(PQ) =" (tan(6 + ) — tanp). (5.72)
We aim then to show that |
> —. .
Ty (5.73)
In fact, if
0+a>"+ !
‘=119
then since 6 < 7/4 we immediately deduce the validity of (5.73). On the contrary, if
O+a<>+ !
ENVIS T

then recalling (5.72), the fact that § > —n/4, (5.65) and the Lipschitz property of u we
get

i tpi 17
((PQ) = P;l (tan(9 + a) — tan 9) P’2+1 a < 5 L{(PQ)

2(zx 4 L
cos (4+19)

«

J
2(zx . L
COoS <4+19)

from which we get

2 cos? + 4
( 19) S 1
17L ~ 19L°
so that (5.73) is concluded. Putting it together with (5.71), we deduce

1 3

— < < - .
19L P; Pz+1Q 7T (5.74)
Finally we show the validity of (iii), simply applying (5.61) of Lemma 5.30. Indeed, let us
call ¢ the affine map which sends the triangle P;P; 1@ onto P;P;,1Q and, for brevity and

according with the notation of Lemma 5.30, let us write

a=0(PnQ), b=U(PPi), a=PPnQ,
GIZE(PiHQ), blzf(PiPiH), a/:Pz‘I/)H—\lQ-
Then, the estimates (5.68), (5.69), (5.70) and (5.74) can be rewritten as
V2 _a 1 b V2 1 1
22 <~ <852 <<= ina’ > = na > —— .
oL Sa =B Gup Sy Sar Moz smezggpe 679)

where for the last estimate we used that

1 1 1 1 1 1
1 > si — > — > — . .
sina > 81n<19L> oL (19Lsm(19L)> 2 1oL <1981n<19>) 2 50 (5.76)

Therefore, (5.61) and (5.75) give us

20 a

- + —
bsinae  asina

< V2 L+ 48000L3 + 20v/2 L2 .

. a
Lip(¢) < P +
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On the other hand, exchanging the roles of the triangles, we get

VRS a 2b . 2V2 )
Lip(¢7) < 4 g+ o S 8517+ - + 34017,
To conclude this part, we want to check (iv) for the pairs of consecutive vertices P, @
such that the side PyQ s is in the triangle PPy _ (). Notice that this happens only when
M =0, or in other words, if ) = A or () = B. Let us then assume that () is either A or

B, and let us show that (iv) holds, that is,

— 1 —~ 1
PyO > — PyQO > —. D.77
QPO > o VG0 > o (5.77)
Taking i = N — 1 and applying the second inequality in (5.74), we immediately find
— — s 1
PyO =71 — Py 1PyQ > — > —.
QPNO =7 N1NQ_4>87L
In the same way, applying the first inequality in (5.74) and recalling Remark 5.10, one has

1 - 1
19L 50L = 87L

PyQO =1 — QPyO — QOPy = Py_PyQ — POQ >

Hence, (5.77) is checked.

Part 3. Definition of uap in the quadrilateral Py_pPyQuQ, and validity of (iii) and (iv).

The definition is again trivial: we take any N — M < ¢ < N and, setting 7 = 7 —
N+ M € [0,M), we have to send the quadrilateral PP, 11Q);+1Q; on the quadrilateral
P;P;1Q;,,Q;. To do so, we send the triangle P;P;11Q;1 (resp. Q;11Q;F;) onto the
triangle P; P;1Q 1 (resp. QjHQjPi) in the bijective affine way, as depicted in Figure 16.
Then, we have to check the validity of (iii) and (iv). As in Part 2, checking (iii) basically
relies, thanks to Lemma 5.30, on a comparison between the lengths of the corresponding
sides and between the corresponding angles. The argument will be very similar to that
already used in Part II, but for the sake of clarity we are going to underline all the changes
in the proof.

