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Abstract

We consider the problem of strong density of smooth maps in the Sobolev space
WeP(Q™; N), where 0 < s < 400,1 < p < 400, Q™ is the unit cube in R”, and N is
a smooth compact connected Riemannian manifold without boundary. Our main
result fully answers the strong density problem in the whole range 0 < s < +o0:
the space C‘X’(ém;N) is dense in W7 (Q™; N) if and only if 7[s,1(N) = {0}. This
completes the results of Bethuel (s = 1), Brezis and Mironescu (0 < s < 1), and
Bousquet, Ponce, and Van Schaftingen (s = 2, 3, ...). We also consider the case of
more general domains (2, in the setting studied by Hang and Lin when s = 1.

1 Introduction

We address here the question of the density of smooth maps in Sobolev spaces W*7(Q; N)
of maps with values into a compact manifold N. Here and in the sequel, 1 < p < 400 and
0 < s < +oo. Recall the following well-known fundamental result in the theory of
classical real-valued Sobolev spaces: if (2 C R™ is a sufficiently smooth open set, then
C®(Q;R) is dense in W3?(Q;R). The reader may consult, for instance, [12] or [33] for
a proof in the case where (2 is a smooth domain, or [1] in the case where (2 satisfies the
weaker segment condition. Here,

C¥(Q) = {ujo:u € C*(R™)}.

More difficult is the analogue question of the density of smooth maps in Sobolev
spaces when the target N is a manifold. In what follows, we let N be a smooth compact
connected Riemannian manifold without boundary, isometrically embedded in R".
The latter assumption is not restrictive, since we may always find such an embedding
provided that we choose v € N sufficiently large; see [26] and [27]. The natural analogue
question is whether C *(Q; N) is dense in W*?(Q; N). Here, the space WP (Q; N) is
the set of all maps u € W*?(Q;R") such that u(x) € N for almost every x € Q. Due to



the presence of the manifold constraint, W*#(Q; N) is in general not a vector space, but
it is nevertheless a metric space endowed with the distance defined by

dwsr)(u,0) = |lu = vllwsr()-

The space C®(Q; N) is defined analogously as the set of all C*(Q;R") maps taking
their values into N.

Note that the usual technique for proving density of smooth maps, relying on regu-
larization by convolution, is not applicable in this context, since in general it does not
preserve the constraint that the maps take their values into NV. In the range sp > m,
however, density always holds. Indeed, in this range, Sobolev maps are continuous, or
belong to the set VMO of functions with vanishing mean oscillation. One may therefore
proceed as in the classical case, via regularization and nearest point projection onto N;
see [31] and [18].

The case sp < m is way more delicate. Schoen and Uhlenbeck [31] were the first to
observe that density may fail in this range, due to the presence of topological obstruc-
tions. More precisely, they showed that the map u: B3> — $? defined by u(x) = 0

may not be approximated by smooth functions in W'?(IB3; $2). This was subsequently
generalized by Bethuel and Zheng [4, Theorem 2] and finally by Escobedo [19], leading
to the conclusion that C®(Q; N) is never dense in W57 (Q; N') when Tspl(N) # {0}
Here, t¢(N) is the ¢-th homotopy group of N, and [sp] denotes the integer part of sp.
For further use, note that the condition 7s,;(N) = {0} means that every continuous
map f: SIP1 — N may be extended to a continuous map g: BlsPH+1 — N

A natural question is whether the condition 7[s,|(N) = {0} is also sufficient for the

density of C* (Q; N)in W?(Q; N). A remarkable result of Bethuel [2] asserts that, when
s=1,1<p <m, and Q is a cube, the condition 7t[s,;)(N) # {0} is the only obstruction
to strong density of C ©(Q; N) in WH(Q; N). Bethuel’s result has been extended to
other values of s and p, but not all (see below). Our first main result provides a complete
generalization of Bethuel’s result (covering all values of s and p).

Theorem 1.1. If sp < m and 1t[5,)(N) = {0}, then Cm(am;N) is dense in WP(Q™; N).

The case of more general domains is more involved since the topology of the domain
also comes into play, as it was first noticed by Hang and Lin [22]. We investigate this
question in Section 8, establishing counterparts of Theorem 1.1 when the domain is a
smooth bounded open set, or even a smooth compact manifold of dimension m; see
Theorems 8.3 and 8.4 below.

When 715,1(N) # {0}, density fails, and a natural question in this context is whether
one can find a suitable substitute for the class C w(ém ;N). This is indeed the case
provided that we replace smooth functions on Q by functions that are smooth on

Q) except on some singular set whose dimension depends on [sp]. This direction of
research also originates in Bethuel’s paper [2]. (For subsequent results, see below.)

We define the class R;(Q; N) as the set of maps u: 2 — N which are smooth on
Q\ T, where T is a finite union of i-dimensional planes, and such that for every j € N,



and x € Q\T,
1

dist(x, T)/
for some constant C > 0 depending on u and j. We establish the density of the class
Rim—[sp)-1 in the full range 0 < s < +oo when Q = Q™.

Theorem 1.2. If sp < m, then Ry, _sp1-1(Q™; N) is dense in WF(Q™; N).

We mention that, in some sense, the class R,;_[sp1-1(Q™; N) is the best dense class in
WeP(Q™; N) one can hope for. More precisely, the singular set cannot be taken of smaller
dimension: the class R;(Q™; N) with i < m — [sp] — 1 is never dense in W*?(Q™; N) if
sp)(N) # {0}; see the discussion in [9].

In addition to its own importance, Theorem 1.2 is crucial in establishing Theorem 1.1.
In Section 6, we explain how to deal with more general domains. We show that Theo-
rem 1.2 has a valid counterpart on bounded domains (2 that merely satisfy the segment
condition or when the domain is instead a smooth compact manifold of dimension m;
see Theorems 6.3 and 6.4 below.

Theorems 1.1 and 1.2 where known for some values of s and p. As mentioned above,
the case s = 1 was established by Bethuel in his seminal paper [2]. Progress was then
made by Brezis and Mironescu [15] and by Bousquet, Ponce, and Van Schaftingen [9].
Using an ad hoc method based on homogeneous extension, Brezis and Mironescu were able
to completely solve the case 0 < s < 1. On the other hand, Bousquet, Ponce, and Van
Schaftingen introduced several important tools that are tailored to higher order Sobolev
spaces, which allowed them to give a full answer to the strong density problem in the
case s = 2,3, ... Their approach incorporates and adapts major concepts from Bethuel’s
proof for s = 1 (among which the method of good and bad cubes, which lies at the core of
the proof) and from Brezis and Li [13]. It turns out that this approach in [9] extends
to noninteger values of s. This is the main contribution of our paper. Other special
cases were obtained by Bethuel and Zheng [4], Escobedo [19], Hajtasz [21], Bethuel [3],
Riviere [28], Bousquet [6], Mucci [25], and Bousquet, Ponce, and Van Schaftingen [7, 8].
However, the case where s > 1 is not an integer and N is a general manifold is not
covered by these contributions and is the main novelty of Theorem 1.1.

The method of homogeneous extension used in [15] to settle the case where 0 <5 < 1
was shown by the authors themselves not to work when s = 1; see [15, Lemma 4.9].
On the contrary, as we explained above, the approach in [9] can be adapted to handle
noninteger values of s. It is our goal here to explain in detail this adapted construction,
introducing the modifications and new ideas that are required to make it suitable for
the fractional order setting. This does not only prove the density of smooth maps in
the remaining case where s > 1 is not an integer, but it also provides a unified proof
covering the full range 0 < s < +00, including the case 0 < s < 1 originally treated via a
different approach.

This paper is organized as follows. In Sections 3 to 5, we develop the tools that we
need to prove Theorem 1.2, following the approach in [9] and extending the auxiliary
results to the noninteger case. With these tools at hand, we proceed in Section 6 with
the proof of Theorem 1.2. For the sake of simplicity, we first deal with the model

|Diu(x)| < C



case 2 = Q™, before explaining how to handle more general domains. In Section 8,
we present the proof of Theorem 1.1 and the counterpart of Theorem 1.1 in general
domains. The proofs rely on an additional tool presented in Section 7.

Before delving into technicalities, we start by presenting in Section 2 a sketch of the
proof of Theorems 1.2 and 1.1. Our objective is to give an overview of the general
strategy of the proof while avoiding giving too much details at this stage. We hope
that Section 2 will provide the reader with some intuition on the basic ideas behind the
different tools that will be used, and show how each of them fits into the big picture of
the proof, before we move to a more detailed presentation in the next sections. Section 2
also gathers the main useful definitions and basic auxiliary results used throughout the

paper.
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2 Definitions and sketch of the proof

From now on, we write s = k + ¢ with k € N and ¢ € [0,1). We recall that the Sobolev
space WF?(Q) is the set of all u € LP(Q) such that for every j € {1,...,k}, the weak
derivative D/u belongs to L¥(Q). This space is endowed with the norm defined by

k
el = lelleiy + Y- IID ulpq)-
j=1

When ¢ € (0, 1), the fractional Sobolev space W-*(Q) is the set of all measurable maps
u: Q — R such that |u[wor) < +oo, where the Gagliardo seminorm |-|wer(q) is defined

by

1
|u(x) —u(y)l” ’
b = [ [ B )
QJ0

|x — y|mtop

It is endowed with the norm

lullwor@) = lullr@) + [ulwerq)-

When o € (0,1) and k > 1, the Sobolev space W*7((2) is the set of all u € WEP(Q) such
that D¥u € W9%(Q), endowed with the norm

lullwsriay = lullyrr o) + D ulwer).-

When working specifically with the Gagliardo seminorm, we shall often consider im-
plicitly that ¢ # 0. We also mention that here, we consider L7({2) maps as measurable



functions u: 2 — R (and not classes of functions), i.e., we do not identify two maps
that are almost everywhere equal. As we will see, this will be of importance in the
course of Section 3.

Throughout the paper, we make intensive use of decompositions of domains into
suitable families of cubes. For this purpose, we introduce a few notations. Given n > 0
and a € R", we denote by Q# (a) the cube of center a and radius 1 in R™, the radius of a
cube being half of the length of its edges. When a = 0, we abbreviate Q;'(0) = Q;'. We
also abbreviate Q" = Q™.

A cubication K" of radius n) > 0is any subset of Qf +2nZ". Given ¢ € {0, ..., m}, the
t-skeleton of K" is the set 7(,5 of all faces of dimension ¢ of all cubes in K". A subskeleton

of dimension ¢ of K" is any subset of 7(,?. Given a skeleton S, we denote by S the
union of all elements of S¢, that is,

st = U at.

oleSt

Given a skeleton S?, the dual skeleton of S! is the skeleton 7% of dimension ¢* = m—{—1
consisting in all cubes of the form o' +a — x, where o' € S, 4 is the center and x a
vertex of a cube of 8™ with x € ¢'’. The dimension ¢* is the largest possible so that

SNTY = @. Here,
T = U o’

ol'eTt
For further use, we note that S*" is a homotopy retract of S \ T*'; see e.g. [34, Section 1]

or [7, Lemma 2.3].
Given a map @: R" — R", the geometric support of ® is defined by

Supp® = {x € R": ®(x) # x}.
This should not be confused with the analytic support of a map ¢: R" — R, defined by

supp ¢ = {x € R™: ¢(x) # 0}.

We now present the sketch of the proof of Theorem 1.2. We also include graphical
illustrations of the various constructions involved in the proof, with m =2 and [sp] = 1.
As we explained in the introduction, we follow the approach of Bousquet, Ponce, and
Van Schaftingen [9], and we provide the necessary tools and ideas to adapt their method
to the fractional setting. Let u € W*?(Q™; N). For the sake of simplicity, we assume

that u is defined in a neighborhood of Qm The starting point is Bethuel’s concept of
good cubes and bad cubes that we now present. Let ‘K,;" be a cubication of Q™, that is,
K;? = Q™. Here, n > 0is such that 1/n € N,. (Actually, for technical reasons, we will
need to work on a cubication of a slightly larger cube than Q™, but for this informal
exposition, let us stick to a cubication of Q™ for the sake of simplicity.) We fix 0 < p < 1
and define the family &} of all bad cubes as the set of cubes 0™ € K" such that

1 sp

—=sp 1Dull

nm—sp Lsp(gm_,_Qgim) > ¢ if0<s< 1, (2.1)

¢ ifs>1,or —|ul’ >
’ nm—spl |WS/P(U’”+Q£’;]7)



where ¢ > 0 is a small parameter to be determined later on. The remaining cubes are
the good cubes. From now on, we shall assume that we are in the case s > 1, in order to
avoid having to distinguish two cases. (The case 0 < s < 1 is similar.) The condition
defining the good cubes ensures that u does not oscillate too much on such cubes. On the
contrary, one cannot control the behavior of u on bad cubes, but we can show that there

are not too many of them. Indeed, each bad cube contributes with at least cr)%_l to the
energy of u, which limits the number of such cubes.

On Figure 2.1, one finds a possible decomposition of Q? in 16 cubes, which corre-
sponds ton = }I' Here, the three cubes in red are bad cubes, while green cubes are good
cubes. For technical reasons that will become clear later on, it is useful to work on a
set slightly larger than the union of bad cubes. We therefore let U)" be the set of all
cubes in K" that intersect some bad cube in &]'. This fact is ignored in our graphical
illustrations, which are drawn as if Uj" = K. This allows us to keep readable pictures
with large cubes. Nevertheless, the reader should keep in mind that all constructions
explained below are actually performed not only on the red cubes, but also on all green
cubes adjacent to them, and that decompositions could possibly consist in many small
cubes.

Figure 2.1: Good and bad cubes

We now turn to the construction of the maps in u in the class R,;,_[sp]-1 approximating
u. The first tool is the opening, which is explained in Section 3. This technique originates
in the work of Brezis and Li [13] about the topology of Sobolev spaces of maps between
manifolds. We open the map u in order to obtain a map u,(;p which, on a neighborhood

of the [sp]-skeleton U,[fp], is constant on the (m — [sp])-dimensional cubes orthogonal



to cubes in %{,ESP ! Therefore, on this neighborhood, the map u,?p behaves locally as a
op
n

actually a VMO function. The map u,(;p is obtained by modifying u on a slightly larger

function of [sp]-variables. But since sp > [sp], this means that, on this region, u," is
neighborhood of U,[]Sp ], and the construction does not increase too much the energy of
u on this neighborhood.

On Figure 2.2, one finds an illustration of the opening procedure when [sp] = 1. The
map u is opened on the blue region, where it therefore satisfies VMO estimates.

Figure 2.2: Opening around the 1-skeleton of bad cubes

The next step is to smoothen the map u,(;p. Given a mollifier ¢ € C°(B}") and r > 0,
the usual convolution product is defined as

Pr*u(x) = /Bm @(z)u(x +rz)dz.

Here we rely on the method of adaptative smoothing, whose principle is to allow the

convolution parameter to depend on the point where the convolution is evaluated. This

technique was made popular by the work of Schoen and Uhlenbeck [30], where it was

used in the study of the regularity of harmonic maps with values into a manifold.
More precisely, given ¢ € C*(Q™), we let

Py *u(x) = /Bm p(Z)u(x + P(x)z)dz.



To pursue the proof, we choose a suitable map 1, € C*(B]"), whose construction

depends on 7 and will be explained later on, and we define u;™ = @y, * usp.

This convolution procedure guarantees that the resulting map ;™ is smooth, but has
the drawback that it need no longer take its values into N, since the convolution product
is in general not compatible with non convex constraints. We therefore need to estimate

the distance between 1;™ and N. By straightforward computations, we write

)~ @I < Cof () - P ()l dy.
‘Pz](x)

Averaging over all z € Q$(x)(x), since u,(;p(z) € N, we deduce that

dist (5™ (x), N) < Cy f P (y) = uy” (2)] dydz.
m Qm
Yn() ¥ g0

Here we see the usefulness of the opening construction performed at the previous step:

since u,(;p is a VMO function close to LI,[YSP ], the right-hand side of the above estimate

may be made arbitrarily small in this region provided that we choose 1),,(x) sufficiently
small. On the good cubes, we pursue the estimate by invoking the Poincaré-Wirtinger
inequality to write

. 1
dist (u?]m(X), N) < Cz—ﬂ—l ||Du1(;p”L5p(Q$ (X)(x))
an(x)s” !
1
< _— s m . .
<GCs g IDullry - (22)

l,bn(x)

If we choose 1;(x) of order 7, then on the right-hand side of (2.2), we find precisely
the energy of u which is controlled on the good cubes. Therefore, choosing suitably
the constant ¢ > 0 in (2.1), on the good cubes, up™ will be 6-close to N, for some given
arbitrarily small number 6 > 0. To summarize, we are invited to choose the convolution
parameter very small on bad cubes, near the [sp]-skeleton, and of order 1 on good
cubes. Between those two regimes, we need a transition region in order to allow 1,
to change of magnitude, which is precisely the reason to introduce both families U4
and &' instead of working directly on bad cubes. The precise way to perform this
construction is explained in Section 4, and gathering the estimates on good and bad
cubes, we conclude that uf’lm is close to NV on the good cubes, and on the part of bad
cubes close to the [sp]-skeleton.

It therefore remains to deal with the part of bad cubes far from the [sp]-skeleton,
where we have no control on the distance between u;™ and N (which corresponds to
the red region in Figure 2.2). This is the purpose of the last tool we need, which is called
thickening. The method is inspired from the use of homogeneous extension by Bethuel
in the case s = 1. We illustrate the idea when s =1and m —1 < p < m. Given a map



vE C“(am), we define w on Q™ by

X
w(x) = v(—)
|| oo
Here we recall that || stands for the co-norm in R, defined for x = (x1,...,x,) € R™
by [x|e = max |x;|. Using radial integration, we see that w € W?(Q™) and
<i<m

1
D01 guy < Call DO aguy [ 77 dr < CoIDOIE
0

Here we use the assumption p < m. Hence, w is a W*(Q™) map that depends only
on the values of v on JQ™. We may iterate this construction on faces by downward
induction on the dimension to construct a map which only depends on the values of v
on the [p]-skeleton of Q™.

Two major difficulties arise when we try to adapt this construction to general Sobolev
maps and spaces. First, it requires to work with slices of Sobolev maps on sets of
zero measure. But more importantly, gluing such constructions on two cubes sharing a
common face is a delicate matter. This is already the case when s = 1if p < m — 1, since
the resulting maps do not coincide on the whole common face, and gets worse when
s > 1+ % as the derivatives do not match at the interface. We bypass this difficulty
be working with a more involved version of homogeneous extension, the thickening
procedure.

Let ‘7,'][570 I" denote the dual skeleton of ‘LI,ESP I The homogeneous extension, in the form
presented above, associates with a map v: U,[]Sp ' LR a map w: U\ TH[SP . RY,
and this map is, in general, discontinuous on Tn[sP I The map w may be written as
w = v o ®"¢, where ®h¢: Uy \ T,][Sp L. U,[]Sp lisa Lipschitz map. Instead, the thickening

procedure associates with a map v: U,[ISP Iy Q5" — RY (for some 6 > 0 sufficiently small)

m

amap w: Up" \ T,Y[Sp L. RY, which, again, is in general singular on the set T,][SP I The

map w is obtained from v as w = v o ®, where @' up\ T,I[SP]* - U,[ISP Iy QY is a

smooth map. Working with the neighborhood U,[ISP] + Qf' instead of the skeleton U,ESP ]
is the key idea to avoid working with slices of Sobolev maps, and more importantly, to
be able to choose @ smooth, which, in turn, is crucial to ensure that composition with
®h preserves higher order Sobolev regularity.

The detailed construction, devised in [9, Section 4], is explained in Section 5, and we
apply it to modify the map u™ on U} to a map u;‘]h whose values on U only depend

on the values of up™ near U,[fp], while not increasing too much the energy of the map on

Uy'. Therefore, the map u,t]h is close to NV on the whole Q™ \ T,Y[Sp ]*, which makes possible
to project it back onto N relying on the nearest point projection Il. Since the map up™

spl’

is smooth, the map u,t]h is smooth on Q™ \ T,][ , and we will show that the singularities



created on T,][Sp I by the thickening are sufficiently mild so that u,sh belongs to the class
Rm—[sp]—l(Qm; ]RV)~

One finds an illustration of the thickening procedure on Figure 2.3. The values of u
on the dark blue region are propagated into the light blue region. This process creates
point singularities on the centers of bad cubes, which are represented by the intersection
of all the black lines.

Figure 2.3: Thickening around the centers of bad cubes

The maps u, = Il o u,t]h therefore belong to R, _[sp1-1(Q™; N), and they are actually
the approximations of u that we were looking for. The only step that is required to
obtain this conclusion is to show the convergence u, — u in W*¥ as n — 0. This is
done in Section 6, and amounts to a careful combination of the estimates obtained at
each step of the construction. Except for the adaptative smoothing, all the modifications
performed on u are localized in a neighborhood of U}". The main ingredient to reach
the conclusion u,, — u is therefore the fact that there are not too many bad cubes, and
that actually the measure of the union of all bad cubes decays at a sufficiently high rate.

The density of the class R being established, we may then move to the density of
smooth maps under the assumption 7[5, (N) = {0}. For this, it suffices to show that
maps u; of the class R;,_[sp1-1(Q™, N) as constructed in the first part of the proof above
may be approximated by smooth maps. Under the assumption 7t[s,)(N) = {0}, for any
given arbitrarily small number 6 > 0, one may find a smooth map u$* such that ug*

coincides with u, everywhere on Q™ except on Tn[sP Iy Qy'. Thisis explained in Section 8,
in connection with the notion of extension property introduced by Hang and Lin [22].

10



The map u* allows us to remove the singularities of u;, but this topological construc-
tion does not allow to conclude that ugx is close to Uy with respect to the W*7 distance,

since ug* could have arbitrarily large energy on the set T,][Sp Iy Qj' where it differs from
uy. To overcome this issue, we use a scaling argument to obtain a better extension.
Again, we illustrate the method on the model case where s = land m -1 < p < m.
Assume that v € W?(Q™) and that w € Cm(am) coincides with v on Q™ \ Q', where

0<d< % Given 0 < 7 < 1, we define w, on Q™ by

w(x) if x € Q™ \ BJ,
w(x) = {w(%) if x € B,

w( £ (L (|x| - 76) + 5)) if x € B\ B™.

|x|

This corresponds to shrinking w from B’ to B” while keeping it unchanged on Q™ \ BJ},

filling the transition region by linear interpolation. By a change of variable, we estimate

1Dwe, ) = 1Dl g, + D0

LrQm LP(B7 LP(Q™\BTY)
< Cot" PNDI, g + CADDI,
Since v = w on Q™ \ QF, we deduce that
1Dl gy < Cot PIDI, g, + CHIDRI

Choosing 7 sufficiently small — depending on 6 and on w — we may therefore make so
that

p 14
IDweI] ) < CoIDDI, -

In Section 7, we explain the technique of shrinking, which is actually a more involved
version of this scaling argument, devised in [9, Section 8] to handle lower order skeletons
and higher order regularity.

