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Elastic deformations on the plane and
approximations
Aldo Pratelli and Simona Puglisi

Summary. The basis for these notes is the course given by the first author in the
week June 20-24, 2011 at the SISSA of Trieste (Italy), during the intensive period
“Nonlinear Hyperbolic PDEs, Dispersive and Transport Equations”.

1.1 Introduction and some history

The aim of these notes is to give a good overview on the problem of the
approximation of homeomorphisms in the plane, with a special emphasis on
some new results.

Let us start briefly describing what is the main problem and its history.
Given a homeomorphism u : 2 — A, where {2 and A are open subsets of R,
one may want to find an approximation u. : 2 — A of u; this means on one
hand that u. is “good”, e.g. a smooth homeomorphism, and on the other hand
that it is “close” to wu, that is, the distance in a suitable sense between u and
ue is small, say d(u,u.) < ¢ < 1. Probably the most important example of
this situation is when w is the deformation of an elastic object, in particular
a thin elastic plate for N = 2, or an elastic body for N = 3. The main
reason why the existence of a smooth approximation is not trivial is that
one requires u. to be also a homeomorphism, while the standard mollification
with a smoothing kernel does not ensure u. to be a bijection. In particular,
the mollification would work if the function u is assumed to be of class C?,
but this is a too strong assumption for most of the applications: for instance,
in nonlinear elasticity an important situation is that of the piecewise affine
maps, whose second (distributional) derivative is concentrated on a set of zero
measure.

Of course, the whole question heavily depends on what one means by
“good”, and on which is the distance d used to say that u. is “close” to u.
Concerning the first point, a natural choice is of course to ask u. to be smooth
on {2; but another possibility, which is sometimes preferred in the applications,
is to ask wu. to be piecewise affine. We will give our approximation results
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in both contexts; in particular, it is quite clear how to recover a piecewise
affine approximation starting from a smooth one, while the converse is more
complicate. In fact, as we will see later, the first part of these notes is devoted
to give a result which allows to build a smooth approximation from a piecewise
affine one (see Theorem A in Chapter 1.2).

Before passing to observe the possible meaningful choices of the distance
d, let us briefly discuss the first temptative idea that one could have, in order
to build a piecewise affine approximation of u. One can start fixing an arbi-
trary triangulation of {2, made by many sufficiently small triangles, and then
define u. as the function which corresponds, in every triangle, with the affine
interpolation of the values of u on the vertices. It is immediate to observe that,
as soon as the triangles are small enough, the map u, is arbitrarily close to wu,
at least in the L sense; however, no matter how small are the triangles, the
map u. could fail to be injective, as Figure 1.1 shows. An explicit example of
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Fig. 1.1. The interpolations of the map u on the disjoint triangles ABD and BC D
may overlap.

/

a function with such a bad behaviour on arbitrarily small scales can be found
in [49]. Therefore, even the simplest case when

d(u,v) = [[u—v|[peo(o) + lu™ =07 1o () (1.1)

is not straightforward. In this setting, the problem was heavily studied in the
1950s and the 1960s, mainly because of its importance in geometric topology:
the first solution, dealing with the planar case N = 2, was given by Raddé [47],
then the problem was solved by Moise [40, 41] and Bing [9] in the spatial case
N = 3. Other positive results in higher dimension have been found by Con-
nell [12], Bing [10], Kirby [35] and Kirby, Siebenmann and Wall [36] (see also
Rushing [48] or Luukkainen [38]), while a negative result in dimension N = 4
has been given by Donaldson and Sullivan [18]. It is to be mentioned that the
strategy to find the approximation, in some of the above-mentioned cases, is
basically the one of the affine interpolations that we described above. As we
said before, the difficult part is not at all to show that the affine interpolation
is close to the original map, because this is trivial: the very hard part is to
show that it is always possible to select a “smart” triangulation which avoids
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the drawback of the figure above. Thanks to these results, basically everything
is known for what concerns the L* distance in (1.1).

However, this is not the end the story: indeed, for most applications the
approximation with the distance d given by (1.1) is not enough. In particular,
when dealing with problems in nonlinear elasticity, one wants to obtain a
map u. corresponding to an energy close to that of u. And, even if there
are several possible notions of energy of a configuration, all of them involve
some derivative, and then an L* bound for u — u. is not enough. For this
reason, since the 1980s Evans and Ball (see [19, 5, 6]) suggested to try to
prove some approximation result for the case of WP homeomorphisms, with
some distance d which involves also the LP norm of the derivative, in place of
that given by (1.1): for related functionals, see for instance [4], [7], [13], [50].

It turns out that it is not easy to give bounds to the derivative of Du,, if the
function u. is obtained through the interpolation procedure described above,
and for this reason the Ball-Evans question remained completely open for
several years. Nevertheless, two positive results essentially using this strategy
came out in recent years. In the first one, Mora-Corral [42] was able to deal
with the case of a planar bi-Sobolev map, which is C? everywhere except
than in a point (this situation is not simple at all, on the contrary it already
contains most of the difficulties which arise in the general situation). In this
case, it was proved the existence of a piecewise affine approximation u. close
to u with respect to the distance

d(u,v) = |lu— vl ) + [[u™" = v poo(a) + [[Du— Dollpocay;  (1.2)

this was the first positive result for a distance involving the derivative. The
other paper, by Bellido and Mora-Corral [8], proves that if the planar map
u belongs to some Holder space C%®, then there exists a piecewise affine
approximation which is close under the C%# distance, where for any a € (0, 1]
the constant 5 = B(a) € (0, 1) is explicitely determined. The results by Mora-
Corral and by Bellido and Mora-Corral have been obtained defining u. as a
piecewise affine function on a suitably constructed triangulation; as one can
easily imagine, to find a proper triangulation and to define a corresponding
piecewise affine function u. obtaining also an estimate of Du — Du. (or a
(0P estimate) is quite more complicate than it already was for the L™ case
discussed before.

Recently, Iwaniec, Kovalev and Onninen have used a different strategy
to give a positive answer, still in the two-dimensional case. More precisely,
they have considered a WP map u, and they have showed the existence of
a smooth map u, close to u again in the sense of (1.2) —more precisely, they
have used the weaker distance |u — v||y1.», but then it is easy to deduce the
validity also for the stronger case of (1.2). Their first result was for p = 2
(see [30]), then they were able to extend their analysis to the case of a generic
1< p< oo (see [31]).

The methods used in these two papers are deeply different from what used
in all the preceding works, so let us give a very brief and incomplete idea
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about the proof in [31]. A main tool in their construction is a suitable “p-
harmonic replacement” technique: roughly speaking, this means the following.
Take a WP map u on the open domain 2, and let A CC {2 be a compactly
supported subdomain; then, it is possible to modify u only inside A in such
a way that the new map remains continuous, it becomes p-harmonic inside
A, and its total energy has not increased. This result is obtained making use
of a generalization due to Alessandrini and Sigalotti of the Rad6—Kneser—
Choquet Theorem. The construction of the approximation u. of u is basically
done by finding a suitable partition of the domain in cells, and then applying
repeatedly the p-harmonic replacement and an ad hoc smoothing procedure.

Summarizing, except for the case of p = 1, which is still open, the results by
Iwaniec, Kovalev and Onninen provide the full positive answer to Ball-Evans
question for the distance (1.2) and the dimension N = 2.

Again, also these results are still not enough to cover the relevant cases
corresponding to the nonlinear elasticity, which is the main application one has
in mind. The reason of this, is that the distance given by (1.2) is still not strong
enough to deal with the energy. In fact, the energy related to the map w usually
takes the general form €(u) = [, W(Du) for some functional W : RN*N — R,
and in all the applications one has W(M) — oo if det M — 0 (see for
instance [6, pag. 3], but also [3, 51, 20, 44]). Notice that the meaning of this
assumption is simple, since it corresponds to require a high energy to compress
the material (in particular, if the material is incompressible then W (M) =
+00 whenever det M # 1). As a consequence, a small distance d(u,us) < 1
with the function d given by (1.2) does not ensure that |£(u)—€(u.)| < 1, and
of course it is of no use an “approximation” of a map which corresponds to a
significantly different energy. For this reason, one is led to a further definition
of distance, even stronger than (1.2), namely,

d(u,v) = H’LL — ’UHLoo(Q) + ||’LL_1 — ’lJ_IHLoo(A)

B B (1.3)
+ |[Du = Dv|| () + [Du™" — Do 1oay

this distance is strong enough to give a control on |£(u) — €(uc)| in terms of
d(u,uc) in all the relevant applications. We remark that finding an approxi-
mation result with this last notion of distance was also left as an open problem
in [31, Question 4.2]. The only available result with this distance was recently
obtained by the first author and Daneri in [16], where it is shown that ev-
ery planar bi-Lipschitz map u can be approximated in this strong sense with
either smooth or piecewise affine bi-Lipschitz homeomorphisms (this is Theo-
rem C in Chapter 1.4 of these notes). Notice that the assumption means that
u, u~t € W1, while the best possible result that one would like to have, is
with the assumption that u, u=! € WP, This is presently still open.

1.1.1 Plan of the notes

We will start these notes with a short overview on the theory of the map-
pings of finite distortion and of bi-Sobolev mappings, Section 1.1.2: even if
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these notions are not needed to read the rest of the notes, they are strictly
connected with the problem we are dealing with. Then, in Section 1.1.3 we
will list the notation that we are going to use through this work. The main
part of the notes is then divided in three chapters, each devoted to present a
different recent work on the subject described in the introduction.

As we said above, one may want to approximate a homeomorphism with
a smooth one, or with a piecewise affine one. The two things are not easily
equivalent: in fact, while it is rather simple to pass from a smooth approxi-
mation to a piecewise affine one, the converse is much more complicated. In
Chapter 1.2 we will present a recent result by Mora-Corral and the first au-
thor (proven in [43]), which shows how to do so. Actually, the result that we
will prove, Theorem A, is a bit less general than the one in [43], because we
preferred to focus here on the bi-Lipschitz case in order to simplify the con-
struction. We remark also that a related result was already known since the
work by Munkres [45], but there was no explicit estimate of the error, which
is instead essential for our purposes (see in particular (1.6) in Theorem A).

In many different proofs of an approximation theorem, a key ingredient is
an extension result. The main reason is that one seeks for an approximating
map which is still a homeomorphism (this is always the source of all the dif-
ficulties); therefore, once one has solved the problem in a big portion of the
domain, it can be useful to get rid of the remaining part simply taking an
extension of the boundary values. In particular, for our construction we will
need to know the following result: given a bi-Lipschitz function defined on the
boundary of the unit square, there is a bi-Lipschitz extension in the whole
square. Notice that this is exactly the claim of the well-known Kirszbraun
extension Theorem, except that the Lipschitz property is replaced by the bi-
Lipschitz one. And again, being interested also in the inverse makes everything
harder: indeed, while Kirszbraun Theorem holds in a wide generality of spaces,
and the Lipschitz constant does not change with the extension, the stronger
result that we need is known only in dimension 2, and the bi-Lipschitz con-
stant increases significantly. Since this claim is of primary importance for our
construction, Chapter 1.3 will be devoted to present a recent proof by Daneri
and the first author (see [15]). It has to be pointed out that the same result
had been proved already by Tukia [52], with a completely different strategy.
But again, in Tukia’s result there was no estimate on the bi-Lipschitz constant
of the approximation (because the existence was obtained via a compactness
argument), which is instead necessary, while in [15] it is proved that the ex-
tension is at most C'L* bi-Lipschitz for an explicit constant C, see Theorem B.
The exponent 4 is presumably not sharp, obtaining a bi-Lipschitz constant
CL would be a major result.

Finally, in the last part of the notes, Chapter 1.4, we will present the proof
of the main approximation result, Theorem C, which has been recently proved
by Daneri and the first author in [16]: as explained in the introduction, we
prove that every planar bi-Lipschitz map can be approximated by smooth or
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piecewise affine bi-Lipschitz homeomorphisms in the sense of the strongest
distance d in (1.3).

Our strategy in proving all the three results is to give an explicit con-
struction by means of elementary but involved geometric arguments. There-
fore, there is in principle no obstruction to extend all the results even in the
three-dimensional case (while, for instance, the strategy in [30, 31] cannot
be extended since it needs to identify R? with the complex plane). However,
since many of our arguments are extremely delicate, the extension seems at
the moment quite hard (in particular, for what concerns the bi-Lipschitz ex-
tension Theorem B). The main problem should be that, in the 3-dimensional
situation, many more complicate topological obstructions may arise: in fact,
already for the classical approximation in the L* norm described before, the
3-dimensional case is much more complicate than the 2-dimensional one, see

the book [41].

The three main results that we will discuss are quite technical and in-
volved, even if they make only use of elementary geometric facts. To keep
these notes easy to read, we have then tried to simplify as much as possi-
ble the presentation and the details: the interested reader can find the fully
complete results in the above-cited papers, while here some results are not
proved, or not in their full generality. Moreover, each chapter contains a long
preliminary section, where the overall strategy of the construction is described
and the main steps are depicted. Reading each introduction will be enough to
give a flavour of the proof to the quick reader, and it should also considerably
help the more interested reader to follow the complete proof without getting
lost in the technicalities.

1.1.2 Maps of finite distortion and bi-Sobolev functions

In this section, we give a short description of the theory of the maps of
finite distortion and of the bi-Sobolev mappings. Since this is a huge field, we
can only present some aspects, the interested reader can find everything in
the literature (just as an example, we quote here the two monographs [1, 32,
as well as the very recent one [25], other references will be given later).

First of all, we recall that a Jordan curve is any continuous and injective
map 7 : S' — R2, or equivalently, any closed and non self-intersecting curve
in R?, corresponding to C' = (S!). Any such curve divides R? \ C in two
disjoint connected open sets: since one of them is bounded, and the other one
is unbounded, the first one is often referred to as the “internal part” of C,
and the second one as the “external part”. For any point x ¢ C, consider the
homotopy class h(x) € Z of the map

v(0) — =
7(0) — x|

it can be proved that h(z) = 0 whenever z belongs to the external part, while
h(x) = £1 if = is in the internal one. More precisely, either h(xz) = 1 for all

St36— es':
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the points in the interior part of the curve, or h(x) = —1 for all of them:
in the first case, it is said that the curve v is counterclockwise, while in the
second case it is clockwise.

Definition 1.1. Let 2 C R? be an open connected set, and v : 2 — R? be a
homeomorphism onto the image. Let v be any counterclockwise curve inside
£2; we say that u is orientation-preserving (resp., orientation-reversing) if the
curve u(y) is counterclockwise (resp., clockwise).

It can be shown that the above definition does not depend on the choice of
the curve . As a consequence, every homeomorphism of a connected planar
set must be either orientation-preserving, or orientation-reversing. To deter-
mine the orientation property of a given homeomorphism, it can be of course
selected any curve v by the above definition; in particular, if 2 is a Lipschitz
domain and w is continuous up to the boundary, then it is possible to select as
curve the boundary of (2 itself, which is often a useful choice. Notice that, if u
is smooth enough, say u € C?, then being orientation-preserving is equivalent
to have det Du > 0 almost everywhere; in the general case of a bi-Sobolev
function u the situation is much more complicate, as we will see below.

Let us now introduce the concept of distortion of a map. Through this
section 2 C RY is an open, bounded and connected set, and v : 2 — RV a
map.

Definition 1.2. Let x € {2 be such that Du(x) exists and det Du(z) > 0. The
distortion of u at x is

ko) D@
T NF det Du(z)

We remark that sometimes, in the literature, the distortion is defined also
for a point = for which det Du(x) = 0, and in this case one sets K, (x) = 1.
The presence of the constant NV/2 in the definition has the only purpose of
letting the identity have unit distortion. To understand the meaning of the
distortion, it may help to concentrate for a moment on the two-dimensional
case: the first-order Taylor expansion of u around x maps the unit circle into
an ellipsis of axes a and b < a, while up to rotations one has

a0
Du:<0b>.

Therefore, the distortion of u at x is K, (x) = ~ ¢ . In other words,

2ab
roughly speaking, the distortion is more or less the quotient between the

greatest and the smallest stretching ratios of Du. A very important feature of
the distortion is the following.
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Lemma 1.3. The distortion satisfies K, (x) > 1 wherever it is defined, and
equality holds if and only if Du(x) is a multiple of the identity. Moreover, if
both Du(x) and Du~"(u(z)) exist, then Ky(z) = K -1 (u(x)).

This fact is extremely useful; notice that, on the contrary, there is not a precise
link between |Du(z)| and |Du~! (u(z))].

Definition 1.4. Assume that u € WI})’S(Q), det Du € L] (£2) and det Du >
0 almost everywhere. Then wu is said to be of finite distortion. If, in addition,
the distortion K., belongs to L>°(§2), we say that u is of bounded distortion,
or that it is quasiregular. If in addition u is a homeomorphism, then it is said
quasiconformal.

The study of mappings of finite distortion has started with the pioneering
works by Ball [2, 3], originally motivated by non-linear elasticity; the theory
is nowadays very rich, a non-complete list of some other important results on
this matter is [14, 17, 21, 22, 23, 27, 24, 25, 26, 28, 29, 33, 34, 37, 38, 39, 51],
where one can find also all the results that we describe below.

Observe that, if the map wu is bi-Lipschitz, then it has bounded distortion,
since the bi-Lipschitz constraint implies both an upper and a lower bound for
|Du| and det Du.

A first important property of the maps of finite distortion is that improved
continuity results hold, with respect to usual Sobolev function. More precisely,
recall that in general a Sobolev map f € WP(§2; RY) is continuous if p > N,
but not necessarily if p < N. Instead, for a function of finite distortion the
following holds.

Theorem 1.5. If u is of finite distortion and u € VVli)CN(Q), then it is con-
tinuous. The same holds true if u is of finite distortion and e+ € L (£2)

loc
for some A > 0.

Another important question is whether or not a map satisfies the Luzin
(N) property, which means

|E|=0 — lu(E)| =0, VEC Q.

The meaning of this property in the context of the elastic deformations is
that “mass cannot be created from nothing” in an elastic body. Moreover, the
validity of this property is essential, because if it is true then the usual change
of variable formula for integrals holds. In turn, it is quite easy to check that
for a generic map f € W1P(£2;RY) the Luzin (N) property holds as soon as
p > N, while for p < N this is not necessarily true: a counterexample with
p = N was already known to Cesari [11], and for p < N it is also possible
to build a counterexample which is a homeomorphism, as it essentially comes
from an old idea of Ponomarev [46], see [34]. And again, the assumption of
finite distortion ensures the validity of the property with weaker summability
assumption (see [34, 39]).
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Theorem 1.6. If u is of finite distortion and either u € Wli)CN(_Q), or eMu ¢
L (82) for some X\ > 0, then u satisfies the Luzin (N) property.

loc

Conversely, the following result is known (see [37]) for the Luzin (N~1)
property, which, for an elastic deformation, means that “mass cannot disap-
pear”.

Theorem 1.7. Assume that u is of finite distortion, K, € LNJL(Q), the
multiplicity of u is essentially bounded and w is not constant. Then the Luzin

(N=1) property
|[u(E)] =0 — |E| =0, VE C 2,
holds true, and det Du > 0 a.e. in {2.

We pass now to discuss a strongly linked question, namely, under which
assumptions is it possible to say that det Du > 0 almost everywhere (or
det Du < 0 almost everywhere), for a homeomorphism u: as we already
pointed out before, if u is smooth enough then this is granted. In particu-
lar det Du > 0 a.e. if w is orientation-preserving, and det Du < 0 a.e. if u is
orientation-reversing. The connection between this strict sign condition and
the Luzin (N—1) property is immediate to observe: indeed, assume that the
change of variable formula holds for u, and that det Du = 0 on a set of positive
measure £ C 2. Then the Luzin (N~!) property does not hold, since

0= /Edet Du = /U(E) 1= |u(E)|. (1.4)

Keeping this observation in mind, the sharpness in the claim of Theorem 1.7
becomes evident in view of the following example, presented in [32, Par. 6.5.6]:
there exists a Lipschitz homeomorphism u of finite distortion whose Jacobian
vanishes in a set E C {2 of positive measure, while |u(E)| = 0 and K,, € LP(£2)
for every p < %

Given the homeomorphism u, the easiest strategy to prove that det Du > 0
(or det Du < 0) almost everywhere is to start showing only the weaker in-
equality det Du > 0 (or det Du < 0); then —if the summability of Du and of
K, is enough— u becomes of finite distortion and then one can apply Theo-
rem 1.7. Let us then list the assumptions under which it is known that either
the inequality det Du > 0 or the inequality det Du < 0 holds a.e. .

Theorem 1.8. Let u : 2 — RY be a homeomorphism. Then one has that
det Du > 0 a.e., or that det Du < 0 a.e., if one of the following conditions
hold:

o ueWrl2),if N=2orN=3;

loc

o uweW'P(2) andp>[N/2], if N > 3.

loc
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In particular, if NV < 3 it can be also proved that if u is orientation-preserving
then det Du > 0, while if u is orientation reversing then det Du < 0; the
same is reasonable also in dimension N > 4, but the question is still open.
The sharpness of the assumptions in Theorems 1.7 and 1.8 (in particular, of
the essentially bounded multiplicity to get the strict sign condition) can be
checked in view of the following counterexamples (which can be found in the
papers [22, 27, 23], for a unified treatment see the new monograph [25]).