First of all, the argument leading to (5.69) can be wverbatim repeated for both the
segments F; P11 and Q;Q);41, leading to

1 < g(piPiJﬂ) < V2 1 < g(@j@jﬂ) < V2
1200L2 = ¢((P;P;s,) ~— 20L° 1200L% = ¢(Q;Q,,,) ~ 20L°

The argument that we used in Part 2 to bound the length of the segment P, 1() works,
with minor modifications, to estimate the lengths of P;(); and Pi11Q;4+1. Let us do it in
detail for F;();, being the case of P;;1Q);41 exactly the same. First of all, assuming without
loss of generality that P and @ lie in the left side of D, and that P is above @), let us call
xj € (—1/2,—1/5) the first coordinate of Q);, set V; = (z;,—1/2), V = (—1/2,—1/2), and
define P* the point of the segment O P having first coordinate equal to z;. We also assume
w.lo.g. that 7(P,) > 7(P1).
As in (5.65), then, we obtain

tpi —to,; < 1TLL(PQ), tpiv1 — to i1 < 1TLL(PQ) . (5.79)

(5.78)
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UAB

F1GURE 16. The situation in Part 3

We claim that
V2
10
~notice the presence of v/2/10 in the left hand side, while there was 1/2/2 in the corre-

sponding term in (5.66). To show the left inequality in (5.80) we start observing that,
being P; in OP, one has

((PQ) <U(PQ;) <17 \f L{(PQ). (5.80)

e s V2
((PQ;) = ((PFQ;)sin (OPLQ;) = ((P"Q;)sin (OPV) > 5 ((PHQ;).
Moreover, the segment P1Q); is parallel to PQ, then (5.63) immediately gives ¢ (PLQj) >

E(PQ)/E). Hence, we get E(PZ-Q]-) > *{—gé(PQ), that is the left inequality of (5.80).
Let us now pass to the right inequality. To do so we call again ¢, and J, the horizontal
and vertical components of P;@Q;, so that £(P;Q;) = /02 + 62. Notice that by construction

0y = |tpi —to |/2. If P is above @;, as in Figure 16, then 6, < 6(PQ>, so that exactly as
in (5.67) we get, using (5.79) and the Lipschitz property of u,

U(PQ;) = 2+ 2 < <t’3_2tc“>2 +0(PQ)" < ﬂl; LE(PQ)>2 +0(PQ)

= g% Li(PQ) < 172§ LU(PQ).
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On the other hand, if P; is below @);, then surely

%SO@%SE@%Sg,
thus
Oy V2 V2
U(PQ;) = ——————<V20,=—|tp; —to,;| < 17— LI(PQ),
(PQ)) sin (PQ;V5) V2 2 ‘P’ Q’]‘ 2 (PQ)

and so the validity of the right inequality in (5.80) is established in both cases. Since (iii)
of Lemma 5.18 gives

(rQ)
7L
from (5.80) we immediately obtain
v2 _ U(RQ;)
10L ~ ¢(P,Q;)

<U(P:Q;) <U(PQ) < LU(PQ),

< 85L7%. (5.81)

The same argument, exchanging ¢+ and j with ¢ + 1 and 7 + 1 respectively, gives also

V2 < £<Pz'+1@j+1)
10L — K(P%‘rlQa‘H)

< 85L7%. (5.82)

We now have to consider the angles Pifi;@jﬂ, Qj+1C/QSPZ~ and their correspondent ones
in 4. By Lemma 5.18 (i), we already know that

Qj

Q

FIGURE 17. Position of the points P, Piy1, Qj, Qj+1, P+ and P’

. _ _ 1
15° < PiPinQ,., < 165°, in(QuQPi)z 5. (5.8

As in Figure 17, let us then call P’ the orthogonal projection of ;1 on the segment OP,
and P~ the point of the segment OP with the same first coordinate as Q;;1. Assume for
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a moment that, as in the figure, P’ does not belong to PP,;1. By (5.79) and by (5.63) we
have

((PQ)
(PPt = i = tadnl V2000 im0y yipig) ) s
( ! ) 2 sin (OPQ) -2 7 < Q> ( QJH) - 5 7
((PEP') = ((P*Qj11) cos (OPQ), Q1 P) = ¢(P+Q;41) sin (OPQ) .
(5.84)
Therefore, we can evaluate
5 Q1 P") Q1 P") PP Q)
tan (P'Pii1Qji1) = > =
an( +1Qj+1) é(HHP’) g(pj_p/) _i_g( H1]3 ) éﬁg(pj.@jﬂ) + gl?Lﬁ(PQ)
((P+Qj41) o
U(PrQjs1) + 1TLL(PQ) ~ 86L’
which immediately gives
1
PPZHQ]H =7— P PH-lQ]-H < 1 — arctan (86L> (5.85)