An illustration of this idea is available on Figure 2.4. The point singularities in
Figure 2.3 have been patched with a topological extension, which has been shrinked
into the small region in gray to obtain a map with controlled energy.

This allows to proceed with the proof of Theorem 1.1 in Section 8. The strategy is
exactly the same as in the model example above: we start with the smooth extension
u3* provided by topological arguments, we shrink it to a map ugl;, and we use carefully
the estimates available for shrinking to choose the parameter 7 > 0 in order to obtain a
better extension with control of the energy. As 6 — 0, this provides an approximation
of u; by smooth maps with values into NV, which is enough to prove Theorem 1.1 since
we already obtained the density of class K.

After this sketch of our proofs, we move to the detailed construction of the different
tools that were described above. The proofs being rather long and technical, we hope
that this informal presentation will help the reader to identify and keep in mind the

11



Figure 2.4: Shrinking around the centers of bad cubes

purpose and the intuition behind each construction when studying the details of the
reasoning.

We end this section with two lemmas that will be used repeatedly in the sequel. Most
of our constructions on cubications will be built blockwise: we start from a building
block defined on a cube, and we glue copies of this block on each cube of the skeleton to
obtain a map defined on the whole skeleton. When establishing Sobolev estimates for
such constructions, integer order estimates on the skeleton are readily obtained from
corresponding estimates on each cube by additivity of the integral. On the contrary,
the Gagliardo seminorm is not additive due to its nonlocal nature. We bypass this
obstruction by relying on the lemmas below.

Lemma 2.1. Let 6 > 0 and let Q = | J;¢; Q;, where I is finite or countable and QQ; ¢ R™ for
everyi € l. Set Q; s = {x € Q:dist(x, Q;) < 0}. For every u: Q — R measurable, one has

P p Y P
4oy < D e,y + €Ol 0
i€l

for some constant C > 0 depending on m, o, and p.

This lemma acts as a replacement for the additivity for the Gagliardo seminorm.
Similar kind of results were already present in the work of Bourdaud concerning the
continuity of the composition operator on Sobolev or Besov spaces; see e.g. [5] and the

references therein. The price to pay to have a decomposition of the Gagliardo seminorm
is that we need some margin of security between the different parts of the domain on

12



which we split the energy, and that an additional term involving the L” norm of the map
under consideration shows up, which deteriorates as the margin of security shrinks. In
the sequel, Lemma 2.1 will often be employed by taking the (2; to be rectangles, which
therefore suggests to have at our disposal estimates on rectangles slightly larger than the
;. Here we use the term rectangle to denote any product of m intervals with non-empty
interior. We reserve the word cube for the case where all the intervals have the same
length.

Proof. Let x, y € Q. By assumption, either x, y € Q; s for some i € I, or [x — y| > 0.
Otherwise stated,

Qch{(x,y)eQxQ:|x—y|z@}uUQi,éin,é.

i€l

Therefore,

|u(x) —u(y)l?
= Sl | STV
WoP(Q) ; WP(Q5) () eQxQilx—y|26) |x — y|m+or

We estimate

/ Ju(x) ~ u(y)l’
{(x,y)eQxQ:|x—y|>06} |x - y|m+ap

< 2”/|u(x)|p(/ %dy) dx < C16_"P/|u(x)|p dx.
0 R\Br(x) |X = y["TP 0

This completes the proof of the lemma. O

dxdy

Itis also possible to obtain a replacement for the additivity for the Gagliardo seminorm
without a term involving the L norm of the map under consideration. The price to pay
is that such an estimate only applies on finite decompositions, hence not covering the
case where an infinite number of sets is involved. If Q C R™ is a rectangle, then AQ is
the rectangle having the same center as Q and sidelengths multiplied by A.

Lemma 2.2. Let 0 < A < 1and Q C R™ be a rectangle. For every 2 C R™ such that
Q\AQ c Q and every u: Q — R measurable, we have

lulwor) < C(|M|W‘W(QOQ) + |u|W‘W(Q\)\Q))

for some constant C > 0 depending on m, o, p, A, and the ratio between the largest and the
smallest side of Q.

Lemma 2.2 is inspired from [24, Lemma 2.2], and we follow their proof. At the core
of the argument lies a very classical averaging argument, which was already present in
the proof of Besov’s lemma; see e.g. [1, Proof of Lemma 7.44]. A similar idea is also used
in the proof of Morrey’s embedding. This type of argument will be used in multiple
occasions in this paper.
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We note that the constant C necessarily diverges to +co as A — 1. Moreover, one
cannot deduce an improved version of Lemma 2.1 without the L? norm by applying
Lemma 2.2 inductively, since the constant C is actually larger than 1. Hence, we may
iterate the lemma to obtain an estimate for a decomposition into a finite number of sets,
but the constant depends on the number of sets.

Proof. We start by writing

|lu(x) —u(y)lP

Wlvoncy < Wlenangy +Wlionona +2 [ [ SO dyds,
wer(@) = Wwerong) ™ Mwerowe) ™2 f o o e —gprrer Y

Now we use the average estimate

p
/ / |u(x) - Z&yﬁ)l dydx
ong Javg |x—ylmror
p
2p1(/ / f ) ~ 4@V 4 gy
oo Jovg Jowg X —ylmror

- P
/ / f lu(z) Z(era)l dzdydx|. (2.3)
onmo Jovg Jowg X —ylmror

Let ¢ > 0be the length of the smallest side of Q. Since [x—y| > ¢(1-A) whenever x € AQ
and y € Q\ Q, first integrating with respect to y in the first term on the right-hand side
of (2.3), we find

p
/ / f [u(x) - iln(iﬂ dzdydx
ano Javo Jowg X —ylmror

1
<C —/ f |u(x) — u(z)|P dzdx.
Yeor (1= A)op onig J oo

Now we observe that |Q \ AQ| > (1 — A™)c™ and that |x — z| < Cyc for x € AQ and
z € Q \ AQ. Here C, depends on the ratio between the largest and the smallest side of
Q. This allows us to conclude that

/ / f |u(x) = u(z)l” dzdydx
oniQ Jovo J o\iQ |x - y|"mror
lu(x) —u(z)P

<G o / / m+o
(1-4) ”(1 —A") Jong Jowg X —z|"toP

For the second term in the right-hand side of (2.3), we start by noting that if x € AQ
and y € d(rQ) for some r > 1, then |x — y| > c(r — A). On the other hand, if y € J(rQ)
and z € Q \ AQ, then

dzdx < Cylul’

Wor(QNQ)*

ly — z| SC5c(r+1)=C5cr+1(r—/\)SC6c(r—/\),
Y r—A
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where Cs depends on the ratio between the largest and the smallest side of Q. Therefore,
forany x € AQ, vy € Q\ Q,and z € Q \ AQ, we have |y — z| < Cg|x — y|. Hence, we
obtain

p
[ f e,
oniQ Jovg J oo |x—y| P

lu(z) — u(y)?
/Q\Q /Q\AQ ly — z|™*oP dzdy < CSIulW"”(Q\/\Q)

Gathering the estimates for both terms in the right-hand side of (2.3) yields the conclu-
sion. O

SC7

3 Opening

This section is devoted to the opening procedure. We follow the approach of Bousquet,
Ponce, and Van Schaftingen [9, Section 2], who adapted to higher order regularity a
construction of Brezis and Li [13]. The main result of this section is the following
fractional counterpart of [9, Proposition 2.1], which contains the opening construction.
Recall that we write s = k + 0, with k € N and o € [0, 1). Note carefully that the map ®
constructed below depends on the map u € W**? it is composed with.

Proposition 3.1. Let Q C R™ be open, £ € {0,...,m -1}, 1> 0,0 < p < %, and U be
a subskeleton of R™ of radius 1 such that U* + Q’zﬂm C Q. Forevery u € W*P(Q;R"), there
exists a smooth map @: R™ — R™ such that

(i) foreveryd € {0,..., ¢} and for every o? € U?, ® is constant on the (m — d)-dimensional
cubes of radius pn which are orthogonal to o%;

(if) Supp® c U' +Qy and D(U'+Qf ) c U’ +Qy ;

(iiif) u o ® € W5P(Q;R"), and moreover, for every w C Q such that U + Q;”m C w, the
following estimates hold:

(a) if0 <s <1, then
111t © Dlwsray < C (1 tlweriay + il )

(b) ifs > 1, then for every j € {1,...,k},
W ID (0 D)lp) < € Y 1 ID ullirwy;
i=1

(c) ifs > 1and o # 0, then for every j € {1,...,k},

j
/D! (1 0 D) wor(e) < C Z(HZHDZL!HLP(M) + 771+“|D1u|wa,p(w));
i=1
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(d) forevery0 < s < oo,
|t © @[ rr(w) £ Cllutllr(w);

(iv) for every w C Q such that U + Q;”pn C w, the following estimates hold:
(a) if0 <s <1, then

[ o @ —ulwsp(w) < C(’]s|”|ww(ué’+Qg’gn) + ||”||Lﬂ(uf+Qg;m))r'

(b) ifs > 1, then for every j € {1,...,k},

J
T]]”D](u (¢] CD) - D]u”LP(a;) S C le T]Z”DZMHLP(UK-}—QEHPU)/‘
i=

(c) ifs >1and o # 0, then for every j € {1,...,k},

j
71D’ (u 0 @) = Dulworw) < C Z‘ (nl o
=

+ ni+G|Diulwa,p(ul+Q;znpq ),
(d) forevery0 < s < oo,
lu o @ —ullrr (o) < C||”||LP(U€’+Q;"W)?

for some constant C > 0 depending on m, s, p, and p.

Recall that Supp @ denotes the geometric support of ®, defined as

Supp @ = {x € R": D(x) # x}.

Crucial to the proof of Theorem 1.2 are the estimates in (iii) with w = ut+ Qé"p 0 They
imply that the opening procedure does not increase too much the energy of the map u
where it is modified. Proposition 3.1 will be used in the proof of Theorem 1.2 in order
to prove that a map can be opened by paying the price of an arbitrarily small increase
of the norm.

The map @ will be constructed blockwise: forevery d € {0, ..., {} and every ol e U?,
we construct an opening map @« around the face ¢, and then we suitably combine
those maps together to yield the desired map ®. The construction of the building block
®,, is performed in Proposition 3.2 below. Before giving a precise statement, we first
introduce, for the convenience of the reader, some additional notation.

The construction of the map @ provided by Proposition 3.2 involves four parameters
0 < p <r <r < p < 1. These parameters being fixed, we introduce the rectangles

Q1= Ql,n = Q(dl_ﬁ)n X ngq_d/ Q2 = QZ/T] = Q(dl—F)r] X Q%_d’

~ _ (3-1)
Q3= Q3= Q) x Q" and Qu=Quy=0Qf_,, x Q.
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The rectangle Q; is the place where the opening construction is actually performed:
the map @ only depends on the first d variables on Q1. The rectangle Q; contains the
support of the map @, that is, ® coincides with the identity outside of Q,. The region
between Q1 and the exterior of Q> serves as a transition region between both regimes.

From now on we shall keep using the notation Qj, ..., Q4 for the sake of conciseness
and because it makes more apparent the inclusion relations between the four rectangles:
observe that Q1 € Q> C Q3 C Q4. The dependence with respect to the parameters p, r,
7, p and n will be implicit. B
Proposition 3.2. Let d € {0,...,m —=1},n>0,and 0 < p <r <7 < p < 1. For every
u € WP (Qg4; R"), there exists a smooth map @: Q4 — Q4 such that

(i) D(x’,x") = (x’, C(x)) for every x = (x’, x”) € Qq, where C: Q4 — an‘d is smooth;

- ’ d : ’ m—d.
(if) for every x’ € Q(l—ﬁ)n , ® is constant on {x'} X an ;

(iif) Supp® C Qq and D(Q>) C Qy;

(iv) u o ® e WP(Qs;R"), and moreover, the following estimates hold:
a) if0 <s <1, then
|t 0 @lwsi(gs) < Clulwery);

b) ifs > 1, then for every j € {1,...,k},

j
WD/ (u o D)||1r(,) < C Z n'ID ullrr(qy);
i-1

c) ifs >1and o #0, then forevery j € {1, ..., k},
. . ] . . . .
77]+U|D](u o (I))|Wa,p(Q3) <C Z(UZHDZ”HLP(&) + 771+G|D1”|W"’”(Q4));
i=1

d) forevery 0 < s < 400,
llu o Dllrr(,) < Clluellrr(u)s

for some constant C > 0 depending on m, s, p, p, 1, 7, and p.

We comment on the domains involved in the estimates of item (iv) in Proposition 3.2
above. We need estimates on the rectangle Q3 instead of the smaller rectangle Q-
containing the support of @, in order to have enough room to apply Lemmas 2.1 and 2.2
as substitutes for the additivity of the integral when proving the fractional estimates in
Proposition 3.1. Moreover, we only control the energy on Q3 by the energy on the larger
rectangle Q4 due to the averaging process involved in the proof of Proposition 3.2, as
we will see later on.
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Taking Proposition 3.2 granted for the moment, we proceed with the proof of Propo-
sition 3.1. Before providing a detailed rigorous proof, we sketch the argument.

We first open the map u around each vertex of U by applying Proposition 3.2 with
d = 0 and using parameters p = 2p and p = py < 2p. This produces a map u” which

is constant on cubes of radius pon around each vertex of U°. We next open the map
1% around each edge of U 1 using Proposition 3.2 withd =1, p = pp, and p = p1 < po.
One may see that the geometric supports of the building blocks around each face do not
overlap, so that we may glue them together to obtain a well-defined map on the whole
Q. This construction yields a map u! which is constant on all (m — 1)-cubes of radius
p17n which are orthogonal to the edges of U, provided that they lie at distance at least
pon from the endpoints of the edges. But the map u! is constructed from the map u°
which was constant on the cubes of radius po1 centered at the vertices of U*. Hence
we conclude that the map u! is constant on all (m — 1)-cubes of radius pin which are
orthogonal to the edges of U’. We then pursue this construction by induction until we
reach the desired dimension, which yields a map @ as in Proposition 3.1.

An illustration of this construction on one cube for m = 2 and { = 1 is presented in
Figure 3.1. On the left part of the figure, one sees the result of opening around vertices.
The map u becomes constant on the dark blue squares, and is left unchanged on the
white region, the light blue region serving as a transition. The central part of the figure
shows the opening step around edges. The map u becomes constant on the segments
orthogonal to the edges of U that are sufficiently far from the vertices, some of which
being represented in black. The regions involved in the construction at the previous
step, when opening around the vertices, are depicted in light colors, to show how all the
regions are located relatively to each other. One sees that the opening regions around
vertices and edges connect perfectly. The right part of the figure shows the combination
of both steps. The map u becomes constant on all segments orthogonal to the edges of

Ul

Figure 3.1: Opening form =2and ¢ = 1

The construction sketched above is strongly inspired by [9, Proposition 2.1], but
nevertheless significantly different from [9, Proposition 2.1]. Indeed, in our approach,
at each step of the iterative process, the sets on which we apply opening around each face
(the building blocks of our global construction) do not overlap. Hence, gathering the
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constructions made around each face yields a globally well-defined map on the whole
Q, regardless of the map we started with at the beginning of the step. For instance,
the map u! described in the above sketch is well-defined on the whole Q, regardless
of the form of the map 1. On the other hand, the construction in [9] relies on the
fact that, at the d-th step of the iterative process, we work with a map that has already
been opened around the i-faces for i < d. Indeed the constructions made at step d are
not compatible near the lower dimensional faces, where they overlap. Our approach
simplifies the proof of Sobolev estimates, especially in the fractional case where one
needs some margin of security to apply Lemmas 2.1 and 2.2, but also for the case of
integer order estimates (already treated in [9]).

Proof of Proposition 3.1. As announced, we construct a family of maps (®4)o<4</ by in-
duction. For the convenience of notation we set @_; = id. Assuming that the maps ®_1,
..., ®4-1 have already been constructed, we set ul=uod_jo.--ody_q. Let (pd)o<d<e,
( 1)o<d<e and (7 4)o<i<¢ be decreasing sequences such that

P=pr <1, <Te<pg-1<-<pg<r;<rg<pg1<--<po<r,<Tro<2p.

For every d € {0,...,¢} and every ¢ € U, there is an isometry T,s of R" mapping
Qf]l x {0}~ onto 0. Via this isometry, we apply Proposition 3.2 to u? around ¢ with
parameters p = pg, v = 1,;, 7 = rq and p = pg-1 — with the convention that p_; = 2p

—in order to obtain a map oo’ ; T,i(Qs) — T,4(Q4) such that, for every x’ € o with

dist (x’, do?) > Pd-1, @ is constant on the cube orthogonal to o of radius p4n passing
through x’. We then define ®;: R”™ — R™ by

0s() = {f (x) ifx € T,u(Qu),

otherwise.

This map is well-defined since Supp o ¢ T,4(Q2) and Tgf(QZ) N ng (Qy) =wif of * og.
Finally, we set @ = @ o --- o @y.

By induction and using the definition of the maps @’ provided by Proposition 3.2,
we observe that @ satisfies properties (i) and (ii). We now turn to properties (iii) and (iv).
Let U’ + QZD g C@C (). Notice that it suffices to prove property (iii) with @ replaced

by ®; and u replaced by u, as one may then conclude by induction.
We start with the estimates for integer order derivatives. Let j € {1,...,k} and
d € {0,...,¢}. By the additivity of the integral, we have

IDiu 0 @Iy < D IDI @ 0 @), ) + 1D "My U Ta@)

aleud oleud
Since Supp oo’ T,4(Q2) C T,4(Q3), we find

i(yd = |ID/u!
D@0 @a)lly (o | 74000) = NP0y U Tai00)7

ol eqqd ol eqyd

19



while the estimate given by Proposition 3.2 yields

j
W IDI W 0 @)yt aas = WD ! 0 @V ivr yi0sn < C1 D 0 ID ullr(r, 400y
i=1

Combining both above estimates and using the fact that the number of overlaps between
one given set of the form T :(Q4) and all the other such sets is bounded from above by
a number depending only on m, we deduce that

J
WD 0 D)l < Ca Y 7 ID Uiy for every j € {1, k).
i=1

Since Supp ® c U+ Q’Z’TO y the estimate (b) of point (iv) follows directly from estimate (b)
of point (iii) using again the additivity of the integral. The estimates for the L” norm of
u o ® (estimates (d)) are proven similarly.

The estimates for the Gagliardo seminorm are proved similarly, replacing the addi-
tivity of the integral by Lemma 2.1. Indeed, if k > 1, this lemma ensures that

|D](ud ° q)d)v;\]ﬁ,p(w) < Z |D](ud © q)d)|§\/a,p(ng(Q3))
aled
+|Di(uf o cpd)|§p(w\5upp®d) +C3n || D/ (u? o cpd)nip(w) forevery j € {1,...,k}.

Note that here, we made use of the fact that the distance between the support of
the map provided by Proposition 3.2 and the complement of Q3 is bounded from
below by a constant multiple of 1. Estimate (c) of point (iii) then follows as for the
integer order estimate. To obtain the estimate (c) for point (iv), we observe that actually
dist (Supp @, w \ 't + Q’Z”pq)) is bounded from below by a constant multiple of . We
conclude by making again use of Lemma 2.1 along with the integer order estimate that
we already obtained. Indeed, we have

j i P j i P
D2t 0 @) = DIl < 107w 0 @) = DIl

+|D/ (1 0 @) — Diu| ~9P||DJ (1 o @) — Diu|)?

p
WP (w\Supp ®) +tn LP(w)"

The first term is upper bounded using the triangle inequality and estimate (c) of (iii),
the second one vanishes by definition of the geometric support and the third one is the
integer order term that we already estimated (item (b) of (iv)). The case 0 < s < 1is
handled in the same way, replacing D/u by u. |

We now turn to the proof of Proposition 3.2. Consider some fixed Borel map u: Q" —
N such that u € W*?(Q™). In order to prove that there exists some map ® (depending
on u) such that u o ® € W?(Q™; N) along with the corresponding estimates, it will
be convenient to rely on some genericity arguments using the framework of Fuglede
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maps, in a formalism developed by Bousquet, Ponce, and Van Schaftingen in [11]; our
presentation is limited to the tools instrumental in our proofs. The results below are
taken from [11], sometimes with slight modifications. Nevertheless, we reproduce the
proofs here for the convenience of the reader.

We start with the following lemma, suited for L? regularity, which gives a criterion
to detect a family of maps y such that composition with y is compatible with L?
convergence.

Lemma 3.3. Let (X, X, i) be a measure space, u: X — R a measurable map which does not
vanish p-almost everywhere, and (u,)neN a sequence of maps in LP(X, u) such that u, — u
in LP(X, ). There exists a summable function w: X — [0, +oco] satisfying fX wdy > 0and
a subsequence (uy,)ien such that for every measure space (Y, Y, A) and every measurable map
y: Y — X satisfying w oy € LY(Y, A), we have u,, oy € LF(Y, A),

up, 0oy —uoy inLP(Y,A),

woydA
/luoy|7"d/\S2fY—y/|u|”dy.
Y wadp X

We insist on the fact that the map w depends on u. Even modifying u on a null set
may change the map w given by Lemma 3.3.

and

Proof. Choose a sequence (k;);en diverging to +oco such that k; > 1 foreveryi € N. Then
extract a subsequence (i, );en so that

1
leellp g + D willin, = wllirx < 27 el g
ieN

and define w: X — [0, +oo] by

p
w = (|u| + Zkiwm —ul) .

ieN
We deduce from the triangle inequality and Fatou’s lemma that w is summable with

P 1 1
(/XWd#) = lw? | < Nl + ZKz'Hum — Ul < 2F lullrew.  (3-2)
ieEN

Since x; > 1, we have
p
[, |P < (|u| + |, — ul) < w.

Hence, if y: Y — X satisfies w o y € L(Y, 1), we find that un, oy € LP(Y,A), and
moreover, we have

/Iumoy—uoylpdAsip/wOVdA-
Y Kz' Y
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Letting i — 400 allows us to conclude that u,, o y — u o y in LP(Y, A). Furthermore,
since |u o y|P < w o y, we obtain

/|uoy|pdA$/woyd)\.
Y Y

Combining the above inequality with (3.2) provides us with the desired estimate, and
therefore concludes the proof. O

Using the previous lemma, we may now obtain a criterion to detect a family of maps
y such that composition with y is compatible with W*? regularity, along with the
corresponding estimates. Once again, note that the map w given by the lemma below
depends on u.