Ezample 1.9. There exists a Lipschitz homeomorphism such that det Du = 0
on a set of positive measure; there also exists a Sobolev homeomorphism such
that det Du = 0 almost everywhere: in this last case, then, by (1.4) we observe
that v maps a set of full measure in a set of zero measure, and vice versa.
There exists an approximatively differentiable (but not W1!) homeomorphism
u : B — B, being B the unit ball, such that u(z) = x on 9B but det Du < 0 on
a set of positive measure. There also exists a map (but not a homeomorphism)
u € WHP(B; B) with p < N which is continuous and satisfies u(z) = z on 9B,
but det Du < 0 almost everywhere.

The last property that we discuss is the “regularity of the inverse”; roughly
speaking, if u is a homeomorphism, is it possible to deduce summability for
Du~' from the summability of Du? For general maps, this is never true,
since there are Lipschitz homeomorphisms whose inverse is not even in Wli)cl
However, again the finite distortion allows to obtain better results.

Theorem 1.10. If u € Wll’Nfl(Q) is a homeomorphism of finite distortion,

oc

then u~' belongs to I/Vﬁjcl (u(£2)) and it is also of finite distortion. If u €
VVll’Nfl(.Q) is a homeomorphism, then u™" € BVioc (u(2)). Moreover, if N =

ocC

2 and u € BVioc(92) is a homeomorphism, then u=! € BV, (u(Q))

1.1.3 Notation

Let us now give a short list of the common notation that will be used from
now on, in the three main parts of the notes; in addition, every part will need
some further specific notation, which will be presented at the beginning of
each part.

We will always work in dimension 2, and 2 and A will be given open
planar sets. A triangulation of {2 is a locally finite family {9 l} of essentially
disjoint closed triangles whose union is between 2 and its closure, and with the
property that the intersection of two different triangles may be either empty,
or a common vertex, or a common side. A triangulation is said finite if so is
the number of triangles of the partition, while otherwise it is countable; every
open set admits a triangulation, but only polygons admit finite triangulations.

A map u : 2 — A is said piecewise affine if there is a triangulation of {2
such that v is affine on every triangle of the triangulation. We say that w is
finitely piecewise affine if there exists such a triangulation which is finite.
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We will use .Z to denote the Lebesgue measure, but often we will write
for brevity |£2| instead of .Z (£2).

The generic points will be usually denoted by capital letters, as P, Q and
so on; sometimes, we will write P = (z,y) if we will need to use the orthogonal
coordinates in R2. Only in Chapter 1.2 we will use also polar coordinates, and
this will require a different specific notation (which we will directly introduce
there). The segment joining P and @ will be denoted by PQ, and ¢(PQ) will be
its length. The triangle having vertices P, Q and R will be denoted by PQR,
and in general Py P --- Py will be the polygon whose ordered vertices are the
P;’s. Given three non-aligned points P, @ and R, we will call PQR € (0,7)
the corresponding angle. Sometimes, for the ease of presentation, we will write
the value of angles in degrees, with the usual convention that m = 180°.

The ball centered at P and with radius p will be denoted by B(P, p), while
the p-neighborhood of the set X will be B(X, p). Moreover, D(P,p) is the
square centered at P, having half-side p, and whose sides are parallel to the
coordinate axes: in particular, since we will use it extensively, we will write
for brevity D = D(0,1/2) to denote the square of unit side centered at the
origin.

Given a matrix M € R?*2 we will consider as usual its norm as |[M| =
VMR + My + M3, + M.

The map u : 2 — R? is said to be L bi-Lipschitz if for every P, Q € 12

one has
1 E(u(P)u(Q)) _
S - UPQ) =L

or course, if u is bi-Lipschitz, then in particular it is a homeomorphism, and
it is always L > 1.
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1.2 Part I: From piecewise affine to smooth

This first chapter is devoted to show an approximation result, which allows
to pass from a piecewise affine homeomorphism to a smooth one. Our result
is basically taken from [43]: in fact, we present here only the particular case of
our interest, namely, the case of bi-Lipschitz maps; the result in [43] is quite
more general, even though the construction is more or less the same.

In this part, we consider a given L bi-Lipschitz map u : {2 — A which is
countably piecewise affine. As we said in Section 1.1.3, this means that (2 is
the locally finite union of essentially disjoint triangles, such that two different
triangles can intersect in a common vertex or in a common side, and that u
is affine on every triangle. The result we are interested in is the following.

Theorem A (From piecewise affine to smooth). Let £2, A C R? be two open
sets, let u : 2 — A be a countably piecewise affine L bi-Lipschitz home-
omorphism, and let 1 < p < oo. For every ¢ > 0 there exists a smooth
diffeomorphism v : 2 — A such that

[v—ullze(0) + |Dv — Dull ooy + v = u™ | oo u))

3 ~ (1.5)
+|[|[Dv™ — Du 1||LP(u(Q)) <e.

Moreover, one has that

v is 100L7/3 bi-Lipschitz ;

uw=uv on 02 ;

if u is orientation-preserving, then so is v ;

for any 0 < q < 1, it is possible to choose the function v in such a way
that

|Du(x)| <13L°724,  |Dv~ ' (u(x))| < 7T0L'H4,

1, (1.6)
det Dv(z) > 30 L™ det Du(x)

(notice the local estimate for Dv and Dv~!, but the pointwise estimate for
det Dv).

A first idea to show this result could be to use a standard regularization
argument, such as the mollification with a smoothing kernel. Unfortunately
this does not work, because it would of course produce smooth functions,
but not diffeomorphisms. More precisely, a mollification can work only if the
second derivatives of u are bounded, which is of course never the case for a
piecewise affine function! This is why we will need the ad hoc construction
presented here; notice that, for what just said, to prove Theorem A we could
also limit ourselves to find an approximation v which is a C? diffeomorphism,
because then the mollification procedure would complete the proof. However,
we prefer to build directly a smooth diffeomorphism, since it does not require
any particular care more than what the C? case would.
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The strategy of the proof

In this introductory section we will describe the overall strategy of the
proof of Theorem A.

First of all let us observe that, obviously, the map u is already smooth
inside each triangle of the triangulation, since it is affine. Therefore, the whole
construction has to deal with the problem that, along the sides of the triangles,
the derivative of u has a discontinuity. Let us then concentrate our attention
on a single triangle and its neighbours: our idea is to select a tiny region
around the boundary of the triangle and to let v be a modification of w in this
region, while it will be simply v = w in the big part of the triangle.

Actually, as one can imagine, the real difficulty is around to the vertices.
In fact, along a side only two different triangles meet, and even if Du has a
discontinuity, this is not “too bad”, since the two matrices representing Du in
the two triangles are different but rank-one connected (since u is continuous).
On the other hand, around a vertex an arbitrary number of triangles can meet,
and the different matrices representing Du can be also very different from each
other. For this reason, we need an additional care close to the vertices; hence,
the region around the boundary of the triangle that we addressed before will
be further divided in different parts, either around the vertices or around the
internal parts of the sides.

Let us now be more precise; as Figure 1.3 shows, it will be convenient
to subdivide a triangle and the region around it in four zones, that we will
call Z1, Zo, Z3 and Z4. The first two zones are concentric disks around the
vertices, while the third one is done by rectangoloids along the sides, and
the fourth one is the remaining part of the triangle. The images under v of
these four zones will be correspondingly defined as Z1, Z5, Z3 and Z4. Let us
discuss separately the role of each zone.

In the zone Z;, we deal with the fact that many different triangles meet
at a given vertex, say the point a in the figure, and then close to each vertex
there are very different matrices Du. As a consequence, the value of Dv at the
point a will have necessarily nothing to do with these matrices (and hence,
for simplicity we will just choose Dv(a) to be the identity matrix). Then,
we call Z; a tiny small disk around a, and Zl a correspondingly small disk
around u(a): the map v : Z; — Z; will only take care of the directions of the
different sides. More precisely, working in polar coordinates, v will act non
trivially only on the angular coordinate of the points. In this way, we will
obtain the following; let us take any side of some triangle starting at a, say
ab, and consider its image under v within the zone Z;: while at the beginning
this image goes in the same direction as ab, because Dv(a) = Id, at the end of
the disk Z; this image will go correctly in the direction of the side u(a)u(b).

The zone Z; will then be an annulus centered at a and whose internal
disk is Z7, and it is easy to understand what is the goal of this zone. In fact,
observe that the image of the (external part of the) boundary 0Zs, under the
map u, is clearly the union of arcs of ellipses, one in the intersection of 07
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with each of the triangles which meet at a. This union is continuous, because
S0 is u, but it is nothing better than continuous because there are corners
where two different arcs meet. We will then aim the image of 075 under v
to be a smooth curve very close to this union of arcs; to do so, the map v
will this time act non trivially only on the radial coordinate of the points. It
will be possible to define v in such a way that it matches smoothly with the
map already defined in Z;; moreover, close to the external boundary of Zs,
v will be equal to u in the part of each triangle which is not too close to the
sides (precisely, this happens close to 025 N 0Z4, compare with Figure 1.3),
while it will be a smooth matching between every two different affine maps
close to the sides (precisely, this happens close to 0Z2 N 0Z3). Notice that the
zone Zy = v(Zs) is a sort of annulus around each vertex u(a), whose internal
boundary is a circle (namely, 821), while the external boundary is a curve
which is done by different arcs of ellipses smoothly joined together.

Furthermore, the zone Z3 is a sort of rectangoloid around the internal
part of each side of some triangle, say ab, whose “short sides” are small arcs
of the circles 075, and whose “long sides” are two segments parallel to ab.
Since we want to set v = u in the big remaining zone Z4, the values of v
at 0Z3 are already forced: namely, it must be v = u around the long sides
of each rectangoloid, while around the short sides v must coincide with the
approximation defined in the zone Z5. The definition of v on Z3 will then be a
careful interpolation of the values at the boundary, and we basically have only
to make it in such a way that v remains injective. This will be technically a
bit complicate, but actually this is just mainly because we will have to change
our system of coordinates: indeed, while around the short sides of Z3 the map
v has been defined using a polar system centered at a (for the left short side)
and at b (for the right short side), in the whole rectangoloid we will have
of course to use a different system, namely, a standard orthogonal cartesian
system.

Finally, as already said, we will simply set v = u on the big portion
Z, of the triangle. In this way, we will have been able to build a smooth
function v, which is still bi-Lipschitz (no more with constant L, but now with
constant 100L7/ 3), and which is equal to u on every vertex of some triangle.
At this point, the proof of Theorem A will be basically over, because all the
properties follow immediately from the construction. In particular, the main
estimate (1.5), which says that u and v are very close from the “energy” point
of view, follows trivially from the fact that the zones Z;, Zs and Z3 described
above can be done as small as we wish —without affecting the bi-Lipschitz
constant of v! Therefore the zones Z4, on which v and u coincide, cover an
arbitrarily large percentage of the set {2, from which the validity of (1.5) is
obvious.
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1.2.1 Preliminary ingredients

Before entering in the core of our proof, we briefly introduce some notation
which will be used only within this part and we present some preliminary,
yet fundamental, observations. In next section, we will go into the proof of
Theorem A.

Notations and first geometric properties

Given a point a = (24,%.) € R?, p > 0 and 6 € S!, we will denote
by (p,0)p,. the point in R? whose polar coordinates with respect to a are
p and 6, that is, the point (a:a + pcosb,y, + psin 0). Since we will use it
several times, we recall the formula of the derivative of a function in polar
coordinates: given two points a € 2, @ € A and a C! function F : 2 — A

locally expressed as F((p,0)pa) = (Fl(p,H), Fy(p, 9))19*’ for any z € 2
satisfying z # a, F(z) # @ one has (up to a rotation) }

oF  10R
_ Ip p 00

DF(z) = OF, jOF | (1.7)
P dp p 00

calling p = |z — a| and p = |F(z) — al.

Let us now consider a vertex a € {2 of the triangulation, and let us call
T;, 1 < i < N, the triangles having a as one vertex. Let § = d(a) be a
positive constant, much smaller than the inradius of each of the triangles T;
with 1 < ¢ < N (this is possible since the triangles can be countably many,
but those meeting at a are only a finite number). Define 7o : S' — (0, 00) and
o : S' — S! so that

u((5, 0)P,a> = (57-0(0)7 %o (9))P,u(a) ’

Hence, (870, ¢0)p,u(a) is the image of the circle (d,6)p, which by definition
is the finite union of arcs of ellipses. Notice that by (1.7) we have

1A
_ (70 7 ) -1 _ To 9T
Du(x) = <O ahro) Du™ ! (u(z)) = h , (1.8)
©oT0
up to a rotation.
Lemma 1.11. For every 6 € S! one has
1 1
T<n@ <L, @<L, <O <Lt (19)
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Proof. Take 6 € S', let 1 < i < N be such that (§,0)p, € T;, and call
M € R?*2 the matrix representing Du in the triangle i. By singular value
decomposition, M = RAQ with R, @ € SO(2) and

()

being 1/L < ¢; < L; < L the minimum and the maximum of |M(¢)| for
¥ € S'. Hence

70(0) = |AQ(cos b, sin )| € {min |Av| 7maX‘AV|:| = [6;, L]
vest vest
Let now ¥y ,%1 € S! be the angles corresponding to the rotations @ and R
respectively. Then 79(0) = ‘(Ll cos(0 + ), £; sin(6 + 190)) ’, and, hence,
2

50 sin 6 27
max’Té(H)‘ < (Lf —E?) max cos f sin L LS
pest gest \/L? cos? 0 + (2 sin? 0 b

Concerning g, by definition one has

4; Siﬂ(9 + 190)

L;cos(8 + 190)) 91,

() = arctan (

so that a simple calculation gives

Lt; l; L 1
,9: v E(i,J)C(—’LQ).
#0(f) L2 cos?(0 + Yg) + £2 sin?(0 + 1) L, ¢;/) — \L2
Putting together all the previous estimates yields (1.9). O

Recall that we want to build a smooth approximation v of u; therefore,
we are going to replace the functions 79 and g (which do not remain smooth
across the sides of the triangles) with smooth functions 7 and ¢. Calling 6; the
directions corresponding to the sides of the triangles, we fix small constants
Ai < 10; — 0;41|, that will be better precised later. A simple mollification
argument gives the following result.

Lemma 1.12. There exist a C* function 7 : St — (0,00) and a C* diffeo-
morphism ¢ : S' — S' so that

(i) 7(0:) = 70(0s), (0:) = po(0:), 7/(6:) = 0 and ' (6;) = 2xLEgLinl ;
(i) T = 10 and ¢ = pg z'n{9681:|9—9i|2)\iV1§i§N};

(iii) %@6(9) < ¢'(0) < L7, %7'0(0) < 7(0) < 279(0) and 7(0)¢'(0) < 2L for
every 0 € S';
(iv) |7'(0)| < 2L; for every 6 € S* such that (6,0), € T;.
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Proof. The result immediately comes by suitably modifying a regularization
of 79 and (g, as soon as one checks that, for every 1 < i < N and every § € S',

L, L;
maxtbiLivt}h _p2 gy <12 ry(0)oh(0) < I, (@) < L,

70(91')
and all these properties are true thanks to (1.9), and by the fact that 3¢}, =
¢;L;, which in turn is immediate comparing (1.8) and (1.10). O

The auxiliary function &

In our construction, we will extensively use a map £ which allows to con-
nect in a smooth way two functions having different boundary values. More
precisely, we fix six real parameters xg, x1, Yo, y1, @ and 3, with x¢ < x1,
and we are seeking for a smooth function &[zg, 21, Yo, y1, @, 0] : [0, z1] = R
satisfying

£(xo) = o, &(x1) = w1, ' (x0) = g (x) =1. (1.11)

It is obvious that it is possible to build such a function, but we want £ to
depend smoothly on the six parameters, and we also need a good estimate on
the partial derivatives of £ (which will be denoted by &, for 1 < i < 6). In
fact, by means of a convolution on a suitable piecewise affine function, it is
very simple to give a definition of £ satisfying the properties below; K > 6 is
an additional free parameter that do not enter in (1.11), but which effects the
definition of £. Figure 1.2 depicts how the function £ looks like.

Y1l
xr] — xg+

y1 — B

Y1 — Yo
Y1 — ——— T

Y1 — Y0
yo+ —— +

z] — xq
Yo + o ——

Yo

I I
T T

z1 — xQ ] — z( 1 — xQ x] — xq
zg g + zg + 3 z] — 3 z — L

Fig. 1.2. Graph of .

Lemma 1.13. Let xg, =1, Yo, y1, @, B € R be such that ro < x1. The follow-
ing properties hold:

(i) |¢ < max {Ja], 5], 2 L2}

1 — 2o
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y K(y1 — vo) ; { Y1~ Yo }
<a,p< 2017 Y) '> ST —
(i) If0 < a, B < 6(x1 — o) then &' > min | «, 3, 2(a1 — o)
—t
(it)0 < €5 < 1,0 < €4 < 1, and €5+ €4 = 1. Moreover, £5(t) < ——,
1 — £40
t_
while €.4(1) < ——2 .
Tr1 — Xo
(i) 0 < €5 < Ty — xo, and §5(t) = 0 for t > zo + %(3;1 —x) - Similarly,
_ 2
0>¢6>— 220 and £6(t) =0 for t <z + = (@1 —a0)
(0) €1, 1€2] < 1S
Tr1 — o

1.2.2 Construction

In this section, we will describe with most details the construction of v,
and we will give the proof of Theorem A. The complete proof (of a more
general result) can be found in [43].

We will consider that the triangulation is not finite, and in particular that
the union of the closed triangles is 2 (while in general it might arrive up to
its closure): by the locally finiteness, this means that the triangles become
more and more dense close to the boundary of (2; this is clearly always true
up to refine the triangulation, and it is also very useful because then all the
triangles are compactly contained in {2 and this allows not to bother with 9f2.

Taken a vertex a of the triangulation, we will work in the zone surrounding
a, which will be divided in the four zones Zy, Zs, Z3 and Z4; on each zone,
we will give a different definition of the map v. Thus, we will have to take
care that v is smooth in each zone, but also that it remains smooth in passing
from a zone to the adjacent one. We fix once for all the parameter ¢ € [0, 1].

The zone Z;

Recall that § = J, has been defined in Section 1.2.1 as a length much
smaller than the inradius of each of the finitely many triangles meeting at a;
we now fix another constant, = 7,, much smaller than 1/L?. We call then

Zy = B(a,nf) Zy = B(a,ndL'~27)

being a := u(a). We define then v : Z; — 21, using polar coordinates as in
Section 1.2.1, as

0((p.0)a) = (L2 p,€10,16,0,2(0),0,00(0))

The estimate that we can show for zone Z; is the following one.
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Lemma 1.14. The function v : Z; — Z1 is a smooth bijection, and for every
point x € Z1 one has

: det D
Do| < 13L572 Dol < 261120, det Du(a) > D)

> T (1.12)

Proof. The smoothness of v (in particular, around the pole a) follows by the
definition and the properties of &; hence, to conclude that v is a bijection
between Z; and Z; it suffices to prove that, for each p € (0,7nd), the smooth
function F(0) := £[0,7d,0, ¢(6),0,0](p) is a bijection from S* to itself. In fact,
one has F' = £ 3+ £ 4¢’ by definition, ¢’ > 0 by Lemma 1.12, fo% ¢ =27 by
construction, and 0 < €3, €4 <1, &3+ &4 =1 by (i49) of Lemma 1.13. This
yields that I’ > 0 and that fozﬂ F' < 4, thus it must be fo% F' = 27 and
then the first part of the thesis is concluded.

Let us now pass to consider Dv and Dv~!, which by formula (1.7) are
given by

1 0 1 0
Dv = L'~ ( , ,) , Dv~'=r*"! ( o€’ 1 ) :
pE &3t Eayp T EstEay’ EstEay

Concerning &', by (i) of Lemma 1.13 and since in this case & = 5 = 0 we know
that & g
g <2200y
10 no
and then |p§’| < 4m. Moreover, by Lemma 1.12 and (1.9) we get
4 1

> 5792
oL; = 212

|€s +Ea¢| < 1¥'| < L%, €5+ Ea¢'| >

where the last bound holds for every 6 € S! such that (66, po)p,. € Ti. By
these estimates, and also recalling (1.10), we get

|Dv| < L'™24\/1 + 1672 + L4 < 1313724
Do~ < L2771\ /1 4 4L4(1 + 1672) < 26 L' %
> — ,
2L; = 2L% 2144

det Dv(z) = L* 749 (€5 + £4¢') > L2744

hence (1.12) is established and the proof is concluded. O

Remark 1.15. For later convenience we observe that, by the properties of &,
for p < nd close enough to nd one has

v((p,0)pa) = (LH‘J pwp(@))

Pa
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The zone Z,

We now pass to the zone Zs, which is the annulus B(a,d) \ B(a,nd) sur-
rounding Z;, while the zone Z; is defined as

Zy = {(p.0)pa : nL' 21 < p < 67(p71(0))}

Also 22 is surrounding Zl, since 17 has been chosen much smaller than 1/L?.
The function v : Zo — Z5 can be then set as

0((p,0)p.a) = (€008, 8,mL1 20, 7(0)8, L' 24, 7(0))(p) , (0))

P&
Let us immediately check the behaviour of v close to the boundary of Z5.

Remark 1.16. By the properties of ¢ one readily observes the formulas

o((p0)ra) = (2729 00)) . v((p.0)ra) = (p7(0).4(0))

3 )
P,a P,a

respectively valid for p > né close enough to nd, and for p < § close enough
to 4.