Notice that, if P’ belongs to PP, 1, then Pié:@j.i_l < m/2, s0 (5.85) holds a fortiori true.
We claim that one also has

1
Z (5.86)
To show this, we are going to argue in a very similar way to what already done in Part 2.
In fact, if tp;y1 < tg+1 then (5.86) trivially holds true. Assuming, on the contrary, that
tpit1 > tg,j+1, we call for brevity a := P,-EIQ]-H and 0 := OI/DIQ]-H -3 € [— T %),
and we notice that an immediate trigonometric argument gives

PP7,+1QJ+1

tp; to.q
(PLQ]H) Hlfw(tan(é’ + a) — tan 9) : (5.87)

We can assume that

< 1

since otherwise (5.86) is already established. Hence, recalling (5.84), (5.87), the fact that
0 > —m /4, (5.79) and the Lipschitz property of u we get

5 85L ((PQ) a

U(PQ) < 5¢(P*Qj41) = 5 (tpis1 — tQJH)(tan(@ +a) — tane) <

which implies

2 cos? (5 + i) 1
85L - = 87L "

W~

a >
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Thus, (5.86) is now established. If we repeat exactly the same argument that we used to
obtain (5.85) and (5.86) in the symmetric way, that is, substituting P;, P47 and Q);11 with
Qj+1, @ and P, respectively, then we get

1 1
Q;+1Q; P, < m — arctan (86L) Q;1Q;P > 87L (5.88)

Finally, we can check the validity of (iii) by making use of (5.61) of Lemma 5.30. Indeed, let
us call ¢ (resp. ¢) the affine maps which send P P;11Q;11 on P;P;11Q, (resp. Q;11Q;P;
on Q,,,Q;P;). According with the notation of Lemma 5.30, let us write

).
a={(Pi11Qj41) b={(PP), = Pz‘FiIQjJrl ;
o = ((P;1Q,.,), = (PP, o = PiPiaQy.,
i=((PQ;), b=0(Q;Qs11), & =QnQ;P,
i’ = ((P:Q;), =0(Q;Q;11) &' = Q;1Q;P;.

The estimates (5.78), (5.81) and (5.82) for the sides, and (5.83), (5.85), (5.86) and (5.88)
for the angles, give us

V2 o« 1 b V2 1 1
Y2 < 2 <852 < < Yo ina’ > = no > — .
0L S @ =% 500 Sy S 20n sina’ > 7, sina > o7, (5:89)
2 a 1 b 2 1 1
Y2 <« 2 <852 < - < X2 inag > — inag > — 5.90
0L =& =  Toorz Sy Saor W Zgpe smazgrs (6:90)

where the estimates for a and & can be obtained in the very same way as (5.76). As in
Part 2, then, we can apply (5.61) together with (5.89) and (5.90) to obtain

20 a’

~

Lip(0) < &+ = 4 % <53 L +211200L% + 440v/2 L? < 212000L°
a bsina asina
a 2b a 22

1p((]§ )_ a + b sin o/ + a’ sin o < 8L+ 5L +340 L7,

a2 i/

Lip(d) < & 4 -7 4 % <521+ 211200L% + 440v/2 L? < 212000L°,

a bsina asin
- ~ 2b 7 oL
Lip(d™!) < = + ——— + ——— < 8512 + 3V2L 1500 L < 212000L% .

a  bsina/ asind 5

Thus, we have checked the validity of (iii).
Concerning (iv), we have to show that

1 1
P P 91
VONO0 = QuPNO = . (5.91)
In fact, applying (5.85) with i = N — 1 and then j = M — 1, we have that
1 1
QMPNO =m— Py_ 1PNQM > arctan (SGL) > 3L
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and the same argument, exchanging the roles of Py and )y, ensures the validity of (5.91).
Thus, (iv) is established and the proof is concluded. O

5.10. Extension in the whole square

We finally come to the explicit definition of the piecewise affine map o. It is important
to recall now Lemma 5.1 of Section 5.3. It provides us with a central ball B C T which is
such that the intersection of its boundary with OI' consists of N points A, Ao, ..., Ay,
with N > 2. Moreover, for each 1 < ¢ < N one has that the path AiAiH does not
contain other points A; with j # 7, ¢ 4+ 1. Or, in other words, that for each 1 < ¢ < N
the anticlockwise path connecting A; and A;;1 on 9D has length at most 2 (keep in mind
Remark 5.2). Notice that this implies, in the case N = 2, that the points A; and A, are
opposite points of 9D. The set I' is then subdivided in N primary sectors S(A;A; 1), plus
the remaining polygon II (see e.g. Figure 18, where II is a (coloured) quadrilateral).