Lemma 3.4. Let Q C R™ be an open set and u € W*P(Q). There exists a summable map
w: Q — [0, +o0] such that
/ w=1
Q

and such that for every open set @ C RM and every map y € C®(w;Q) with bounded
derivatives, if w o y is summable, then we have u oy € W5 (w), the derivatives D/ (u o y) are
given by the classical Fad di Bruno formula, and

. r .
ID/u o ylLr(w) < C(/ w o y) ID'ullpy foreveryj€{0,..., k},

for some constant C > 0 depending on m, M, k, and p.

We note for further use that, under the assumptions of Lemma 3.4, applying the Faa
di Bruno formula, we may estimate D/(u o y) as follows:

1D (1 © )1 (w)

.
=
P ) .
SC( / woy) D ID" Yl ID" Yl ID u ) (3:3)
w i=11

<t1<--<Zt;
t1+~~+f,‘:]'

We also make an important remark about a measurability issue. In Lemma 3.3, we
worked with arbitrary measure spaces. On the other hand, here we implicitly assume
that R and R™ are endowed with the Borel o-algebra (and not the Lebesgue o-algebra)
in order to ensure that continuous maps are measurable.

Proof. We may assume, without loss of generality, that u and its k first derivatives
are not almost everywhere equal to 0. Let (u,),en be a sequence of smooth maps
converging to u in WX (Q). We apply inductively Lemma 3.3 to D'u fori € {0, ..., k}
to obtain summable maps w;: Q — [0, +oo] satisfying /Q w; > 0 and a subsequence
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(i, )1en such that, for every measurable map y: @ —  such that w; o y is summable,
D'u,, oy — D'uoyin L?(w), and

. w; o .
/|Dluoy|i’ SZulelulp.
w /sz' Q
k
1 wi
w=—— .
k+1;fgwi

/wzl.
Q

Observe also that w; < (k + 1)w f o Wi- Therefore, if w o y is summable, we find that
Diu oy € LP(w) with

‘/w|Diuoy|” §2(k+1)(‘/wwoy)/0|Diu|p. (3-4)

If in addition y is smooth and has bounded derivatives, since D'u,, 0y — D'u oy in
LP(w), D¥(uy, o ) converges in L (w) to a map which coincides with the function one
would obtain by applying the Faa di Bruno formula to compute Di(uo y). Hence, the
closure property for Sobolev spaces ensures that u o y € W*?(w) and that the Faa di
Bruno formula actually applies. The estimates for D/u o y are already contained in
inequality (3.4), and therefore the proof is complete. O

Let

It is readily seen that

After dealing with integer order Sobolev spaces, we present the next lemma, which
contains the construction of a detector for maps preserving fractional Sobolev regularity
under composition.

Lemma 3.5. Let Q C R™ be an open set and u € WP (Q). Define w: Q — [0, +o0] by

[ ) — u(y)P
o lv—yle

w(x)

Assume moreover that there exists ¢ > 0 such that |BY'(z) N Q| > cA™ for every z € Q and

0 < A < 2 diam Q. For every open set € RM and every Lipschitz map y: w — Q, ifwoy
is summable, then we have u oy € WP (w) with

1
14

o ylworw) < C|V|20/1<w>(/w o y)

for some constant C > 0 depending on m, M, o, p, and c.
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We recall that |y|co1(,) denotes the Lipschitz seminorm of y, defined by

ly@) —y )l
01() = SUp ———————.
7lcor(w) SUP =y
X#Y
In contrast to what happens for integer order Sobolev spaces, here we have an explicit
expression for w depending on u. It is useful to observe that

p
W= U]\
/Q War(Q)

We also comment on the assumption on the volumes of balls in (2, which will be crucial
during the proof. It is in particular satisfied if (2 is a cube. Indeed, in this case, any ball
centered at a point of Q with radius less that  diam Q has at least one quadrant in Q,
which implies that Q satisfies the assumptions of Lemma 3.5. To prove Proposition 3.2,
we only need to apply Lemma 3.5 on cubes, but later on in Section 7, we will need to
use a similar technique on more general domains, whence our motivation for already
presenting a more general statement here.

_ pm y(x)+y(y) .
Proof. For every x,y € w, welet B, , = Bly(x)—y(y)l( > ) N Q. We write

[woy(x)—uoyy) < Cl(f | o y(x) —u(z)|P dz +f lu(z) —u o y(y)|P dz)|.

X Bx,y

Note that
Bl (7)) N Q C By
2

Since M < %diam Q, we deduce that |8 ,| > Ca|y(x) — y(y)|™. Moreover, we
observe that for every z € 8B, ,, we have

y(x)+y(y)

5 -z

[y -2l < + 3l =yl < 2@ - )l

and similarly |y(y) — z| < %Iy(x) —y(y)|. Hence,

1 0 () — uz)P 1(z) — 1 0 ()P
) — 2 dz*é; )z

[woy(x)—uoy(y)l < C3(/B

X,y X,y

Dividing by |x — y|M*9 and integrating over w X w, we deduce that

o y(x) —u(z)P
oyl onn < C4/// dzdydx.
WP (w) w Jw Bx,y |X —y|M+G”|V(x)—Z|m

We use Tonelli’s theorem to deduce that

0 y(x) - )|’
luoylh., SC4/ // dydxdz,
Wer (@) 0oLy, Tx =y )p) —zm Y
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where Y, . is the set of all y € w such that z € 8, , that s,

Yoz ={y € 0:y(x) +y(y) - 2z| < 2ly(x) =y}
Observe that

Yz C {y e RM:|y(x) —z| < gly(x) - V(y)l}

3
c {y e RM:|y(x) - z| < Elylco,l(a,)lx - ]/|} =RM\ BM(x),

where
2|y(x) — z|

r=r(x,z)= .

Hence,

luoy(x)—u(z)l
luoyll sq/// dydxdz
Vlwer) 0 Jo Jrugico 1 - y MRy — 27 Y

op |u o y(x) —u(z)|”
< C5|)/|Co,1(w)/g' . |7/(X)—Z|m+‘7p dXdZ,

which concludes the proof. |

Now that we have at our disposal a criterion to detect a family of maps that preserve
membership in Sobolev spaces after composition, it would be useful to know if, given a
detector w associated to a fixed map u € W**, we may actually construct many smooth
maps y such that w o y is summable. This is based on a genericity argument, and is the
purpose of the next lemma, whose proof relies on an averaging argument initially due
to Federer and Fleming [20]. Our presentation and proof are taken from [9, Lemma 2.5].

Lemma3.6. Let w, Q,and P C R™ be measurable sets, with0 < |P| < 4+c0. Let ®: w+P — Q
and w: Q — [0, +co] be measurable maps. For every a € P, define the map ®,: w — R™ by
D,(x) = D(x — a) + a. Assume that, for every a € P and x € w, D,(x) € Q. There exists a
subset A C P of positive measure such that, for every a € A, we have

for some constant C > 0.

The constant C in the above estimate does not depend on the different parameters
involved in the statement of the lemma. However, as we shall see in the proof, the
measure of the set A may be taken arbitrarily close to |P| provided that we enlarge C
accordingly.

Proof. We are going to estimate the average

fp(/wwocpa)da.
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By a change of variable by translation and Tonelli’s theorem, we compute that

[([ e 1 -
= /mp(/pn(y_a,)w@(y) +”)d“) dy < /w+P(/Q W(x)dx) dy = |w + P| /Qw

Therefore,
f(/wqua)daslw-i-P' w
P @ |P| Q

Hence, for every 0 < 0 < 1, there exists a subset A C P with measure |A| > 6|P| such
that, for every a € A, we have

1 |a)+P|/
wod < — w,
/w "T1-0 IP| Jg

and the proof of the lemma is complete. O

With all these tools at our disposal, we are now ready to prove Proposition 3.2. We start
by constructing one model map @ satisfying the geometric properties in the conclusion
of the proposition. Then we use the previous lemmas to show that @, satisfies all the
conclusions of Proposition 3.2 for some a € R™.

Proof of Proposition 3.2. We use the notation introduced in (3.1). We start with the con-
struction of the model map ®. Let A > 0 be such that

(LR Tor 7
< .
min 5 "o ’ >

We define ®@: Q41 — Q4,1 by
Dd(x’, x") = (x’, (j)(%/, %ﬁ)x”),

where ¢: Q41 — [0, 1] is a smooth function such that
(a) for x € Q1,1 + B}, p(x) =0;
(b) for x € (Qa,1\ Q21) + BY, ¢(x) = 1.

Recall that the Q; 1 are the rectangles defined in (3.1) with parameter = 1. By scaling,
we have ‘ '
ID/D||1~(q,) < Cin*™/ foreveryje{l,...,k+1}.

Now we set ®,(x) = O(x — a) + a for every a € B)\mn. By construction, @, satisfies the
geometric properties (i) to (iii) for every a € B%}.
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We now turn to the Sobolev estimates (iv). In the case where k = 0, we apply
Lemma 3.5 to u, with Q = Q4. Let w: Q4 — [0, +00] be the corresponding detector. By
Lemma 3.6 with w = Q3, Q = Qy,and P = B}”fn, there exists a € BTU such that

Qs + BY, |
/ w o q)a < Cz—m/ w.
Qs 1BL, Ja

Since Q3 has sides whose length is proportional to 7, this implies that

/ wo®d, < C3/ w. (3-5)
Q3 Q4

Therefore, u o ®, € W?(Q,4) and

|1 © Dylwsr(gy) < C4|®”|20/1(Q3)(-/Q o (Du) '
3

Combining the estimate on the derivative of ®,, equation (3.5) and the remark following
Lemma 3.5, we conclude that

| o @glwsr(,) < Cslulwsr(y)-

The L? estimate is obtained as in the case k > 1 below, and this concludes the proof
when 0 < s < 1.

If now k > 1, we apply Lemma 3.4 to u to obtain a detector wg: Q4 — [0, +o0] and we
apply Lemma 3.5 to D/u for every j € {1,..., k} to obtain a detector w;: Q4 — [0, +00].
(In the case where o = 0, we skip this second step and only construct wy. In the sequel
we continue to speak about w; for j € {0, ..., k}, it is implicit that when ¢ = 0 we only
consider wy.) Then we invoke Lemma 3.6 to find some a € BTW such that

Qs + B, | _
/ wjod, < C6B—m/ w; foreveryje{0,..., k}. (3.6)
Q3 | An Q4

It is indeed possible to choose the same a simultaneously for each w; since the set A in
Lemma 3.6 can be chosen of measure arbitrarily close of |BTU|.

For the integer order derivatives, using the estimates on the derivatives of ®, and the
fact that fQ4 wo = 1, we immediately deduce that u o ®, € W*?(Q3),

j
IDI (1t 0 Do)l < C7 Y D ulliry),
i=1

and
|t o Dyllrr(s) < llullzr(u)-
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In the case k = 0, we may still obtain the LP estimate at order 0 above, constructing the
detector wg with the help of Lemma 3.3 instead of Lemma 3.4 and using again the fact
that we may choose a suitable a for several detectors simultaneously.

Dealing with fractional order derivatives requires additional computations. We con-
tinue to work with a as in (3.6). Using the Faa di Bruno formula — which is indeed valid
for u o @, by Lemma 3.4 — and the multilinearity of the differential, we find

]
[DI(ut 0 ®g)(x) = DIt 0 @) (y)I” < Cs Y (1Dt 0 By(x) = Dl 0 by )Py
i=1

]
+ [P 0 @y ()1 D R, (x) - DD ()I”). (3:7)
t=1

When dividing (3.7) by |x — y["“" P and integrating over Q3 X Q3, the first term on the

right-hand side gives "7 |Diu o @,/ (0 Asinthecase 0 < s <1, we may estimate
it as o ' ‘ o ‘
n(l_])”IDlu o q)alzvmp(gg < an(z—])P|Dzu|€vg’p(Q4).

For the second term on the right-hand side of (3.7), we use an optimization argument.
For every r > 0, we write

Did, - Di®, p
/ | (x) = ()l dy < Cw(/ n—tp% dy
Qs |x —y|"+op B (x) |x — y[m+op=p

1

a-tp_____ -~ ~tp.p—op (A-t)p .—op

+ dy | < Ci( r + r=P).
./Rm\B;“(x) 1 |x — y|m+op y) 1 1

Letting » = 17, we find
|D'®,(x) — D'®,(y)|P
s |x — y|m+op

dy < C121’[(1_t_6)p.

Therefore,

[ [ Besr e - Do
Q3 J Q3 |x_y|m+‘7P

dxdy

< Cian"=" [ |D'u o @) dx < Cuan®=" [ D'ul?,
Qs Q4
where the last inequality follows from Lemma 3.4. Gathering the estimates for both
terms in (3.7) yields the desired fractional estimate and concludes the proof. O

We conclude this section with two additional results which are the counterparts
of [9, Addendum 1 and 2 to Proposition 2.1] in the context of fractional order estimates.
From now on, we place ourselves under the assumptions of Proposition 3.1. The first
proposition ensures that the opening procedure does not increase too much the energy
on one given cube.
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Proposition 3.7. Let K™ be a cubication containing U™.

@) Ifs > 1and if u € WYSP(K™ + Qg;m;]RV), then the map ®: R™ — R™ provided by
Proposition 3.1 can be chosen with the additional property that u o ® € WISP(K™ +
Q;”n;]R"), and for every ™ € K™,

ID @ 0 D)lLse(gmsqp) < CIDULsr @m0y, )
for some constant C’ > 0 depending on m, s, p, and p.

(b) If0 < s <1, then the map ®: R™ — R™ provided by Proposition 3.1 can be chosen with
the additional property that u o @ € W*F (K™ + Qf;RY), and for every o™ € K™,

| 0 @lwsronrqp) < Clulwsronroy )
for some constant C" > 0 depending on m, s, p, and p.

Proof. (a) In the case s > 1, since the choice of the parameter a involved in the construc-
tion of the map provided by Proposition 3.2 is made over a set of positive measure, ac-

cording to the remark following Lemma 3.6, we may assume that the maps @’ involved
in the construction of the map @ satisfy in addition the conclusion of Proposition 3.2
with parameters 1 and sp.

We keep the notation used in the proof of Proposition 3.1. Let d € {0,..., f}. We are
going to prove that

1D o Dg)llsv(omrqp.,) < CNIDU romagy ),

and the conclusion will follow by induction. By our additional assumption on the maps
CI)“d, we have

IDu? o PCo)llLsr(r 4(Qs) < ID@? o PCo)llLsw(r 4 (Qu)) < ClllD“d”le’(ng(Q@)

for every 0 € U?. We conclude by using the fact that

Supp @y C U Tod (QQ) - U Tad(Q3)

olel oleyd

along with the additivity of the integral.

(b) The proof of the case 0 < s < 1is identical, except that we replace the additivity of
the integral by Lemma 2.2. Here we use the fact that the number of d-faces of a given cube
depends only on d and m, and that the geometric support of ®° * is contained in T,4(Q2),
which is slightly smaller than T 4(Q3). This justifies the application of Lemma 2.2. O

The second proposition gives VMO-type estimates for the opened map. As we men-
tioned in our informal presentation, such estimates are one of the main features of the
opening procedure, and they follow from the fact that u o ® behaves locally as a map of
{ variables in U + QFT,I.
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Proposition 3.8. Under the assumptions of Propositions 3.1 and 3.7, the map ®@: R™ — R™
satisfies the following estimates:

(a) if s > 1, then
(1) it holds that

L _
lim sup rep f f |t o D(x) — 1 o P(y)|dxdy =0;
=0 Qma)cut+Qy, "(a) J QI'(a)

(ii) for every o™ € U™ and every Q"(a) c U' + Qpy witha € o™,

_L
175

f f |l/l o q)(X) —Uuo (I)(y)| dXdy < C” " ||Du”L5P(O’”+Qé"7 ),
() J QI (a) N g

(b) if0 <s <1, then
(@) it holds that

‘e
lim sup 7" f f |u o ®(x) — u o ®(y)|dxdy = 0;
=0 om@ycut+qn, 7M@) JQf(a)

(ii) for every o™ € U™ and every Q" (a) c U + Q[Tn witha € o™,

st

/Ir 4
f"’( )fn’( )|u ° ®(x) —u o By dxdy < C"— |”|WS”’(G"1+Q§7)11)?
Ha a

T] 4

for some constant C” > 0 depending on m, s, p, and p.

Proof. We start with the proof of items (i). Let a € R and r > 0 be such that Q;"*(a) C
ut+ Qpy » and write Q™(a) = QYa’) x Q" “(a”). Thena € U’ + Qpy-r, and hence there
exists ¢ € U! such that Q" (a) c 7% + Qpy- We may assume that 7¢ = Q' X {oym-*,
Recall that the map @ is constant on each (m — f)-dimensional cube orthogonal to
Q([1+p)1] x {0}"~f. Hence we may define v: Qf“p)n — RY by

v(x) = uo®(x’,a").

Using Proposition 3.7, we deduce that v € WLSP(Q([HPM;JRV) in the s > 1 case, respec-

tively v € stp(Qpr)n;lR") in the 0 < s < 1 case. We next note that

f f |t o D(x) — 1 o P(y)|dxdy = f f lo(x") —o(y’)| dx'dy’.
7(a) J Q' (a) Qi) J Qf(a")
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The Poincaré-Wirtinger inequality implies that

_t
fo( >fQ«< )lv(x,) —o(y)ldx'dy’ < Cur' DOy
(a’ F(a’

if s > 1, respectively

_t
fd( >fo( )'U(x,) —o(y)|dx'dy’ < Cor” 7 [vlysr(otian)
r a/ r a,

if 0 < s < 1. It then suffices to invoke Lebesgue’s lemma to obtain both items (i).
We now turn to the proof of items (ii). When s > 1, we observe that

m=t
ID(u o (D)||Lsp(Qf(ar)ng;]—f(an)) = (2pn) 7 [ID |l sp (ot (ary) (3.8)

and hence, assuming in addition that a € ¢” with ¢ € U™, we have

1 1
||DU||LSP(Q£(,1/)) = —m€||D(” ° (D)”LSP(Qr(a/)xQ"I amy) S —m_,g”D(” ° ®)||L5P(om+Qg§])
(2pn) = (2pn) =
Thus,
1_L
F o4 wo®w-uo0()ldidy < Co—— 1D o B)lpmey.
7(a) J Q' (a) (2pn) v

Proposition 3.7 implies that
ID(u o D)lsr(on+qp) < CallDullLsronray ),

which yields the desired conclusion.
For the case 0 < s < 1, we follow the same path, replacing inequality (3.8) by the fact
that

1 P
[0l wsrot(ary = —m_(/ |u o @, x”)lps dx”
(Qr(a”)) (2{377)7[ -t (@) Ws#(Ql(a))

1
< Cs— [ulwsr@tarxqutamy-
1’[ 14

This concludes the proof of the proposition. |

4 Adaptative smoothing

In this section, we present the adaptative smoothing, which consists in a regularization
by convolution, x > @y * u(x), where the parameter ¢ of convolution is allowed to
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depend on the point x where the regularized map is calculated. Already implicit in
the proof of the H = W theorem [23], this method was made popular by Schoen and
Uhlenbeck [30, Section 3]. The approach we follow here is an adaptation, suited to
fractional Sobolev spaces, of the one in [9, Section 3].

We now become more specific. Let ¢ be a mollifier, i.e.,

@ €CS(BY"), ¢ =0 inB, ¢isradial, and /(p:l.
Ban

Letu € L}OC(Q), and consider a map 1 € C*(Q2; (0, +0)). For every x € Q satisfying
dist (x, dQ2) > 1(x), we may define

Py *u(x) = /B p(2)u(x +9(x)z) dz.

A change of variable yields

1 y-x
oo = o [ e 41

In particular, @y * u is smooth.
Let us first note a straightforward inequality. Let  C {x € Q:dist(x,dQ) > ¢ (x)},
so that ¢y * u is well-defined on w. For any x € w, we write

P =u() = [ g)utx + y(x)2) ~u(x)dz.

Therefore, by Minkowski’s inequality, we find

lpy *u —ullpp@w) < ./Bm (p(z)(/lu(x +Y(x)z) —u(x)P dx 4 dz

< sup || tyo(u) - ullr@), (4-2)

m
veB1

where Ty, (1)(x) = u(x +1(x)v). Our main task in this section will be to obtain estimates
in the spirit of 4.2 for maps in W*7(Q;R").

Before stating the main result of this section, we pause to explain the role of an
important assumption. In the sequel, we will assume that [[ D1 || ~(q) < 1. We illustrate
the usefulness of this condition in the simpler context of L? estimates. We start by using
Minkowski’s inequality to write

ool [ o) [nes pwai ar) e
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Next we use the change of variable w = x + ¢(x)z. Note that the map ¥V: v — Q
defined by W(x) = x + ¢(x)z satisfies DW(x) = id +Dy(x) ® z. Therefore, by rank-one
perturbation of the identity (see e.g. [29, Section 3.8]), we deduce that

jacW = |det(id+Dy ® z)| = [1+ Dy - z| 2 1 - ||D¢||;~) forz € BY".
Thanks to the assumption || Dy |1 () < 1, the linear map DW(x) is invertible for z € BY",

so that the above change of variable is well-defined with Jacobian less than
We conclude that

1
1_||D¢||L°°(m) ’
1
lpy * ullr ) < 7 lluller @) (4-3)
(1= IDY|lL(w))”
We now state the main result of this section, which is the counterpart of [9, Proposi-
tion 3.2] in the context of fractional Sobolev spaces.

Proposition 4.1. Let ¢ € C°(BY") be a mollifier and let i € C*(Q) be a nonnegative function
such that ||DY ||~y < 1. For every u € W*P(Q;R") and every open set w C {x €
Q:dist (x, Q) > (x)}, we have py *u € WP (w;RR"), and moreover, the following estimates
hold:

(i) (a) if0<s <1, then

1
(1= IDYlli)?
(b) if s > 1, then for every j € {1,...,k},

|y * ulwsp()< C [ulwsrq);

j
L 1 S
W ID @y * )l < C - > 0 ID o),

(1= IDY|lLo(@))? i=1
(c) ifs >1and o #0, then for every j € {1,...,k},
D @y * w)lwer(w)
1 L o
=C p Z(WZ”DZ””LP(Q) + nl+U|DZu|W‘7'P(Q))}
(1= [IDY|lr))? =1

(if) (a) if0<s <1,then

|y * u — ulwsr(w)< sup |ty (u) = ulwsr(w);
veBY

(b) ifs > 1, then for every j € {1,...,k},

W 1ID/(@p * 1) — Dul|p(w) < sup 7/l Tye(D/u) = DVtt||1p ()

m
vEB]

—.

1 S
+C D ' ID ulla;

1
(1= [IDY|lre(@))? i=1

33



(c) ifs >1and o #0, then for every j € {1,...,k},

nj+“|Df(g0¢ *1) — Dfu|wa,p(w)s sup nj+“|T¢v(Dju) - Dfu|wa,p(w)

m
veBl

j

1 . ‘ 4

+C Z(’?l”Dlu”LP(A) + 771+G|Dlu|ww(A));
(1= IDY|lLo(w))? i=1

for some constant C > 0 depending on m, s, and p, where

A= |J B,@

x€wNsupp D

<IN

and n > 0 satisfies o
W||D'Y||p» <1 foreveryje{2,...,k+1}.