Let us now prove the estimates for v inside Z>.

Lemma 1.17. The function v : Zs — Zs is a smooth bijection, which matches
smoothly with the function v previously defined in the zone Zy. Moreover, for
every v € Zs it is

det Du(z)

]Dv] <3L* % |Dv ! <33LY% det Du(z) > 16 L4

(1.13)
Proof. We begin observing that v is smooth because so is &; moreover, the two
definitions of v around 9Z; coincide, as one can see comparing Remarks 1.15
and 1.16. By definition, v(0Z3) = 0Z,, thus —since ¢ : S' — S! is a bijection—
v is a bijection of Z, onto Z, if and only if £ > 0 on the whole Z5.

By (1.7) we evaluate

;o1 ' 1 (0§14 + &6)7'(0)
—(6€a+&6)T'(0 L 054 T86)7T (V)
Dy — 3 P ( Z 6) ( ) 7 Dol — Iz 5/520/(9) 7
0 ;‘P (0) 0 0]

therefore to obtain (1.13) we need to give bounds to &', &/p, {4 and .
Concerning &', property (ii) of Lemma 1.13 tells us that

¢ > min {Ll_Qq, 7(6), W} (1.14)

as soon as
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max {L'724, 7(0) } (1 —n) - 7(0) —nLt=24

K - 6
Since we can assume the last inequality to be true, up to choose K > 24L2,
we get the validity of (1.14). We have then

1 7(0) , _

VAT < 2721 <{<L: (1.15)
the lower bound for £ is a consequence of (1.14), recalling (1.9), Lemma 1.12
and the fact that < 1/L?, while the upper bound is clear by construction.
A first consequence of (1.15) is that £’ > 0 and then, as pointed out before, v
is a bijection between Zs and Zs.
We study now the ratio £/p: by construction of £, one directly obtains

7(0)L 27 < min {LHQ, 7(9)} <& < max {LHq, T(e)} :

p

It is easy to see that this implies

T(0)L214' () < %p’(e) < 20372, (1.16)

Indeed, while the lower bound is an immediate consequence of the above
estimate, for the upper bound we have to distinguish two cases: if L'72¢ <
7(6), then by (iii) of Lemma 1.12

§‘pl(9) <7(0)'(0) <2L < 2L372q;

p

on the other hand, if L*729 > 7(6), then

§§0/(9) S L172q<p/(0) S L372q.
P

Let us now pass to consider £ 4 and & g: first, by (iii) and (iv) of Lemma 1.13,
we get

(55,4(0) +&6(p)| < p; (1.17)
second, (1.17), (1.16), (iii) of Lemma 1.12, (1.15) and (1.9) yield

(06,4 +€,6)T’(9)’ S AT _ IO L2 2L L%
§E9(0) T EY(0) T &P (0)T(0) T e (0)7(9)
AL 32LL 32L%

~ @' O)720) T wp(O)3(0) b

Putting together (1.15), (1.16), (1.17) and (1.18), we obtain then

(1.18)
< 32L1t4a
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3
|Dv| < \/L2 L (0)2 + (2L3—2q) <3132

Dy < \/ 16L2+19 4 (32L1+44)” 4 16L2+4a < 3301+,
_§89'(0) _ m(0)¢'(0) _ T3 (O)p0(6) _ Liti _ det Du(x)

det D = =
et Du(z) = 2[4 = 16L% 16L% —  16L%
since this is exactly the searched estimate (1.13), we have concluded. O
The zone Z3

It is now time to pass to consider zone Z3. While in zones Z; and Z5 we
have worked around the vertices of the triangulation, zone Z3 will be around
the sides. Recall that, as we pointed out in the introduction to this section,
since the map w is affine —hence, smooth— in every triangle, the only “problem”
are the irregularity across the sides. In fact, once we will have defined v also
in Z3, thus ruling out vertices and sides, we will simply define v = u in the
remaining part of (2, which will be called zone Z4. It is also to be pointed
out that Z;, Z; and Z3 will be chosen to be very small neighborhoods of the
sides, thus eventually v = u in almost the whole set (2. Figure 1.3 depicts how
the different zones look like inside the triangle T; = abc; the figure is intended
only to describe the idea, but in fact the construction will be slightly different:
more precisely, the common boundary of Z3 and Z4 will be a suitable curve
instead of a segment.

c

Fig. 1.3. A rough idea of the zones Z3 and Z, for a triangle T; (the small zones
around the vertices are Z1 and Z»).

As the figure shows, the zone Z3 is made by NN disjoint narrow “stripes”
around the different sides of the triangulation. Thus, we will focus on a single
one, namely, we are going to work around the side ab. By the previous sections,
we have already defined v in the zones Z; and Z3 corresponding to a and to
b; to distinguish, we will use the subscripts a and b for all the constants and
the functions, for instance we will write §, and &, A; o and A; 4, 7, and 7, and
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so on. To fix the ideas, we assume that both the sides ab and ab = u(a)u(b)
are horizontal, as well as that @ and @ coincide with the origin of R?. We also
call T; , = Tj41p and Ti41,, = T} the lower and the upper triangle having
ab as a side.

We take now a small constant h = h(a,b), much smaller both than §, and
than §,. Since all the different constants A are independent, we assume that

O Sin /\i,a < h, d, Sin )\i+1,a < h,

. . (1.19)
dpsinAjp < h, dpsinAjy1p < h.

Consider now, as in Figure 1.4 (left), P, @, R and S the points having distance
h from ab and belonging to the circles 0B(a, d,) and dB(b, dp). Since u is affine
in T}, = Tjy1, and ab is sent into @b, then also P = u(P) and Q = u(Q) have
the same distance from ab, say hT. Similarly, R = u(R) and S = u(S) have
distance h~ from ab: see Figure 1.4 (right). In general, h™ # h™~. Observe

that the image under w of the circle 0B(a,d,) (given by (57’0’,1,00@)Pa in

polar coordinates) is the union of two ellipses which meet on ab continuously
but not necessarily in a C! way: this curve is shown continuous in the figure.
Instead, the image of this circle under v, according to the construction of
Section 1.2.2 and thanks to Remark 1.16, is the smooth curve (67',1,@@)1,’&;

this curve is shown dotted. Keep in mind that, thanks to assumption (1.19),

the two curves coincide where 79 , = 7, and ¢g , = @4: thus, they differ only
between P and Q.

Fig. 1.4. First step in the construction of Zones Zs and 53.

Observe now that, as a simple trigonometric argument shows (see Fig-
ure 1.5), the quantity 7,(0;)¢),(6;) represents the speed at which the curve
0 — v((64.0)pa) departs from the segment ab; moreover, since 7,(6;) = 0
by Lemma 1.12, this speed is vertical. Analogously, the departing speed of
0 — v((0s,0) pp) is 7(6;) e} (0;). We can notice that the two speeds are equal,

because recalling (i) of Lemma 1.12 it is

7a(0i,0)$0(030) = max {Lia, Lit1,a} (1.20)
= max {Ljy1,0: Lo} = 1(0)04(050) -

For every —h <t < h, we now denote by P(t) the point on 95(a,d,) having
distance t from ab, so that P = P(h) and R = P(—h) in Figure 1.4. We define
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N

: 0 36a a(0i,a : 0ia
a :60’5 a' SD:z(ai,a)g \E/ T ( 5 )goa( B )E

Fig. 1.5. Departing speed of the curve 0 — v(4,6).

Q(t) in the same way, having Q = Q(h) and S = Q(—h). Since the points P(t)
and Q(t) belong to the boundary of the zones Zs corresponding to a and b
respectively, we can also set ﬁ(t) :=v(P(t)) and a(t) :=v(Q(t)). We require
that the functions 7., 75, @, and ¢ are such that for every t € (—h,h) the
distance of j;(t) and @(t) from ab is the same, and we will call { = £(t) this
distance. Let us see why this is admissible: defining for every ¢t € (—h, h) the
angles 6,(t) and 6;(¢) so that

bq8in (04(t)) =t = 0y sin (6s(2)) , (1.21)
our request means

6aTa (04 (1)) sin (@a(0a(t))) =t = 87 (05(t)) sin (5(05(2))) - (1.22)

In fact, this is admissible because (1.22) is true by definition at ¢ = 0 and at
t = +h (since as we observed above one has u = v on 975 close to P, @, R and
S), and because the necessary condition which comes by differentiating (1.22)
at t = 0, namely,

3a7a(0)a(0)05(0) = du7s ()40}, (m)04(0) ,

is true. To show the validity of last equality it suffices to recall (1.20) and the
fact that 6460/,(0) = 6,6, (0) = 1, which in turn is immediate by (1.21). Let us
write down an estimate which will be useful later, and which comes by (1.22)
and differentiating (1.21):

O = 6081 (72(60) 52000 + 7a(6) cos(i0(6)) (60 )

- coi&a (74(911) $in(pa(6a)) + 7a(0a) COS(%(%))%(%)) (1.23)

¢
< ra0a)é(0:) € (3.30:)

where we have used the facts that 7, < 2L and that the angles ¢,(0,) can be
assumed as small as needed up to take a small constant h = h(a,b) —we will
use the latter fact very often in the sequel. A consequence of (1.23) is that
t + t is a bijective map from (—h, h) to (—h~,hT).

Before defining Z3 and Zo,, we still need some more pieces of notations.
First, for every —h <t < h we call
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Xo(t) := 04 co80,(1), X1(t) := ab — & cos Oy(t) , (1.24)

that is, xo(t) and x1(¢) are the abscissa of P(t) and Q(t) respectively (by ab
we mean the length of ab). As a consequence, the coordinates of the points
P(t) and Q(t) are

P(t) = (XO(t)ﬂt) ) Q) = (Xl(t)vt) :

Observe that in zones Z; and Zs it has been very useful to use polar co-
ordinates, since the zones were centered in a particular point; on the other
hand, in the present situation we are working around a segment, thus standard
orthogonal coordinates are better. We define now the rectangoloid

r={(eer: te(-hn).oe (ubhub)}.

whose boundary is made by two wide horizontal straight sides and two small
circular lateral sides, and the map v : I' — R? given by

Y(o,1) = (o, €Dxo(t) xa (1), 1 £ tan 0, (), — tan 0,(£))(0) ) = (0.E(0) ) -

Notice that, since in the construction of zone Z3 we will use three different
functions £, we are giving each of them a different name: we are working now
with £, then we will introduce € and €.

Figure 1.6 (left) shows the smooth curve o — 7(o,t): notice that this is
“almost” an horizontal curve connecting P(t) and Q(t); but in fact, it has a
nonzero slope at the extremes in order to connect smoothly with the function
defined in Z5. The important properties of y are shown now.

Lemma 1.18. The map v : I' — R? is smooth, injective and satisfies
|Dv| ~ 1, |Dy~ ! ~1, det Dy(z) ~ 1. (1.25)
Proof. First of all, let us calculate

dé - — — — = A ’
d—i =& X0+ EaXi TE3+ &8s+ E5(tanba(t)) — € ¢(tanby(t)) . (1.26)

By (iii) of Lemma 1.13 we know that 373 +E74 = 1; we are going to check that

the other terms are, instead, arbitrarily small. In fact, E’l and 32 become as
small as we wish if h is chosen small, thanks to (i) and (v) of Lemma 1.13 and
since x1 — Xo ~ ab; analogously, also x} and X} are small because by (1.24)
and differentiating (1.21) we get

Xo(t) = =64 (t) sin (0a(1))0;,(t) = —tan (0a(t)) . x1(t) = tan (6,(1)),

s0 € 1X0+E 2X1 < 1. Concerning £ 5 and £ ¢, notice that choosing a small h we
get (tan 9a(t))/ ~ 0! ~ 1/0,: as a consequence, and by (iv) of Lemma 1.13, if



26 1 Elastic deformations on the plane and approximations

K is big enough then also £ 5 (tan 0.(1)) — & 6(tan 0y(t))" < 1. And in turn,
since in every different zone we can use a different K (because the value of
& around its extremes do not depend on K), it is admissible to assume K as
big as we need. These bounds and (1.26) ensure that dg/dt ~ 1. Thus, by
definition of € we get in particular that ~ is injective. Since the regularity of
~ is immediate from that of £, we are only left to show (1.25).

To do so, we observe that |El| < max {|tan 6, (t)], | tan 6, (¢)|} < 1 by (i)
of Lemma 1.13, and we calculate

=1

= 3
1 € I R—
T
dt dé/dt
so that (1.25) follows. O

Let us now define I’ CR? and 7 : I' >R?ina very similar way as I" and ~.
First of all, we define x(t) and Y1(t) so that

P(t) = (%O(t)’f) ’ Q(t) = (yl(t),f) )

that is,
(1.27)

Then, we introduce the rectangoloid

Fee{(oh eR: fe(-hm.hh), o € (ot )}

(recall that ¢t — £ is a bijective map, so in this definition in fact t = ¢(#)).
Finally, we define the map 7 : I’ — R? as

(o, t) == (0,5(0)) , (1.28)

where

&= 5[)}0(1?), X1(t),t,%, tan (gpa (Ga(t))), —tan (<pb (Qb(t)))] .

Actually, we will eventually slightly modify the definition of &, the reason will
be clear later but the modification will not effect our next proofs. Figure 1.6

(right) shows the curve (-, t). We can extend Lemma 1.18 to the case of 4.

Lemma 1.19. The map 7 : I —R2 s smooth, injective, and satisfies

|DF| ~ 1, |Dy !~ 1, det Dy(z) ~ 1. (1.29)
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() Q) P(t) Qt)

ae."' ! ol a4 o ; =l~)

Fig. 1.6. The curves (-, t) and (-, ).

Proof. The proof is completely similar to that of Lemma 1.18, and it simply
relies on showing that dé / df ~ 1 and f’ <& 1. The second fact is again an
immediate consequence of (i) of Lemma 1.13, so let us concentrate on the first
one. Exactly as in Lemma 1.18, one observes that § 3+ f 4 = 1, one rules out
the terms with 5 5 and § 6, and one observes that § 1 and f o are very small.
The only difference with Lemma 1.18 is that in this case it is not true that xj
and Y} can be assumed to be arbitrarily small; however, since 571 and 5_2 are
small, it is in fact enough to show that X, and X} are bounded. And in turn,
this is true because by (1.27), and also using (iv) of Lemma 1.12,

¥ = 0, [702)cos (pa(02)) = 7a(0)5in ((0,)) (0,
= oy [ 00 e0n (20(0.)) = u(60) sin (a0 o (00)]  (150)
= 74(60) €05 (a(60)) = Ta(60) 5in (£u(00)) 4 (60) =~ 7o(60)

(]
The last function that we need is @ : I’ — f, defined as
®(0,1) = (€[x0(0) 1 (1), Ko(1), T1(1), 1), B(1)] (0), ) = (€(0). ),
where the constants « and § are given by
Mw:mwwnﬁﬂﬂﬁ@ﬁ mw:nwwngﬂﬁ@@ﬁ.@m)

cos (0q(t)) cos (0y(t))

Lemma 1.20. The map @ is a smooth bijection between I' and I. Moreover,

det Du(x)

|Do| < 5L, |Do~'| < 35L, det DP(x) > 5

(1.32)
Proof. By construction, and observing that a and [ are positive, one easily
see that the image of I' is exactly I', so @ is a smooth onto function. Hence,
to say that @ is a smooth bijection we only need to check the injectivity,
which by definition reduces to prove that & > 0. If h is small enough, then

at) ~ B(t) ~ ELINJ/% ~ 74(0a), hence by (i) and (ii) of Lemma 1.13 we deduce

&~ 14(0a) € (0i, L), (1.33)

thus in particular the injectivity of @ follows. To get (1.32), we write down
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gl 0 1/5/ 0
De=| g4¢qf | Dot=| dfjat 1 . (134)
dt dt Cédi/dr dt/dt

and since we already have the estimates (1.33) for & and (1.23) for d/d¢, we
only need to take care of d/dt = €1xp +Eaxi +EaX0 +€axs +Es0" +E6

Exactly as in the previous lemmas, all the terms are much smaller than
those concerning f 3 and f 4. In fact, we already saw that x{, and xj} are
arbitrarily small, and (iv) of Lemma 1.13 ensures that so are also 575 and 576
Thus, we only need to observe that é 1 and o are bounded (since by symmetry

the same will be true for 572 and (). Concerning 5’1, we readily obtain the
boundedness by (i) and (v) of Lemma 1.13 and by (1.33); on the other hand,
concerning ' it is enough to recall that 0,60, ~ 1 and to derive (1.31) to get

thus the boundedness. Summarizing, also recalling (1.30) we get

% < & max {72(6.), 71(61)} (1.35)

Finally, assuming by symmetry that 7,,(6,) > 7/(6,), we can evaluate

Adé/~dt ‘ <y
& -dt/dtl —

7a(0a) 32L; 320 32
Ta(ea)29011<9a) o Ta,O(ea)Q@a,O(ea) N fiLi N fi '

We conclude (1.32), thus the proof, just inserting the estimates (1.33), (1.23),
(1.35) and (1.36) into (1.34). 0

(1.36)

We are now in position to define the zones Z3 and Z3 as

Zs :=~(I), Zy =3I,

and the function v : Zs — Z3 as v := 4 od o~ L. Putting together the results
of Lemmas 1.18, 1.19 and 1.20, we then easily get the following result.

Lemma 1.21. The function v : Z3 — Zs is a smooth bijection, smoothly
matching with the function v defined in the zone Zs, and for every point
x € Zy one has

det Du(z)
30 '

Proof. Thanks to Lemmas 1.18, 1.19 and 1.20, and to estimates (1.25), (1.29)
and (1.32), we already know that v is a smooth bijection and that (1.37) holds.
Thus, we only have to check that the two definitions of v around 97, N 0Z3

|Dv| <10L,  |Dv™'[<70L,  detDuv(x)> (1.37)
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match smoothly. Let us do this in the part corresponding to a, since the
situation for b is clearly identical.

Recall that v, 4 and @ are affine for a while close to the respective bound-
aries; thus for 0 < ¢ < 1 an elementary calculation gives the exact formulas

(Fat2009) )
@( o(t) + e cosf,(t), )
o((0a+2,0a(t)) )

(xo(t) + =cosbu(0).1).
(R0(®) + 7a (6a ()= 05 (9 (6a(1))), )
a( 1) + 7a(0a(1)) 2 c05 (20 (0a(1))). )
(70 (6a(0)) (50 + €). 20 (0u(1)))

Pa

Since the latter, for —1 < ¢ < 0, is exactly the expression of v in Zs close to
0Z5 N 0Z3, as pointed out in Remark 1.16, the proof is finished. O

The last thing we have to do, is to determine the behaviour of v on 073\
0Z5, which will eventually coincide with 023 N 0Zy.

Lemma 1.22. Ift < h, t = +h, then for every o € (Xo(t),xl(t)) one has
v(v(o,1)) = u(y(o,t)).

Proof. Take t < h, t = h, so that by (1.19) it is 7,(6a(t)) = 74,0(0a(t)) and
@a(0a(t)) = @a,0(0a(t)): for those t, Remark 1.16 ensures that v = u around
0Z3, so by Lemma 1.21 we know v(7(0,t)) = u(v(0,t)) as soon as o is close
enough to xo(¢) or to x1(t). Take, instead, a generic o € (Xo(t), Xl(t)). Calling

for brevity ¢ the matrix corresponding to Du in the triangle T;, we have
0w

u(1(0,1) = u(0,€(0)) = (Co + V(o) wE(0) ),

while on the other side,
v(4(0,0)) =7 (®(0,1)) = 7(£(0).7) = (&(0). €(E(0)))
Hence, we have to show
£(0) = o +E(0). E(E0) =wEl0).  (139)

Concerning the left equality, evaluating

Co +v&(o) = o+ VE]xo, X1, 1, t, tan O, — tan 6,)(o)
= CJ + f[XO,Xl,iﬁt»l/Jt,l/Jtan gav _thaneb}(g)
= E[XO? X1, CXO + 1/”57 CXl + 1/}{;) C + ¢ta’n0a7c - ¢tan ab](g) 5

we reduce ourselves to show
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Xo=Cxo+¢t, Xx1=Cx1+¢t, a=(+tant,, [=(—ytand,.

And in turn, while the first and second equality hold true because u(P(t)) =

F(t) and u(Q(t)) = Q(t), the third and the fourth are immediately deduced
by the fact, already observed, that the equality must be true for every o close
enough to xo or xi1. As a consequence, the left identity in (1.38) has been
established.

Concerning the right identity, we start observing that

t=wt, atan (gaa(ﬁa)) =wtanb,, (B tan (gpb(ﬂb)) =wtanby,

since the first equality comes immediately by the expression of u, while the
second (and, equivalently, the third) comes by (1.31), (1.21) and (1.22) as

_ sin (%(ea)) B t o wt
atan (</7a(9a)> = 7a(0a) cos b, "~ §,cos0, 8,cosf,
wd, sin (Ha)
= m = wtan (Qa) .