Moreover, thanks to Section 5.9, we have N disjoint polygonal subsets D; as in the
Figure, and N extensions @; : D; — S(A;A;41). It is then easy to guess a possible
definition of v, that is setting ¥ = u; on each D; and then sending in the obvious piecewise
affine way the set D\ U;D; (coloured in the figure) into the polygon I, defining %(O) as
the center of B. Unfortunately, this strategy does not always work. For instance, if N = 2,
then II is a degenerate empty polygon, thus it cannot be the bi-Lipschitz image of the
non-empty region D \ U;D;. And also for N > 3, it may happen that the polygon II does
not contain the center of lg’, which is instead inside some sector S(A;A;;1). And in that
case, obviously, the center of B can not be the point @(O). Having these possibilities in
mind, we are now ready to give the proof of the first part of Theorem 0.4, that is, the
existence of the piecewise affine extension v of u.

FIGURE 18. The sets D; in D and the set Il in I
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PROOF OF THEOREM 0.4 (PIECEWISE AFFINE EXTENSION). We need to consider
three possible situations. To distinguish between them, let us start with a definition.
For any 1 < i < N, we call d; the signed distance between the segment A;A;,; and the
center of B’, where the sign is positive if the center does not belong to S(A;A; 1), and neg-
ative otherwise —for instance, in the situation of Figure 18 all the distances d; are positive.
Let us also call r the radius of l/g’, and observe that

— <r<—. (5.92)

The first inequality has been already pointed out in Remark 5.2. Concerning the second
one, it immediately follows by observing that the perimeter of I is at least 27 by geometric
reasons, and on the other hand it is less than 4L since it is the L—Lipschitz image of the
square D which has perimeter 4. We can then give our proof in the different cases.

Case A. For each 1 <i < N, one has d; > r/4.

This is the simplest of the three cases, and the situation is already shown in Figure 18.
We start by calling O the center of B. Then, for all 1 <7 < N, let us define v = 4; on D;.
We have now to send D\ U;D; into II. In order to do so, consider all the vertices P; of 0D.
For each vertex P;, which belongs to some set D; for a suitable i = i(j), there exists a point
Q;, which is the last point of the segment P;O which belongs to 0D;. Indeed, the segment
P;O intersects 0D; only at P; and at ();, and the two points are the same if and only if
P; = A; or Pj = A;y1). By the construction of Step VII, we know that 9(Q;) = (P;)n(p)),
and we will write for brevity Q; := (P;)n(p;)- Now notice that D\ U;D; is the union of
the triangles ;Q;410, and on the other hand II is the union of the triangles Q;Q; ;0.
We then conclude our definition of © by imposing that v sends in the affine way each
triangle ;Q;410 into the triangle @Q;Q;,,0. Hence, it is clear that v is a piecewise affine
homeomorphism between D and I', which extends the original function %. Thus, to finish
the proof we only have to check that v is bi-Lipschitz with the right constant. Since this
is already ensured by Lemma 5.31 on each primary sector, it is enough to consider a single
triangle Q;Q;410. Using again Lemma 5.30 from Section 5.9 to estimate the bi-Lipschitz
constant of the affine map on the triangle, we have to give upper and lower bounds for the
quantities

a=0(Q;Q)41). b=10(Q,0), a=00Q,Q;41,
a = f(QijH) ) b = E(QJO) ] o = O@QjJrl :

Let us then collect all the needed estimates: first of all, notice that the ratio a/a’ has
already been evaluated in Lemma 5.31, either in Part 2 or in Part 3. Thus, recalling (5.75)
and (5.89), we already know that

\/§ a
JZ < — <8512, .
0L S o <85 (5.93)
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Concerning the ratio b/b/, notice that by geometric reasons and recalling (5.63), we have