Proof. The proof of item (i) is completely analogous to the proof of item (ii) and uses the
same ingredients. Hence we focus on item (ii), and we explain in the end what should
be changed in order to get (i).

We start with the integer order estimate in the case s > 1. By the Faa di Bruno formula,
for every x € w, we have

D/(py *u)(x) = ” @(2)D/u(x + Y (x)2)[(id +Dy(x) ® z)/ ] dz

;‘—1 n(i,j) ‘ (4-4)
+ Z ; ./B;“ @(z)D"u(x + P (x)z)[Lij(x,z)] dz,

where n(i,j) € N, and L;,,j(x, z) is a linear mapping R/*" — R™>" depending on 1
and its derivatives. More precisely, each entry of L; j(x, z) is either id +Dy(x) ® z or
D'y (x) ® z for some t € {2,...,j}, and the sum over all i components of L; ; j(x, z) of
the order of the derivative of ¢ appearing in this component is j. Moreover, since i < j,
at least one entry of L; ; ;(x, z) has the form D*1(x), and thus the second integral in (4.4)
lives only on supp D). Therefore, taking into account the assumption ||D!u|| .~ < '™,
we deduce that

ID*u(x + 9 (x)2)[Liz,i(x, )] < C1ID u(x + (x)2) " Xsupp Dy (x)-

On the other hand, we note that, by j-linearity of D/u, we may write D/u(x +
¥(x)z)[(id +Dy(x) ® z)/] as the sum of D/u(x + ¢(x)z) and 2/ — 1 terms which are
the composition of D/u(x + 1(x)z) with a j-linear map R — R/ whose entries
are either id or Dy(x) ® z, with at least one of them being the latter. Hence, since
IDY||1~ < 1, each of those 2/ — 1 last terms is bounded by |D/u(x + Y(x)z)| Xsupp Dy (X).
For instance, if j = 2, then

D?u(x + Y(x)z)[(id +Dy(x) ® 2)*] = D?u(x + P(x)z) + D?u(x + Y(x)z)[id, Dy (x) ® z]
+D%u(x + Y(x)z)[DY(x) ® z,id] + D?u(x + Y(x)z)[DY(x) ® z, DY(x) ® z].
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We observe that indeed, the three last terms are obtained by composition of D?u(x +
Y(x)z) with a bilinear map, at least one of whose entries being Di(x) ® z.
As a consequence, for every x € w, we may write

|Df((p¢ «11)(x) = Dlu(x)| < -/B'” @(2)|D/u(x + ¥(x)z) — D/u(x)|dz

1
j . . .
“Co Y 1 o) [ p@IDCr + ()2
i=1 1

Minkowski’s inequality ensures that

||DJ'((P¢ £ 1) — Dfu||Lp(w) < /B’” go(z)[(/|Dju(x +(x)z) — D/u(x)|F dx)p

i | !
+C) ﬂ"’( [ Dt ymp dx) ] dz.
i=1 wNsupp Dy

For the first term, we note that

(/|Dfu(x +1(x)z) - Dju(x)lp dx)’7 < sup||7¢v(Dju) - Djl/l||LP(w).

m
UEB1

For the second term, we use the change of variable w = x + {(x)z that we considered
before. Taking into account the definition of the set A, we have w € By,)(x) C A, and
therefore

(/ IDiu(x + $(x)2)|)? dx)p < L : (/|Diu(w)|r’ dw)p.
onsupp DY (1 = 1D )

We obtain the desired estimate by using the fact that ¢ has integral equal to 1.
The estimate in the fractional case 0 < s < 1 is straightforward. Indeed, we first write

(P =u()=pyup)+ul < [ p@IGep( -u)-ur+pm) +u(y)l &=

1

Minkowski’s inequality then implies that

lpy * u — ulwsr(w)

< / q0(2)(/ [u(x + ¢(x)z) —u(x) —u(y + P(y)z) + u(y)| dxdy "’dz

|x _ y|m+sp

1

< sup | Tyo(u) — ulwsr(o)-
veBy
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For the fractional estimate when s > 1, we again use equation (4.4) and the observa-
tions following this equation. Let x, y € w. We proceed by distinction of cases, using
the multilinearity of the differential.

Case 1: x, y € supp Di. For the terms with i < j, using the j-linearity of D/u, we
estimate

ID*u(x + (x)2)[Li1,i(x, 2)] = D'u(y + Y ()2)[Lip(y, 2)]l

J
< O Y0 I~ DD s+ )
t=1

+ ni‘leiu(x + P(x)z) - Diu(y +P(y)z)||.
On the other hand, for the term involving the derivative of order j of 1, we have
|D/u(x+1(x)z)[(id +Dyp(x)®z) |- D/ u(x) — DV u(y +1(y)2)[(id + D (y) ®z) |+ D/ u(y))|
< |DJu(x + (x)z) — D/u(x) = Dlu(y + ¢(y)z) + D/u(y)|
+ C4|DTu(x + ¢ (x)z) — DIu(y + ¢ (y)z)| + Cs|DVu(x +1p(x)2)| DY (x) — D(y)|.
Now, for t € {1, ...,}, we estimate

ID'y(x) — D'y(y)I”

|x — y|1’l1+0p

dy

1 1
< _tp/ ————dy +Cs (1_””/ —d
Ui B (x) |x _ y|m+(a—1)p Yy Ui R\ B (2) |x _ y|m+ap Y
< C7(n—tpr(1—a>p n n(l—t)pr—ap)
for every r > 0. Letting r = 1) yields
t _pt
/ |D*(x) = D' (y)IP dy < Cgn-t=%,
[

|x — y|m+op

(4-5)

Therefore, using Minkowski’s inequality on the expression obtained from (4.4), we
deduce that

(/ / |Dj(§0¢ «u)(x) — DIu(x) - Dj(golp «u)(y) + Dfu(y)|lﬂ
wnsupp Dy J wnsupp Dy |x — y|m+ap
= /B ) ¢(2)

. D! — Dt p
s nl—]( / / ID'u(x + p(x)z) = Dluly + g @) dy)”
i-1 wnsupp DY J wNsupp D |x - yl P

Lo ‘ ’
+ Cyo Z n'==e (/ ID'u(x + Y(x)z)|? dx) ] dz.
i=1 wNsupp Dy

P
dxdy)

(/ / ID/u(x + (x)z) = D/u(x) = Duy + ¢ (y)z) + DIu(y)|? dxdy)%
wnsupp DY J wNsupp Dy |x — y|m+op
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Case 2: without loss of generality, x € supp Dy and y ¢ supp Dy. In this case, since
each L; i(y, z) has at least one entry equal to D'i(y), we find

D'u(y +(y)z)[Li1j(y,z)] = 0 = D'u(x + Y(x)z)[Li i (y, 2)].

Hence,

ID"u(x + P(x)2)[Li1,i(x, 2)] = D'u(y + Y ()2)[Lip(y, 2)]l
J
< Y gD () - DY) ID u(x + p(x)2)).
t=1

On the other hand, we have

IDVu(x+¢(x)z)[(id +Dy (x)®z) |- D/u(x) - D/u(y +¢(y)z)[(id + Dy (y)®z) |+ D/ u(y)|
< |DJu(x + ¢(x)z) — D/u(x) —= D/u(y + (y)z) + D/u(y)|
+ C11|D/u(x + ¢ (x)z)||Dy(x) — DY (y)|.

We then argue as in Case 1, using (4.5) to deal with the terms containing |D'y(x) —
D'y(y)|, and we deduce that

( / / D/ (py * 1)(x) = DIu(x) = Di(gy  w)(y) + Diuty)P dy)%
w\supp Dy J wNsupp Dy

|X _ y|m+ap
< / ¥(2)
B!

(/ / IDJu(x +1p(x)z) — D/u(x) - Diu(y +(y)z) + Diu(y)|P dxdy)%
w\supp Dy ¢ wNsupp Dy |x — ylm ap

ID"u(x + ¥(x)z)|P dx) p] dz.

j
+ C1p Z n'=I=e (/
i=1 w

Case 3: x, y ¢ supp D. In this case, for i < j, we observe that
ID'u(x + Y (x)z)[Li,j(x, 2)] = D'u(y + ¥(y)2)[Li,,i(y, 2)]| = 0.

Nsupp Dy

Moreover,

IDJu(x+(x)z)[(id +Dy(x)®z) 1-D/u(x) - D/ u(y +¢(y)z)[(id +Di(y)®z) ]+ D/ u(y)|
= |Diu(x + ¢(x)z) = D'u(x) — Dlu(y +¥(y)z) + D/u(y)|.

Hence, unlike in the previous cases, estimate (4.5) isnotneeded, and a simple application
of Minkowski’s inequality yields

( / / D)y * 1)(x) = Din(x) = Di(py * u)(y) + Din(y)l” dy)%
w\supp Dy J w\supp D

|x_y|m+op
S/ P(z)
BY'

1
dxdy) ' dz.

(/ / |Diu(x + ¢(x)z) — Diu(x) — Diu(y + ¥(y)z) + Diu(y)|P
w\supp Dy J w\supp D¢ |x - y|m+c7p
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Gathering the estimates obtained in Cases 1, 2, and 3, we deduce that

(// IDi(@y * u)(x) = Diu(x) — Di(qy * u)(y) + Diu(y)|P dxdy)%

|x _ y|m+¢7p

)[( / / IDiu(x + $(x)2) = Diu(x) = Diuly + p(y)z) + Diu(y)l’ dy)%

|x — y|mrop

< C13/ P(z
B
j

. . 1
. ni_,»( [ Dy Dy i, dy)”
wNsupp Dy J wNsupp Dy |x - yl F

i=1

]

i-j-o i p ’
+ Zr; (/msuppr|D u(x + ¢(x)z)| dx) ] dz.

i=1

For the first term, we observe once again that

(/ / |Diu(x + ¢(x)z) — Diu(x) — Diu(y + ¥ (y)z) + Diu(y)|P ded )%
w Jw |x - y|m+0p y
< sup |T¢U(Dju) - Djulwa,p(w).

m
ZJEB1

For the third term, we use the change of variable w = x + 1(x)z, and we find

. 1 ,
ID'u(x + (x)z)|P dx < /lDlu(w)lp dw
/wmsuppw v A= D%l Ja
1

< 2
(1= IDY [l (w))

For the second term, we make use of the change of variable w = x + ¢(x)z and @ =
Y + Y (y)z. Observe that |w — @| < 2|x — y|, and hence

/ / ID'u(x + ¢(x)z) - 1’.3::(3/ +Y(y)z)lP drdy
wNsupp DY J wNsupp D1 |X - yl :

i — Diy(D)P
< Cug ! 2// D" (w) ~131+i(w)| dwd®.
(1= IDY|lr=w))?* Ja Ja |w — @|"+oP

Using the fact that ¢ has integral equal to 1, this concludes the proof of the fractional
estimate when s > 1.

The proof of assertion (i) follows the same strategy. The only change is that, instead of
grouping the term D/u(x + 1(x)z) coming from the first term in (4.4) with the D/u, we
have to estimate it as all the other terms. Unlike the 2/ — 1 terms involving a derivative
of order j of u, this term does not vanish outside of the support of Dy. This explains
the presence of the norm on the whole Q in estimates (i). O

1D ulf,
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Adaptative smoothing is a very useful tool to approximate a W*” map by smooth
maps, but it has a major drawback in the context of Sobolev spaces with values into
manifolds. Indeed, if u € W37 (Q; N), in general ¢y +u does not take values into N, since
the convolution product is in general not compatible with the constraint. Therefore, it
will be crucial in the proof of Theorem 1.2 to be able to estimate the distance between
the smoothed maps and the manifold. We close this section by a discussion devoted to
this purpose, which also sheds light on how to use the estimates obtained during the
opening procedure in the previous section.

We work in a slightly more general setting, assuming that u € W*7(Q;R") is such
that u(x) € F for almost every x € 2, where F C R" is an arbitrary closed set. We place
ourselves under the assumptions of Propositions 3.1, 3.7, and 3.8. We denote by CD(,;p the

map provided by Proposition 3.1 and we set u,(;p =uo (Df;p - Letup™ = ¢y, * u,(;p , Where

@ is a fixed mollifier, and the variable regularization parameter 1), is to be chosen later
on, depending on 7.

Let 0 < p < p be fixed, and assume that U" is a subskeleton of some skeleton K"
such that K_;? C w. To fix the ideas, one may keep in mind that KI]” = w in the case where
@ can be decomposed as a finite union of cubes of radius 1. We consider a subskeleton
&' of Uy such that

Ey c IntUy (4.6)

in the relative topology of K}'. (Later on in the proof of Theorem 1.2, & will be the
class of all bad cubes.)
Given a set S € RY, the directed Hausdorff distance from S to F is defined as

Distr (S) = sup{dist(x,F) : x € S}.

Our objective is to show that, for a suitable choice of i, and r > 0, we have

1
: m 11
Distr (uy™ (K™ \ Up") U (U, + Qg,]))) < max{amgl(?gisan C117$_1

sup  C f f Iuﬁp(y)—uﬁp(z)ldde} (4.7)
7 (x) H(x)

¢
xeLI,ﬁQS’,}

IDullLsrom+qy, )s

if s > 1, respectively

1
: ¢
Distr (up™ (K™ \ Up") U (U, + Qé”,]))) < max{amgl(%sgl C1F|ulws,p(0m+Q§npn),

sup f » )f i) =) dydz} 4.8)

¢ m
xelln+Qm

if 0 < s < 1. Wenote that, in order to make the right-hand side of (4.7), respectively (4.8),
small, we need to take r sufficiently small, and also to have control on the L°¥ norm
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of Du, respectively the W*" norm of u, on the cubes in ‘K,;” \ 8,’;1. This will be our
motivation for the choice of good and bad cubes in the proof of Theorem 1.2.

We proceed with the proof of (4.7), respectively (4.8). Since u,(;p takes its values into
F, for almost every z € Ql’fn (x)(x), we have

dist (u3™(x), F) < [uy™(x) — uOP(z)l
Averaging over Q;’f (x)(x), we find
n

dist (u™(x), F) < f |uy™ (x) — u,(;p(z)l dz.

Q0 ®)

Using the rewriting (4.1), we deduce that, for every x € w,

f o - enaye:

<G f 1P (y) - P ()| dydz. (4.9)
@ J Q@

dist (u;™(x), F) <f

by ™)

Yn(x)
If ngq (x)(x) C Uf; + ngn and ¢ < sp, Proposition 3.8 ensures that the right-hand side

of (4.9) can be made arbitrarily small if we take 1;(x) sufficiently small. This invites us
to choose ;, to be very small in a neighborhood of U*.
On the other hand, the Poincaré-Wirtinger inequality ensures that

. 1
dist (u;™(x), F) < C4—ml||Duq ey, ) (4.10)
Py(x)5
if s > 1, respectively
. 1
dist (M,S]m(X), F) < C5—|Du,7 |W5 (Qu(x)(x)) (4.11)
Yy(x) 7

if 0 < s < 1. These estimates are only useful in the region where we can control the L°?
norm of Du or the W*” norm of u, that is, on the good cubes. On the other hand, since
sp < m, (4.10) and (4.11) suggest that ¢, should not be too small.

We now pause to explain the construction of a function 1, suited for our approxi-
mation results. As explained in Section 2, we distinguish between three regimes. In
Ue + Qpy, we take ¥, very small, according to Proposition 3.8. On the good cubes,
we take 1, of order 7, in order to apply (4.10), respectively (4.11). Between these two
regimes, we need a transition region in order for ¢, to change of magnitude. Here the
second part of Proposition 3.8 comes into play. Indeed, if x € 0™ for some o™ € U"
and Qw 0 U,‘; + Q”J”n , we have

dist (us™(x), F) < ) T il ||Du||Lsp<am+Q;4 ) (4.12)
T] SP
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if s > 1, respectively

Pal) 7
X
dist (M;m(X), F) < C7UT|M|WSW(G’"+Q'2"M) (413)

1’] 4
if 0 < s < 1. Again, this inequality is only useful on good cubes, but now it requires an
upper bound on 1, instead if we take { < sp.
Hence, we proceed with the following construction. Assumption (4.6) ensures that
we have enough room for the transition region for ¢;: we have dist (Ef, Ki' \ U}') > 1.
Therefore, we may find ¢, € C*(Q) such that

(@) 0<C; <1inQ;
(b) ¢;=1in K? \ur;
(c) ¢y =0in E}’;
(d) foreveryje{l,..., k+1}, o
W ID/ ¢yl < Cs
for some constant Cg > 0 depending only on m.

Now we pick 0 < 7 < t and we let
Yy =tCy +1(1=Cy).

Therefore, ¢; = r on E} and ¢, = t on K \ U}". As we observed, we will need to take
r very small, while keeping t of order 1. We choose
[ x
t :mm{c—,p—p}n (4.14)
3 z
for some fixed 0 < ¥ < 1. Therefore,
nj||Dj1,bn||L°° <«xn foreveryje{l,...,k+1},

which ensures that the assumptions of Proposition 4.1 are satisfied. Moreover, we have
0 <y, <(p- B)n, which implies that, if x € U,‘; + Qgﬁ], then Q:’;n(x)(x) - U,‘; + Q-
Estimate (4.7), respectively (4.8), is a straightforward consequence of estimate (4.9)
for x € E}' N 't + Qg%), estimate (4.10), respectively (4.11), for x € K/ \ Uy, and
estimate (4.12), respectively (4.13), for x € (Up' \ Ef') N (Uf; + an)'

Before closing this section, we summarize what we have obtained so far. Given a map
u € W¥P(Q; F), we have constructed a smooth map u;™ for which we may estimate its
distance to u in W**. Moreover, even though u;™ does not necessarily take values into
F, we are able to control the distance between u;™ and F everywhere on the cubication
K;?, except on the cubes in ‘LI,’]”, far from their ¢-skeleton. Therefore, our next step is
to be able to modify u3™ into a new map which, on the cubes in U}, depends only on
the values of u,s]m near the {-skeleton of the cubes, while controlling the W*? distance

between u;™ and this new map.
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5 Thickening

This section is devoted to the thickening procedure. As we explained in Section 2, this
technique is reminiscent of the homogeneous extension method, which was used by
Bethuel to deal with the case s = 1; see [2]. This approach is valid for W*? maps with
s<1+ :—J (but not beyond s = 1 + %). In order to deal with W*? maps with arbitrary s,
a new tool, thickening, is needed. Its construction was performed by Bousquet, Ponce,
and Van Schaftingen in [9, Section 4], which also contains the analytic estimates that
make thickening instrumental in the proof of Theorem 1.2 for integer s. In this section,
we establish the fractional counterparts of the estimates in [9]. The main feature of
this section is the need for new techniques, taking into account the geometry of the
thickening maps, that we develop in order to obtain fractional estimates. This will
become transparent, e.g., in the proof of estimates (a) and (c) in Proposition 5.3, relying
crucially on estimate (5.4).

Proposition 5.1. Let Q C R™ be open, { € {0,...,m -1}, n1>0,0<p <1 8" bea
cubication in R™ of radius 1, U™ be a subskeleton of S™ such that U™ + Qg € Q, and T  be
the dual skeleton of U'. There exists a smooth map ®: R™ \ T* — R™ such that

(1) D is injective;

(ii) for every o™ € 8™, ®(c™ \ TV) c o™ \ T;
(iit) Supp® c U™ + Qp;, and U™\ TY) c Ut + ngﬂ;
(iv) for every j € N. and for every x € (U™ + Qpp) \ T",

_
dist(x, T¢)i
for some constant C > 0 depending on j, m and p.

If in addition £ + 1 > sp, then for every u € WP (Q;R"), we have u o ® € WP (Q;R"), and
moreover, the following estimates hold:

(@) if0 <s <1, then

|IDid(x)| < C

n°lu o ® — ulwsr) < C'(Uslulws/n(umgg;) + ”u“LP(U"’+QZ’,’));

(b) if s > 1, then for every j € {1,...,k},
. . . j . .
WD (u o ®) = Diullpay < C " ' ID ullprunsqn);
i=1
(c) ifs > 1and o #0, then forevery j € {1,...,k},

j
"D (u 0 ®) = Dlulwor) < C’ Z(UZ||DZ”||LP(U"1+QS$,> + 771+"|Dlulww(um+QZ%>);
i=1
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(d) forevery0 < s < oo,
o @ —ullr) < C'llullrwmegn);

for some constant C" > 0 depending on m, s, p, and p.

We emphasize that, unlike for opening in Section 3, the map @ constructed in Propo-
sition 5.1 above is independent of the map u € W** it shall be composed with.

Similarly to opening, crucial to the proof of Theorem 1.2 is the fact that the thickening
procedure increases the energy of the map u at most by a constant factor in the region
where u is modified. This, in turn, implies that the distance between u and u o @ is
controlled by the energy of u on U™ +Qy;,, as stated in the conclusion of Proposition 5.1.
In the proof of Theorem 1.2, this will be used in combination with the fact that the
measure of the set U™ + Q;, tends to 0 as 7 — 0 in order to ensure that u o @ is close to
u when 1) is sufficiently small.

As for the opening, Proposition 5.1 is proved blockwise: we first construct, in Propo-
sition 5.2, a map, still denoted ®, which thickens each face of 7. We then suitably
glue those maps to obtain a thickening map as in Proposition 5.1. Before giving the
description of the building blocks used in the proof of Proposition 5.1, we introduce
some additional notation similarly to what we did for opening. The construction of the
map in Proposition 5.2 below involves three parameters 0 < p < p < p < 1. These

parameters being fixed, we define the rectangles
Q= Qi * Qs Q=Qfy, x Q" Q=00 x Q" G

Note that Q1 € Q> € Q3. We also set T = {0}4 x Q,Tn‘d, the part of the dual skeleton
contained in Q3. The rectangle Q3 contains the geometric support of @, that is, ® = id
outside of Q3. The rectangle Q5 is the region where the thickening procedure is fully
performed: the set T N Q> is entirely mapped outside of Q1, in Q> \ Q1. The region
Q3 \ Q2 serves as a transition, on which the map ® becomes less and less singular, until
it reaches the exterior of Q3 where it coincides with the identity.

This section is organized as follows. First we describe the geometric construction of
the building blocks for thickening. Then we prove the analytic estimates satisfied by
the composition of a map u € W*? with those building blocks. Finally, we explain
the construction of the global thickening map based on the aforementioned building
blocks, and we prove all properties stated in the conclusion of Proposition 5.1.