Therefore, recalling the properties of £, the right identity in (1.38) reduces to

E(E0) = € [xo®) xa(0), ., () tan (9a(Ba())), ~B() tan (21(6(0))) | (0)

Unfortunately, the above equality is not true. Nevertheless, since o — & (o) is
bijective, we can take the equality as a definition for &, instead of that given
in (1.28). Roughly speaking, this modified definition corresponds to taking,
in the definition of £ given in Section 1.2.1, a sort of “double convolution”
instead of the convolution. It is easy to check that this “new” definition of &
does not effect neither the properties (1.11), nor the validity of Lemma 1.13.
As a consequence, all our previous proofs concerning é remain perfectly valid,
and then (1.38) has become true, and the proof is completed. O

The zone Z,; and the proof of Theorem A

Completing the definition of v is now an easy task: first of all, since we
already have the zones Z1, Z3 and Z3 in {2, we simply define Z; as the re-
maining part. Analogously, Z, is defined as the remaining part of A. Notice
again that Z; and Z4 consist of the “interior parts” of all the triangles in {2
and A respectively, and also that choosing the independent constants ¢ and
h very small one has that Z4 and Z, fill almost all 2 and A: in fact 2\ Z4
is a small neighborhood of the 1-skeleton of the triangulation of 2. We con-
clude our definition of v by setting v = w on Zy4; thanks to Remark 1.16 and
to Lemma 1.22, v is a smooth bijection between {2 and A. To conclude this
section, we then only need to give the proof of Theorem A.
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Proof (of Theorem A). Let u be a piecewise affine L bi-Lipschitz homeomor-
phism and consider a compatible triangulation (which is admissible to take
countable, as observed at the beginning of our construction). Let v be the map
described through this section: we have that v is a smooth bijection between
2 and A, as well as the validity of (1.6), just putting together the results of
Lemmas 1.14, 1.17, 1.21 and (1.22).

The fact that u = v on 02, as well as that v is orientation-preserving if
so is u, are obvious by construction; instead, the fact that v is 100L7/3 bi-
Lipschitz just follows by selecting the exponent ¢ = 1/3 in (1.6). Therefore,
we only miss (1.5).

To show (1.5), observe that for any x one has by construction that the
points u(z) and v(z) belong to triangles having at least a point in common;
hence, one has ||[u—wv||L~ < e/4 as soon as all the triangles in A have diameter
less than /8. And by refining the triangulation if necessary, we can obviously
assume that this is true. In the same way, we can also assume ||[u =t —v 7|~ <
g/4. Let us now pass to the term

1/p
| Dv — Dul| 0y = (ZiGN |1Dv — Du||ip(Ti))
1/p
= v ieN v '
< (L+100L7/ )(Z 3({:5 € Ti: u(z) # v(fﬂ)}))

Since for every triangle T; we can let the set {z € T; : u(z) # v(z)} be as
small as we wish, up to decrease the (independent) constants ¢ and h, it is
admissible to assume ||Dv — Dul|zr < /4 and, in the very same way, also
|[Dv=t — Du=t|1» < e/4. As a consequence we have shown also the validity
of (1.5) and then the proof is concluded. O

Remark 1.23. Notice that the assumption p < oo was essential in the above
proof. And in fact, the claim of Theorem A is clearly false for p = co.
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1.3 Part II: Bi-Lipschitz extension Theorem

This part of the notes is devoted to show the following bi-Lipschitz exten-
sion result; through this chapter, we will write for brevity D = D(0,1/2) to
denote the square of unit side centered at the origin.

Theorem B (bi-Lipschitz extension). Let u : 9D — R? be a L bi-Lipschitz
map. Then there exists a CL* bi-Lipschitz extension v : D — R2, and in
particular if u is finitely piecewise affine there exists such a CL* bi-Lipschitz
extension which is also finitely piecewise affine. Moreover, there exists also
an extension v of u which is smooth; this smooth extension can be taken bi-
Lipschitz with constant CL*¥/3 if u is finitely piecewise affine, or with constant
CL™?/3 in general.

The complete proof of this result is quite involved, and beyond the purpose
of these notes; we will limit ourselves to give a quite precise idea of how the
construction works, but leaving many details without a formal justification.
The interested reader can find the complete work in the paper [15].

The strategy of the proof

In this section we give a more or less complete overview of the strategy that
we will follow in the proof. In fact, while on one hand the proof is extremely
involved and technically complicate, on the other hand the ideas behind the
construction are quite simple, and the tools used in the proof are elementary.
We try to present all the main ideas in this introduction.

First of all, we point out that we will consider almost only the finitely
piecewise affine case, because the general case will be eventually obtained
through a quite simple limiting procedure. Thus, the image w(0D) of the
boundary of the unit square is a closed curve in R? (more precisely, a polygon,
since we think u to be piecewise affine), which then divides R? in two parts,
a bounded one and an unbounded one. We will call A the first one, so that
actually u : 9D — 0A is a L bi-Lipschitz function, and the extension must
necessarily be a bi-Lipschitz map v : D — A.

Let us start considering for a moment a very peculiar case, namely, when
A is strictly convex. In this case, there is an obvious way to build a piecewise
affine extension v of u. Namely, take a point O in the interior of the set A,
say, the barycenter, and for every segment AB in 0D on which w is affine
define v in the triangle ABO as the unique affine function coinciding with «
on AB and such that u(O) = O. Equivalently, we can also simply say that
the image of the generic segment AO in D is the segment connecting u(A) to
O in A, and that v must be affine in every triangle ABO. The two points of
view are clearly completely equivalent, but the latter is easier to extend when
A is not convex.

Think now about the general case, when A has clearly no reason to be
convex. In this case, we can still fix a point O inside A, and try to imagine
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how the image of a given segment AO in D should look like. Of course, it can
not be a segment, if A is not convex; but we can guess that it must be some
polygonal curve, connecting u(A) to the point O remaining entirely inside A.
In particular, this curve will have to avoid being too close to A, in order not
to increase too much the bi-Lipschitz constant of v. Of course, if we consider
all the “vertices” A; of D (not only the four vertices of the squares, but all the
extremes of segments where u is affine) then all the different piecewise affine
curves between u(A;) and O will have to be disjoint, except for the final point
which is always O by definition. Moreover, two “consecutive” curves will not
only have not to intersect, but also they need never to become too close or too
far from each other, because this would let the Lipschitz constant of v or of
v~! explode. This is more or less the main idea of our construction; actually,
our biggest concern will be to construct suitable “good paths”, that is, the
piecewise affine curves just introduced. Let us now describe our proof more in
detail, following the ten big steps in which the proof is divided (corresponding
to ten sections of this chapter).

Our first concern is to find a suitable point O = u(O) to follow the idea
described above. Actually, we will see that it is better to find, instead, a
suitable “central ball” B, which will be the image of a suitable part of D more
or less close to the center O of D. At the end, we will see that often O = u(O)
will be the center of this ball lg’, but in some cases it will be some other point
of B. This central ball will be entirely contained in A, but its boundary will
intersect the boundary of A in at least two points. For instance, Figure 1.7
shows a possible situation, where A is the polygon, B is the ball, and its
boundary intersects the boundary of A in the four points A, B, C and D.
Finding a suitable ball B and studying its properties will be the scope of
Step 1.

We divide then the set A in two parts: one is the “internal polygon”, that
is, the polygon whose vertices are the points of the boundary of the central
ball which belong to dA, and one is all the rest. In particular, this second
part is of course the union of some essentially disjoint polygons, each of which
having has boundary a part of 0A and a side of the internal polygon. We
will define “primary sector” each of these polygons: for instance, in Figure 1.7
the internal polygon is the white quadrilateral, while the primary sectors are
the four coloured polygons. Notice that the internal polygon can reduce to a
segment, if the points of B N JA are only 2. Step II will be devoted to give
all the necessary definitions about the primary sectors and to point out their
first properties.

We concentrate now on a given primary sector, say, the one which con-
tains the segment AB in its boundary: since the map v has to be piecewise
affine, this sector will have to be subdivided in triangles. Hence, in Step III
we will partition the sector in a finite union of essentially disjoint triangles,
and we will also introduce a partial order between them. Figure 1.9 shows a
sector subdivided in triangles, and the partial order is such that the triangles
numbered there between 1 and 10 are an increasing sequence.
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Fig. 1.7. A polygon with four (coloured) primary sectors.

We can then start building the “good paths” introduced above. More pre-
cisely, taken a vertex P on the boundary of the primary sector, in Step IV we
will define a piecewise affine path which starts from P and arrives somewhere
on the segment AB; this path will be affine on each of the triangles defined
in Step III. Since, if we call P € 9D the point such that u(P) = P, the path
build here will be the image under v of the first part of the segment PO,
then to get the bi-Lipschitz property for v we will have to take care that the
different vertices P will have to influence each other. This is probably the
most complicate step in the original proof of the theorem (but in these notes,
we skip many details in the proof of this step).

The next Step V will be devoted to provide a bound on the lengths of the
paths constructed in Step I'V: this is clearly a technical information needed to
obtain our further estimates.

As we just said above, for any vertex P = u(P) € 0A the extension v
will send the first part of the segment PO onto the path defined in Step IV.
However, we will notice that the best way to do so will not be to do so at con-
stant speed, because this would eventually worsen the estimate of Theorem B.
Therefore, in Step VI we will give a non constant and carefully constructed
“speed function”; as before, the speed function corresponding to any vertex
will influence those corresponding to the other vertices.

Putting everything together, we have then a bi-Lipschitz function defined
on all the good paths inside the primary sector, and extending it in the piece-
wise affine way we will then get a bi-Lipschitz function defined in the whole
primary sector. Step VII will be devoted to give the precise definition and to
check the properties of this map.

Since we have now different bi-Lipschitz functions between suitable parts
of the square D and each of the primary sectors, what is needed now is to
send the remaining central part of D onto the internal polygon inscribed in the
central ball. This will be fairly easy in most of the situations, such as the one
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depicted in Figure 1.7; however, the general case can be much more tricky, for
instance when the internal polygon degenerates to a segment. In Step VIII we
will show how to deal all the possible cases, and then we will have concluded
the construction of a finitely piecewise affine extension v : D — A in the case
of a finitely piecewise affine map u : 9D — JA.

To conclude the complete proof, we will now only need two very simple
last steps. In Step IX, we will build an extension for a bi-Lipschitz map
which is not finitely piecewise affine. To do so, we will approximate u with a
sequence of finitely piecewise affine functions u; which uniformly converge to
u; then, we will apply the construction of the Steps I-VIII to get extensions
v; of each u;; and finally, we will only have to check that the sequence v;
uniformly converge to a function v, which is as needed.

The last Step X will provide us with a smooth extension. In fact, if u is
finitely piecewise affine we will only need to apply Step VIII and Theorem A,
while for a generic function u we will apply Step IX and Theorem C.

Some notation

As in the other parts, there is some specific notation which is needed only
within this part, and we briefly list it here.

We will use capital letters to refer to points in the square D, as A, B, C
and so on, and bold capital letters to refer to points in A, as A, B, C and so
on. For a quick comprehension and a shorter notation, we will use the same
letter (bold or not) to denote points in D and in A which are sent to each
other by w or v. This means that if P € 0D is a point on the boundary of the
square, then the letter P is always used to denote the point u(P). Similarly,
if @ € D is inside the square, then Q = v(Q).

For any two points P, @ € 0D, we call as usual PQ the segment joining
P and @, which lies inside D; instead, by ]/36 we denote the shortest path
between P and @) on 9D; in the particular case when P and @) are opposite, by
I/DEQ we may refer to each of the two possible paths, and we will clarify which
one when needed. Moreover, ¢(PQ) and E(I/DZZ) are the lengths of the segment
PQ and of the curve 1/3?2 respectively: notice that 5(@) € [0,2]. Concerning
points P = u(P) and Q = u(Q) in 9A, to be consistent we will consider the
segment PQ, having length ¢(PQ), only if it is entirely contained inside A.

In addition, the curve @ is defined as u(@), and its length is again called

ﬁ(ﬁb): notice that ﬁb might happen not be the shortest path between P
and Q on 0A.

1.3.1 Step I: The central ball B

As anticipated above, we start considering the case when w is finitely
piecewise affine; this will be the assumption of the Steps I-VIII, and only in
Steps IX and X we will consider the general case.
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In this first step, we select the “central ball” 3, which is contained in A
and whose boundary touches OA in at least two points. Among all the balls
with this property, we are going to select one which is not too small (however,
we will not simply take the biggest possible one, because this would eventually
give rise to a worse estimate in Theorem B). Our result is then the following.

Lemma 1.24. There exists an open ball B C A such that the intersection
OBNOA consists of N > 2 points Ay, Az, ... AN, taken in the anti-clockwise
order on the circle OB, and with the property that for every 1 < i < N the

path A; A1 does not intersect other points A, than A; and A;4q.

Some preliminary remarks are now in order. First of all, since the ball
B is entirely contained in A, then also the points A; on 0D are ordered, in
particular in the anti-clockwise sense if u is orientation-preserving and in the
clockwise sense if u is orientation-reversing. Thus, the assumption that for
every i the path A;A;;; is the one which does not intersect other points
A; is equivalent to say that 0D is the essentially disjoint union of the paths

A; A1, with the usual convention NV 4+ 1 = 1. In addition, we can observe
also what follows.

Remark 1.25.1f N = 2 in Lemma 1.24, then it is surely ¢(A;A2) = 2, that
is, the points A; and As are opposite; otherwise, if N > 3, then the maximal
distance ¢ (71:4:) between two vertices is at least 4/3. Thus, whatever N is,
the radius of the central ball must be at least %

Moreover, take any ball B C A whose boundary intersects dA in at least
two points. The choice B = B satisfies the claim of Lemma 1.24 unless there is
an arc of length 2 in 0D which does not contain any of the points of AN OB.

We now depict the proof of the lemma.

Proof (of Lemma 1.24). Recall that A is a polygon, take any point A € A
which is not a vertex and let B = B(A) C A be the biggest ball containing A
in its boundary; thus, 9BNIA must contain at least another point B # A. As
a consequence, the set S of all the pairs (A, B) € 0A contained in the bound-
ary of some ball B = B(A, B) C A is not empty (and, of course, symmetric).
Since S is a compact subset of (9A)?, there exists a pair (A, B) maximizing
f(@); notice carefully that we are maximizing E(;XRB)7 not E(Z—B)

Observe now that, if 8(@) = 2, then any ball BcA containing both A
and B in its boundary satisfies our claim thanks to Remark 1.25.

We assume then that E(@) < 2; among all the balls B C A whose
boundary contains both A and B, we call B one which maximizes the radius
(in most examples there is only one such ball, but it is not always the case).

Making use of the maximality of E(@) among pairs (A, B) € S, and of
the maximality of the radius of B among the admissible balls corresponding
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to A and B, a geometric argument shows that there is some point P €
OBNOA\ AB.

Consider now the three points A, B and P on 0D. By definition of the
paths and by construction, P does not belong to the path AB. Moreover, since
the length K(AB) is maximal, then AP cannot contain AB or, equ1valently,
B is not contained in AP7 for the same reason, also A is not contained in BP.
This immediately implies that every path of length 2 in 9D contains at least
one between A, B and P. And in turn, Remark 1.25 says that this gives our
thesis. 0

1.3.2 Step II: Sectors and primary sectors

In this second step we present the definition of the “sectors” in A, and in
particular of the “primary sectors”, studying their simplest main properties.
The first definition is the following.

Definition 1.26. Consider two points A and B in 0A with the property that
the open segment AB entirely lies in A. We call sector between A and B

the subset of A enclosed by AB and by the path AB.

Recall that, if A and B are opposite in D, then each of the two paths
connecting A and B can be referred to as ZE; as a consequence, in this case
each of the two parts in which A is subdivided by AB is a primary sector.

Consider now the central ball B given by Lemma 1.24, and call again A;,
1 <4 < N the (ordered) points of 9B N JA. By construction, each open
segment A;A;;1 is entirely contained in B, thus in A. As a consequence, we
can give a name to the corresponding particular case of sectors.

Definition 1.27. We call primary sector each of the sectors S(A;Aiy1).

By Lemma 1.24 we readily get that the different primary sectors S(A;A;11)
are essentially disjoint. More precisely, A is the essentially disjoint union of
the N primary sectors and the possibly degenerate polygon A1 A5 ... Ax (to
visualize the situation, one can look back at Figure 1.7). Let us observe a
couple of easy properties of the sectors.

Remark 1.28. Let A, B, C, D be four points in dA. If C, D € AB, then
one has CD C AB. Moreover, if both the open segments AB and CD lie in
the interior of A, then it is also S(CD) C S(AB).

A second very useful property, which will be used several times in our next
proofs, is that the lengths of the paths in 9D and of the corresponding paths
in A can be bounded by each other. More precisely, let P and Q be two points
in OA such that the closed segment PQ is entirely contained in A. Since D is

a square, then ¢(PQ) < E(I/DE) < V20(PQ), and since u is L bi-Lipschitz it is
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also /(PQ)/L < ((PQ) < LU(PQ), as well as £(PQ)/L < (PQ) < LI(PQ).
In particular, we deduce that

((PQ) < V2LUPQ). (1.39)

Observe that, of course, for the above estimate to be true it is crucial
that 1/'22 is the shortest of the two paths in 0D connecting P and Q. In fact,
the reason why our definition of the central ball in Step I requires that every
path A;A;;, does not contain other points A;, is that then we can use the
estimate (1.39) inside every primary sector S(A;A;41).

1.3.3 Step III: Subdivision of a sector in triangles

To build our extension v of u, the next ingredient that we need is to
subdivide every primary sector in a finite number of triangles. Through this
Step, S(AB) will be a fixed primary sector in A.

Definition 1.29. Given three points P, Q and R in S(AB), the triangle
PQR is said an admissible triangle if each of its open sides is entirely con-
tained either in A, or in OA. Moreover, the segment PR is said the exit side
of the admissible triangle PQR if PR = ?Q U @‘F\l

Figure 1.8 enlightens the meaning of the definition, showing five triangles in
the sector S(AB); the triangles 1 and 3 are not admissible because they have
a side which is not entirely contained neither in A nor in JA: in particular, a
side of triangle 1 (resp., triangle 3) has an open side whose intersection with
A is half of the side (resp., a single point). On the other hand, the remaining
triangles are admissible, and an arrow indicates the exit side. As the figure
illustrates, and as one can readily deduce from the definition, every admissible
triangle admits exactly an exit side. Notice also that every admissible triangle
can have either one, or two, or three sides which are contained in A, and in
particular so is always the exit side.

Let us briefly clarify a point in our notation. Recalling that u is assumed
to be finitely piecewise affine, we will call sides of D and of A all the segments
on which the restriction of w is affine, and vertices their extremes. Observe
that this does not coincide with the usual sense of the words “side” and
“vertex” for polygons: in particular, there can be segments which are sides of
the polygon 0D or 0A, but which are in fact a finite union of sides according
to our convention. We are now in position to state the main result of this step.

Lemma 1.30. There exists a partition of S(AB) in a finite number of ad-
missible triangles such that:

a) each vertex in AB is vertex of some triangle of the partition,

b) for each triangle PQR of the partition, whose exit side is PR, the or-
thogonal projection of Q on the straight l/izze through PR lies in the closed
segment PR (equivalently, the angles PRQ and RﬁQ are at most w/2).
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Fig. 1.8. Some (admissible or not) triangles in a sector.

For brevity, we are giving here only a brief sketch of the proof of this result
(as of many of the technical results of our construction). However, it is useful
to describe the main tool that one has to use, namely, the “weight” of the
sectors. More precisely, let S(CD) be a sector, and call m € N the number
of its sides. For every vertex P € (/Z’b, call P, its orthogonal projection on
the straight line passing trough C and D. If there exists some vertex P such
that P, belongs to the closed segment C'D and the open segment PP | lies
inside A, then we say that the weight of S(C D) is m. Otherwise, if no such
vertex P exists, we say that the weight of S(CD) is m + 3.

Proof (of Lemma 1.30). If the weight of S(AB) is 2, which is the minimal
possible weight of a sector, then the sector is in fact a triangle and the claim
is true simply considering the partition given by the triangle itself.

Let us then argue by induction on the (semi-integer) weight of a sector;
assume then that S(AB) has weight k£ > 2, and that the proof has already
been obtained for all the weights smaller than k. First of all, consider the case
when k is integer: by definition of weight, there exists a point P € AB such
that the segment PP is entirely contained in A and P, € AB. Therefore,
the sector S(AB) is the essentially disjoint union of the two sectors S(AP)
and S(PB) and of the triangle AP B. Moreover, each of the two sectors has
weight strictly less than k, so by assumption the claim is already separately
true on each of them. The searched partition of S(AB) is then obtained by
putting together the two partitions of S(AP) and S(PB) and the triangle
APB. g

Assume, instead, that k is not integer. Take now a point V € AB which
is not a vertex, and which is then contained in some side of the sector, say
VePQC AB. We can then split the side PQ into the two sides PV and
V@Q); in other words, we arbitrarily decide to start considering also V as a
vertex of the sector S(AB): observe that this is clearly admissible, though,
doing so, the total number of vertices and sides increases by 1, becoming then
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k+ 3 (correspondingly, the weight of the sector S(AB), which was previously
k, becomes now k+% or k+1). It is simple to show that, by carefully choosing
the point V', we can obtain that the sector S(AB) is the union of the two
(possibly degenerate) sectors S(AV) and S(V B) with the triangle AV B,
and the weight of each of the sectors is at most k —  (thus smaller not only
of the new weight of the sector S(AB), but also of the old one!). Again,
the inductive assumption allows then to obtain the claim. Notice that our
procedure may increase the total number of sides, but only a finite number of
times, so this is not a problem at all. a

From now on, we will always consider the sector S(AB) with a given
partition as in Lemma 1.30. An explicit example of such a partition is shown
in Figure 1.9. A last couple of definitions are needed to conclude this step.
First of all, the triangles of the partition admit a natural partial order, induced
by the relation which says that the two triangles PRQ and PQS satisfy
PRQ < PQ@QS if the common side PQ is the exit side of PQR. It is easy
to observe that this relation is well-defined, and it is equivalent to say that
PQR < STU if and only if the points P, Q and R all belong to the path
SU , being SU the exit side of STU. Moreover, there is a unique greatest

Fig. 1.9. A sector, its partition in triangles, and the natural sequence related to P.

element for this order, namely, the triangle having as exit side the segment
AB. In addition, every triangle of the partition has exactly a unique successor,
except the maximizer. Since the triangles are finitely many, in our future
constructions we will argue recursively, considering a generic triangle and
assuming that all the smaller triangles have been already treated. We give
now the last definition.
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Definition 1.31. For every P € ZE, we call natural sequence of triangles
related to P the sequence (T 1, T2, ..., T N), where Ty is the minimal
triangle of the partition containing P, 7 ;.1 is the successor of 7 ; for any
1<i< N -1, and T n is the mazimal triangle. Of course, N = N(P).