1 V2

GSbsg (5.94)
while by (5.92) and the assumption of this case
61L§Z§b’§r§2:. (5.95)
Thus,
U NI (5.96)
20L 0
/

Let us finally consider the angles o and «’. Concerning «, property (iv) of Lemma 5.31

tells us that

1
 <a<m— .
87L =" 787 (5.97)

On the other hand, by the assumption of this case we clearly have

! .
arcsin 1 < o <7 — arcsin 1

and then
1 1
— < 88L, — < 4. (5.98)
sin «v sin «
We can then apply (5.61) making use of (5.93), (5.96) and (5.98) to get
/ 2b/ / 2
Lip(¢) < &+ —— + — <5\2L+ @ L? 4+ 440V2L2,
a bsina asina
2b a

< 8512 + 24\/§L +340L2,

Li < — + -
p(é” ) Vsino/  a sina’
thus the claim of the theorem is obtained in this first case.

Case B. There exists some 1 <i < N such that —r/2 < d; < r/4.
Also in this case, we set 9(O) = O to be the center of B. Let us write now D = U,;A4;,

where each A; is the subset of D whose boundary is A;O0U A; ;10U :41'14141- Notice that for
each i, one has D; C A;, and in particular we set Z; = A; \ D;, the “internal part” of A;.
Our definition of ¥ will be done in such a way that, for each 1 < i < N, v(A;) will be the
union of the sector S(A;A;;1) and the triangle A;A;,10. Observe that, in the Case A,
we had defined © so that for each ¢ one had o(D;) = S(A;A;11) and 9(Z;) = A;A;1, 0.

Let us fix a given 1 <14 < N, and notice that either d; > r/4, or —r/2 < d; < r/4. In
fact, since we assume the existence of some 4 for which —r/2 < d; < r/4, then it is not
possible that there exist some other ¢ with d; < —r/2.

If d; > r/4, then we define v exactly as in Case A, that is, we set © = 4; on D;, and for

any two consecutive vertices P;, Pj11 € A;A; 41 we let ¥ be the affine function transporting
the triangle Q;Q ;410 of D onto the triangle Q,Q;,,0 of I', where Q, = Py(p,). In this

case, ¥ is bi-Lipschitz on A; with constant at most 5v/2L 4 3520L2 /7 + 440v/2L?, as we
already showed in Case A.
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C

F1GURE 19. The situation for Case B, with the sets A; and the points M,
D and C

Consider then the case of an index i such that —r/4 < d; < r/4, as it happens for
i = 2 in Figure 19 (where dy is positive but smaller than r/4). As in the figure, let
us call C € 9B the point belonging to the axis of the segment A;A;,; and to the sector
S(A;A;;1), and let also D € OC be the point such that E(OD) = r/4. We now introduce
a bi-Lipschitz and piecewise affine function ® : A;A;,1C — A; DA, C. If we call M the
mid-point of A;A;. 1, the function ® is simply given by the affine map between the triangle
A;MC and A;DC, and by the affine map between A;,1MC and A,,;DC. The fact
that ® is piecewise affine is clear, being ® defined gluing two affine maps. Moreover, by
the fact that —r/2 < d; < r/4, ® is 2—Lipschitz and ®~! is 3—Lipschitz. We will extend
®: S(A;A; 1) — S(A;A;11), whitout need of changing the name, as the identity out of
the triangle A;A; 1C. Of course also the extended ® is 2—Lipschitz and its inverse is
3—Lipschitz.

We are now ready to define ¥ in A;. First of all, we set © = ® o w; on D;. Thanks
to Lemma 5.31 and the properties of Lipschitz functions, we have that o is piecewise
affine and bi-Lipschitz with constant 3 - 212000L* = 636000L* on its image, which is
S(A;A; 1)\ A;A; 1 D. To conclude, we need to send Z; onto the quadrilater A;OA; ., D.
To do so, consider all the vertices P; € 1@, and define (); € 9D; as in Case A. This
time, we will not set Q; = @;(Q;): instead, Q; will be defined as Q; := @(ﬂi(Qj)), so that
9(Q;) = Q; as usual. Notice that, again, Z; is the union of the triangles Q;Q;,10, while
the quadrilateral A;OA;, ;D is the union of the triangles Q;Q,.,0O (up to the possible
addition of a new vertex corresponding to D). The map v on Z; will be then the map which
sends each triangle ;Q;410 onto Q;Q,,,0 in the affine way. Clearly the map v is then
a piecewise affine homeomorphism, so that again we only have to check its bi-Lipschitz
constant (Figure 20 may help the reader to follow the construction). As usual, we will
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apply (5.61) of Lemma 5.30, so we set the quantities