We start by stating the geometric properties satisfied by the building blocks, which
do not depend on the map u to which thickening is applied. The map ® constructed
in Proposition 5.2 is exactly the map given by [9, Proposition 4.3]. Hence, we shall not
give a complete proof of Proposition 5.2, but we will limit ourselves to recall, for the
convenience of the reader, the main steps in the construction of the map @.

The main difference with [9] is the proof of the Sobolev estimates. In [9], they were
obtained on the whole Q as a corollary of the geometric properties of the map @, by the
use of the change of variable theorem. This approach does not seem to work to deal with
the Gagliardo seminorm. Hence, we first establish the estimates for the building blocks,
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and we deduce the global estimates by gluing, as for opening. To do so, we need to
take into account some additional features of the map @, that are part of its construction
in [9, Proof of Proposition 4.3] but do not appear in the conclusion of Proposition 4.3
in [9].

The construction of the map @ involves another map C: R™ — R, which we describe
hereafter. For (x/,x”) € RY x R"~% we define

') =l + 2o (X). 62)

In[9], 0: R"4 — [0,1] is an arbitrary smooth map such that 6(x”) = 0 if x” € Q;”‘d
and O(x”) = 1if x” e R" %\ Q;”‘d. For our purposes, we need to be more precise in our
choice of 6. We would like to choose 6 to be nondecreasing with respect to cubes, that s,
O(x"”) depends only on the co-norm of x” and 6(x”) < O(y”) if [x” |0 < |Y”'|e. However,
this is not possible if we want O to be smooth, since the co-norm is not differentiable.
Nevertheless, we may choose 6 sufficiently close to be nondecreasing with respect to
cubes for our purposes, by replacing the co-norm by some g-norm for g sufficiently
large.

More precisely, we take 1 < g < +oo sufficiently large, depending on p and p, so that

there exists 0 < rq < r; satisfying

Qi c {x” e R"™%:|x"|, <r} c{x” e R":|x"|; <2} c QI

This is indeed possible since QZ““’I and in‘d are respectively the balls of radius p and

p with respect to the co-norm in R4, and since the g-norm converges uniformly on
compact sets to the co-norm as g — +oo. We then pick a nondecreasing smooth map
0: Ry — [0,1] such that 6(r) = 0if 0 < r < r; and O(r) = 1if r > rp. We finally set
O(x") = 9(|x”|q). Since 1 < g < 4090, O is smooth on R™ 4 and, by our choice of g, r1,
and r,, we indeed have 6(x”) = 0if x” € le‘d and O(x”) = 1if x” e R"™%\ Q;’f‘d.

With the description of the map ( at our disposal, we are now ready to state Proposi-
tion 5.2. Recall that the rectangles Q; in (5.1) depend on d and 1.

Proposition 5.2. Let d € {1,...,m}, n > 0,and 0 < p < p < p. There exists a smooth
function ®: R™ \ T — R"™ such that B

(1) D is injective;

(if) Supp® C Q3;
(iii) ©(Q2\T) € Q2 \ Qu;
(iv) forevery x € Q3 \ T,

|ID/d(x)| < CL for every j € N,

(x)

for some constant C > 0 depending on j, m, p, p, and p;
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(v) forevery x € R™"\ T,

B
. , 1
acP(x) > C'—— forevery0 < B < d,
jac ®(x) C,3(x)f yO<p

for some constant C’ > 0 depending on 3, m, p, p, and p.

Proof. As we already mentioned, the desired map @ is provided by [9, Proposition 4.3].
Hence, we limit ourselves to briefly recall its construction for the convenience of the
reader, and we refer to [9] for the complete proof of its properties. For technical
reasons, we start by constructing an intermediate map W: R” \ T — R™ as follows;
see [9, Lemma 4.5]. We define
Bi = szl—ﬁ)n X an_d' B> = B?l—p)n % %—d' Bs = Bfll—p)n xQpy -

The map W is constructed to satisfy the conclusion of Proposition 5.2 with the rectangles
Qi replaced by the corresponding cylinders B; for i € {1,2,3}. Since B; c Q;, it will
then suffice to compose W with a suitable diffeomorphism ©: R™ — R" that dilates By
to a set containing Q1 in order to obtain the desired map .

We choose a smooth map ¢: (0, +o0) — [1, +o0) such that

(@) forO<r<1-p,

r (1 - hf:%));

ey

p(r) =

(b) forr>1—-p,p(r)=1,
(c) the function r € (0, +o0) + r¢(r) is increasing.

This is possible provided that we choose b > 0 such that

(1—5)(1+1n;) <1-p.

Then we define A: R" \ T — [1, +o0) by

Ax) = @(%),

and finally
\y(x/, x//) — (A(X/, X”)X,, X”).

The injectivity of W is a consequence of assumption (c) on ¢. The fact that Supp W C Bs
relies on assumption (b) on ¢, since we may observe that C(x) > (1 — p)nif x € R™ \ Bz,
and therefore A(x) = 1. Combining the observation that, using (c) again,

ro(r) > lir% re(r)=1-p
>
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with the fact that C(x) = |x’|if x = (x/, x”) € By, we find that W(B,\T) C B, \ By. In order
to obtain (iv) on B3 \ T, we estimate | D/ A(x)| with the help of the Faa di Bruno formula,
and then conclude using Leibniz’s rule. The proof of estimate (v) is more delicate. The
Jacobian of W may be explicitly evaluated as the determinant of a rank-one perturbation
of a diagonal map, as we did in the proof of (4.3), and one then uses the properties of ¢
and C to get the required lower bound on the obtained expression. We refer the reader
to [9, Lemma 4.5] for the details.

It remains to correct the fact that we worked with the cylinders B; instead of the
rectangles Q;. This essentially amount to construct a suitable deformation of R with
bounded derivatives and a suitable lower bound on the Jacobian. We let ®: R™ — R™
be a diffeomorphism whose geometric support is contained in Q3, which maps B \ By
on a set contained in Q> \ Q1 —that is, ® dilates By on a set containing Q1 — and satisfies
the estimates

W DI®|<C; and 0<Cy<jac® <C; onR™,

We refer the reader to [9, Lemma 4.4] for the precise construction of this diffeomorphism.

Finally, we let ® = ® o W. We observe that this construction satisfies the geometric
properties (i) to (iii). The estimate (v) on the Jacobian readily follows from the com-
position formula for the Jacobian. To get (iv), we invoke the Faa di Bruno formula to
compute

J
Do) <Cy ), D, ID'OIID" ()| [D"W(x)]
i=1 1<ty <<t
t1+e+ti=j

j
=i " 1
< CSZ Z n Ch(x) Cti(x) <GCs Cj(x)'

i=1 1<H <<t

This concludes the proof of the proposition. |

Now that we have the building block ®, we move to the Sobolev estimates satisfied
by the composition u o P.

Proposition 5.3. Let d > sp. Let ® be as in Proposition 5.2. Let @ C R™ be such that
OsCcwcC B’g}7 for some ¢ > 0, and assume that there exists ¢’ > 0 such that

IBY(z) Nw| > c’A™  forevery z € w and 0 < A < %diam w. (5-3)

Foreveryu € W*P(w;R"), we have uo® € W*?(w; R"), and moreover, the following estimates
hold:

(a) if0<s <1,then
[t o Dlwsrw) < Clu|wsr(w);
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(b) if s > 1, then for every j € {1,...,k},

J
W ID (0 D)lip) < € Y 1 ID ullirwy;
i=1

(c) ifs >1and o #0, then forevery j € {1,...,k},
WD 0 Dlwerey < C Y (01D wlliriay + ™ ID ulworen )
i=1

(d) forevery0 < s < +oo,
[t 0 @|rp(w) < Cllutllr(w);

for some constant C > 0 depending on's, m, p, ¢, ¢’, p, p, and p.

We comment on the assumptions (5.3) on w. In this section, w will be a rectangle
whose sidelengths are constant multiples of . However, in Section 7, we will use
Proposition 7.3, which is very similar to Proposition 5.3, with a more complicated w.
This is why we stated Proposition 5.3 in a rather general form.

The assumption that @ is contained in some ball having radius of order 7 is purely
technical. It ensures that estimate (iv) of Proposition 5.2 still applies for x € w \ T,
possibly increasing the constant. Indeed, since Supp ® C Q3, this estimate clearly still
applies when x ¢ Q3, but the constant deteriorates as |x’| — +oo, since then ® = id
while C(x) — +o0o. We could bypass this restriction, but it would not be useful since
anyway we intend to apply Proposition 5.3 to domains w satisfying this requirement.

To prove Proposition 5.3, we need a technical lemma. As it was the case for opening,
in the proof of the fractional Sobolev estimates, we will need to estimate terms of the
form |D!®(x) — D'®(y)|. However, unlike for the opening, we cannot upper bound such
terms by a simple application of the mean value theorem along a segment connecting
x and y, since such a segment could potentially get very close to — or even cross — the
dual skeleton T where @ is singular. The following lemma provides us with a suitable
path along which to apply the mean value theorem.

Lemma 5.4. Forevery x, y € R™ \ T, there exists a Lipschitz path y: [0,1] — R™ \ T from x
to y such that
lylcorqoay < Clx =yl

for some constant C > 0 depending only on m, and such that C > min(C(x), C(y)) along y,
where C is the map defined in (5.2).

Proof. We recall the well-known fact that, given x, i on a sphere, there exists a Lipschitz
path on this sphere connecting those two points, with Lipschitz constant less that
Cilx = y|. Indeed, it suffices to take the shortest arc of great circle joining x to y. The
same fact holds for any g-sphere with 1 < g < +co. This can be deduced from the
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Euclidean case using the changing norm projection defined by x %x, which is a
Lipschitz map.

The desired path is then obtained as follows. If x = (x’, x”) and v = (y’, y”), we first
go from x to (y’, x”’) by following successively an arc of great circle and a straight line in
the first d components, while keeping the m —d last components fixed. Then we go from
(y’, x”) to y by following a path on a g-sphere as above, where g is the parameter used
in the definition of C, followed by a straight line in the m — d last components, while
keeping the first d components fixed. By construction, using the observations above,
this path has Lipschitz constant less than Cz|x — y|. Moreover, since C only depends on
the 2-norm of the d first components and on the g-norm of the m —d last components and
is increasing with respect to both these parameters, we conclude that the constructed
path has all the expected properties. |

We may now prove Proposition 5.3.

Proof of Proposition 5.3. The integer order estimates were obtained in [9, Corollary 4.2].
Since the proof in the fractional case relies, in part, on the calculations in the integer
case, we reproduce here, for the convenience of the reader, the proof in [9]. When s > 1,
we have d > sp > 1, and hence the dimension of T is less than m —d -1 < m — 2.
Therefore, in order to prove that u o @ € WEP(w;R"), it suffices to prove that

/ |D/(u o ®)P < +c0 forevery j € {0,...,k}.
w\T

By the Faa di Bruno formula, we estimate for every j € {1,...,k} andx € o \ T

ID/ (1 0 D)(x)|P < C4 ID'u(®(x))|P DD (x)|P - - D id(x)|P.

j
i=1 1<t1<--<¢;
ti+e+ti=]

Let 0 < B < d. Using the estimates on the derivatives and the Jacobian of @, we find

(jac®)?

D"l < CF

and therefore

j . tp . Lip
| ; (ac®(x) 7 (ac®(x))”
Diwo®)@P <Cs), . IDu@@)—Fr— Ty
i=1 1<t <<t n N
f+e+t=]
j (jac ©(x) ¥
. ]ac X
1 pY_ ——~ 77
s@Z}DwﬂwN T
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Since jp < sp < d, we may choose § = jp. Hence,

j .
DI o B < Cy ;IDiu(qD(x))lp]ZC(i()z).

Since @ is injective and Supp® C Q3, we have ®(w \ T) C w. Hence, the change of
variable theorem ensures that

j j
/\ /P |Di (1 o D) < /\ C4ZniP|Diu(CD(x))|pjac(D(x)dx < C4Z/qu|Dfu|P.
w\T w\T i-1 i1 Yo

The proof of the zero order estimate (valid in the full range 0 < s < 1) is straightfor-
ward using the same change of variable, noting that in particular, jac® > Cs > 0. In
particular, we have u o @ € WEP(w;RY).

We now turn to the proof of the fractional estimate in the case 0 < s < 1.

Step 1: Mean value-type estimate. We prove that, for every x, y € w \ T,

|D(x) — D(y)| n
oyl =Ty

It suffices to consider the case when C(x) < C(y). First assume that {(y) < 2{(x). In this
case, we use the mean value theorem with the path y provided by Lemma 5.4 along
with the estimate satisfied by D® to write

|D(x) - P(y)| 1 n
<C <C )
[~y T~
Consider now the case where 2((x) < C(y). Observe that we have C(y) — C(x) < Colx —y|

— this can be seen as a consequence of the triangle inequality for the Euclidean norm.
Hence,

(5-4)

Colx — y1 = Uly) - ) = 5L(y).

On the other hand, since w C Bf}, we have |D(x) — D(y)| < Cqon. This concludes the
proof of (5.4).
Step 2: Averaging. We write

D(x) — D(y)|P - p
o O) oSN 4y oy, [ [ MO g,
w\T J\T J B

|x_y|m+sp |x_y|m+sp

(@\T)X(@\T) Y

Cx)=l(y)

where we have defined

By =B (

D(x) + D(y)
ow-owm| 5 | @

2
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We observe that
Bm

90~

1 o (@) N C By,

|D(x)— <1>(y)|

Therefore, since 1 > diam w, we find

1Byl 2 Cr2|P(x) = D(y)|™.

Here, we have used the volume assumption (5.3). Hence,

- p
/ / f |u o D(x) m+us(2)| dzdxdy
w\T Jw\T J By, |x_y| P
|u o ®(x) — u(z)|
<C / / / dzdxd
B Jot Jorr Ja,, 10G) = @) [x -y Y

10 D(x) = u(z)|P
<C / / / dzdxdy,
* Jorr Jort s, 1O — 2] ]x — y [ Y

where we made use of the fact that |D(x) — z| < %|®(x) — @(y)| whenever z € B, .
Invoking Tonelli’s theorem, we find

_ p
/ / / lu o O(x) — u(z)| ' dzdxdy
o\T ot I8, |P(x) — 2™ |x — y|"*eF

lu 0 B(x) — u(z)|’
= dydzdx,
/w\T /w\T / . 10G0) = z["]x -y Y

where Y, . is the set of all those y € w \ T such that z € B, , that is,

Yiz ={y € 0\ T:|®(x) + B(y) - 2z| < 2|D(x) - D(y)]}-

Since |D(x) + D(y) — 2z| = 2|D(x) — z| — |P(x) — D(y)|, we find, using (5.4),
Yoo {y € R™: [0(x) - 2] < §|q>(x) ol < {y e R j0(x) - 2] < C15m|x - yl}.

Therefore,

v 4y<c 07
/y ey Y= T T o) — 2
We conclude that

// et 1o Sl dxdy < Cyy ‘/w\T ./w o )~ T dzdx.

|x —y|m*ep |D(x) — z["*sF - C(x)P

(\T)X(w\T)
C(x)=C(y)
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Step 3: Change of variable. Since 0 < sp < d, we may apply estimate (v) of Proposi-
tion 5.2 with = sp. Taking into account the fact that @ is injective and ®(w \ T) C w,
we deduce from the change of variable theorem that

— p
I o @ff <C18/ /'”c’q)(x) U@ oo (x) dzdx
w\T Jw

WsP(w) — |q)(x) _ Z|m+sp
— P
e, / HOETICT.
wJw |y_Z|m+sp

This concludes the proof in the case 0 < s < 1.

We finish with the fractional estimate in the case s > 1.

Step 1: Estimate of |D/u(x) — Diu(y)|. Consider x, y € w \ T such that, without loss of
generality, C(x) < C(y). As in the previous sections, using the Faa di Bruno formula, the
multilinearity of the differential, and the estimates on the derivatives of @, we write

D/ (1 0 ®)(x) = D/ (1 0 ®)(y)|

i

]
' ‘ U
<C D'uo®(x)—D'uo® :
< Cuy ;0 1o 0x) = D't o Oyl
i ni-1
+ YD RIID R0 - DOz ) 6:5)

t=1

Step 2: Estimate of the second term in (5.5). We proceed as we did in the proofs of
Propositions 3.2 and 4.1, relying on an optimization argument. We split the integral
over B"(x) and R™ \ B!(x) and we insert » = C(x) to arrive at

Do -DOwr
—_ q|m+op Y=t (t+o)p
@ lx =yl C(x)(t+olp
w
C(x)=<l(y)
Hence,
|Diu o ®(x)|P|D!D(x) — DD(y)|P nli=—Dp
[ =yl Cin Y
(\T)X(w\T)
C(x)<l(y)

. ip
< C21/ |D'u o @(x)lpn—. dx
o\T C(x)ror
Now, by the estimate satisfied by jac @, we have, for 0 < < d,

) nip ip—(j+0) ; ) (j+o)p
|ID'u o @(x)|f —————dx < Cpn/P7V*P ID'u o D(x)|” (jac O(x)) dx.
-/c:)\T C(x)(]+6)p 1 w\T ]
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Since d > sp > (j + 0)p, we may choose = (j + 0)p. We conclude by using the change
of variable theorem that

. nip e .
‘/M\T|Dzu OCD(X)lpW dx < C23T](l ] O)p/|Dlu|p.

(0]

Step 3: Estimate of the first term in (5.5): averaging. We use the same methodology as
for the case 0 < s < 1. Hence, we only write the main steps of the reasoning. We write

D'uo®(x) ~D'uc®y)l n” . .
[x — y[mor e
(\T)x(w\T)
C(x)<C(y)
i _Ni p ip
. f |Duoc1>(x)m+Du(z)| 1 drdxdy
8., |x — y|m+op Cy)
(@\T)x(w\T)

C(x)<l(y)

Dt — Dt D 4 ip
- LI Y
By |x —y[mrer Cy)?

(w\T)X(w\T)
i _Di P nir
< / / f IDu o 0(x) mfz u@l 1 — dzdxdy.
\T Jw\T J B |x - y| P C(x)]P

C(x)<l(y)
X,y

Observe that here it is important that we wrote estimate (5.5) with === on the first term

c(y)
1

in the right-hand side, so that we may further upper bound W) by ﬁ We then pursue

exactly as in the case 0 < s < 1. Using the volume assumption (5.3), we find

i _Di P pir
/ / f IDuoq)(X)mfzu(Z)l 17 4zdxdy
o\T Jw\T J By y |.'Xf - yl F C(x)]P
< C24/ / / ID"u 0 ®(x) - D'u(@)I” 1" dzdxdy.
B o\T J\T 4 By |CD(X) - Z|m|x - y|m+0p (:(x)]P
Relying on Tonelli’s theorem, we deduce that
i _Di P nir
/ / / D'y o d(x) — D uinr)l m dzdxdy
o\T J\T J B,y |CD(X) - Zlmlx - ]/l op C(x)]P

i _Di P pip
:/ / / D' o ®(x) - Du() ¥4 4 g,
o\T J\T J Yy, |q)(x)—2|m|x—y| op C(x)]P

Yrz € R"\ B (x),

Using the inclusion
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where
Cas|P(x) — z|C(x)

r=r(x,z)=
Ui
we conclude that
D'uo ®(x) - D'uo @yl 77, .
[ =yl e Y
(w\T)x(w\T)
U(x)<l(y)

IDiu o d(x) - Diu(z)[P 17 n'*
<C — dzdx.
2 /w\T / [D(x) — 2" C(x)° C(x)P

Step 3: Estimate of the first term in (5.5): change of variable. As previously, we use
estimate (v) of Proposition 5.2 with § = sp and the change of variable theorem to
conclude that

// D'u o ®(x) - D'uo @yl 7%, .
|x_y|m+0p C(y)]p y

(w\T)x(w\T)

C(x)=C(y)

. Di _Di p
SC2717(Z_])p//| uly) u(z) dzdy.

|x — y|m+op

Gathering the estimates for both terms in (5.5) we obtain the desired conclusion, hence
finishing the proof of the proposition. O

Now that we have constructed the building block for the thickening procedure, we are
ready to proceed with the proof of Proposition 5.1. We start by presenting an informal
explanation of the construction to clarify the method.

We first apply thickening around the vertices of the dual skeleton 7Y, which are
actually the centers of the cubes in U™, with parameters 0 < p;; < Ty—1 < pPm-1. This
maps the complement of the center of each cube on a neighborhood of the faces of
the cube. Then we apply thickening around the edges of the dual skeleton, which are
segments of lines passing through the center of the (m —1)-faces of U™, with parameters
Pm-1 < Tm—2 < pm—2. This maps the part of the complement of the edges of gt lying at
distance at most p,,—1 of the (m — 1)-faces of U™ on a neighborhood of the (m — 2)-faces
of U™. But since at the previous step the complement of the centers of the cubes was
already mapped in a neighborhood of the faces of width p,,—1, we deduce that the
whole complement of the 1-skeleton of 7¢ is mapped on a neighborhood of U™~2. We
pursue this procedure by induction until we reach dimension ¢* with respect to the dual
skeleton — which corresponds to dimension ¢ with respect to U™ — and this produces
the required map .

Figures 5.1, 5.2, and 5.3 provide an illustration of this procedure on one cube when
m = 2 and ¢ = 0. This allows us to see the combination of two steps of the induction
procedure. Figure 5.1 shows thickening around the vertices of the dual skeleton, which
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correspond to the centers of the cubes of U™. The values of u in the blue region on the
left part of the figure are propagated into the blue region on the right part of the figure.
This creates a point singularity in the center of each cube, depicted in red. Figure 5.2
illustrates thickening around the edges of the dual skeleton. The values of u in the
dark blue region on the left part of the figure are propagated into the dark blue region
on the right part of the figure, which creates line singularities in red. The map u is
left unchanged on the white region, the part in light blue serving as a transition. The
boundaries of the regions in Figure 5.1 are shown in light colors, to illustrate how all
the different regions involved in the construction combine together. The combination
of both steps inside the square is shown in Figure 5.3. The values in the blue regions on
the corners are propagated inside of the whole square, which creates line singularities
in red, forming a cross.