Notice that the natural sequence of triangles related to any point P is well-
defined; an example is given in Figure 1.9, with the triangles (gl, ceey 910).

1.3.4 Step IV: The good paths inside the sectors

The fourth is the main and most complicate step of the whole construction;
what we want to do here, is to define suitable piecewise affine paths inside
the sector S(AB), starting from each vertex P € AB and ending on the
segment AB. The meaning of these paths is evident: calling as usual P =
u~1(P) € 9D, our extension v will send the first part of the segment PO onto
this piecewise affine path. Since this definition will provide the map v on some
one-dimensional “skeleton” inside the square D, the paths corresponding to
different points must not become too far nor too close to each other. Let us
first give the definition of what are the admissible paths for our strategy.

Definition 1.32. Take a point P € AB, and let (71, T2y ..., TN) be
the corresponding natural sequence of triangles as in Definition 1.31. A good
path corresponding to P is any piecewise affine path PP, Ps--- Py such that
every P; belongs to the exit side of 7 ;.

A precise idea of what a good path is can be taken from Figure 1.10,
where the sector S(AB) is subdivided in triangles as in Step III, and two
good paths corresponding to the points P and @ are drawn. We can now

Fig. 1.10. A sector with two good paths corresponding to P and Q.

present the result of this step.
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Lemma 1.33. There exist a good path PP, P --- Py corresponding to each
verter P of AB, being N = N(P), so that the following holds:

(i) for any 1 < i < N(P), the angle between the segment P;_1P; and the
side of T ; to which P;_1 belongs (resp., the exit side of 7 ;) is at least
arcsin (é) (resp., at least 15°);

(ii) ((PPy) := {(PPy) + {(P1P3) + -+ {(Py_1Py) < 4((AB) ;

(1ii) assume that for some 1 < i < N(P) and 1 < j < N(Q) the points P;
and Q; belong to the same exit side of some triangle; then

< U(PiQ;) < ((PQ)
and, if i < N(P), then
E(Pm-leH) < E(Pin)§
(iv) the piecewise affine paths PP1 Py --- Py are pairwise disjoint.

Using the situation of Figure 1.10 as an example, we can quickly observe
the meaning of (i)—(iv) in the lemma above. Property (i), for the point P and
i = 3, which corresponds to the triangle .7 = CDE, means that

- 1 - 1
> 1 N > 1 -
P3P>D > arcsin (6L2> , P3P FE > arcsin (6L2> ,
P,P,C > 15°, P,P,E > 15°.

Property (i) means ¢(PP7) < 4¢(AB), denoting PP; := PP, P;--- P,
In the same way, ((QQ3) < 45(@). Property (iii) means

(PQ)

T < U(P1Qs) < ((PsQ,) < ((PQ).

Observe that, as in the figure, whenever the points P; and Q; belong to the
exit side of the same triangle 7, then also P;,; and Q41 belong to the exit
side of the (unique) successor of .7; therefore, the same will be true for all
the points P;i and Q) until reaching the maximal triangle having AB
as exit side. In particular, N(P) — N(Q) = i — j. Finally, property (iv) just
means that 1/37—"\7 and (/;)2)\3 do not intersect each other.

Let us now give a very short description of the different parts of the proof.

Proof (of Lemma 1.33). The thesis is obtained by an induction over the weight
of the structure. In fact, assume that the lemma has been already proved for
all the structures of weight less than that of S(AB) (which is emptily true if
the weight is 2), and let ABC' be the maximal triangle with respect to the
order introduced in Step III.
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By definition, the segment BC can lie entirely in A, or entirely in 0A;
in the first case, S(BC) is a sector having a weight strictly less than that of
S(AB), then by inductive assumption we already have piecewise affine paths
starting from every point P € BC and arriving up to BC, and satisfying (i)
(iv). In the second case, the same is emptily true with the trivial empty paths.

In any case, one has then only to connect the points Py_; on BC with
the segment AB (the very same has to be done, of course, also with AC in
place of BC'). To do so, it is necessary to consider carefully all the possible
positions of C' with respect to A and B, and this is done in different steps.

Step A. Definition of C1.
First of all, we have to define the point C; € AB; we start calling C*

and C~ the points on the straight line passing through A and B and being
at a distance £ (BC) from B, and ¢ (AC) from A respectively. Then, we call

C, € AB the point satisfying

((AC)  U(AC)

¢(AB) ((AB)’

finally, we set C'1 to be the point in C~C" which is closest to 51: in other
words, C; = C; if C; € CTC~, while C; = CT (resp. C; = C7) if C,
is above C* (resp. below C ™). Having defined the point C, we have then
to consider the points Py _; on the segment BC'. This is done in a different
way, depending on how the situation is.

Step B. The case when C1 = C™T.

This is the easiest case to treat. In fact, for every vertex P € BC , cor-
responding to a point Py_; € BC, we let Py € BC be the point satisfy-
ing {(BPy) = {(BPnN_1), so that in particular all the different segments
Px_1 Py are parallel to CCy. In this case property (iv) is clearly true,
and one can easily check the validity of also (i)—(iii), recalling that either
BC < 0A, or the validity of (i)—(iii) is true by assumption on the sector
S(BC).

Step C. The case when C1 # C™ and ABC > 15°.
If C; # C, it is convenient to distinguish the two cases when the angle

ABC is bigger or smaller than 15°. In the first case, for every point Py_; €

BC, corresponding to the vertex P € B’E’, we let Py € BC be the point
such that

(O

{(BPy) = min {e(BPN_l) , {(BC1) — T

being as usual P € D be given by P = u~!(P). It is again possible (though
not so immediate), by some geometric arguments, to check that all the prop-
erties (i)—(iv) hold true.
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Step D. The case when C1 # C* and ABC < 15°.

AThis is the hardest case to handle, since by the smallness of the angle
ABC the definition (1.40) does not work. To obtain the thesis in this situa-
tion, one has to perform a delicate geometric construction, basically shrinking
the segments on BC' to fit into BC1, though with a shrinking parameter
which depends on the point. However, one eventually proves the validity of
the searched properties (i)—(iv). O

1.3.5 Step V: The lengths of the good paths

This step is devoted to find a bound for the good paths ﬁ?gv given by
Lemma 1.33. In fact, thanks to property (ii) of that lemma, we already know
that for every vertex P € AB one has 8(151_37\[) < 46(@). However, it is
easy to understand that this bound is not satisfactory if the point P is close
to A or to B. In fact, consider two points P and Q in AB which are close
to each other, and call N = N(P) and M = N(Q). Since the map v that we
want to define must be bi-Lipschitz, then the paths ﬁ]\\[ and QQ,; must
remain close to each other, and their lengths must be similar. In the particular
case when Q = A, it is clearly M = 0 and the path QQ,, degenerates to
the single point A, having then 0 length; therefore, when P approaches A (or
B), then also the length of FP\N must be very small, and so in that case the
bound 5(151—37\;) < 46(@) is not enough.

For this reason, we can look back more carefully at the construction of
Step IV, obtaining the following estimate.

Lemma 1.34. Forany P € AB it is K(PPN) < 113 min {E(ﬁ), 6(@)}

Also in this case we are not going to present the proof, but we can quickly
explain the overall idea. Taken a point P € Z—E, let us consider all the
different triangles of the natural sequence of triangles (1, T2, ..., T N)
related to P, according to Deﬁmtlon 1.31. Call for brev1ty A,B; the exit
side of 7 ;, being A; the point in AP and B; the one in PB:in particular,
Ay = A and By = B. For consistency, call also AqBj the side of .7; which
contains P = Pj. Recalling the construction of the partition of triangles of
Step I11, it is clear that the exit side of any triangle .7 ; coincides with a (non-
exit) side of the following triangle .77 ;11; as a consequence, the exit sides of
7 ; and 7 ;1 have exactly one common point, thus either A;; 1 = A; or
B; 1 = B,. Suppose for simplicity that 8(1/375') < E(ﬁ): then the claim of
Lemma 1.34 can be written as

N-1
> UPiPiyy) < 113(£(POBO) +
=0 %

=

-1

€(BiBi+1)) , (1.41)

Il
=]
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and this expression of the thesis is evidently particularly useful to start a
sort of comparison argument. More precisely, let 0 < ¢ < N be a generic
index: if B;y1 # B;, then an essentially trigonometric argument based on (i)
of Lemma 1.33 gives {(P;P;11) < 4¢(B;B;11), and in turn this is clearly
a good inequality in order to obtain (1.41). On the other hand, if B; =
B, 11, this does not help the validity of (1.41) since ¢(P;P;11) > 0 while
{(B;B;+1) = 0. However, it is reasonable to guess that the property B; =
B, cannot hold too often; in fact, by (iii) of Lemma 1.33 we know that
[(PZJrlBZ) = le(PiJrlBiJrl) S é(PlBl), and then if BZ = B]‘ then the length
E(ISL—I;]) cannot be excessively large. Basically, proving Lemma 1.34 means
giving a quantitative estimate to this rough argument.

Fig. 1.11. A natural sequence of triangles T, with the points A; and B; and the
angles 0T .

Thanks to the above observations, our strategy will be to group the differ-
ent triangles .7; of the natural sequence in different categories, more or less
with the aim of studying what happens for all the triangles sharing the same
point B;. We will then subdivide (see Figure 1.11) the natural sequence of tri-
angles into sequences of consecutive triangles % = (T, Tiy1, .-+ Titj)
called “units”, and similarly we will further subdivide the units into con-
secutive “systems of wunits” . = (%, % i41, --. , % i+;), and finally the
systems into “blocks of systems” B = (4, L i1, ..., L it;). This pro-
cedure will eventually allow to get (1.41), hence proving Lemma 1.34.

1.3.6 Step VI: The speed of the paths

In this step we aim to set the “speed” at which the first part of a seg-
ment PO in D should be mapped onto the piecewise affine path ﬁﬁv To
explain what this actually means, consider a given vertex P € AB and let
¥ : [0, M] — S(AB) be the arc-length parametrization of the path ﬁl—DTv
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found in Step IV, being M the length of the path. The preliminary idea that
one could have, is to define the extension v on the first part of the segment
PO as v(tO + (1 — t)P) := 1(t). Of course, this can work only if M < 1,
which is not always true, and the first correction that comes in one’s mind
is to define, instead, v(tO + (1 — t)P) := 4(7t) for a suitable constant 7 so
that 7M < 1. In other words, one would like to map the segment PO on the
path ﬁﬁv at constant speed 7. However, some examples show that this is
not the right choice: in fact, if the shape of A is spiraling first in one direction,
and then in the other one, then there are pairs of points P and @ which are
close to each other, but such that v(¢tO + (1 —t)P) and v(tO + (1 — t)Q) are
far away for some suitable ¢. To avoid this problem, one can realize that it is
necessary to map the segments in D at variable speed; since the drawback of
using a constant speed is only in how the different good paths behave with
respect to each other, the speeds corresponding to different vertices will have
to influence each other —see (1.46) below. Let us then present how we will
proceed: first of all, call X' the union of all the paths ﬁ?v found in Step IV
and corresponding to the different vertices P € IE, which is a disjoint union
by construction. We introduce then the following notation.

Definition 1.35. The function 7 : X — R™ is said a possible parametriza-

tion if for every verter P € AB it is

e 7(P)=0,

o for each vertex P € AB and each 0 < i < N(P), the restriction of T to
the closed segment P;P; 1 is affine.

Moreover, for any S belonging to the open segment P;P; 1, we shall write

Pii1) —7(Py)
({(P;Pi4)

(8) = T

Observe that 7/ corresponds to the inverse of the constant speed of the
parametrization 7 within the segment P;P;,1. The result of this step is the
following.

Lemma 1.36. There exists a possible parametrization T such that

1
— < < .
60L7’T(S)71 vSe X, (1.42)

if P and Q; belong to the same exit side/@‘ a triangle, then (1.43)
[7(P3) = 7(Q;)| < 1T0LL(PQ) .

Proof. Since 7(P) = 0 for every vertex P € AB, defining 7 is equivalent to
define 7’; we will build the searched function arguing again by induction over
the weight of the sector.

Step A. The case when the weight of S(AB) is 2.
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If the weight of the sector is 2, then the sector is in fact a triangle, and
we simply set 7/ = 1 on all X. The validity of (1.42) is clearly true; concern-
ing (1.43), we only have to consider two vertices P and @ and the points
Py and Q, on AB. But then 7(P;) = ((PP1) and 7(Q;) = /(QQ),), and
then (iii) of Lemma 1.33 and the triangular inequality yield

[7(P1) = 7(Qy)| = [((PP1) = £(QQ)| < {(PQ) +¢(P1Q,) < 2(PQ),
so (1.43) is verified.

Step B. The case when the weight of S(AB) is at least 3.

Consider now the general case of a sector of weight at least 3, and let
ABC be the maximal triangle in the sense of the order between triangles. By
inductive assumption, it is admissible to assume that the map 7 is already
defined in both the sectors S(AC) and S(BC') and satisfies (1.42) and (1.43)
within the respective sectors; hence, we only have to define 7 (or 7/) in X' N

ABC. Notice that, given two generic vertices P and Q on ZE, and calling
N = N(P) and M = N(Q), we already know by inductive assumption that

|T(PNn_1) = T(Qp_1)| < 1T0LE(PQ). (1.44)

This estimate is true not only when Py_; and Q,,_, belong both to AC or
both to BC, in which case (1.44) directly comes from (1.43), but also when
one of the points lies in AC and the other one in BC': indeed, to get (1.44) in
this case just apply (1.43) once to Py_; and C, and once to C and Q,;_;.

Before defining 7, we start considering the temptative map 7 given by
setting 7 = 7 on S(AC) U S(BC), and 7 = 1/(60L) on ABC:': in other
words, for any vertex P we are defining

#(Py) = (Py 1) + oo (P 1Py). (1.45)

It is clear that 7 satisfies (1.42), but it might not verify (1.43); hence, we give
the definition of 7 as

7(Py) = 7(Py)V max{i’(QM) —170LUPQ): Q€ @} . (1.46)

It is immediate to observe that, since 7(Py) > 7(Py), then 7/ > 7 =
1/(60L) in ¥ N ABC, so the first half of (1.42) is true. Concerning (1.43), it
is a direct consequence of

T(Py) = 7(Qu) — 1T0LL(PQ); (1.47)
and in turn, if 7(Q,;) = 7(Q,,) then
7(Py) > 7(Qy) — 1T0LL(PQ) = 7(Qyy) — 1T0LL(PQ)

so (1.47) is true. On the other hand, if 7(Q,,;) = 7(Rk) — 170L£(@T{) for
some R € AB with K = N(R), then
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7(Py) > 7(Ri) — 1T0L£(PR) > 7#(Ri) — 170L £(PQ) — 170L {(QR)
= 7(Qy) — 170L4(PQ)

hence (1.47) is again true.

Summarizing, to finish the proof we have to check the second half of (1.42),
namely, that 7/ < 1, or equivalently that 7(Py) — 7(Py_1) < {(PNy_1Py)
for every vertex P. This is the hardest part of the proof of this lemma, and we
skip it here; basically, assuming the existence of a vertex P such that 7(Py)—
7(Pn_1) > {(Pn_1Py), and using carefully (1.44), (1.45) and (1.46), we can
provide the required absurd. a

1.3.7 Step VII: The extension v onto the primary sector S(AB)

In this Step we finally give the definition of the map v from a suitable sub-
set Dap of D onto the primary sector S(AB) (in fact, we will call such func-
tion u4p instead of directly v, the reason will appear clear in next Step VIII).
The idea is to use the good paths of Step IV and the speeds found in Step VI
to send a 1—skeleton X inside D onto the set X' already used in Step VI, which
is simply the union of the good paths ISP\N; then, we extend this preliminary
map to the whole D4p in the piecewise affine way. For a picture of the con-
struction, see Figure 1.12; some care is needed to do everything precisely, and
to check that everything works.

. WY
>\

Fig. 1.12. The function uap : Dap — S(AB).

We can directly start with the relevant definitions. First of all, taken any

vertex P € :43, we want to define the points P; in PO for every 1 < i <
N(P), in order to set uap(P;) = P;: to do so, we make use of the “possible
parametrization” 7 constructed in Step VI, in the sense that we let

7(P;)
10L

The fact that tp; < 4/5 can be easily observed making use of (1.42) of
Lemma 1.36, (ii) of Lemma 1.33, and the Lipschitz property of u, since

4
0<tp; = < 5 P = tpﬂ'O + (1 —tp’i)P. (148)
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N —— —_— —_—
7(P;) < 7(Py) < Z i—1P;) ={(PPy) < 4((AB) < 4L{(AB) <8L.

We can then define the 1-skeleton X' C D and the set D 4p. Concerning X, it
is simply the union of the piecewise affine paths PPy. Moreover, enumerating

for a moment the vertices of ABas P°= A, P', ..., PW-1 PW = B, and
calling N() N(P"), the set DAB is the polygon whose boundary is the
union of AB with the path API{, N(2) PJI\/,V(;V 1)B see again Figure 1.12.

We now define the map uAB from X to X by setting uap(P;) = P;
for every vertex P € AB and every 1 < ¢ < N(P), and extending in the
piecewise affine way: this map is injective by (iv) of Lemma 1.33. Finally,
we want to extend uap from the whole Dap to the whole S(AB); to do so,
it is convenient to consider two consecutive vertices P and Q on :4—3, and
restrict our attention on the quadrgatial PQQy Py /aﬂ on the corresponding

polygon whose boundary is PQUQQ ,;UQ 3, PnUP NP, where again we call
N = N(P) and M = N(Q). Observe that Dap (resp., S(AB)) is the union of

A

2

R

Z

g

Fig. 1.13. Passing from uap : ¥ — X to uap : Dap — S(AB).

these quadrilaterals (resp., polygons) over all the consecutive pairs of vertices.
To extend usp to the whole D4p, let us assume by symmetry that N > M
(observe that N = M is impossible, since N > M is equivalent to say that
the triangle of the partition found in Step IIT which contains the side PQ has
Q in its exit side, and in turn this exit side must contain exactly one between
P and Q). The quadrilateral PQQ s Py is then naturally subdivided into the
triangles P P;11Q for all 0 < ¢ < N—M, and the quadrilaterals P; Pi11Q;j+1Q);
with j =i — (N — M) for N — M <+i < N. Looking at Figure 1.13, it is then
easy to imagine how we will extend the map uap, already defined from X' to
X, to be a map from Dap to S(AB). In fact, for every 0 <i < N — M we
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let uap to be the unique affine function sending the triangle P;P;11@Q onto
the triangle P;P;1Q, while for every N — M < i < N we let uap to be
the unique affine function sending the triangle P, Pi11Q 11 (resp. Q;+1Q; D)
onto the triangle P;P;11Q; , (resp. Q;1Q;P;). It is immediate from the
construction that the map uap : Dap — S(AB) is finitely piecewise affine
and bijective, as well as that uap = u on AB = 0DND4p. The main result of
this step is to give the following precise bound on the bi-Lipschitz constant of
uApB, which is boring to check but only needs elementary geometric estimates.

Lemma 1.37. The map uap : Dap — S(AB) is CL* bi-Lipschitz.

1.3.8 Step VIII: The extension v onto the whole D

In Step VII we have been finally able to define a bi-Lipschitz function
uap from Dap to S(AB) for every primary sector S(AB). We have now to
put together all these different maps and to complete the definition; recall
from Step I (in particular, keep in mind Figure 1.7) that A is the disjoint
union of the different primary sectors, plus an internal polygon. Similarly, by
the construction of Step VII (see Figure 1.12) it is immediate to realize that
D is the disjoint union of the different sets Dsp, plus an internal polygon.
It is then easy to imagine a very simple way to define the whole extension
v, depicted in Figure 1.14: we set v = uap in each set Dyp, and then we
send the “internal polygon” in D onto the “internal polygon” in A in the
clear piecewise affine way (more precisely, we send each triangle Q;Q,;+10 C
D onto the corresponding triangle Q;Q;,,0 C A, being O the center of

the central ball B) Unfortunately, the situation is not always as one can
see in the figure: indeed, as we already pointed out, it may happen that
there are only two primary sectors, and then the “internal polygon” in A in
fact degenerates to a segment; of course, this prevents our easy construction,
because the internal polygon in A is never degenerate, containing by (1.48) at
least a region of width 1/5 around the center. And this is not the unique bad
possibility: another one is that there is indeed a non-empty internal polygon
in A, but it does not contain the center of the central ball B, and then the
definition given above makes no sense. Let us then quickly give the proof of
Theorem B for the finitely piecewise affine case.