a=0(Q;Qj41), b=(Q;0), a=00Q,Q;41,
a’ = E(QijH) , b= E(QJO) ’ o = O@;Q#l :

Recall that, studying Case A, we have already found in (5.93) that for each vertex P; €

Pj Pj+1 A2

N \

\
h V Qg1

Qj

As O

C

FIGURE 20. A zoom for Case B, with Q;, Qj11, 42(Q;), U2(Qj+1), Q; and Q.

m one has
v2 _ Q@)
0L g(ai(Qj)ai(QjH))
Notice also that now we have ¢ (Qij+1) = a, exactly as in Case A, but it is no more true

that ﬁ(ﬁi(Qj)ﬂi(QjH)) = a'. However, since ® is 2—Lipschitz and &' is 3—Lipschitz, we

have

< 85L%. (5.99)

o = 0(QQy11) = ¢(®((Q)B(w(Q11)) ) < 20(w(Q)1(Qs))
0 4:(Q;) i (Qj41)
a = f(QijJrl) = €<q)(ai(Qj))q)(ai(Qj+l)>) > ( 3 . ) )
which by (5.99) ensures
V2 _a e (5.100)

20L — d —
To bound the ratio b/b’, we have to estimate both b and o’. Concerning b, we already know
by (5.94) that
1 V2

<b< —.
10_b_ 2
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On the other hand, let us study &’. The estimate from above, exactly as in (5.95), is simply
obtained by (5.92) as

, 2L

b <r<—.

v
Instead, to get the estimate from below, it is enough to recall that Q; belongs to the
segment A;D (or A;;1D). Thus, being d; < r/4, an immediate geometric argument and
again (5.92) give
b > L r > 1

T2VT T 3WTL

Collecting the inequalities that we just found, we get

s b 3
0L <7 S §x/ﬂL. (5.101)
Concerning the angles; (5.97) already tells us that
— < a<mT-— L .
87L — 87L
Moreover, an immediate geometric argument ensures that sin o/ is minimal if o/ = Ojﬁl\iD,
and in turn this last angle depends only on d; and it is minimal when d; = —r/2. A simple

calculation ensures that, in this extremal case, one has

1 /2
— arctan > 157,
V3/2 V3/2

o = arctan

thus we have
1 1

— < 88L, <4 (5.102)
sin sin
Therefore, by applying (5.61) having (5.100), (5.101) and (5.102) at hand, we get
o ' 3520
Lip(¢) < = + — C <qover+ 2 12 4 8’0v2L2,
a bsina asina T
2b
Lip(¢™!) < = + b < 255L2 4 12VIAL + 1020L2.

a  bsinag a'sina

Case C. There exists some 1 <i < N such that d; < —r/2.

Notice that this 7 is necessarily unique, since d; < —r/2 implies that for all i # 1 one
has d; > r/2. In this case, differently from the preceding ones, we will not set O to be
the center of B. Instead, as in Figure 21, let us call M the midpoint of A1 Ay, C € B
the point such that the triangle A; A>C' is equilateral, and D and O the two points which
divide the segment C M in three equal parts. We aim at defining the extension ¢ in such
a way that 9(0) = O.

Before starting, we need to underline a basic estimate, that is,

4 2v/3

3L < ((A1Ay) < — L. (5.103)
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The right estimate is an immediate consequence of the assumption d; < —r/2 and of (5.92).
Concerning the left estimate, recall that, as noticed in Remark 5.2, there must be two points
A;A; € 0B such that ¢ (AZ-A]-) > 4/3L. Thus the left estimate follows simply by observing

that the distance ¢ (AiAj) is maximal, under the assumption of this Case C, for i = 1 and
j=2.