[ |

Figure 5.1: Thickening around vertices

I

Figure 5.2: Thickening around edges

Proof of Proposition 5.1. The map @ is constructed as follows. First take finite sequences
(pi)e<i<m and (Ti)e<i<m such that

0<pm <Tm—1 <pma1<-<pps1<Tg<pg=p.
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Figure 5.3: Final thickening at order 1

The map @ is defined by downward induction. For d = m, we let ® = id. Then, if d €
{¢+1,...,m}, given ¢? € U, we identify ¢ with Q,"]l x {0} and TV N (o + Qi)
with {0}4 x Q4 , and we let @4 be the map given by Proposition 5.2 applied around
o with parameters p = ps, p = 74-1, and p = py_1. We let W¢: R" \ T@-1" — R" be
defined by B

W (x) = {(Dad(X) if x € T,4(Q3) for some o € U“,

X otherwise,

where T4 is an isometry mapping Qf]l x {0}~ on ¢?. Finally, we define @1 = W4 o,
The desired map is given by ® = @,

As we mentioned, properties (i) to (iv) are already contained in [9, Proposition 4.1], so
that we only need to prove estimates (a) to (d). We first prove estimates with ® replaced
by W foreveryd € {{ +1,...,m}. Weletw = lel—pm)n X Q;’f,]‘d. Note that w satisfies

the assumptions of Proposition 5.3. In particular, we have Q3 C w c U™ + Qg for

every d € {{ +1,...,m}. We apply Proposition 5.3 to find that, for every ¢ € U9, the
following estimates hold:

(a) if 0 < s <1, then
|u o (Do.dlws/p(Tad(w)) < CllulwsJ’(Tad(a}));

(b) if s > 1, then for every j € {1,...,k},

j
WIDI (w0 ©ua)llirr ywy) < Co D ' ID Ullirr, iy
i=1

(c) if s > 1and o # 0, then forevery j € {1, ..., k},

—.

DI (u o Dya)lwor(r 4(w)) < Ca Z(ﬂillDiullLv(qu(w)) + T]HalDiulwo,p(ng(w)));
p



(d) forevery 0 <s < +oo,
1 0 Doaller(r 4wy < Callullirr 4 (w)-

Using the additivity of the integral for integer order estimates and Lemma 2.1 for
fractional order estimates, we find that

(a) if 0 < s <1, then

a\p P
0 P g < ©5 2 10 @oiliynr
otel?

+ Colu o WP + Con~*P ||lu o W1

p .
WP (UM +Q)\Supp W) LPUm+QI)

(b) if s > 1, then for every j € {1,...,k},

j dy)|P i p
1D/ o WY gy < Cs > D0 @0l

olel

. d p .
+Co||D/ (1 o W )”LP((LI’"+Q%)\SHPP\W)’

(c) if s > 1and o # 0, then forevery j € {1, ..., k},

: N i p
|D](1/l oW NW“"’(U’"*’Q%) < Cro Z |D](M ° (Dod)IWUrP(TUd(w))

olel

+ C11|D/(u 0 WP + Cr2n P |DV (u o W)

p .
WO (U +QM)\Supp W) LP(Um+QpY

(d) forevery 0 <s < +oo,

dp P dp
”M oW ”LP(U’”+QZ’7) < C13 Z ||M © q)ad ||U’(ng(a))) + C14||M oW ||U7((U"’+Qg'q)\5upp\yd)'
gleU

Combining both sets of estimates, by downward induction, we deduce that

(@) if0 <s <1, then
| o @lwspumign) < ClS(T]S|“|WS/P(U"1+QZ’,,) + ||“||LF’(LI’"+Q’P}1U))}

(b) if s > 1, then for every j € {1,...,k},

j
W ID7(u o @)lpmsgm) < Cio Z N'ID" ullpr g );

PN
i=1
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(c) if s > 1and o # 0, then forevery j € {1, ..., k},

M-

N *7IDI (u 0 ®)|werumsgny < Crz (T]i”Di””LP(U’”+Q;,”,]) + TIHGIDiqump(u»uQ%));

i=1
(d) forevery 0 <s < +oo,
[0 @llrumrop) < Crsllull wnrop,-

Conclusion follows by an additional application of the additivity of the integral or
Lemma 2.1, by noting that actually Supp ® c U™ + Q7. m|

We close this section with a discussion about how the thickening technique that we
investigated inserts itself in the proof of Theorem 1.2. At the end of Section 4, we
obtained an estimate on Distr (u;™((K™ \ Up') U (U,‘; + Qpn)), where we recall that 1™ is

the map obtained by successively opening and smoothing a map u € W*?(Q; F), with

F c RY being an arbitrary closed set. Informally, we were able to control the distance

between u;™ and F except on the cubes in U, far from the {-skeleton. We apply now
thickening to the map u;™. Let CI)%h be the map provided by Proposition 5.1 applied to
Uy with 8™ = K" and using parameter p. We set u,tlh =up™o q)%h. To have u € W*?
along with the estimates provided by Proposition 5.1, we need to take £ + 1 > sp. Since

we already required ¢ < sp in Section 4, this invites us to work with ¢ = [sp].

By inclusion (ii) in Proposition 5.1, we have CDf]h(K;f \ (T,f* vl c K \Uy. On
the other hand, by inclusion (iii) in Proposition 5.1, we have @%h(ll,’]” \ Tn‘”) C U,‘; + Q?,I.
Therefore,

th s ¢
K\ TL) € (K \ U U (U + Q).

Combining this observation with estimate (4.7), respectively (4.8), we deduce that

. 1
: thgm 14
< _— s m m
Distr (u, (Ky' \ T )) < max{amg(%sgl Cn%_1 IDul|rsr (o +Qp,)7

sup C’ ( )fm( )Iu,?p(y) - u,?p(z)l dydz} (5.6)

m
xelf+Qp, r

if s > 1, respectively

. 1
Distg (uh (k™ \ TH)) < C——ulwsr(gmiom 1,
1STF (u'q ( n \ n )) = max amg(?’)i&']” T]%_S |l/l|W p(G +Q2P71)

sup C’f f |y (y) = uy" (2)] dydz} (5.7)
7(x) J Q' (x)

! m
er,,+QB,,
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if 0 < s < 1. Moreover, uf;m being smooth, the map u,t]h is smooth on K,’? \ Tn‘". To
summarize, we have obtained a map u,t]h which is smooth on Kff \ T,f*, and whose
distance from F is controlled on the whole K’ \ T,f .

Now let us get back to the case we are interested in, that is, where F = N. In this
case, it is well-known that there exists 1 > 0 such that the nearest point projection
IT: N + B]" — N is well-defined and smooth. The open set N + B}" is called a tubular
neighborhood of N. Assume that the right-hand side of (5.6) or (5.7) is less than ¢. Note
that this requires both to take r sufficiently small and to choose &} such that, for every
o" e Ky \ &),

m_q m_g
1’,5P . 17%7
||D1/l||Lsp(6m+Q£npw) < o respectively |M|Ws,p(6m+Q'2f;m) < ot (5.8)

Under this assumption, the map u, = ITo u,tYh is well-defined and smooth on Kj' \ T,f*,
and takes its values into N.

We next prove that the map u, actually belongs to the class Ry;—[sp-1(K}'; N). This
follows from property (iv) in Proposition 5.1. Indeed, since m —[sp]—1 = {*, the singular
set of u,sh, and hence of u,, is as in the definition of Rm_[sp]_l(K,T ; N). Therefore, it only
remains to prove the estimates on the derivatives of u,. Since up™ and II are smooth,
we deduce from the Faa di Bruno formula that

j
Dluy| < C D(IT o us™)|| D1 th] ... |Dtipth
1 1 n 0
i=1 1< <<t
tideetti=)

j
<G Y. D>, D" DiOR,

i=1 1<t <--<t;
f1+~~~+ti:j

By property (iv) in Proposition 5.1, we conclude that, for x € (Uj" + Qp;) \ T,f*,

i

]
D@l <C Y > D < (5.9)

. ex- t * . e* ti 4 . e:e P
e P dist(x, T*)h  dist(x, TY) dist(x, T*)/

t+eetti=]

Combining (5.9) with the fact that, clearly, u, is smooth outside ll,’f + ngq, we find
that 1, belongs indeed to ’Rm_[sp]_l(K,’f; N). -

With all these observations and tools at our disposal, we are finally ready to proceed
with the proof of Theorem 1.2. It only remains to explain carefully how to implement
the aforementioned steps and to check that the estimates obtained at each step combine
to yield u, — u in W%F asn — 0.



6 Density of class R

This section is devoted to the proof of the density of the class R, _[sp1-1(Q2; N) in
WP (Q; N). For the sake of clarity, we start by proving the result when the domain Q2 is
a cube, which is the case covered by Theorem 1.2 stated in the introduction. In a second
step, we explain how to deal with more general domains.

As we explained, the major part of the work that remains to be done is to suitably
estimate the W** distance between the maps u; and u. As the reader may have noticed,
the Sobolev estimates obtained in Sections 3 to 5 deteriorate as 7 — 0. For instance,
the term involving the L? norm of D'u in the estimate of the j-order derivative blows
up at rate 7'/. As we shall see in the proof, this blow-up is compensated by the fact
that the measure of the set U}’ + Q;”p . decays sufficiently fast as 7 — 0. For the integer
order terms, this is exploited by a combination of the Holder and Gagliardo-Nirenberg
inequalities. The treatment of fractional order terms is more involved, and we bring
ourselves back to the integer order setting with the help of the following lemma.

Lemma 6.1. Let 2 C R™ be a convex set and let w C Q. For every q, v > p and every
ueWr(Q),

ulwerw) < ClolF ™ T IDulg, 0 I ll0,,
for some constant C > 0 depending only on m.

Proof. By density, we may assume that u € C*(Q). We once again rely on an optimiza-
tion technique. For every p > 0, we write

_ p _ p
ROy o LW GRS
@ B X =yl o JonBry X =yl

The first term is readily estimated as

P

- P !

// W) =W gy < clp‘“pflulp < Clp_gp""ll_g(/w)q'
a)\Bm(X) |x yl P @ @

For the second term, we start by using the mean value theorem along with Jensen’s
inequality to find

P ! D £y — )P
[ N [ D,
wNBY (x) |x - | p 0 o JonBr(x) |x _ y|m+(a—1)p

Here we use the convexity of Q to ensure that x + t(y — x) € Q for every x, y € w and
€ [0, 1]. We use the change of variable & = y — x and Tonelli’s theorem to deduce that

- P P
// |u(x) i(+y1| d dx</ / / 'D“(xjtﬁ)' dxdhdt.
w J wNBJ(x) lx =y (w=-w)NBy J wN(w—h) | h|mio=bp
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By convexity of Q, if x € w N (w — h), we have x + th € Q for every t € [0, 1]. Moreover,
the measure of the set (w N (w — h)) + th is less than |w|. Hence,

- P
// |u(x) Z(+y)l dydx
wNBy (x) |x - y' op

1 P
1 r
< |a)|1—?/ / —(/lDu(z)de) dhdt.
0 (m—a))ﬂB;," |h|m+(d—1)p Q
We conclude that

14
_ p .
W a)ﬂBg’(X) |x—y| : ©

We may assume that Du does not vanish identically, otherwise there is nothing to
prove. We insert
11 lullpe
= |71 @)
IDul|Lr o)

and we find

ulwerw) < Calol? ™5l IDulZ,

The proof of the lemma is complete. |

We finally prove Theorem 1.2. Recall that Q = Q™. Note that, in Sections 3 to 5,
no assumptions were required on . During the proof, we shall carefully indicate
whenever restrictions on (2 are needed. Then, we shall explain how the proof should
be modified when Q is not a cube, which will lead to a counterpart of Theorem 1.2 for
more general domains Q.

Proof of Theorem 1.2. Let u € W*P(Q™; N). Note that, for every y > 0, the map u,
defined by u,(x) = u(1+2y) belongs to W* p(Q1+2 ) and satisfies 1, — u in W*#(Q")
as y — 0. Therefore, we may assume that u € Ws P(QT, Yoy ; N). Here we used the fact
that Q = Q™, but we could work instead with any domain on which such a dilation
argument may be implemented.

LetO<n<yand0<p< %, so that 2pn < y. Guided by the observations at the end
of Sections 4 and 5, we define the following families of cubes. We let K" be a cubication
of Qﬁy, thatis, Kj' = Q{”ﬂ/. This uses that Qﬁy is a cube, but the important fact is that
Q" c Ky c Qﬁy. Then, following (5.8), we construct the set of bad cubes &' as the
family of all cubes 0™ € K" such that

”Du”Lsp(am_,_QZ:W) < L IfS > 1, (61)

respectively

|ulws,p(am+Qg;m) < C L lfO <s < ]., (62)
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where ¢ > 0 is the radius of a tubular neighborhood of N. We also define U} to be the
set of all cubes in K" intersecting a cube in &'. Doing so, we indeed have E}' C Int U}
in the relative topology of K.

We apply opening to the map u choosing = [sp]. Let (D;;p : R™ — R™ be the smooth
map provided by Proposition 3.1 applied to u with Q = Qﬁzy, and define

op _ op
u; =uodr.

Hence, we find that
(a) if 0 <s <1, then

sl op _

1" Uy ”|W~‘/F’(Q{';2y) = Cl(ﬂs|“|ww(ug+gggq) + ||u||LP(U,’;+Q£"p”));

(b) if s > 1, then for every j € {1,...,k},

j
iDL — i . D ;
WIDIu? ~ Diullpay, ) < C2 y 7lID tlrugeoy, )

1+2y
i=1

(c) if s > 1and o # 0, then forevery j € {1, ..., k},

.

WD = Dllyonpy, < Co ) (W ID gy ) + 171D dlwerugeay ) )
i=1

(d) forevery 0 <s < +oo,

op _
l|uy MHLP(Qﬁzy) < C4||u||U’(Uf;+Q£”p,7 )

Then we apply adaptative smoothing to the map u,?p with Q = Qﬁzy' Let ¢ € B

be a fixed mollifier. Since E} C IntU;", we may define ¢, as at the end of Section 4.
Namely, we let

an = tCr] +7(1- Cr])/

where ), satisfies assumptions (a) to (d) page 41 and 0 < r < t with ¢ defined by (4.14).
With this choice, ¢, satisfies the assumptions of Proposition 4.1, and moreover 0 <
¥y < pn. This implies that Qy, C {x € Qf', :dist(x,0Qf\, ) = ¢(x)}, and hence
up™ = @y, * u,(;p is well-defined and smooth on Qﬁy. Moreover, Proposition 4.1 and

equation (4.2) for the zero order case applied with w = QTH’ ensure that

(a) if 0 < s <1, then

sm op op op .
n U |WSJ’(Q{"+V)S S;lzlhlhv(un )_ Up |WS’V(Q'1"+},)’
v
1

|u
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(b) if s > 1, then for every j € {1,...,k},

o  op , . op  op
n/|IDJus™ — Dl ||Lp(Q{”ﬂ’)S 51131:; W Itg,o(Duy”) = Duy, ”LP(Q?ZW)
(4SS 1

+C5

j
1 1D up” iy ay;

i1
(c) if s > 1and o # 0, then forevery j € {1, ..., k},
1D = Dl lwerp: )< sup W ty,0(DVy®) = Dy lwewoy, )
l j
+Cs Z(T]iHDiur?pllLP(A) + ni+U|Diur(7)p|W“'P(A));

i=1

(d) forevery 0 <s < +oo,

sm op op op
n T Uy ||LP(Q{”W) < :‘;};quv(un ) =ty ”U’(Q{Vﬂr),)-

1

lJu

Here,

— m
A= U B%(x)(x)'

xEQﬁy Nsupp Dy

By the triangle inequality, for every v € B!, we have

||T¢ny(Dju'?p) — Dju??plle(Qﬁy)
< |1ty (D" = Tlp,,v(Dju)”U’(Qfﬂry)
+ ||T%U(Dju) — Dju||Lp(Q]m+y) +||D/u - Dju,(;pHLp(Q?rﬂ,).
By the change of variable theorem, we find
”Tlpny(Dju:]’p) - T¢ny(Dju)||Lp(Q;n+y) < C7||Dju1(])p - Dju”Lp(Q{”H/)‘

A similar estimate holds for the Gagliardo seminorm. Furthermore, observing that
supp Dy,  Uy' and using that ¢, < pn, we have A C U" + Qf,. Combining this with
estimate (iii) in Proposition 3.1 applied with w = U" + Qg , we deduce that

(a) if 0 < s <1, then

sm op s
o=y |W8,V(Qi"+y)ﬁ s;gln | Ty 0 (1) = U|W5,V(Qi"+y)
v
1

Slu

n

+ Cs(ns|u|wsrp(u,;"+Q;"m) +llullerwy+op, );
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(b) if s > 1, then for every j € {1,...,k},

r]flleugm - Dju,?plle(Qﬁy)s sup njllTw,,v(Dju) - DjM”LP(Q;"W)

m
vEB]

j
+Co Z n' ||DZ”||LP(U,’;1+Q;"M)}
i1

(c) if s > 1and o # 0, then forevery j € {1, ..., k},

o op " . .
"D’ uy™ — D'u,, |w0fP(Q;”+y)§ sup /™|ty o (Du) — D]l/llwo,P(Qﬁy)
IS m

1

j
+Co Z (771||D1M ey o ) + T]”“IDzulwam(u;;qupq );
P

(d) forevery 0 <s < +oo,

O
[lup™ - unp”LP(Qﬁy) < SLLI?"”T%U(M) = ullrop ) + Cullullrwy oz -
ve

1
Finally, we apply thickening to the map u;™. Choose 0 < p < p, let q)%h: R™\ T,f* —
R™ be the smooth map given by Proposition 5.1 applied with parameter p and with
Q= Qﬁy, and set
th _ , sm th
Uy’ =ty 0 @yl
This map coincides with u;™ outside of Up' + Qp,. Since £ +1 > sp, Proposition 5.1

ensures that u,t,h € WS'P(QTW ;RY), and moreover, the following estimates hold:
(a) if 0 < s <1, then

th _

oyt = up M wer iy ) < ClZ(T]st]mlws'P(u;;u%) + ||Mf,m||Lv(u,;"+Qgtn));

n

(b) if s > 1, then for every j € {1,...,k},

j
n/|D/u — D up llray, ) < Cis Z N IID g™ g +qm);
i=1 N

(c) if s > 1and o # 0, then forevery j € {1, ..., k},
j

i+ i th i j ] -+ ] .
WD DIy, ) < Cas - (W ID ™ g+ 1D ey s )
i=1 B B



(d) forevery 0 <s < +oo,
”urt]h - ”Zm”LP(Qﬁy) < Casllug™ e+ -
Hence, invoking estimate (i) in Proposition 4.1 with Q = U,’]" + Q?;Hg)n and w = U,’I” + QEZ,
and then estimate (iii) in Proposition 3.1 with w = ll,’]” + QE‘; o’ we obtain
(a) if 0 < s <1, then

s|,,th s .
N’y — M3m|ws/v(Q;';V) < C16(77 |M|wsfv(ug"+Q;';m) + ||M||Lp(u,',"+lem)),

(b) if s > 1, then for every j € {1,...,k},
. . . ] . .
77] ||D]u;f1h _ D]u;m”LP(QI"ﬂ,) < Cyy Z nl ||Dlu||LP(u,’f+Q§”m);
i=1

(c) ifs >1and ¢ # 0, then forevery j € {1,...,k},

j
Dy =Dl lwerop ) < Cis Z;(’71”DluIILP(U£"+Q£’;,,)+’?Z+G|D Hlworwy oy, )

1=

(d) forevery 0 <s < +oo,

h
ey =™ ey, ) < Coollulloray oy, -

Using the triangle inequality, we conclude that

(a) if 0 < s <1, then
0°luy" = uglwsrop ) < Sup 17|y, (1) = ulweriy )
1
+ Cyo (rf lulwsrup+ay, ) + ||u||Lv(u,';1+Q§;,,));
(b) if s > 1, then forevery j € {1,...,k},

n|DVuff — DjullLP(Q{”ﬂ,)

j
< sup /[ty o(D’u) = Dullpqr ) + Ca Z T]Z”DZVHLP(U,’]"+Q;"W)}

veBy i=1
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(c) if s > 1and o # 0, then forevery j € {1, ..., k},

nj+a|Djurt)h - Djulwo,P(Qi"ﬂ,)
< sup 1/ +U|T¢,70(Dj u)—DJ ”|W“r*’(Q{”ﬂ,)
veBY
J
+Co Z (Ui||Diu lerary+Qy,) + Tli+a|DiM|w0fv(u,;"+Qg;m));
i1

(d) forevery 0 <s < +oo,

h
[ u”U’(Qﬁy) < sup||Ty,o(u) - u”LP(QTﬂ/) + Cosllullr oy

my-
veBY o

Due to our choice of ¢, and since { < sp and
Q" c Ky c Qﬁy c{xe Qﬁz),:dist (x,&Qﬁzy) > (x)},
according to estimates (5.6) and (5.7), we have

. 1
Disty W™K\ TY)) < max{ max C——||Dullisromsom ),
N ( n( n \ n ) omeKINED $_1|| Il P(e"+Qy,,)

n
sp ' f |usp(y>—usp<z>|dydz} 63)
7 (x) #(x)

4 m
xeu,,+QE,,

if s > 1, respectively

. 1
: thygm {
Distp (up (K)' \ T ) < max{gmérql(?i% C%|M|WS,P(am+ngm)z

n
swp ¢ f Wi elds] 6
7(x) H(x)

13 m
xeu,,+QB,,

if 0 < s < 1. Note here that, in defining the bad cubes in equation (6.1), respectively (6.2),
we take the constant C > 0 which shows up in estimate (6.3), respectively (6.4). Doing
so, by definition of the set of bad cubes 8,’;1, the first term in each max is smaller than
the radius ¢ of a tubular neighborhood of N. Moreover, since { < sp, Proposition 3.8
ensures that we may take r > 0 so small that the second term in each max is also smaller
than (. Therefore, we deduce that

Disty (u (K" \ T,)) < 1.

This enables us to define uy, =1Ilo u,t]h, which, as we already explained at the end of

Section 5, is smooth on K} \ T¥, and belongs to Rm_[sp]_l(K,’?; N).
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Since Q™ C K,'?, to conclude, it only remains to prove that u;, — u in Ws'p(K#) as

n — 0. We claim that it suffices to show that u,%h — uin WS'P(KZZ) as 1 — 0. Indeed,
the map IT is smooth and has uniformly bounded derivatives, and N is compact.
Hence, the continuity of the composition operator from W*? N L* to W*F — see for
instance [17, Chapter 15.3] — ensures that, if u,tYh — uin W3P(K}), then u, = ITo u,t]h
converges in WSIP(K}f) tollou =u.

We now prove that u,tlh — u. We start by noting that the continuity of the translation
operator implies that

lim sup [|y,.o(D/) = D/ullus(opr ) =0

m
veB1

and
lim sup |7:%U(Dju) - Dju|wJ,P(Qﬁ’) =0
n—0 veBY ’
for every j € {0, ..., k}.
We first deal with the case s > 1. By the Gagliardo—-Nirenberg interpolation inequality
— see for instance [14,16] - for every i € {1,...,k}, we have Diu € Lt (Qﬁzy). Holder’s
inequality ensures that

. s—i .