Proof (of Theorem B, finitely piecewise affine case). Let us conclude our con-
struction for the case when w is finitely piecewise affine, that we have treated
since Step I on. We apply Lemma 1.24 to get the central ball B and the NV
points A;, 1 < ¢ < N in its boundary, so that also the N primary sectors
are defined; let us also call for brevity r the radius of the central ball. For
every 1 <i < N, let us call —r < d; < r the signed distance between A;A;;1
and the center of B, with the convention that the sign is positive if the center
does not belong to S(A;A;11), and negative otherwise: for instance, in the
situation of Figure 1.14 all the four distances d; are positive. We can then
show our thesis considering three different possibilities.
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Fig. 1.14. The “easy case”.

Step A. The case when d; > r/4 for each 1 <i < N.

This is the “easy case”: enumerate as {P;} all the vertices in 0D, and
call P; the corresponding vertices in dA. Moreover, as in Figure 1.14, for
every j call for brevity Q; = (Pj)m and Q; = (P;)un, being M = N(P).
Finally, call O the center of B. Observe now that the “internal polygon” in
D (resp., in A) is the essentially disjoint union of all the triangles Q;Q;4+10
(resp., Q;Q;10). Let then v be the finitely piecewise affine function which
corresponds with ua, 4,,, on each Dy, 4,.,, and which moves in the affine way
every triangle Q;Q;1+10 on Q;Q;;,0. Thanks to the assumption d; > r/4,
recalling Lemma 1.37 and by simple geometric arguments, it is easy to show
that this map is CL* bi-Lipschitz.

Step B. The case when —r/2 < d; < r/4 for some 1 <i<N.
Suppose now that there is some 1 < ¢ < N for which —r/2 < d; < r/4:
then, it is impossible that d; < —r/2 for any other j. Also in this case we call

O the center of B, but we define v in a different way than in Step A above.
More precisely, take any 1 < ¢ < N: if d; > r/4, then we define the map v
in the whole triangle A;A;110 as before. Instead, if d; < r/4, as for i = 1 in
Figure 1.15 (left), then we give the following definition: first of all we call, as
in the figure, C € OB the point in the axis of A;A;11, M the middle point of
A;A; 1, and D € OC the point having distance r/4 from O. Then, we call
P : S(A;Ai+1) — S(A;A; 1) the bi-Lipschitz and piecewise affine function
which moves the triangle A;A;;1C onto the quadrilateral A;DA;1C, and
leaves the rest of the sector fixed. Finally, we set v = ®oua,a,., on Da, 4,4,
and for every vertex QQ; € 0Dy, 4,,, we define again v as the affine map
moving the triangle ;Q;+10 onto the triangle Q;Q;,;0, being this time
Q; = sli(uAiAtH(Qj)). It is again possible, by means of simple but boring
geometric arguments, to check that v is still CL* bi-Lipschitz.

Step C. The case when d; < —r/2 for some 1 <i < N.

The last possible case is when there exists some 1 < ¢ < N for which
r; < —r/2, as it happens for i = 1 in Figure 1.15 (right): notice that in this
case such i is unique, and r; > r/2 for all i # i. In this case, O will not be
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Fig. 1.15. The other two cases.

the center of B. More precisely, as in the figure, set the following definitions:
let M be the midpoint of A;A;, 1, C € B be the point such that the triangle
A;A;,C is equilateral, and D and O be the two points dividing CM in
three equal parts. Our map v will be such that v(O) = O as usual.

More precisely, as in Step B above we define ¢ : S(A;47,,) — S(A;A47,1)
the piecewise affine bi-Lipschitz map which moves the triangle A;A; ;C onto
the quadrilateral A;DA;,;C, and which is the identity in the rest of the
sector. Then, for all i # i, we define v on the triangle A;A4;,10 as in Step A
(the only difference being that this time the point O has changed), while in
the triangle A;A;, 10 we define v as in Step B. As before, checking that v is
CL* bi-Lipschitz only requires elementary geometric calculations. a

1.3.9 Step IX: The general case of a bi-Lipschitz map u

In this step we can very quickly give the proof of the general case of
Theorem B, when wu is just a bi-Lipschitz map and one seeks for a CL* bi-
Lipschitz extension.

Proof (of Theorem B, general case). Let u : 9D — R? be a L bi-Lipschitz map.
Then there exists a sequence {u;};en of 4L bi-Lipschitz maps u; : 0D — R?
which are finitely piecewise affine and uniformly converge to u for j — oo: this
is a very easy consequence of Lemma 1.50 below, which is a purely geometric
result (not using at all the results of the present chapter, of course). We can
then apply the result proved in Step VIII, finding for every j an extension
v; : D — R? which is CL* bi-Lipschitz and finitely piecewise affine, and
which coincides with u; on 0D. By trivial compactness, and possibly up to
a subsequence, the functions v; uniformly converge to a CL* bi-Lipschitz
function v : D — R?, and by construction v = u on dD. O
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1.3.10 Step X: The smooth extension

We can now conclude with the last claim of Theorem B, which says that
it is also possible to find a smooth extension of w.

Proof (of Theorem B, smooth extension). We are only left to show that, if
u: 0D — R? is a L bi-Lipschitz map, then there exists a smooth extension,
bi-Lipschitz with constant C'L?8/3 if v is finitely piecewise affine, or with
constant C'L'2/3 in general. To prove this claim, we first take a C'L* bi-
Lipschitz extension vg of u: this is possible for a generic u thanks to Step IX,
while if u is finitely piecewise affine this is given by Step VIII, and in this
case vg is also finitely piecewise affine. We must then approximate vy with a
smooth v.

If w is finitely piecewise affine, and then so is vg, then the existence of the
required smooth approximation v of vy is ensured by Theorem A, and the
bi-Lipschitz constant of v is at most 100(CL*)7/3 = C'L?*/3,

On the other hand, if u is generic, then the existence of the smooth ap-
proximation v of vy is given by Theorem C, and in this case its bi-Lipschitz
constant is Cy(CL*)?8/3 = CLM12/3,

In both cases, v clearly fulfills all the requirement of the theorem, so the
proof is finally complete. O
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1.4 Part III: Approximation Theorem

This last part of the notes is devoted to present our core result, namely,
the Approximation Theorem; the claim is the following.

Theorem C (Approximation for bi-Lipschitz homeomorphisms). Let 2 and
A be two planar bounded open sets, and let u : {2 — A be a L bi-Lipschitz
homeomorphism; let also € > 0 and 1 < p < co. Then, there exists a piecewise
affine or smooth bi-Lipschitz homeomorphism v : {2 — A such that u = v on
082 and

lu—vllp= + lu™" = v L= + [[Du— Dol + [[Du™" — Dv~!|1» < €.
(1.49)
In particular, there exists such a map v which is C1L* bi-Lipschitz and (count-
ably) piecewise affine, and another such map v which is CyL23/3 bi-Lipschitz
and smooth, being C1 and Cy geometric constants not depending on u, 2, A.

Notice that in the above result, since v = w on 92, if u is orientation-
preserving then so is v. In particular, if {2 is simply connected then we already
pointed out that w (then, also v) must be either orientation-preserving or
orientation-reversing.

We also remark that in Theorem C we are speaking about a generic count-
ably piecewise affine approximation, not about a finitely piecewise affine one,
that is, associated to a finite triangulation. But in fact, it is clear that a finite
piecewise affine approximation v as in the Theorem is impossible unless {2 has
polygonal boundary, and w is already finitely piecewise affine on 9f2. However,
if this is the case, then there exists in fact a finitely piecewise affine approxima-
tion (thus, roughly speaking, the finitely piecewise affine interpolation exists
as soon as this existence is not clearly impossible).

Theorem D (Finitely piecewise affine approximation). Let £2 and A be two
planar polygonal open sets, and let u : 2 — A be a L bi-Lipschitz home-
omorphism which is finitely piecewise affine on 0f2. Then, there exists a
finitely piecewise affine approximation v : 2 — A as in Theorem C which
is C1C"(2)L* bi-Lipschitz.

In these notes, we will present a complete proof of the above two theorems,
but we will not keep track of the geometric constants C; and C5, since we
will directly call C' any big geometrical constant, possibly changing from line
to line. A complete proof with also explicit estimates for C; and Cy can be
found in [16]. Notice however that, while the constants C; and Cy are purely
geometric, the constant C'({2) of Theorem D depends on 2. On the depen-
dence of C’(£2) on the domain, and on the unavoidability of this dependence,
see Remark 1.53.

The strategy of the proof

Let us give a description of how the proof of Theorem C works. First of
all, we observe that it is enough to find a piecewise affine approximation v of
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u, since then the existence of a smooth approximation will be simply given
by Theorem A. Then, let us keep in mind the following observation already
done at the beginning of the introduction: if we consider a triangulation of 2,
there is an obvious way to define a piecewise affine function v similar to u,
namely, the affine interpolation of u in every triangle. It is obvious that v is
very close to u, together with its inverse, in L°°, and it is reasonable to hope
that the two functions are close also in W1, But unfortunately, this idea can
not lead to a formal proof because there is no reason why v should be still a
homeomorphism —recall the situation given in Figure 1.1; and, as we said in
the introduction, even taking finer and finer triangulations will not give the
guarantee of the existence of some one-to-one interpolation v.

Nevertheless, the idea for proving the Theorem comes from considering a
bit more the above rough strategy. The first observation is the following: let
x be a “good point” in {2, that is, a Lebesgue point for Du whose image is
a Lebesgue point for Du~!. The very definition of Lebesgue points suggests
that, around z, the map u must be very close to an affine function; and it
is easy to guess that, if an affine function is orientation preserving and not
“too flat”, then a map which is close enough to it will also be orientation
preserving: this fact will be formally proved thanks to the “L°° Lemma” 1.44.
Therefore, for suitably small triangles taken around a “good point” x, there
is no danger of the bad behaviour described above.

The second observation is the following: taking many Lebesgue points and
building arbitrary triangles around each of them is quite complicate, because
the triangles would tend to overlap and/or to leave “holes” with a crazy
shape, and this would be hard to work with. Instead, a much better idea is to
do exactly the opposite: first, we select a nice and easy-to-deal triangulation
in £2, and then, we just divide the triangles in two categories, those which
are “good triangles” (this will mean, roughly speaking, that the above bad
behaviour does not occur neither in the triangle nor in triangles around it),
and the other which are “bad ones”. We can then define v as the standard
interpolation in the union of the “good triangles”, and leave the definition to
be done later in the rest of (2. In particular, the “nice triangulations” that
we will take are given as follows: we fill a big portion of {2 with a regular
tiling of squares all having the same side —and we imagine every square to
be divided in two triangles by a diagonal. The good news here is that, since
almost every point is a Lebesgue point, it can be proved that most of the
squares built above are in fact made by two good triangles, and we will call
them “Lebesgue squares”; more precisely, Proposition 1.43 will show that, if
the side of the squares of the tiling is small enough, then an arbitrarily large
portion of 2 will be filled by Lebesgue squares (see Figure 1.16, left), and
then the simple affine interpolation v introduced above works. The strategy
described up to now is the goal of the first part of the proof, Section 1.4.1.

Observe that then, with the first part of our construction, we have already
found a suitable definition of v in an arbitrarily large portion of (2, say f2..
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The second part of the proof, contained in Section 1.4.2, will then deal with
the small portion 2\ £2; left out from the first part. Unfortunately, as one can
easily guess, the situation in this remaining set will be quite more complicate.
A good news is that, since the set on which we have to work is very small,
and since u is a Lipschitz function, in extending the map v to the whole {2
one does not have to worry about the validity of the estimate (1.49), since it
will automatically holds for any extension. Thus, we will be done if we can
just find any extension of v in 2\ {2..

Our idea now is to profit from Theorem B: more precisely, let us write the
set £2\ (2. as a countable union of squares, with sides becoming smaller and
smaller to approach 02 (recall that, instead, the squares built in the first part
were all with the same sides): Figure 1.16, right, gives an idea of how this will
be done. The utility of Theorem B at this stage is clear: instead of defining v
on the whole 2\ {2., small but 2-dimensional, it is enough to define it on the
1-dimensional skeleton of the triangulation of 2\ 2., which is a locally finite
union of curves; of course, we have to make a definition which is piecewise
affine, and which matches with the function v already defined in 0f2..

The correct definition of the map v on the above-mentioned 1-skeleton will
be the most complicate step for the second part of the proof, Section 1.4.2
(see in particular Proposition 1.46). In particular, we will let v be a suitable
interpolation of u on points of the skeleton (actually, each side of some square
will need to be subdivided in a possibly big number of segments). Our defini-
tion will be fairly easy to give while in the interior of the different sides of the
squares, while it will become extremely delicate around the “crosses” between
different sides; the reason of this difficulty is that the different sides joining
at a generic vertex will need to have disjoint images.

Once having completed all the steps described up to now, Theorem C will
easily follow in the piecewise affine case, and as we said above the smooth
case will then just follow applying Theorem A. Finally, the generalization
of the result to the finitely piecewise affine case, contained in Theorem D,
will basically only require us another little effort, and this will be done in
Section 1.4.3.

Notation and Definitions

Let us now list here some definitions which are needed only for the proof
of the approximation result, and thus which will only be used within this part.

Definition 1.38 (Right polygon and r-piecewise affine function). We
say that a bounded open set §2 C R? is a right polygon of side-length 2r (or
simply an r-polygon) if 0 is the essentially disjoint union of finitely many
segments I, each of which having length 2r and being parallel to one of the
coordinate directions e, ea. Moreover, a bi-Lipschitz function u : 2 — R? is
said r-piecewise affine on 92 if u is affine on every segment I;.
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For reasons that will be clear during the construction, it will be useful
to work not directly with triangles of some triangulation, but instead with
squares. Recall that we denote by D(z,r) the square centered at z € R?, half-
side r and sides parallel to e; and es; for the sake of brevity, through this part,
once we will have a collection of squares {D(z4,70) }acn, We will sometimes
denote the generic element simply by D,. Instead of generic triangulations,
then, we will deal with “tilings”, according to the next definition.

Definition 1.39 (Tiling). If 2 C R? is a bounded open set, a tiling of 2
is any locally finite collection of closed squares {D(zq,Ta)}aen whose union
is comprised between {2 and clos {2 and such that, Voo # 3 € N, D, N Dg is
either empty, or a common vertex of D, and Dg, or a side of one of them.
We call adjacent two squares of the tiling if their intersection is nonempty.

Observe that some sets may admit a finite tiling (for instance, all the right
polygons), but usually a set {2 admits only countable tilings.

In our construction, we will subdivide {2 in a right polygon 2 CC (2 and
a countable tiling of 2\ 2/, locally finite in (2. Let us give the appropriate
definition.

Definition 1.40 (r-Tiling of a right polygon and tiling of ({2, ')). For
any r-polygon ', we call r-tiling of ' the (unique) tiling {D(za,r)}aej(r)
made by squares having all half-side r. If {2 is a bounded open set and 2’ CC {2
is a r-polygon, any tiling {D(zj,7;)}jen of £2 such thatr € r;N for every j € N
and whose restriction to (2 is the r-tiling of 2’ is called a tiling of (£2,£).

Figure 1.16 shows a set {2, a r-polygon 2’ CC 2, the r-tiling of 2’ and a
(finite subset of a) tiling of (2, 2'). We give now the last two definitions: we

Fig. 1.16. Left: the r-tiling of an r-polygon 2’ CC 2. Right: a tiling of (£2, £2'):
the r-tiling of 2’ is dark.

call “grid” the skeleton of a tiling, and we call “interpolation” of a function
with respect to a tiling the piecewise affine function which is affine on the
grid.
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Definition 1.41 (Grid). The grid of the tiling {Dy}aen of some set (2 is
the union of all the sides of the squares. We call side and vertex of the grid
any side or vertex of any of the squares of the tiling.

Definition 1.42 (({2',r)-interpolation of ). Given an r-right polygon (2’
and its r-tiling {Da}aef(r)’ we call (£, r)-interpolation of u the finitely
piecewise affine function v : ' — v(§2') C R? which equals u on the vertices
of the tiling and which, for every square D, of the tiling, is affine on the
two right triangles forming D, and having both as hypothenuse the north-
west/ south-east diagonal of Dy .

1.4.1 Approximation on the “Lebesgue squares”

In this section we will determine an r-tiling made be some “good” squares,
and we will define the approximation there. Our goal is to prove the following
result. Through the section, {2 and u will always be a set and a function as
in the assumptions of Theorem C.

Proposition 1.43. For every e > 0 there is a right polygon (2. CC {2 of side-
length 2r such that the (£2.,r)-interpolation v : 2. — v(£2.) CR? is L + ¢
bi-Lipschitz and satisfies

A = v(€2.) CC A, (1.50)
o = ullpe(ay + 07 = (s + [1Du = Dol Lo (o) (151)
+[Du™t = Dv ™ poa, <e,
SO\ <e, LA\A)<e, dQ.,R2\Q)>4r, (1.52)
V2r

To show this proposition, and in particular to ensure the injectivity of
v, we will select only squares D, such that u is uniformly close to an affine
function on the nine squares around D,. More precisely, each of these affine
functions will correspond to the differential of u at some Lebesgue points for
Du in D,. This is why we will denote these squares as “Lebesgue squares”.

The plan of this section is the following: first we will show Lemma 1.44,
which says that, if on some square Du is close in average to some bi-
Lipschitz matrix M, then w is uniformly close to some affine function wup,
with Dups = M. Then, in Lemma 1.45 we will find the set (2., which will
be obtained as union of “Lebesgue squares” of side r on which we can apply
Lemma 1.44. Finally, we will prove that the ({2, r)-interpolation of u satisfies
the requirements of Proposition 1.43.
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The L*° Lemma

Here we present a fundamental L result that we will need to show Propo-
sition 1.43. In the following, we will call for brevity R%XQ the set of those 2 x 2
matrices which are “L bi-Lipschitz”; more precisely, M & Rixg if for every
vector v € R? one has

W < hr(w) < .

Lemma 1.44. For every n > 0 there exists 6 = §(n) > 0 with the following
property: given any zZ € {2, M € R2LX2 and p > 0 such that D(z,p) CC {2 and

][ |Du(z) — M|dz < 0, (1.54)
D(z,p)

there exists an affine function ups : R2 — R? with Duy = M and such that

VzeD(zp). (1.55)

WD

lu(z) —unm(2)| <n

Proof. We assume for simplicity z = u(2) = (0,0) € R? and, fixed a constat
R > 1 to be specified later, we set

p
Bl .— {xe [—p.p]: / |Du(:1:,t)—M|dt§pR5}7

—p

P
B = {ye Yk / IDU(ty)—MldtSPR(S}-
p

Observe that the above integrals make sense because all the horizontal and
vertical sections of u are bi-Lipschitz, since so is u. Property (1.54) and Fubini—
Tonelli Theorem give

e\ BY < L, o\ B <L (1s6)

Calling then ups(z) = Mz and writing for simplicity ¢(z) = u(z) —up(z), we
can evaluate, for every 1, 2o € B! and v, y» € B2,

|<P($17@/1) - <P(3?27y2)|

< |p(@1,91) — (@2, y1)| + |@(x2, 41) — (w2, y2)| (1.57)
T2 Y2

g/ | Du(t, y1) —M]dt—i—/ |Du(x2,t) — M| dt < 2pRd .
T Y1

Take now any point z = (,y) € D(Z, p): thanks to (1.56), we can take 1 € B!
and y; € B? so that
4p

4
-m| <2 y-nl<?;
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recalling that w and wujy; are L bi-Lipschitz, and thus ¢ is 2L-Lipschitz, we
deduce

lp(x,y) — (1, 51)| < 8\/2’”1. (1.58)

Applying the same argument to (0,0), we find x5 € B! and y» € B? so that

i%ﬁ(ftz,m)} = |80(070) - 90(5027y2)| < 8\/2pL . (1.59)

Putting together (1.57), (1.58) and (1.59), we immediately get

p

16v/2pL
S%Jr%ﬂ%éng,

lo(z,y)|

where the last inequality is true as soon as we choose first R big enough and
then ¢ small enough. This gives us (1.55), thus concluding the proof. O

A large right polygon made of Lebesgue squares

Our next objective is to find a r-right polygon 2’ CC (2 almost filling
the whole (2 and done by squares D(z,,7) such that assumption (1.54) of
Lemma 1.44 is true in the bigger squares D(z,, 3r). Later on, Proposition 1.43
will be shown with such a right polygon.

Lemma 1.45. For any n > 0 there exist v = r(n) > 0 and a r-polygon
2(n) CC 2 such that L (2\ 2(n)) < n, and each square D(za,7) of the
r-tiling satisfies

D(zq,5r) CC 12, ]l |Du(z) — M|dz < ¢, (1.60)
D(zq,3T)

for a suitable M = M(a) € R3*2, being § = 6(n) given by Lemma 1.44.

Proof. First of all, pick some rg > 0 and some rg-polygon 2y CC (2 such that
< (Q\ Qo) < n/2 and that every square of the ro-tiling of {2y satisfies the
inclusion in (1.60). For any r satisfying ro € rN, the set {2 is also a r-polygon,
and we can all {D(z,, T)}aefg(r) the corresponding r-tiling. Let then

()= {a e Fo(r) ;][

D(za,37)
ot =\, Plar).