We can now start our construction. Exactly asin Case B, call ® : S(A145) — S(A1A»)
the piecewise affine function which equals the identity out of A;A>C, and which sends
in the affine way the triangle A{MC' (resp. A;MC) onto the triangle A;DC' (resp.
A,DC). Also in this case, one easily finds that ® is 2—Lipschitz, while ®~! is 3—Lipschitz.
We are now ready to define the function ©. As in Case B, for any ¢ our definition will be
so that @(AJ = S(AzAH—I) U AZA1+1O

FIGURE 21. Situation in case C, with A, Ay, C, D, M and O

Let us start with ¢ = 1. First of all, we define v : D; — I' as v = ® o uy, which is,
exactly as in Case B, a 636000L* bi-Lipschitz piecewise affine homeomorphism between D;
and S(A1A,) \ AjA;D. Moreover, defining @; and Q; as in Case B, the internal part
7, is the union of the triangles Q;Q;;10, while A{OA,D is the union of the triangles
Q,Q;,0 (again, possibly adding a vertex corresponding to D). We will then define again
v : Z; — D by sending in the affine way each triangle in its corresponding one, and since v
is again a piecewise affine homeomorphism by definition we have to check its bi-Lipschitz
constant. To do so, we define as in Case B the constants

a=0(Q;Qi+1) b=1(Q;0), o =00Q;Q;,
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a’ = £<Qij+1) ) b= E(Q]O) d o = O@Qﬂ'“ :
The very same arguments which lead to (5.100) and (5.97) give again

V2 L
Y= < — < 25517, < 88L. 5.104
20L sina — ( )

Since (5.94) is still true, to estimate b/b’ we again need to bound b from above and from
below. By easy geometric arguments, since Q; belongs to A;D or to A, D, we find

\f 0(A1As) <V < ((A,0) = \f ((A1As) .

(recall that Figure 21 depicts the situation and the position of the points). Thanks
0 (5.103), then, we deduce
2V7 _

L
21L_ _7T ’

which by (5.94) yields

U
— < = < \/ 4L. d
20L T4 (5.105)

Finally, we have to estimate sina’. As is clear from Figure 21, sin o/ is minimal if Q; = A;,
thus if @ = OA;D. Since in this extremal case one has

2v3 3
o/ = arctan i — arctan — > 15°,
3 3
we obtain
o, 1
sina’ > 1 (5.106)

Applying then once more (5.61), thanks to (5.104), (5.105) and (5.106) we get

20 ! 3520
Lip(p) < &+ — 4+ % < 10van + 22 12 4 830v2L2,
a bsina asina
. a
Lip(¢™") < -

2b a
a  UVsina'  d'sina

To conclude, we have now to consider that case i # 1. Notice that now we cannot
simply rely on the calculations done in Case A as we did in Case B, because this time
O is not the center of B. Nevertheless, we still define ¥ = @; on D;, which is 212000L*
bi-Lipschitz by Section 5.10, and again, to conclude, we have to send Z; onto A;A;110.
Since the first set is the union of the triangles Q;Q;110, while the latter is the union of
the triangles Q,Q;,0, we define © on Z; as the piecewise affine map which sends each
triangle onto its correspondent one, and we only have to check the bi-Lipschitz constant of
v on Z7. As usual, we set

0= 0(Q;Q511) b= 0(Q;0), a=0Q;Qj1 .
a = E(QijH) ; b= g(Qj()) ; o = O@Qjﬂ :

- < 255L% + 6\/ﬂL +1020L2.
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Let us now make the following observation. Even though the situation is not the same as
in Case AA, as we pointed out above, the only difference is in fact that now O is not the
center of B. And this difference clearly affects only b’ and o/, thus (5.93), (5.94) and (5.97)
already tell us

V2 1 V2 1 1

—<—<85L2 —<h< 2=  <a<m— —

10L ~ a 0= = 2 s7L = =" T RIL
Concerning ¥', since any point Q; is below A; A, by construction (recall Figure 21), we
immediately deduce that

V3

bV > ((MO) = —E(AlAg) 2V3

- 9L Y
also using (5.103). On the other hand, by the assumption d; < —r/2 and by construction

it immediately follows that O is below the center of B, then keeping in mind (5.92) we
have
bV <r< 2L :
T