1 m m Sp 1
1D “||LP(LI,’7"+Q’2"{”]) < Uy + Qg7 IID u”L%Uff*Qé"pq)’
while Lemma 6.1 guarantees that

. s—i—g . .
i < m m sp i+1, 110 i ||1-o
Dbz, < Caldff + Qi ID Ty WD

1+2y)
Here, we use the fact that Q{”ﬂy is convex to justify the use of Lemma 6.1.
We now wish to estimate the measure of the set U,’]” + Q;”p » First note that

\uy' + Q’znpnl < Cos card (U )n™. (6.5)

Then, forevery ¢™ € (L(,;”, there exists t™ € 8,’;1 which intersects ™, and thus 7 +Q£”P . C
m m : m _ m . m m m . _
o™ + Q2(1+P)n' If we write 0™ = Q'(a), we find " + QZPW C Qiy(a) with a = 3+ 2p.
Hence,
™+ lelm] c Q‘Tn(g) N Q;n+2y‘

We deduce from the definition of 8,77” that

1

t<C 3 ||Du||L5”(T”1+Q'27;)n) <C

1
7 T IDutllpsp Qi (ayngr
° Ui

z l+2y)

Since the number of overlaps between one of the cubes Q%(a) and all the other ones
is bounded from above by a number depending only on m, summing over all cubes in
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U and using the additivity of the integral, we deduce that

1
card (") < Cosoey > / |Dul**

erln ({1)67/{:’” Q(r\nr] (a)ﬂQ{n.Qy

1
<Coms | Dul?. (6.6)
n um+Qm

m
2(p+1)n)mQ1+2y

For further use, we already note that, in the case 0 < s < 1, the exact same reasoning

leads to
1

ne
As for the case s > 1, replacing the additivity of the integral by the superadditivity of
the Gagliardo seminorm, we obtain

=,
"= Juro

In both cases s > 1 and 0 < s < 1, we conclude that

1< C

= [ulwer @i @nar, )-

card (Uy") < Cos

[ G P
(Uy+Q

m )ﬂQ{” |x - y|m+sp

m m
2(p+1)l7)an+2)/ 2(p+1)n +2y

uy + Q2
lim —— 2% _q, 6.8)
n—0 n p

Indeed, we first use estimate (6.5) along with (6.6), respectively (6.7), to deduce that

Uy +Qy, Uy +Qy .l
1 2 . 1 2
o< Coo||Dul|? respectively al

p
- 7 <
nsf’ U’(Qﬁz},)’ < Cao |u|

7 WerQp,,)"

In particular, |U,’]” + QZJ '7| — 0. Using this information along with Lebesgue’s lemma,

we invoke again estimate (6.6), respectively (6.7), to deduce (6.8).
We next proceed as follows. When s > 1, we find

j

=i
ZTY "D u||LP(u,71+Qg;n)
i1

U R OIS
< Zns—J ) D
. T]Sp LT(U,’{I-}-Qm

2pn

)—)O asn—0 (6.9



and

j
Z;(T]Z ||Dzu||Lp(u’,7n+Qg1m) * nHU'DlulW"’p(ur';”Jng;m )
i=
j

[}
29?7 '
ID*ul| s
Z ( SP ) Li (ull sz]) (6.10)

rogy |
+c242rf i ( o ) Dl 1Dl

( uy'+ QZpr} Ll+1 (Q1+27/)

+ |D7u|wu,p(ug1+Q£npn) —0 asn—0.
For the last term in (6.10), we use (6.8) and the Lebesgue lemma. Similarly, we have

”u”U’(LI”’+Q'” )0 asn—0.

This completes the proof that u,] — uin WS'P(Q’anry) when s > 1.

The case 0 < s < 1is concluded analogously. Note that since N is compact, we have
u € L. Therefore, we have

|u |W51P(U31+Qg:)r;) +17°|u ||LP(U31+Q3:)11)
< |M|WS,P(U1] )+TI SC31| +Q£npfllp

U+ Qy I\
< |M|Ws/p(ulr7n+Qrznpn) +C3 T]T — 0 as n— 0.

Combining this with the fact that ||u|| Ly +Qy,) 0 asn — 0, we deduce that u,t]h —u
in WS'P(Q;”W) as ) — 0 when 0 < s < 1. This completes the proof of Theorem 1.2. O

We now explain how to deal with more general domains. The first step is to be able
to implement the dilation procedure used at the beginning of the proof. The method
we used adapts without any modification to domains that are starshaped with respect
to one of their points. However, using a more involved technique, it is possible to work
with even more general domains. The reader may consult [17, Lemma 15.25] for an
implementation of this technique on smooth domains using the normal vector, or [11]
for an argument on continuous bounded domains using local parametrizations. Here
we show that the approach even works under the weaker segment condition.

We recall that Q satisfies the segment condition whenever, for every x € JQ, there
exists an open set U, C R™ containing x and a nonzero vector z, € R™ such that, if
y € Uy ﬂﬁ,theny+tzx € Qforevery0 <t <1

Lemma 6.2. Let Q C R™ be a bounded open domain satisfying the segment condition. For
every y > 0 sufficiently small, there exists a smooth diffeomorphism ®,,: R™ — R™ such that

q)y(ﬁ) C Qand
DjCDy —id  uniformly on R™ for every j € Nasy — 0.
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Geometrically, the segment condition means that (2 cannot lie on both sides of JQ.
A typical example of a domain ( not satisfying this assumption is given by two open
cubes whose boundaries share a common face. It is known — see for instance [1, 3.17] —
that there exists a W'* map on this domain which cannot be approximated by C*(Q)
maps, even in the real valued case.

Proof of Lemma 6.2. Let Bs = B'™! x (=6, 6) be a cylinder of radius and half-height 6.
Since JQ is compact, there exists a finite number of points x1, ..., x, € R™ and
associated isometries Ty, . .., T, of R” mapping 0 to x; such that

90 c | JTi(Bsy), (6.11)
i=1

and also associated nonzero vectors z, ..., z, € R" such that, if y € T;(Bs) N Q, then
y+tz; € Qforevery0 <t < 1. Lety: R"™! — [0, 1] be a smooth map such that (x) = 1
if x € Bspand (x) = 0if x € R™1 \ B3s/s. For 0 <y <1, we define ®; ,,: R"” — R™ by

Djp (x) = x + yP(T7 (x))zi.

If y < (IIDY|lr~|zi])™!, we observe that @; , is a smooth diffeomorphism. Moreover, by
construction of the vectors z;, we have ®; ,,(Q) C Q.
We let
D), =0y 00D ,.

Observe that
D/ ®, —id uniformly on R" for every j € Nas y — 0.

By (6.11) and the construction of the maps ®; ), for every x € d(Q, there exists i €

{1,...,n} such that ®; ,(x) € Q, and this shows that ®,, (Q) c Q. This proves that the
family of maps ®,, satisfies the conclusions of the lemma. O

Using this construction, we observe that, if 2 ¢ R” is a bounded domain satisfying
the segment condition and u € W**(Q; N), themap u,, = uo®, belongs to W*7(Q,,; N),
where Q, = CD;l(Q) is an open subset of R" containing Q. Moreover, Uy — uin
WeP(Q; N)asy — 0.

Therefore, we may carry out the same reasoning as in the proof of Theorem 1.2 by
choosing a cubication ;" such that O C Kif C (2,,.

The other place in the proof of Theorem 1.2 where we used a specific assumption
on the domain is when we applied Lemma 6.1, because we needed convexity to justify
the use of this lemma. However, this is an artifact. Indeed, since we work on a dilated
domain, by dilating slightly more if necessary, we may assume that u € W*?(Q) for
some open set O C R™ containing 5),. It then sulffices to apply instead Lemma 6.1 to
the map uy € W¥P(R™), where 1p: R™ — [0, 1] is a smooth map such that ) = 1 on Q,,
andy =0onR"\ Q.



Taking these modifications into consideration, the proof of Theorem 1.2 above can be
carried out the exact same way on any bounded domain (2 C R™ satisfying the segment
condition. This leads to the following result.

Theorem 6.3. Let (O C R™ be a bounded domain satisfying the segment condition. If sp < m,
then the class Ry —(sp1-1(Q; N) is dense in WP (Q; N).

A second perspective of generalization for Theorem 1.2 consists in replacing 2 with
a smooth manifold. From now on, we assume that M is a smooth, compact, connected
Riemannian manifold of dimension m, isometrically embedded in RY for some 7 € N.
In the context where the domain is a smooth manifold, the suitable adaptation of the
definition of the class R is the following. We define the class R;(M; N) as the set of
maps u: M — N which are smooth on M\ T, where T is a finite union of i-dimensional
submanifolds of M, and such that for every j € N, and x € M\ T,

1

IDiu(x)| < C——
dist (x, T

for some constant C > 0 depending on u and ;.
Our next result is the following counterpart of Theorem 1.2 when the domain is a
smooth manifold.

Theorem 6.4. If sp < m, then the class Ry, _[sp)-1(M; N) is dense in WP (M; N).

We first prove Theorem 6.4 when M has no boundary. This allows us to rely on the
nearest point projection onto M. In the end, we shall briefly explain how to deduce the
case with boundary from the case without boundary.

Hence, we first assume that M has no boundary. Then, Theorem 6.4 can be deduced
from Theorem 6.3, by extending the function we want to approximate on a tubular
neighborhood of M and using a slicing argument. The key observation is that, if t > 0
is the radius of a tubular neighborhood of M, then for every u € W*?(M;N), the
map v = u o Il belongs to W"(M + Bf/z; N). Indeed, for any summable function

w: M — [0, +o0], we deduce from the coarea formula that

/ woll < C1/ (/ w(H(y))d'Hﬁ_m(y)) dx < Cztﬁ_m/ W < +00.
/\A+Bf’/2 M H-l(x)m(M+Bf/2) M

Conclusion then follows from the theory of Fuglede maps presented in Section 3 (valid
also for maps between manifolds, see [11]).

To implement this strategy of extension and slicing, we need the following transver-
sality result.

Lemma 6.5. Let £ C R be an {-dimensional hyperplane. For almost every a € R”, the set
MN(Z +a) is a smooth submanifold of M of dimension m —v +{ — or the empty set if { < ¥ —m.
Moreover, if M N (X + a) # @, then for every x € M and every a as above, we have

dist (x, M N (X +a)) < Cdist(x, Z +a),

for some constant C > 0 depending on M, X, and a.
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Taking Lemma 6.5 for granted, we prove Theorem 6.4.

Proof of Theorem 6.4 when M has no boundary. Let u € WSP(M;N). Let ¢ > 0 be the
radius of a tubular neighborhood of M, and let IT: M + B” — M be the nearest point
projection. We define Q = M + Bf/z, which is a smooth bounded open subset of RY.
As explained above, the map v = u o ITbelongs to W*7(Q; N). Therefore, Theorem 6.3
ensures the existence of a sequence (v, ),eNn of maps in Rﬁ_[sp]_l(Q ; N) converging to v
1%
/27
the map u,,, = To(vn)m: M — N belongs to the class R;,_[sp)-1(M; N). Here, v<7e
recall that the translation 7,(v,) is defined by 7,(v,)(x) = v,(x + a). Indeed, the first
part of Lemma 6.5 ensures that the singular set of u; , is as in the definition of the
class Ry, —[sp]-1- On the other hand, the distance estimate in Lemma 6.5 implies that the
estimates on the derivatives of u, , are satisfied.

Moreover, using a slicing argument, we find that for almost every a € B

in W*P(Q) as n — +o0. Invoking Lemma 6.5, we deduce that for almost every a € B

v
v/
extraction of a subsequence, (u,,,4)neN converges in W** (M) to the map 7,(v)|p(. This

can be seen, for instance, using the theory of Fuglede maps presented in Section 3.
Indeed, consider a summable map w: (2 — [0, +00], and let i: M — (Q be the inclusion
map. Observe that 7,(v) s = v o (i + a). We estimate

/ / w(i(x)+a)dxda = / / w(a)dadx < IM|[|wl|p1(q) < +oo.
Bf/z M M f/2(x)

v
/27
to be a detector for W*? convergence, then, up to a subsequence independent of a, we

have

o up to

Therefore, for almost every a € B”,, w o (i + a) is summable on M. If we now choose w

Upa =0Vyo(i+a) > vo(i+a)=10)pm InWP(M)asn — +oo.

On the other hand, by the continuity of translations in W*"*, we know that 7,(v) s —
opm = u in W9P(M) as a — 0 (more precisely, we should rely on an argument in the
spirit of [11, Proposition 2.4], since there is again a slicing involved here).

We conclude the proof by invoking a diagonal argument: choosing a suitable sequence
(a4)neN In B‘f/2 such that a, — 0, the maps u, = uy,,, belong to Ry, _[sp)-1(M; N) and
converge to u in W? (M) as n — +o0. O

We now prove Lemma 6.5.
Proof of Lemma 6.5. Define W: M x X — R” by
W(x,z)=x—z.

The map WV is a smooth map between smooth manifolds. Therefore, Sard’s lemma
ensures that for almost every a € R”, the linear map DW(x,z): TM X T.X — R is
surjective for every (x,z) € W~({a}). For such a, we compute

R’ = DW(x, 2)[TM X T.X] = TM + T.Z.
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Moreover we observe that (x,z) € W~!({a}) if and only if x — z = a. This shows that
R =T M+ T, X foreveryx =z+a € X +a.

Otherwise stated, for almost every a € R”, M and X + a are transversal, which implies
that M N (Z + a) is a smooth submanifold of M of dimension m — 7 + {; see e.g. [32,
Theorem 1.39]. This concludes the proof of the first part of the lemma.

We now turn to the distance estimate. Without loss of generality, we may restrict
ourselves to prove the estimate when a = 0. Let y € M N X. Since M and X intersect
transversely, after a suitable rotation followed by a translation — which do not modify the
distances — we may assume that y = 0, and that there exist 0 > 0 and & > O such that X =
{0}7 xR’ and M N(BY' X (=h, h)"~™) is the graph of a smooth map ¢: By — (=h, h)?=m,
Denote by 71,: R” — R’ the projection onto the ¢ last variables, which corresponds to
the orthogonal projection onto X, and by 7t;: R” — R™ the projection onto the m first
variables. We observe that, for x = (111(x), ¢(r1(x))) € M N (BY' X (=h, h)"™), we have

dist (x, X) = |x — (0, m2(x))|,

while

dist (x, M N Z) < [(r1(x), p(m1(x))) — (m1((0, 72(x))), P (11 ((0, 72(x)))))
< (14 |p|cor) dist (x, Z).

We conclude by using a finite covering argument. Indeed, since M N X is compact,
we may cover it by a finite number of cylindrical domains as above. We obtain a
neighborhood U, = M N X + B of radius ¢ > 0 such that, for every x € U,, we have

dist (x, M N X) < Cy dist(x, X).

On the other hand, for points x € M with x ¢ U,, we have dist (x, X) > C, > 0, while
dist (x, M N X) < Cz since M N X # @. This completes the proof of the lemma. O

Finally, we give the proof of Theorem 6.4 in the case where M has non-empty bound-
ary.

Proof of Theorem 6.4 when M has non-empty boundary. The key idea is to view M, or more
precisely any compact subset of the interior of M, as a subset of a smooth manifold
without boundary, embedded in R” X R, identifying R” with R” x {0}. For this, we rely
on [10, Lemma 3.4], which is a consequence of the collar neighborhood theorem.

Let K be any compact subset in the relative interior of M. From [10, Lemma 3.4], we
deduce that there exists a smooth compact submanifold Mof R” xR, withoutboundary,
such that

Kx{0}cM and n(M)c M,

where 7t: R” X R — RR” is the projection onto the first # variables.
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Let u € WS?(M;N). The map v = u o 1t belongs to Ws?(M, N). Hence, by The-
orem 6.4 for manifolds without boundary, there exists a sequence (vﬁ)new of maps in
Rm_[sp]_l(M;N) such that v& — v in Ws?(M). In particular, (vX)x — ux in WP (K).

Now, we observe that, for every ¢ > 0 sufficiently small, if we take K = K, such that
M\ K, is contained in a uniform neighborhood of radius ¢ of dM, then ux, may be
dilated to a map u, € W*?(M; N). Moreover, if we denote by u, . the corresponding

dilations of the maps (KX )ik, we have both
U, —>u ase—0 and u,, > u, asn — +oo.

We conclude using a diagonal argument. |

7 Shrinking

This section is dedicated to the shrinking procedure. As we explained in Section 2,
shrinking is actually a more involved version of a scaling argument, whose purpose is
to modify a given map in order to obtain a better map whose energy is controlled. The
main result of this section is the following proposition, counterpart of [9, Proposition 8.1]
in the fractional setting, which provides the shrinking construction. We emphasize
that, similar to thickening but unlike opening, the map ® does not depend on the map
u € W*7 it shall be composed with.

Proposition7.1. Let{ € {0,..., m—-1},n>0,0<pu < %, O0<t< % K™ be a cubication in

R™ of radius 1, and T* be the dual skeleton of K*. There exists a smooth map ®: R™ — R™
such that

(1) D is injective;
(if) for every o™ € K™, d(c™) C o™;
(iii) Supp® c TV + Qs and o(T" +Qr,) DT  + Q.

If in addition £ + 1 > sp, then for every u € W*P(K™;R") and every v € WP (K™;R") such
that u = v on the complement of T* + Qi we have u o ® € WP (K™; RY), and moreover, the
following estimates hold:

(a) if0 <s <1, then

(un)*|u o @ = vlpwsrEm

< C((#TZ)S|U|ws,p(1<mm(Té’*+Qqu)\(Tt’*+Qm])) + [ul] Lp(Kmm(T‘-’*+Q'£m)\(TW+Qg’n)))

{+1-sp

+Ct 7 ((f”])s|u|WSrP(Kmm(T‘”+Q£';m))+”u||LP(K"10(T€*+Q§L”)))

+ Clunrolwernaar+g, ) + Clollwrnme oy, )
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(b) if s > 1, then for every j € {1,...,k},

j
(un) 1D (u 0 @) = D/ ppxemy < C Z(M)' 1D o emnre + e \Te+Qp8)
P
{+1-sp ] ; i i 1
rer Z;(WI) 1D ull o aem e+ ) + CUnV ID 0l mere s,
i=

(c) ifs >1and o # 0, then for every j € {1,...,k},

(un)*°|D/ (1 o @) — DI v|yan o)

2ur,

j
<C Z ((M’?)Z ID"u ||Ln(Kmn(ﬂ*+ng)\(Tf*+QZ;,))+(HT?)1+U |D"ulworgmnre +qn ])\(Tf*+Q7,¢,)))
i=1

l+1-s

j
+Ct 7 Z((W])Z”DZMHLP(Kmm(thquLU)) + (HT])HU|Dlu|wg,,,(Kmm(TW+Qm )))

: 2un
i=1

+ C(Hn)j||Djv||LP(K’”m(T"*+Qqu)) + C(Hn)j+a|Djv|WU/P(K’"0(T"*+Q’2’LU))/’
(d) for0 <s < +oo,

[0 ® = vllppxm) < Cllullergnnme vz nre o)
1-sp

i+
+Cr ullegenae gy, ) + Cllollraenmeay, )

for some constant C > 0 depending on m, s, and p.

For integer order estimates, we could avoid mentioning the map v in the statement of
Proposition 7.1 and only establish energy estimates for 1 o ® alone on K™ N (T* + Q;"y p),
as in [9], as the estimates above then follow from the assumption # = v outside of
" + Q’Z”y p using the additivity of the integral. However, for fractional order estimates,
we face the usual problem linked to the lack of additivity of the Gagliardo seminorm.

We pause here to explain how Proposition 7.1 will be used in the proof of Theorem 1.1.
Given u and v as above, Proposition 7.1 allows us to control, via a suitable choice of
T > 0, the energy of u o @ in terms of the energy of v alone. Indeed, given p > 0, if we
choose 7, sufficiently small — depending on v — then, using the fact that u = v outside
of T + Q;ﬁ], we find

(a) if 0 < s <1, then

(un)*|u o @ — vlyspEm) < C,(([un)s|U|WS/P(K’"0(T"*+Q§im)) +lo]| Lp(Kmm(TMQ;Ln)));

74



(b) if s > 1, then for every j € {1,...,k},

(H’?)]HD](M 0 ®) - DJU”U’(K'”) <C Z(Hﬂ) |ID' U”LP(K"’O(W +QI m)),
i=1

(c) if s > 1and o # 0, then forevery j € {1, ..., k},

(un)*°|D/ (1 o @) — DV v|yan o)

i
< C Y (@ 1Dl ennire s, + ED* 1D lwosennae op, )
i=1

(d) forevery 0 <s < +oo,

lu o ®—v||pEm < C,||v||LP(K"‘O(T‘”+Q£'L”));

for some constant C’ > 0 depending on m, s, and p. Estimates (a) to (d) will be used in
the proof of Theorem 1.1.

This section is organized as follows. In a first time, we explain the construction of the
building blocks for shrinking, and we prove their geometric properties. Then we state
the analytic estimates satisfied by the composition of a W map u with those building
blocks. Finally, we explain how to suitably combine the building blocks in order to
obtain the global shrinking construction, along with the required properties.

We start with the construction of the building blocks for shrinking, which is very
similar to thickening. Therefore, in this section, we shall follow an analogous path
to the one in Section 5. We start by introducing some additional notation, similar to
Sections 3and 5. Let0 < uy <y < <land 0 < 7 < u/u be fixed. We set

By = wn Q(l oy Q2= Q#n Q(l oy Q3= QWIXQ(l —n°

Note that By € Q> C Q3. The rectangle Q3 contains the geometric support of the
building block ®, that is, ® = id outside of Q3. The rectangle Q, is shrinked into the
cylinder B;: we have ®(B1) O Q2. As usual, the region in between serves as a transition
region.

As we did for thickening, we split the construction of the building block @ into
two parts. First, we deal with the geometric properties that need to be satisfied by ®
independently of the map u, and then, we move to the Sobolev estimates satisfied by
u o @. We take @ to be exactly the map given by [9, Proposition 8.3], and we therefore
only recall briefly how this map is built, referring the reader to [9] for the details. Once
again, the main change in our approach is that we establish the Sobolev estimates first
for the building blocks, and then we glue them together in order to obtain the estimates
given by Proposition 7.1.
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Analogously to Section 5, we define C: R” — R by

C(x) = \/ |x/]? + (H’?)ZG( ) + (un)?et? (7.1)

for every x = (x/,x”) € R? x R"™4. Here, 0: R"™¥ — R is defined similarly as in
Section 5. We choose 1 < g < +oco sufficiently large so that there exist 0 < 1 < 1,
satisfying
Q- o c{x” e R" % |x"|, <} c{x” e R":|x"|, <} c QI
"

Then, we pick a nondecreasing smooth map 0: R, - [0,1] such that O(r) = 0 if
0<r<rjand O(r) = 1ifr > r,. Finally, welet Q(x”) = 0(|x"|4). With this definition, the
map 6 is smooth and satisfies O(x”) = 0if x” € Q 4and O(x”) = 1if x” € R"%\ Qi

‘u
The number ¢ > 0 is to be determined later on, dependmg only on /. As we will see

in the course of the proof, the extra term involving 7, which was not present in Section 5,
serves to obtain a desingularized construction.