Since by construction {D(zq, r)}ref(r) is the r-tiling of the r-right polygon
2(n) and the upper bound of (1.60) holds true, we are only left to find a
suitable r = r(n) so that .Z (129 \ 2(n)) < n/2.

|Du — M| < 6 for some M = M(«) GR%XQ},
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To this aim, apply the Lebesgue Differentiation Theorem to Dw to find
that, for .Z-a.e. z € {2y, there exists r(z) > 0 such that D(z,4r(z)) C 2y and

N

][ | Du(w) — Du(z)| dw < VO < p<dr(z);
D(z,p)

select than r = r(n) so small that, calling
Alr):={z€ 2 : r(z) <r},
one has .Z (A(r)) <n/2. We claim that, for each o € Fo(r),
g(@(za,r) \A(r)) >0 =  acJ(r): (1.61)

this will immediately yield the thesis, since then

2 (20 20n)) = Z (Ua€ P D(za,r)) <2 (ar) <.

Therefore, we need to show (1.61). To do so, take & € #((r) and assume that
&L (D(za,7) \ A(r)) > 0: then, let M = Du(z) for some z € D(zq,7) \ A(r).
By definition of A(r) and r(z) we get

1 1
Du— M| = / Du— M S—/ Du—M
]g)(za,Sr) | ‘ 3672 D(zq,3T) ‘ | 3672 D(z,4r) | ‘

o
36 D(z,4r)

[Du— M| < 34,

thus (1.61) is obtained recalling the definition of .#(r), and then the proof is
concluded. 0

Proof of Proposition 1.43

We are now ready to present the proof of Proposition 1.43, which basically
consists in showing that, if 7 = n(e) is small enough, then the set 2. = 2(n)
given by Lemma 1.45 satisfies the required properties.

Proof (of Proposition 1.43). Let € > 0 be a given constant, and let n = n(e)
be a sufficiently small constant, whose value will be precised later. Define now
§:=6(n(e)) as in Lemma 1.44, as well as 7 := r(n(e)) and 2. := 2(1(¢)) as
in Lemma 1.45. We will prove the proposition with this choice of (2..

Let us then briefly fix some notation to be used only within this proof.
First of all we call, as in the statement, v : 2. — A, the ({2, r)-interpolation
of u (see Definition 1.42) on the right polygon §2.. Then, for any a € Z(r), we
pick M, € R%XQ for which the upper bound of (1.60) holds true. Lemma 1.44,
applied with p = 3r, provides then us with an affine function u, : R? — R?
such that Du, = M, and
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Fig. 1.17. The functions u, v and u, on a square.

|u— ua| < nr on D(zq,3r) (1.62)

(Figure 1.17 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 o € (r), v(D(2a,7)) C u(D(za,3r)).
Let o € #(r); keeping in mind (1.62) and recalling the definition of v, we
get that

v(D(za,7)) C B(ua (D(za,r)),m’> , (1.63)

where, for any set X C R?, B(X,r) is the r-neighborhood of X. Similarly, we
get that

u(D(2a,3r)) 2 {x : Bz, nr) C ug, (D(za,Sr))}.

Hence, the step is concluded if

B(ua (D(za,r)),nr> - {x 2 B(x,nr) C ug (D(za,Sr))},

which can be rephrased as
B(ua (D(za, T)) , Qr]r) C uq (D(za, 3r)) )

And in turn, recalling that Du, = M, € Riw, the latter inclusion is true as
soon as 1 < 1/L.

We underline that, by this step and (1.60), we also have A, CC A, that
is, (1.50) holds.

Step I1. Injectivity of v.

For any o € #(r), applying (1.62) as in Step I we deduce that v is injective
on D(za,3r) N §2. as soon as n < 1/L. In particular, it is impossible that
v(z1) = v(z2) if 21 # 29 belong to two adjacent squares of the r-tiling of
£2.. To prove the injectivity of v, then, we have to consider two non-adjacent
squares D(zq,7) and D(zg,r) and to show that v(D(zq, 7)) Nv(D(zs,1)) = 0.
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And in turn, this is immediate to observe, arguing as in Step I and using (1.62)
and (1.63).

Step III. Estimate for ||v — ul|p(q.) and for [|[v™! —u™!| Lo (a,).

Let us take a generic square D, of the r-tiling of 2.. Thanks to (1.62),
we know that ||u — uql|/L(p,) < nr. On the other hand, since v and u, are
both affine on the two right triangles forming D, and since v = u on the
vertices of those triangles, again (1.62) tells us that [[v — ua|lL=(p,) < 773
hence [|[v — ul|p(p,) < 2nr. Since this is true for every «, we get

£
v —ullzee () < 2nr < i (1.64)

provided that 7 (and hence also r) is small enough.

Since v is injective by Step II, the uniform estimate for v™' — u™" is now
easy: taken a generic point w = v(z) € A, with z € (2., the L bi-Lipschitz
property of v and (1.64) yield

1 1

)

Ju™ (w) — v~} (w)] = [ (0(=)) — u ™ (u(=))] < Lfo(z) — u(z)] <

PR

so that
71 _

. (1.65)

=] M

[|lu v e (an) <

Step IV. Estimate for ||Dv — Dul|pr(0.)-
Since by construction |Du| < L and |Dv| < V2L, we start observing that

||DU_D“||I£p(QE): Z ||DU_DU||I£p(Da)
aej(r)

< (30" Y |Dv - Dulp o,
aEﬂ(r)

-1
<) Y (1D = Duallui ) + |1Due — Dullnip) ) -
aej(r)

By (1.60) we know that, for each oo € Z(r),

(1.66)

| Du — Dug||11(p,) :/ |Du — M,|
Plzar) (1.67)
§36r2][ |Du — M, | < 3661 = 96|Dy| .
D(zq,3T)

Let us now study ||Dv — Dug||11(p,): consider the triangle T' = 212023, where

Z1Eza+(—7“»—7°)7 zzzza—i-(r,—r), zgzza-i-(r,r).

Since both v and wu, are affine on T, then Dv — Du, is a constant linear
function on 7. Recalling again (1.62), let us then calculate
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‘(D’U|T — Dug)(2rer) ‘ ‘ —v(21)) — (ua(z2) — u(,(zl))‘
‘ —u(z1)) — (ualz2) — ua(zl))’ < 2nr,
and similarly

’(DU|T - DUQ)(27’62)’ = ‘(0(23) —v(22)) — (ua(zs) — UQ(ZQ)‘ <2nr.

We deduce that || Dv — Dug || e () < V21, and repeating the same argument
for all the triangles in which D(zq, 3r) N 2. is divided we get

| Dv — D“aHLoc(D(za 3yne.) = V2. (1.68)
Inserting this estimate and (1.67) into (1.66), we get

1D = Dulfy, (., < (BL)" (95 +Vv2n) S|P
ozej(r)

» (1.69)
= (3L)"1 (96 + V2n)|92.| < (Z) 7

where as usual the last inequality holds true as soon as 7, hence also §, is

small enough.

Step V. Bi-Lipschitz estimate for v.

Let z, 2’ € (2, and let « be such that z € D(z4,7). Suppose first that
z' € D(zq4,3r): in this case, by the definition of v, by (1.68) and by the fact
that u, is L bi-Lipschitz, we directly obtain

(% - ﬁn) |z — 2| < |v(z) —v(z')| < (L+V2n)|z — 7| . (1.70)

If, instead, 2’ ¢ D(zq, 3r), and then |z — 2’| > 2r, then the L estimate (1.64)
gives on one hand
|v(z) — v(z’)| < ‘u(z) — u(z’)| + }U(z) — u(z)| + |v(z’) — u(z’)| w.71)
§L|z—z’|+4nr§(L+2n)|z—z’|, .
and on the other hand
[v(z) —v(z")| = |u(z) — u(z")| = |v(z) — u(2)| — |v(z") — u(z")]

> (%—2n)}zfz'|. (1.72)

Putting together (1.70), (1.71) and (1.72), we obtain that v is L+e¢ bi-Lipschitz
if i is small enough.

Step VL. Estimate for |[Dv=" — Du=!| oA,y
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Keep in mind the elementary fact that, for any two invertible matrices A
and B, one has |[B™' — A™!| < |A7!||B~!||B — A|. Fix then any o € I (r);
recalling that v and u, are L bi-Lipschitz, the result of Step I, Du, = M, on
D, and (1.60), we get

[Du~" = Du |1 o(pay) = / |Du'(z) — Dug'(2)| dz
o(D(za:7))
< L2/ |Du(u™"(2)) — M| dz < L4/ |Du(w) — M, | dw
u(D(za,37)) D(za,3T)

= 36r2L4f |Du — M, | < 36r°L*6 = 9L*5 | Da| .
D(zq,37)

On the other hand, since u,, is L bi-Lipschitz by definition while v is (L + ¢)
bi-Lipschitz by Step V, and by (1.68), for any z € D,, we obtain

|Dv™ (0(2)) = Dug! (v(2))| < L(L+€)v2n < 227,

which since z is generic gives

|Dv™" — Dug, <2L%.

1
HLw(v(Du)) =
Arguing as in (1.66) we get then
_ _ -1 _ _
|Dv™" = Du 7,4, < (BL)T D Dot = Dum M| wpa)
aef(r)

> 2L%|v(Da)| + 9L*5|Da| (1.73)
aeﬂ(r)

< (3)""

= (30)"" (2L%n|Ac| + 9ro| 2. ) < (§>p
— 4 )

where as usual the last estimate holds possibly decreasing 1 and then also J.

Step VII. Conclusion.

We are finally ready to conclude the proof of Proposition 1.43. The fact
that v is L + ¢ bi-Lipschitz is given by Step V; the validity of (1.50) has been
observed in Step I; the estimate (1.51) follows adding (1.64), (1.65), (1.69)
and (1.73); the first and the third inequality in (1.52) follow by Lemma 1.45,
while the second one follows by the first, by the bi-Lipschitz property of u,
and by the L™ estimate (1.64); finally, concerning (1.53), it suffices to recall
that [|v — ul| (0. < 2nr by (1.64) and then choose n < v/2/(6L3). O

1.4.2 Approximation out of “Lebesgue squares”

This section is devoted to the proof of Theorem C; thanks to Proposi-
tion 1.43, we are left to define a suitable countably piecewise affine approx-
imation of w out of the r-polygon {2.. Even though the construction will
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be quite involved, the scheme is extremely simple: first of all, we will cover
2\ 02 with a suitable (locally finite) tiling; then, we will define a bi-Lipschitz
piecewise affine approximation of u on the grid of this tiling; finally, we will
extend the approximation to the interior of the squares of the grid by means
of Theorem B. The main result of this section is the following.

Proposition 1.46. Let v, : 2. — A, be a piecewise affine bi-Lipschitz func-
tion as in Proposition 1.48. Then there exists a C1L* bi-Lipschitz countably
piecewise affine function 0. : 2\ 2. — A\ A., satisfying 0. = u on 012, and
Ve = 0. on 0f2,.

Let us directly see how Theorem C easily follows as a consequence of
Propositions 1.43 and 1.46.

Proof (of Theorem C). Take & > 0, let € = (&) to be specified later, and
apply Proposition 1.43 to get an r-polygon {2. CC {2 and a piecewise affine
bi-Lipschitz function v, : 2. — A.; apply then Proposition 1.46 to find a
C1 L* bi-Lipschitz function o, : 2\ 2. — A\ A.. We define v : 2 — A as
v = e on {2 and v = U on 2\ {2 since ve and T, are bi-Lipschitz with
constant L +¢ and C; L* respectively, and since 9. = v. on 9f2., we have that
v is a bi-Lipschitz homeomorphism with constant C;L%. It remains to show
that v satisfies (1.49), and by (1.51) we only have to consider what happens
in 2\ .. Since 9. is bi-Lipschitz with constant C; L%, (1.52) implies

1
|Dv — Dull o0,y < [1Dv — Dull Lo o\ 0|92\ £2] /v (1.74)
S (L+ClL4)€1/p7 .
and similarly
Dv™t — Du™Y|pravaly < (L4 CLLY)eYP. 1.75
(A\A.)

Concerning the L™ estimates, since |.Q \ QE| < ¢ then for every z € 2\ {2
there exists 2’ € {2, such that |z — 2’| < /e/m, hence (1.51) gives

[v(2) = u(z)] < Jo(2) = v(")| + [v(z') = u(Z)] + [u(z’) — u(2)]
< (L+ 01L4)\/§+ [ve = ull Loy < (L + C1L4)\/§+ €.

Arguing in the same way to bound |v™*(w) —u~" (w)| for a generic w € A\ A,
yields

_ _ g
maX{HU_u”L‘”(Q\QE)v”'U '—u 1||L°°(A\AE)} < (L+01L4)\/;+5. (1.76)

Putting together (1.74), (1.75) and (1.76), we obtain the validity of (1.49)
provided that e = £(€) is sufficiently small. The required countably piecewise
affine approximation has then been found. Concerning the smooth one, it can
be obtained simply applying Theorem A to v. O
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Let us now work on the proof of Proposition 1.46, for which we will need
some more notation. Recalling that (2. is a r-polygon for some r = r(g),
we select a suitable tiling {D; = D(zj,rj)}jeN of (£2,£2.), in the sense of
Definition 1.40 (hence, {D;} is a tiling of 2 whose restriction to {2. coincides
with the r-tiling of £2.). We only want that the tiling {D,} verifies

rj=r Vj:closD;NdNR2 #0, (1.77)
D;cC 2 VjeN, (1.78)

which is clearly possible thanks to (1.52). Notice that (1.78) forces the tiling
to be countable and not finite, and the squares to become smaller and smaller
when approaching 0(2. Of course, if {2 were a r-right polygon, instead of (1.78)
one could have asked the tiling to be finite, and (1.77) could have been im-
proved asking 7; = r for every j: we will discuss this possibility more in detail
in Remark 1.52; since this will be the basis to show Theorem D.

From now on, then, we fix a tiling of (£2, £2.) satisfying (1.77) and (1.78),
and we denote by Q its associated 1-dimensional grid in the sense of Defini-
tion 1.41. We also set Q' = QN (2 clos £2.), which is the part of the grid on
which we really need to work. In words, Q' is the 1-dimensional set made by
all the sides of the grid Q which lie in 2\ clos £2..

Let now w, be the generic vertex of @', thus the generic vertex of the
grid @ which does not belong to {2, (but it may belong to df2.!). The point
Weq is of the form wo = 2z; + (£r;,£r;) for some j, and it is an extreme of
either three or four sides of 9. To shorten the notation, we will denote the
other extremes of these sides by w?, with 1 <4 < i(«), and then i(a) € {3, 4}.
Finally, we will denote by ¢, the minimum of the lengths of the sides wqw?,.
In particular, if w, ¢ 92 then w, is one extreme of either three or four sides
of @ C Q. On the other hand, if w, € 92 then by (1.77) it is extreme of
four sides of Q, either one or two of these four sides lie in Q’, and £, = 7.

Theorem B tells us that, to obtain the piecewise affine function o, of
Proposition 1.46, we can limit ourselves to define it, in a suitable way, on the 1-
dimensional grid @’. This is exactly what we will do, and our main ingredients
will be the following two lemmas. The first one (Lemma 1.50) states that, on
any given segment inside {2, u can be uniformly approximated as well as
desired with suitable piecewise affine 4L bi-Lipschitz functions. While this is
clearly of primary importance to define the piecewise affine approximation o
of u on the sides of Q’, it is still not enough. In fact, some additional care is
needed to treat the “crosses” of Q' (that is, the regions around the vertices),
in order to ensure that 9. is injective on the whole Q’. This will be obtained
thanks to the second result (Lemma 1.51).

Before stating the two lemmas, a couple of pieces of notation more are
needed.

Definition 1.47 (Interpolation of u). Let pg CC 2 be a segment, and
let {z;zit1} o<i<n be N essentially disjoint segments whose union is pq, with
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20 = p and zy = q. We call interpolation of w (related to the segments
{2zizit1}o<i<n ) the finitely piecewise affine function up,, : pg — R? defined by

Upg (22 + t(ziH — zz)) =u(z) + t(u(ziﬂ) - u(zz))
for every 0 <i < N and every 0 <t < 1.

Definition 1.48 (Adjusted function and crosses). Let {£,}aen be a se-
quence such that for any a one has 3L, < {,. For any a € N and any
1 <i <i(a), we define &, as the biggest number such that

i

u(wa) —ulwe + € (wh —w) | & ifwawh € Q'

[u(wa) = ve(wa + Ehlwh, —wa) | S & Fwawl, S Q\Q'

We call then adjusted function the map uaq; : Q@ — R? defined as follows.
First, we set uaqj = ve on Q\ Q'. Then, let wawg be a side of Q', thus being
wg = w!, and w, = wé for two suitable 1 < i < i(a) and 1 < j < i(B). We
define

Uadj (wa + t(wg — wa)) =

w(wa) + & (w(wa + € (ws —wa)) —ulwa)) in (0,61,
u(wa + t(ws — wa)) . in ( ialfgé)y
u(wg) + % (u(wg + %(wa — wg)) — u(wﬁ)) in (1 — fé, 1).

In words, for any side in Q', uaqj coincides with u 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 B
i(a)
Zy = U {wa—kt(wé—wa): O§t§§é}.

=1

Remark 1.49. Some remarks are in order at this moment. First of all, since u
is L bi-Lipschitz on the whole (2, and v, is L bi-Lipschitz on every segment
wew?, € Q\ @', the choice 3LE, < ¢, directly implies 0 < &, < 1/3 for
any a and any 1 < i < i(a). As a consequence, 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, we claim that
B(u(wa), &) N B(u(wg), &) = 0 for all different o and 5. Indeed, assuming
without loss of generality that o > £g, we have |u(wg) — u(wa)| > £a/L, and

the 14 14 2¢
pEa< foy DB o Loy, — .
§a t&5 3 + 3 3 | (wg) u(wa)|
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Lemma 1.50. Let pqg CC {2 be a segment; then for every & > O there exists
a map ugq : pqg — A which is a 4L bi-Lipschitz interpolation of u with the

property that ||ugq — || oo (pg) < 0.

Lemma 1.51. There exists a sequence {&q tacn such that the associated ad-
justed function uaqj : @ — R? is 18L bi-Lipschitz and uaq;(Q) C A.

Let us immediately see how Proposition 1.46 follows from Lemmas 1.50
and 1.51; later, we will show the two lemmas.

Proof (of Proposition 1.46). The scheme of the proof is the following: first of
all, we take an adjusted function uaq; : @ — R? as in Definition 1.48, where
the sequence {&, }aen is chosen as in Lemma 1.51. Since this function uaqj is
piecewise affine around the crosses but not in the interior of the sides, we pass
to a new function u;dj : @ — A, coinciding with u;dj near the crosses but
injective and piecewise affine, by the aid of Lemma 1.50. Finally, the function
Oe 2 2\ 2. — A\ A, is obtained by extending u;dj in the interior of all the
squares forming 2\ 2. thanks to Theorem B. The proof is divided in several
steps for clarity.

Step I. Definition of uj4; : Q — A.

Let {€,}aen be a sequence as in Lemma 1.51, and let uuqj : Q — R?
be the corresponding adjusted function according to Definition 1.48, which is
18L bi-Lipschitz and whose image is contained in A. We want to introduce
the function u;dj : @ — A. We start setting u’adj = Upqj = V- on Q\ Q5 then,
let waws be a generic side in Q’, and call pq the internal segment of wqwg,
that is, p and ¢ are the extremes of the segment wqwgs \ (Zo U Z3). Let now

0 = 0(a, B) be a small constant, to be precised later; we set then u;dj = Uagj

on the external part of the segment, i.e., wowgs \ pg, and ugdj = ugq on pq,
where ugq is the interpolation given by Lemma 1.50.
Let us study the map u’adj: by construction, it is clearly a continuos and
countably piecewise affine function on Q; moreover, since the different con-
stants d(ca, §) can be chosen independently from each other and very small,
and since every internal segment pq is compactly supported in {2, we can also
assume that u;,;(Q) C A. Notice that u,; has been obtained by glueing the
4L bi-Lipschitz functions ugq and the 18L bi-Lipschitz function u,qj, thus by a
trivial geometric argument ugdj is 18y/2L-Lipschitz (but, a priori, it could be
not bi-Lipschitz and not even injective!). In fact, we aim to show that u;dj is
bi-Lipschitz (so, in particular, injective); more precisely, for every two points
z, 2/ € Q we will show that
|ulg;(2) — ung; (2)| > ==z — 2'|; (1.79)
this will be the content of the Steps II-IV, where we will consider the different
possible reciprocal positions of z and z’; we recall that C is a sufficiently
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large purely geometric constant, whose value may increase from line to line.
Eventually, in Step V we will define v, by extending u;dj to the interior of all
the squares of the tiling of 2\ (2., and we will check that this map satisfies
the requirement of the proposition.

Step II. The case in which z € pg C wawg, 2z’ ¢ wawg .

We start considering what happens if one of the points, say z, is in the
internal segment pg of some side wyawg, while 2’ does not belong to the side
wqwg. We can further subdivide the case into two subcases: if 2’ does not
belong to any internal segment (hence, either 2z’ belongs to some cross, or
2 € £2.), then u4;(2") = uaqj(2’) and then Lemma 1.51 gives

a

|thaj (2) = waaj (2)] = [1pg (2) — ttaq; (2')]
> }uadj(z) - Uadj(zl)\ - qu,q(z) - uadj(z)|
()| - ugq

)| = [upg(2) — u(2)|

1 1
> —|z—2— > _
_18L|Z 2| 6(a,ﬁ)_CL |z — 2|

= iuadj (Z) — Uadj

provided that

min {&,, &g}
§(a, B) < 2012

(keep in mind that, as pointed out in Remark 1.49, we know that |z — 2/| >
&a/L). Hence, (1.79) is proved in this first subcase.