Finally, concerning ¢/, it is clear by construction that both o’ and m — o' are strictly bigger
than A;A5O, thus

_— 3 1
sina’/ > sin A; A,O = sin (arctan ?) =3

Summarizing, we have

V2 _a ™ 3\/_ L 1 1
—— < — <857 < — ina > — ina’ > = .
oz =@ =9 20L_b’_ )
Now, it is enough to use (5.61) for a last time to obtain
!/ 2bl /
Lip(¢) < = : T <501 + 32 s L ovar ,
a bsina asina
a1 a 2b a 9 9
Lip(p™) < — : —— < 85L° + 3\/6L+ 170L
a  bsino  a'sind
and then the proof of the first part of Theorem 0.4 is finally concluded. U

5.11. Smooth extension and Proof of Theorem 0.5

In this last section, we show the existence of the smooth extension o' of @, thus con-
cluding the proof of Theorem 0.4, and we prove the existence of bi-Lipschitz extensions for
a general bi-Lipschitz function @ (i.e., not necessarily piecewise affine) as in Theorem 0.5.

The proof of the last statement of Theorem 0.4 is an immediate corollary of the following
recent result by C.Mora-Corral and A.Pratelli (see [46, Theorem Al; in fact, we prefer to
claim here only the part of that result that we need in this paper).
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THEOREM 5.32. Let v : Q — R? be a (countably) piecewise affine homeomorphism,
bi-Lipschitz with constant L. Then there exists a smooth diffeomorfism v :  — v(Q2) such
that 0 = v on 0N, ¥ is bi-Lipschitz with constant at most T0L7/3, and

||f} — UHLoo(Q) + ||Df1 — DUHLp(Q) + ||1A)_1 - U_1||LOO(U(Q)) + ||l)f)_1 - DU_1||Lp(v(Q)) <e.

PROOF OF THEOREM 0.4 (SMOOTH EXTENSION). Let ¥ be an affine extension of @
having bi-Lipschitz constant at most C'L*, which exists thanks to the proof of the first
part of the Theorem 0.4, Section 5.10. By Theorem 5.32, there exists a map ¢’ which is
smooth, concides with ¥ on 0D, and has bi-Lipschitz constant at most 70C7/3L?%/3. This
map ¥’ is a smooth extension of 4 as required. [l

We now give the proof of Theorem 0.5, which will be obtained from Theorem 0.4 by
a quick extension argument. We will use the following geometric result, which is a simple
adaptation of Lemmas 4.19 and 4.20 of Chapter 4 to define piecewise affine approximations
on the boundary of a square.

LEMMA 5.33. Let ¢ : 0D — R? be an L bi-Lipschitz map. Then, for any e > 0, there
exists a piecewise affine map @. : 0D — R? which is 4L bi-Lipschitz and such that

lp(P) —¢.(P)|<e VPedD.
We can now show our Theorem 0.5.

PROOF OF THEOREM 0.5. Let @ : 9D — R? be an L bi-Lipschitz map. Fix e > 0 and
apply Lemma 5.33, obtaining a 4L bi-Lipschitz and piecewise affine map @, : 0D — R2,
with ||, — @[ @p) < . Theorem 0.4, applied to @., gives then an extension o, : D — R?
which is 236C' L* bi-Lipschitz and satisfies 9. = . on

Then, applying Theorem 0.2 to v, we obtain respectively a countable piecewise affine
function v which is very close to v, coincides with © on 0D, and is C (C” L4)4 bi-Lipschitz,
and with a smooth function ¥’, again very close to o, coinciding with ¥ on 9D and
Cy(C"L*)?/3 bi-Lipschitz. These two function o and @' are the searched extensions of
@ in the secon claim of the theorem. U

We conclude the chapter with a last observation.

REMARK 5.34. One could be not satisfied to pass from the first to the secon claim of
Theorem 0.5 passing from L* to L' (resp. L'*/3). In fact, it is possible to modify the
construction of Theorem 0.4 so as to directly obtain, in the case of a general L bi-Lipschitz
function @ : 0D — R2, a countably piecewise affine extension © of @ which is CL* bi-
Lipschitz. And then, thanks to Theorem 5.32, one would also get a smooth extension v
which is T0CT/3L*/3 bi-Lipschitz.
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