Consider now the other subcase, namely, when 2’ belongs to some other
internal segment p'q’ C wywg . In that case, we again know that |z — 2’| >
€a/L, as well as |z — 2’| > £,/ /L; hence, by (1.80) we directly have

(1.80)

[t (2) = i ()] = [ufy(2) = upyy ()]
> Ju(z) — u(2")| — |u(z) — ugq(z)} — |u(2") — uijq/(z/)|
1 /! !/ / 1 !
> 12— 2| = d(a, B) e, ) 2 gl

and again (1.79) is established.

Step III. The case in which z € pg C wawg, 2’ € wawg .

Consider the situation when z again belongs to the internal segment pg C
wewg, but now also 2z’ belongs to the same side w,wg. If also 2’ is in the
internal part pq, then (1.79) is immediate since u,,; coincides with ugq both
in z and in 2/, and ugq is 4L bi-Lipschitz by Lemma 1.50. Assume then that
2" € wup (if 2’ € qug the situation is clearly the same).

By Definition 1.48, uj,4;(2") = taqj(2’) lies in the segment u(wq )u(p), which
is a radius of the ball B(u(wa), fa). Hence, for every point s outside the same

ball, a trivial geometric argument tells us that

\s — Uadj(z’)| > |S — u(p)| + |1;(p) — uadj(Z/)| |

(1.81)
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We cannot directly apply this estimate to ug4;(2) = ugq(z), because this point
might lie within the ball; however, by the Definition 1.47 of interpolation, we
know that ugq(z) belongs to a segment u(p)u(g), for two points p, § € pq; and
in turn, by Definition 1.48 of £, we have that both u(p) and u(g) are outside
the ball B(u(wa), & ). Summarizing, ugq(z) belongs to a segment whose both
extremes are outside the ball. As a consequence, if

|ugq(’z) - u(wa)} > ga )
then we can apply estimate (1.81) with s = ugq(z); and otherwise, if
’ugq(z) — u(wa)} <&u,
a simple geometric argument provides
50& - |ugq(z) - u(wa)| < iugq(z) - U(p)| )

if 0(a, B) is small enough with respect to £,. This fact together with (1.81)
readily gives

by (2) — u(p)| + |u(p) — tagi (")

08, (2) — waas ()] > ;
_ [upg(2) = upg(P)] + [tadi () — tagi ()|
4
since u(p) = ud,(p) = uaqj(p). Using again the fact that u, is 4L bi-Lipschitz

and uagj is 18L bi-Lipschitz, as well as that z, p and 2’ are aligned, we obtain

|uladj(z) - u;dj(zl)} = {qu(z) - Uadj(z/)|
> |ugq(2) - “gq(p)| + |Uadj (p) — Uadj (Z/)|
- 4 4
_ S S
Jle=pl -7l -]
— 16L 2L — T72L

Hence, (1.79) is checked also in this case.

Step IV. The case in which neither z nor z' are in some internal segment.

The last case that we have to consider, to prove (1.79), is when neither z
nor z’ belong to some internal segment; therefore, both z and 2z’ belong either
to some cross, or to @\ Q. By definition, this means that u;(2) = aq;(2),
as well as u,,;(2") = uaqj(2'); and then, since uaqgj is 18L bi-Lipschitz by
Lemma 1.51, (1.79) is already known. Summarizing, we have shown that (1.79)
is valid, and then u;dj : @ — A is CL bi-Lipschitz.

Step V. Conclusion.
We can now finally define the searched function o, : 2\ 2. — A\ A..
To do so, consider each square D; C 2\ {2.: since we have a C'L bi-Lipschitz
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function on 0D; C Q, namely, u,;, we can define 9. on D; as a CL* bi-
Lipschitz extension by means of Theorem B. Notice that, since v. = u;dj on
0D; for every j, then ¥, is globally continuous, countably piecewise afline,

and it satisfies U = u on 0f2 and ¥, = u'adj = v. on 0f2.. Moreover, for each
square Dj C 2\ 2. one has 9(0(D;)) = u}4;(9D;), and this yields at once
that the image of ¥, is exactly A\ A., and that 0. is injective. In turn, the
injectivity implies that 9. is globally CL* bi-Lipschitz, since it is so on every
square. The thesis is then concluded. a

We now make a quick remark, which we will need to show Theorem D.

Remark 1.52. Assume that (2 is a right polygon of side-length 27 and that u
is m-piecewise affine on 042, according to Definition 1.38. Consider then the -
polygon (2. given by Proposition 1.43: by the construction of Section 1.4.1, it
is not restrictive to assume that 7 € rN and that (2. is a subset of the r-tiling
of (2. Therefore, we can repeat verbatim the construction of Proposition 1.46
using, as tiling, the r-tiling of {2: hence, we are replacing assumptions (1.77)
and (1.78) by asking that the tiling is finite, and that r; = r for all the squares
of the tiling —see the remark right after (1.78). Notice that this makes sense
because, since u is already 7-piecewise affine on the boundary of the 7-polygon
(2, then there is no need for the tiling to use smaller and smaller squares
approaching the boundary. Consequently, the bi-Lipschitz approximation o
built in Proposition 1.46 is in this case finitely piecewise affine instead of
countably piecewise affine. We also remark that the assumption that u is 7-
piecewise affine on 0f2 is unavoidable, since otherwise the map ¥, could not
coincide with u on 0f2.

To conclude the proof of Theorem C, we then only need to give the proofs
of Lemma 1.50 and of Lemma 1.51.

Proof (of Lemma 1.50). Fix a small number p > 0, to be precised later; define
to = 0 and zy = p, and then, recursively,

iyl := max {ti <t<1:|u(z)—ulp+tla—p)| < p},
Ziy1 ' =p+tip1(q—p).

This defines a finite sequence of points zg = p, z1, ...2y = ¢ in pq, being
N = N(p,q, p). Hence, we define ugq as the interpolation of u associated with
the sequence {z;}, according to Definition 1.47: by definition, u), is finitely
piecewise affine, and moreover it is L-Lipschitz because so is u. Since u is
uniformly continuous on pg, the bound ||u— uquLoo(pq) < 4 is true as soon as
p is small enough. To conclude, we then only have to check that

1
[upg(2) = upg ()] > 712 = (1.82)

for every z, 2’ in pq.
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First of all, if both z and 2’ belong to the same segment z;2;41, then (1.82)
holds true because on that segment ugq is affine and wu is L bi-Lipschitz.

Then, we can assume that z € z;2;41 and 2/ € ZjZj41 with j > @ If
J =14+ 1, then an immediate geometric argument ensures that

— .

§ § 1 §
upq(z)ugq(zi-i-l)upq(zl) = upq(zi)ugq (Zi+1)upq(z’i+2)

= U(Zi)u(zi+1)u(zi+2) > g )

|ugq(z) — ugq(zi+1)| |ugq(’zi+1) - ugq(z’)|

- 2 2
[u(zi) — w(zit1)| z [u(ziv1) — u(zit2)|

| | 2|z; — zi41] 21 2|zi41 — zitol
|z — 2|
> )
2L

thus (1.82) is again checked.

Finally, let us assume that j > i + 1; but then, ugq(z’) belongs to the
segment u(z;)u(z;+1), and both u(z;) and u(z;41) are outside the two balls
B(u(z), p) UB(u(zit1), p), while u),(2) € u(2;)u(zi41). A simple consequence
is that

|ugq(z) - “gq(zlﬂ > V3p/2,

and this yields

[u(z;) — u(zj41)| < |ud,(2) — ud ()] +2p < (1 + g \/§) ud, (2) — ud, ()]
< 4|’U,gq(2) - qu(z,)| )

which in turn implies

|u(zz) _U(Zj+1)’ ’zi —zj+1‘ \z—z’|
> >
4 - 4L = 4L

pq

Therefore, we have shown the validity of (1.82) in every possible case, and
this concludes the proof. a

Proof (of Lemma 1.51). Take a vertex w, of the grid @', and fix a constant
€a < Lo/ (BL), with &, = £, /(3L) if w, € 012.. Since ¢, < 2r for every a, in
particular we have

2r
o < —. 1.
b < o7 (1:83)

Define now &, as in Definition 1.48 and, for any 1 < i < i(a), let p' =
Wo + &, (wla - wa). We claim that for every « it is
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u(we)u(p’) CC A V1<i<i(a): (1.84)

in fact, if w, € 02, then (1.84) is already ensured by (1.53) and (1.52) in
Proposition 1.43; on the other hand, if w, € 2\ 92 then (1.84) becomes
true possibly up to decrease the value of &,.

Let now u,q;j be the adjusted function corresponding to the sequence {&,},
as in Definition 1.48; since u,qj(Q) € A thanks to (1.84), to obtain the thesis
we only have to show that

|z = 2|
18L

for every z, 2’ € Q. We will do it in some steps.

< ‘uadj(z) — uadj(z')‘ < 18L|z — 2. (1.85)

Step I. For all a, u;dlj (Clos B(u(wa),gaD =Z,.

In this first step we aim to show that, for any a and for any z € Q, we
have \uadj(z) — u(wa)’ < ¢, if and only if z € Z,. If z € Z,, then z € wp*
for some 1 < i < i(a), and since u,qj is affine in the segment wep', while
}uadj (p*) — u(wa)} = &4, then of course ’uadj(z) — u(wa)‘ <&,

Suppose, on the other hand, that z ¢ Z,, so that we have to prove that
|tagj(2) — u(wq)| > &g B

If z € wow?, for some 1 <4 < ¢(a), then there are three possibilities. First,
if wow?!, € Q\ Q', then u,q; = v. is affine on the whole side wqw?, so the
claim is trivial. Second, if w,w?, C Q" and z belongs to the cross Zg associated
to the vertex wg = w,, then u,qj(z) belongs to the ball B(u(wg),&s), which
does not intersect B(u(wa), §a) by Remark 1.49, thus the claim again follows.
Third, if waw!, C Q" and z ¢ Zg, then uaqi(z) = u(z), thus the claim is again
true by the definition of ¢¢.

To finish this step, we have then to consider a point z ¢ Z, which does not
belong to any side of @ having w, as one extreme. We distinguish again some
possibilities. First, if z belongs to the cross Zg for some 3, then again the
claim is true since B(u(wa), fa) N B('U,('LU/j)7 fﬁ) = () by Remark 1.49. Second,
if z does not belong to any cross and z € Q’, then wua,qgj(z) = u(z) so the
claim is true because, using the bi-Lipschitz property of u and the fact that
€a < Lo/(3L), we have

Lo
3 )
which is impossible because |z — wq| > £,. Third and last, assume that z does

not belong to any cross and z € Q\ Q'. If this is the case, then uaq;(2) = ve(2),
|z — wq| > 2r by construction and by (1.77), and then (1.53) and (1.83) give

u(z) € B(u(wa),fa) = |Z - woz| <

ta05(2) — (ua)| = [ve(2) = u(wa)| 2 [u(z) ~ ufwa)| ~ [u(z) — ve(2)]
z—we| V2r _ 1
o LAt

thus the first step is concluded.



1.4 Part III: Approximation Theorem 75

We fix now two points z, z/ € Q: the proof of Lemma 1.51, thus also of
Theorem C, will follow once we show the validity of (1.85). We will do this in
next steps, considering all the possible mutual positions of z and 2’.

Step II. Validity of (1.85) if z, 2’ € Z,.

Let us first suppose that both z and z’ belong to a same cross Z,. By
construction, u,qj is L bi-Lipschitz on each segment w,p’, hence to show (1.85)
we can assume without loss of generality that z € wep' and 2/ € wep?.
Therefore, we readily have

|taqj(2) = tadj(2")]| < [tagj(2) = vaqj(Wa)| + |tadj(wa) — taqgj (2")] (1.586)
< L(|z — wa| + |wa — 2'|) < V2 L[z —2]. .

On the other side, to estimate |taqj(2) — uaqgj(2’)| from below, assume without
loss of generality that

|tadj(Wa) = Uadj(2)| < |tadj(Wa) — tadj(2)]
and define 2" € w,2’ so that
|tadj(Wa) — Uadj(2)] = [tadj(wa) — tagj(z")],

which is uniquely defined since u,q; is affine in the segment w2’
Since the triangle uaqj(wa )taqj(z)uadj(z”) is isosceles, then

——

™
Undj(2)Uadj (2" )Uaqj(2') > 5 (1.87)
The validity of (1.85) will follow at once as soon as we prove that
|tadj(2) — Uaqj (") 1
> 57 1.88
|z — 2| — 2L’ (1.88)

because in this case, also recalling (1.87) and the fact that u,q; is L bi-Lipschitz
on the segment 2’2" C wqp?, we get

|taqj(2) — tagj(2')] > g (|Uadj(2) — Uadj(2")| + |taqj(2") — taq; (Z')})
V2(|z=2"] 2" =2\ _ V2 )
27( oL L )ZEZ_Z|’

which recalling (1.86) allows us to write, whenever z and 2z’ are under the
assumptions of this step,

2
£|z—z’| < |taqj(2) — wagj(2')| < V2L|2 — 2|, (1.89)
which is in turn stronger than (1.85). Summarizing, to conclude this step we

only need to prove the validity of (1.88).
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As usual, we have to consider three possible cases. First, if both wqp! and
wep? are contained in Q’, then by definition and recalling the definition of z”

|taqi(2) — waqj(2")| _ [taqi(p!) — aqi(P*)| _ |u(p") —u(®®)| _ 1

[z =] -l e T

so (1.88) holds true. Second, if both waw? and w,w? belong to Q \ Q’, then
since v, is L + € bi-Lipschitz we have

[ads(2) = taai(2)] _ [oe(z) —vez)] 1

- b
|z—z” |z—z“ L+¢

so again (1.88) holds true. Finally, assume that w,wl C Q' while waw? C
Q\ Q. In this case, it must clearly be w, € 9{2, hence by Remark 1.49 we
know that |p! — w,| and |p? — w,| are both at least &,/L = 2r/(3L?), which

implies
1 2| > 2\/§
~ r(3L%)°

Therefore, recalling again (1.53) we have

|taqj(2) — vadi(2")] _ |taqj(P!) — taqj(p®)] _ [u(p') — v-(p*)|

’Z_Z// ’pl—p2‘ - ’pl—pz‘
u(p") —u®®)|  |ulp®) —v-(0")
B [t = 97|

1 Vor/(BL3) 1

~ L 2y2r/(3L2) 2L’

thus (1.88) has been checked in all the three possible cases and this step is
concluded.

Step III. Validity of (1.85) if for all a one has z, 2’ ¢ int Z,,.

Let us assume now that neither z nor z’ belong to the interior of any
cross. In this case, we have u,qj(2) = u(z) if z € Q', or uagj(2) = v-(2) if
z € Q\ @, and the same holds for z’. Since u is L bi-Lipschitz while v, is
L + € bi-Lipschitz, the validity of (1.85) is obvious if both z, 2’ € Q’, as well
as if both z, 2/ € @\ Q’. Therefore, we have to concentrate only on the case
in which z € @', 2/ € Q\ Q.

In this case, the main observation is that |z — 2’| > 2v/2r/(3L?), since both
z and 2’ must be at distance at least 2r/(3L?) from any vertex w, € 92,
because they do not belong to any cross Z,. As a consequence, again by (1.53)
we get

|tadj (2) — wadi(2)| = [u(2) — v ()| > [u(z) — u(2')] = Ju(2’) — ve(2)]

_ S _ S
>|z z|_\/§r>|z 2|
- L 33 — 2L
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and
|uadj uadj |—| _UE( / | < |UZ —u(z’)|—|—|u(z’)—v€(z/)|
i < (L g e
<L|lz=24+ == T L—l—ﬁ |z —2'],

thus also in this case (1.85) is proven. In particular, under the assumptions of
this step one has

[z = #|
2L

3
< ’uadj(z) — uadj(z’)’ < 3 L|z-2]. (1.90)

Step IV. Validity of (1.85) if z € Zy and for all B one has 2’ ¢ int Zg.

Let us now consider the case when z belongs to some cross Z, (say, z €
wap'), while 2/ does not belong to the interior of any cross. To obtain the
above estimate in (1.85), we start with the trivial geometric observation that
there exists 1 < i < i(a) such that

2= 2 (1ol 1 - ).

not necessarily being ¢ = 1. As a consequence, we apply estimate (1.89) of
Step II for the points z and p® ~both belonging to Z,— and the estimate (1.90)
of Step III for the points p’ and z’ —none of which belonging to the interior of
some Zg— to get

|tadj (2) = tadj (2")] < |tadj(2) = tagj ()| + [ttaq;(P") — ttaqj(2)]

S\/§L|z—pi|+gL|pi—z'| < g\/iL|z—z’|.

We now have to show the below estimate in (1.85), and we start recalling that
by Step I we have

Uadj(2) € clos B(u(wa), &) » Uadj(2") ¢ B(u(wa), &) -
As already observed in (1.81), a trivial geometric argument ensures then that

|ttaqj (#) — ttaqj(p")] + [ttaqj (") — taq;(2)]
3 .

|taqj(2) — taqj ()| = (1.91)
Thus, using the L bi-Lipschitz property of uaq; in the segment wep', and the
estimate (1.90) of Step III for p' and 2/, we get

lz=p'| | Ip' =2 _|z—7|
|ttadj(2) — uaqj(2')| > 5t 2 e

Summarizing, under the assumptions of this step we have
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|z = 2|

3
L S |tadj(2) — tagj(2")| < 3 V2L|z—2], (1.92)

hence in particular (1.85) is again checked.

Step V. Validity of (1.85) if z € Zy and 2’ € Zg.

We face now the last possible situation, that is, when z and 2z’ belong to
two different crosses. The argument will be very similar to that of Step IV;
indeed, to get the above estimate in (1.85) we again start observing that for
some 1 <4 < i(a) it must be

\@ % i
== (I =l + 1 = #1)

Therefore, applying estimate (1.89) of Step II to the points z, p’ € Z,, and
estimate (1.92) of Step IV to the points 2’ € Z5 and p® —which does not belong
to the interior of any cross— we find

|ttadj (2) = Uaqj (2')] < [tadj(2) = taq; (p')| + [taci (p") — wadj (2]
3 .
< V2L|z —p'| + 3 V2L|p' - 2| <3L|z - 7.
Finally, to get the below estimate in (1.85) we use again (1.91), which holds

true exactly as in Step IV, together with the L bi-Lipschitz property of uag;
in wap' and the estimate (1.92) of Step IV for p! and 2/, obtaining

1 1 / /
PN e Nt B Cr
[tadi (2) = s ()| 2 =57+ T5p— = gy
We have then established the validity of (1.85) in all the possible cases, hence
the proof is concluded. O

1.4.3 Finitely piecewise affine approximation on polygonal
domains

This last section is devoted to present a proof of Theorem D, which will be
very short since only a simple modification of the arguments of Section 1.4.2
is needed.

Proof (of Theorem D). We begin by considering the particular case when {2
is a 7-right polygon and wu is 7-piecewise affine on 9f2 according to Defini-
tion 1.38. As already underlined in Remark 1.52, we can then slightly modify
the proofs of Proposition 1.43 and Proposition 1.46 to get what the following
results: first of all, there exist some r such that 7 € rN, a r-right polygon
2. CC {2 which is part of the r-tiling of (2, and a L + ¢ bi-Lipschitz and
finitely piecewise affine function v. : 2. — R? for which (1.50), (1.51), (1.52)
and (1.53) hold. And second, there exists also a finitely piecewise affine map
U1 2\ 2. — A\ A, which is C;L* bi-Lipschitz and which coincides with
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u on 9f2 and with v, on 9f2.. Therefore, gluing v. and o, exactly as done
in the proof of Theorem C, the very same proof provides the required C;L*
bi-Lipschitz and (finitely) piecewise affine approximation of w.

Consider now, instead, the general situation of a polygon (2 with a map u
which is finitely piecewise affine on 9f2. Of course, there exist a right polygon
2 and a (finitely) piecewise affine and b1—L1psch1tz map @ : 2 — 12, having bi-
Lipschitz constant C' = C(£2). The map uo®~! is a CL bi-Lipschitz map from
the right polygon 2to A, which is piecewise affine on the boundary. Then, the
first part of the proof applied in {2 gives an approximation v : 2 — A which
is finitely piecewise affine and C;C*L* bi-Lipschitz. Finally, vo @ : 2 — A is
a C1C°L* bi-Lipschitz approximation of u as desired. Summarizing, we have
concluded the proof setting C’(£2) = C5. O

Remark 1.53. The fact that the constant in Theorem D depends on 2 could
seem at first glance unsatisfactory, since in the other results we have got
purely geometric constants. On the other side, it is not possible to find a
constant which does not depend on the polygon; more precisely, it is easy
to observe that, for any polygon (2, the best constant C’({2) (that is, the
smallest one, corresponding to the “smartest” choice of Q2 and & in the above
proof) depends on the geometric features of {2, such as the minimum and the
maximum angles of its boundary, which in turn cannot be a priori bounded by
any power of L. However, the construction above enlightens that C'(£2) = 1
whenever {2 is a right polygon.
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