We are now ready to state the geometric properties of @, which are the purpose of
Proposition 7.2 below.

Proposition 7.2. Let d € {1,...,m}, n > 0,0 <pu<p<p<1and0 <1 < p/p.
There exists a smooth function @: R™ — R™ of the form ®(x) = (A(x)x’, x”), with A: R™ —
[1, +00), and such that

(1) D is injective;
(if) Supp @ < Qs;
(iif) ®(B1) D Q2;

(iv) for every x € Qs,

|DId(x)| < CT for every j € N,,

and for every x € R",

IDId(x)| < c(“”)1 /

for every j € N,,
for some constant C > 0 depending on j, m, p/u and p/u;
(v) forevery x € R™,

(un)f

jac®(x) > C’ )

forevery0 < g <d,

and for every x € By,
. )1
jacd(x) > C -

for some constant C" > 0 depending on B, j, m, u/u and u/p.
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Proof. Aswe announced, we use the same construction as in [9, Proposition 8.3]. Similar

to thickening, we start by constructing an intermediate map W: R"™ — R which satis-

fies the conclusion of Proposition 7.2 with the rectangles Q; replaced by the cylinders

B; defined as

_ pd m—d _ pd m—d

By = BE’Y X Q(l—ﬁ)ﬂ’ Bs = BH'] X Q(l—y)r]'

It will then suffice to compose W with a suitable diffeomorphism ®: R” — R™ dilating
B; to a set containing Q> in order to obtain the desired map ®.
We let ¢: (0, +o0) — [1, +o0) be a smooth function such that

(@) forO <r <1Vl +g,
p(r) = Ei{—yM(l +

1)
(b) forr>1,p(r)=1;
(c) the function r € (0, +o0) + r¢(r) is increasing.

This is possible provided that we choose ¢ such that

(E/‘u)\/1+s <1

and then b > 0 such that

(E/y)M(l + n+) <1.

(u/wVive

Then, we define A: R™ — [1, +c0) by

AMx) = @(%),

and finally
W(x', x") = (A", x")x", x").

The injectivity of W relies on assumption (c) on ¢. The fact that Supp W C B3 uses
assumption (b) on ¢, observing that C(x) > un whenever x € R™ \ B3, and hence
A(x) = 1. To prove (iii), note that if x = (x’, x”) € By and t > 0, we have

2
+ STZ)x', x”),

where we used the fact that 6 vanishes inside of Q’{‘_%d. For t = 0, the factor in front

u
of x’ vanishes, while for t = 7, it is larger than % > 1. We conclude by invoking

the intermediate value theorem. The proof of (iv) amounts to estimate |DIA| using the

’

W(tx', x") = (t(p( tz‘%
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Faa di Bruno formula, and then conclude using Leibniz’s rule. We obtain the second
estimate from the first one by noting that C > (un)vet. The proof of (v) again involves
explicitly computing jac W as the determinant of a perturbation of a linear map, and
then estimating the obtained expression. The second estimate relies on the fact that if

x = (x’,x"”) € By, then |x’| < (un)t and Q(z—n) = 0, whence C(x) < (un)V1 + e7. We refer

the reader to [9, Lemma 8.5] for the details.

We then let ®: R” — R” be a smooth diffeomorphism also of the form O(x) =
(A(x)x’, x"), with A: R™ — [1, +0), such that © is supported in Q3, maps B> on a set
containing >, and satisfies the estimates

(un)D/'®| < C; and 0<Cs<jac® < Cs onR";

see [9, Lemma 8.4]. Using the composition formula for the Jacobian and the Faa di
Bruno formula, we conclude, as for thickening, that ® = © o W is the desired map. O

We now turn to the Sobolev estimates satisfied by u o ®.

Proposition 7.3. Let d > sp. Let @ be as in Proposition 7.2. Let w C R™ be such that

Q2 C w C Bf, for some ¢ > 0, and assume that there exists ¢’ > 0 such that

IBY'(z) N (w \ Q2)| = A" foreveryz € w\ Qaand 0 < A < %diam w. (7.2)

For every u € WSP(®(w);RY), we have u o ® € WP(® Y (w);R"), and moreover, the
following estimates hold:

(a) if0 <s <1, then
d—j
[u 0 Dlysr@-1(w)) < Clulwsr@\0y + CT 7 [ulwsr(w);

(b) ifs > 1, then for every j € {1,...,k},

. J . iy o
(L) ID (1 0 D)|| pp @1y < C Z([’ln)l”Dlu”Ua(w\Qz) +Ct7 Z(H’?)ZHDlWlLP(w);
i1 i1

(c) ifs >1and o #0, then for every j € {1,...,k},

]
() 1D 0@ en @10y < C Y (Hn) 1D w0 +En) 1D ulwer w0 |
i=1

d-(j+o)p

+Ct

M\

((#ﬂ)i”Di“HLP(w)) + (#U)i+a|Diu|w0lv(a)));
i1

(d) forevery0 < s < +oo,

da
|t 0 Dl 1p(@-1(0)) < CllullLrw\g) + CT¥ llllrr(w);
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for some constant C > 0 depending on's, m, p, c, c’, u/u, and p/u.

We encounter again the assumption that balls centered at a point of w significantly
intersect w. We call the attention of the reader to the fact that, in the proof of Proposi-
tion 7.1, Proposition 7.3 will be applied with @ being a domain more complicated than
just a rectangle. This contrasts with the situation encountered in Sections 3 and 5.

In the proof of Proposition 7.3, we need the counterpart of Lemma 5.4 for the map
C used for shrinking. The proof is the same as the proof of Lemma 5.4, since both
constructions are identical up to an additive constant under the square root, and is
therefore omitted.

Lemma 7.4. For every x, y € R™, there exists a Lipschitz path y: [0,1] — R™ from x to y
such that

lylcorqoay < Clx =yl

for some constant C > 0 depending only on m, and such that C > min(C(x), C(y)) along y,
where C is the map defined in (7.1).

We are now ready to prove Proposition 7.3.

Proof of Proposition 7.3. As for thickening, the integer order estimate when s > 1 is
proved exactly as [9, Corollary 8.2], but is presented here as a prelude for the more
involved fractional order case.

By the Faa di Bruno formula, we estimate

Dio @) <C7 Y. > ID'u(@x)P|ID"D)P - DI d(x)|P

j
i=1 1<t <<t
t1+---+ti=j

for every j € {1,...,k} and x € @ }(w). Let 0 < B < d. Using the estimates on the

t

(jac®) P

T and therefore

derivatives and the Jacobian of ®, we find |D®| < Cg

Gac®() T (jac () F

I
Dio @) <Co > > IDu(@(x)

i=1 1<t <<t (”n)(tl_l)p (”n)(ti_l)p
t1+---+ti=j
Zj (jac ©(x)) F
< C10 |Diu(®(x))|p+.
P (‘un)(]_l)p
Since jp < sp < d, we may choose § = jp. Hence,
j .
. 4 jac d(x)
j p i p =T\
IDi(u > @) < Cuo DD u(@N TG
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Since @ is injective, the change of variable theorem ensures that

j
[ rpiwonrs [ coY @D @)l jacom dx
O 1(w\Q2) O (w\Q2) i—1
j
< ClOZ/ (un)P|D"ul?.
w\Q2

i=1

Combining inclusion (iii) and estimates (iv) and (v) in Proposition 7.2, we find

j .
; i ; jac ®(x)
|D/ (1 0 D)(x)|P < Cpytd P ;u) u(CD(x))V’W

for every x € ®1(Q,) c B;. Using again the change of variable theorem, we deduce
that

j
[ wriears [ curt Y IDu(@)p jac o dx
D1(Q2) >71(Q2) i=1

]
< C11Td_ij/ (un)?|D*ulp.
i=1 Y Q2

We conclude by additivity of the integral, combining the estimates on ®~!(w \ Q) and
on ®71(Qy).

The proof of the estimate at order 0 relies on the same decomposition and change of
variable, noting that in particular jac® > Cy, to handle the region @ !(w \ Q2).

We now move to the fractional estimate when 0 < s < 1. Observe that, as in (5.4), we

have ® ®
|D(x) — D(y)] < cp

for every x, y € w. (7.3)
=yl W) yay °
We start by splitting, in the spirit of the proof of Proposition 5.3,
[t o D(x) —u o D(y)|?
‘// |x_y|m+sp dxdy 211 +12+13+I4, (74)
O (w)xD 1 (w)
C(x)<ly)
where we have set
_ |1o®@(x)—uod(y)|P _ [1oD(x)—uoD(y)[P
h = I e - dxdy, b= ] St dxdy,
O (@\Q2)xP ™ (@\Q2) O H(Q2)xP(Q2)
s |10D(x) ()P e [1oD(x) (2114
_ uo®(x)—uod(y _ 1uoP(x)—uod(y
13 = [/ W dXdy, I4 = // W dXdy
O (w\Q2)xP(Q2) QX0 H(w\Q2)
C(x)<ly) C(x)<l(y)
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Estimating the right-hand side of (7.4) is similar to Step 2 in the case 0 < s < 1 of
Proposition 5.3. The novelty here is that we need to be more careful with the domains
on which the estimates are performed. Indeed, in order to obtain (a), we need to
estimate the right-hand side of (7.4) by a sum of terms that are either preceded by a
suitable power of 7, or involve only the energy of u on w \ Q>.

We begin with I;. We define

Bxy—B M)OQZ;

|D(x)-D(y)| ( 2

_ p
I < C14/ / f [ 0 P(x) mits(z)l dzdydx.
Q) JOI(Qn) S B, XYM

Observe that |By | > Ci5/®(x) — ®(y)|" due to the fact that Q> is a rectangle with
comparable sidelengths. Moreover, |D(x) — z| < %lCD(x) — ®(y)|. Hence, using Tonelli’s
theorem, we find

— p
/ / f |u o D(x) m-f—/ls(Z)l dzdydx
o 1(Qy) Jo Q) I B, XYM

— p
< C16/ / / l og)f;) u()| — dydzdx,
o1(Q2) JQr Sy ¥~ YI"TP|O(x) — 2]

Yo.={yed” 1(Q2) ZEBxy}C{yeRm |D(x) - z| <C17 T(x )Ix—yl}

so that

where

Therefore,

— p
/ / / e S;(sx )~ utz) dydzdx
010y J, Jy, . [x = Y[ |D(x) — z|™

< Cis / 1 0 Dx) = u(z)|? ()™
B o 1(Qy) Jo, 1P(x) =z C(x)P

Now we use: (i) the fact that C(x) > Ciounr, (ii) the second estimate on jac ® — valid on
®~1(Q,) C By —and (iii) the change of variable theorem to get

—u(2)|P (un)*® —u(y)P
/ |1 0 D(x) — u(z)|P (un) ddeSCQOTd_Sp/ / Ju(x) - u(y)lP dxdy.
Q) Y Q2 Q2

dzdx. (7.5)

|D(x) — z["™*<P - C(x)P Cx -yl

The three other terms are handled similarly, so we only point out the required changes.
We define instead

By = Bl

((D(x) +(y)
o@-owI|\ T 5

2 n Q)
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For I3, we split

D(x) — p
b= C21(/ / f e 2 mi(z)l dzdydx
O (w\Q2) YO 1(Q2) ¢ By y |x — y|™m*sp

D(y) — P
+ / / f wody) —u@P o)
Ol w\Q2) Jo Q) B, XYM

Note that we still have |8, ,| > Cx|®(x) — ®(y)|™, using this time the assumption on
the volume of balls centered in @ \ Q2. We then pursue as for the second term in the
right-hand side of (7.4): we use Tonelli’s theorem, and after that, we integrate with
respect to y. Similar to (7.5), we deduce that

_ p sp
I3 < Cps (/ / [u o Dlx) Zf)l (W?)S dzdx
O Hw\Q2) Y w\Q2 |(D(X) - Zl P C(X) F

|u o d(x) — u(z)|P (Hn)sp )
+ ,/cpl(Qz) ~/w\Q2 |D(x) — z|"+sp {(x)5P dzdx].

Invoking the change of variable theorem, using the first estimate on jac® with = sp
for the first term and the second estimate on jac @ for the second term, we conclude that

p — P
w\Q2 Jw\Q2 |x—y| P wJw |x_y| F

By the exact same reasoning,

_ p - P
L < (/ / [1e(x) 7/;(+3/s)| dxdy_i_,[d—sp//dedy),
\Q@ Jarg, X =y wdo X —yl"rer

|u(x) — u(y)l?
Il < C24/ / ( ) m-g/sl dxdy
w\Q2 Jw\Q2 |X yl

Collecting the estimates for the right-hand side of (7.4), we arrive at estimate (a) of
Proposition 7.3.

We finish with the estimate for the Gagliardo seminorm in the case s > 1. Consider x,
y € ®!(w) such that, without loss of generality, {(x) < C(y). As usual, using the Faa di
Bruno formula, the multilinearity of the differential and the estimates on the derivatives
of ®, we write

while

|D/ (1 o @)(x) — D/ (1 0 D)(y)|
j i (un)!
< Cs l§:1(|Duoq><x) D0 @)l

J i-1
i (un)
+ ;|D 1 0 O(x)||D'D(x) — D'D(y)| S ) (7.6)
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For the second term in (7.6), we proceed once again by splitting the integral over B}"(x)
and R™ \ B*(x) with r = C(x) to arrive at

Di®d(x) - Dt® p p
/ |D'®(x) ()] dy < Cas ()P
|x _ y|m+¢7p C(x)(t+a)p
)
C(x)<l(y)

Hence,

IDiu o d(x)|P|D!D(x) — DID(y)|P (un)i=Dr
|x —ym+op C(x)U-bp

O Hw)xd N (w)
C(x)<t(y)

ip
& dx.
C(x)U+olp
We then argue as for the integer order term. We split the integral in the right-hand side
of (7.7) over the regions w \ Q2 and Q,. Owing to the change of variable theorem, using

the first estimate on jac @ with = (j + 0)p over w \ Q2 and the second estimate on jac @
over (J,, we obtain

<Cy / D' o D)’ 7.7)
O Hw)

: 1
/ IDiu o O(x) ——— dx
O 1(w) C(x)(]"’g)p

< ng(yq)i”‘(f+”)’”/ |DulP + C29Td—(j+o)r7(m)ip—(jw)p |DiulP.
0\Q2 Q2
As for thickening, the first term in (7.6) is handled exactly as in the case 0 < s < 1,
( p
i
and then the usual averaging argument. Doing so, we deduce that the first term in (7.6)
is bounded from above by a constant multiple of

i _ D¢ p (i+o)p
fro S ety M g
o \Q) Ja\Qs (D) =z ()

i —_Dni [4 (i+o)p
+/ /|Duo<1>(x) Diu@ )™ 08
Q) Jw |D(x) — z|™*oP C(x)Utow

taking into account the presence of the factor we use the same splitting as in (7.4),

An additional use of the change of variable theorem shows that (7.8) is estimated, up to
a constant factor, by

. D! - Di p
()7 / / ID7ulx) = D)l g g,
0\Q2 Y w\Q2 |x - yl P

4 =+ () =P /

w Jw

|Diu(x) — Diu(y)|P

=g dzdx.

Gathering the estimates for both terms in (7.6), we obtain the desired conclusion,
hence finishing the proof of Proposition 7.3. m]
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Now that we have at our disposal the building blocks for the shrinking procedure,
we are ready to prove Proposition 7.1. As usual, for the convenience of the reader, we
start with an informal presentation of the construction.

We first apply shrinking around the vertices of the dual skeleton 7Y, with parameters
0 < tm-1 < Vp < Uy and %,Where pm-1 = pand u, < 2u. This shrinks a neighborhood
of size 1,,—11 of these vertices into a neighborhood of size Tun. We then apply shrinking
around the edges of 7 with parameters 0 < Uy;— < V-1 < Um-1 and ¥ where

Vm-1"

tim—o > p. This shrinks the part of a neighborhood of size ,—»1 of the edges of 7
lying at distance at most p,,,—17 of the (m —1)-faces of K™ into a neighborhood of size Tun
of those edges. But since the part of the neighborhood of size ;7 lying at distance
more than u,,_1n of the (m — 1)-faces of K™ has already been shrinked during the
previous step, we conclude that the whole neighborhood of size ;21 of T! is shrinked
into a neighborhood of size Tun. We continue this procedure by downward induction
until we reach the dimension ¢*, which produces the desired map @.

We illustrate this induction procedure in Figures 7.1, 7.2, and 7.3. Here, we take
m =2 and ¢ = 0. In Figure 7.1, which corresponds to the first step of the induction, the
values in the gray region around the center of the cube in the left part of the figure are
shrinked into the much smaller gray region on the right. During the next step, depicted
in Figure 7.2, the values in gray around the edges of the cube on the left are shrinked into
the much smaller gray region around the dual skeleton on the right. The combination
of both steps is shown in Figure 7.3. The values in the region in gray on the left are
shrinked into the small neighborhood of the dual skeleton in gray on the right.

Figure 7.1: Shrinking around vertices

Aswe will see, the induction procedure is more involved than in the case of thickening,
and relies on Proposition 7.3 applied with domains more general than rectangles.

Proof of Proposition 7.1. The map @ is constructed by downward induction. We consider
finite sequences (u;)¢<i<m and (vi)¢<i<m such that

O<p=pe<vesr <pesr < - < -1 < Vi < iy < 24.

We first define ®" = id. Then, assuming that @/ has been defined for some d €
{¢+1,...,m}, we identify any 0¥ € K with Q,‘; x {0}, and we let @4 be the map
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o B

Figure 7.2: Shrinking around edges

-1

Figure 7.3: Final shrinking at order 1

given by Proposition 7.2 applied around ¢ with parameters y = -1, g = vg, i = Ua,
and % We define W¥: R™ — R" by

Wi (x) = ®,4(x) if x € T,4(Q3) for some 0% € K*,
BRE: otherwise,

where T4 is an isometry of R” mapping Q,”]l x {0}~ to 0?. We then let ®¥~1 = W¥ o 4,
The required map is given by ® = @°.

Properties (i) to (iii) are already contained in [9, Proposition 8.1], so it only remains
to prove the Sobolev estimates. The argument is similar to the one used in the proof
of Proposition 5.1. We proceed by induction. One of the issues is how to remove
inductively neighborhoods of dual skeletons. We let Q4 = ng n X erll:l‘»il)ﬂ’ so that
Q3 C Q4 for every d € {{ +1,...,m}. First, note that invoking Proposition 7.3 with
@ =04\ Ta_dl (Tm=4-1 4 Q) ensures that

(a) if 0 < s < 1, then

d=sp
|o®@qalywsr(r s@unrm-t1+0p,) < Crlttlwer@ j@onamargy  nHC2T 7 [tlwer( 4u);
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(b) if s > 1, then for every j € {1,...,k},

j
() ID (o® o)z @i+, < Ca Y @ ID o @unnaeay, )

Hanl Z
i=1

i inpi
+Cat 7 > () ID ullrer 4000y
i=1

(c) if s > 1and o # 0, then forevery j € {1, ..., k},

() *ID7(u © @ya)lwor g\ m-i-teqr )
J
<GCs Z((#U)Z”Dlu lrer s@onem-t+y._» + W)™ 1D ulwor(r ,@onam-t+qy )))

Hd-1n
i=1

d—(j+o)p

j
+Cet 7 Z((lm)l||Dlu||LP(T[,d(Q4)>)+(Hn)”"lDlulwwnd(Qm)/'
i=1

(d) forevery 0 <s < +oo,

d
[l 0 @oallirr y@unam-a-1qz ) < Crllulle @onamargr o+ Cotllullr Q-

Indeed, we have: (i) (T,«(Qs) \ (T"~4"1 + QI )\ T,(Q2) € Tpa(Qa) \ (T~ + Q1 ),
(ii) Qg \ Tg‘d1 (Tm-4-1 4 Qi) € ®~!(w), and (iii) w satisfies the condition on the volume
of balls required to apply Proposition 7.3. Affirmation (ii) is a consequence of the fact
that @ has the specific form ®(x) = (A(x)x’, x”) with A: R™ — [1, +00). Affirmation (iii)
follows from the fact that @ \ Q is actually a rectangle to which other rectangles have
been removed. Note that, for convenience of notation, we let T~1 = @.

Using the additivity of the integral or Lemma 2.1 combined with the usual finite
number of overlaps argument, we deduce that

(@) if 0 <s <1, then

(k)| © W s gom(re + g, N\ (T7=0-1+Q )

an

< C9((H’2)s|u|ws/v(Kmm(Tf*+Q';;“])\(Tm—d+%_ln)) + ||M||LP(Kmm(Tf*+Qg;n)\(Tm—d+de_l,,)))

{+1-sp

+ Crot 7 ((W])S|M|ws,p(1<rnn(Tf*+Qg;m)) + ||M||Lp(1<mm(T‘-’*+ng)));
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(b) if s > 1, then for every j € {1,...,k},

d'l

(un) 1DV (u 0 W) L (KmO(TE + QY N(T014QI,)

j
<Cn Z(.UT])Z||D1M||Lp(Kmn(Té’*+Qg;m)\(TM+Q"l )

Hd—11
i=1

+1-sp

¢ 4 ini
+ CipT 7 Z(!ﬂ]) D u||LP(I<mn(T”+Q§’L,I))"
i=1

(c) if s > 1and o # 0, then forevery j € {1, ..., k},

(un)**|D/ (u o "I]d)|WUfP(K'"m(T‘”+Q£’LU)\(T'"‘d—1+Q;7dn))

]
<Cis Z ((‘un)l ”Dlu ||LP(K'”ﬁ(T‘]*+Q,ZT;411)\(T'"_'1+QZ1¢1—1’I))
i=1

+ (Hn)l+(7 |Dlu|Wa,p(KmQ(Té*+Qg;ln)\(Tm—d+Qﬁl‘i_l17)))

l+1-s ] ; / ‘ '
N C14T - Z(([.177)1||Dlu||LP(K"10(T[*+QZ”])) + ([,ln)l+(f|Dl1,[|WU,P(KHIQ(T[*+QZILW)));
i=1
(d) forevery 0 <s < +oo,
d
||[u oW ||Lp(Kmm(T‘-’*+Q’2’L,])\(T”1_d_1+Qﬁzzn))
+1-sp
< Cosllwllrenncre vog, wamregp, )+ CleT 7 Il gonnae gy, )

In particular, since T < 1, another application of Proposition 7.3 yields the following
simpler estimates:

(a) if 0 < s <1, then

(um)°lu o g lws.r (s N(TC+Q3,)

< C17((/“”7)S|M|W5/P(KWH(T’*+Q£’L1])) + ||”||LP(1<mm(Tf*+Qgim)));

(b) if s > 1, then for every j € {1,...,k},

J
o . . ‘
(unY |/ (u o W )||Lp(1<mn(Tl’*+Q;"W)) < Cis Zl(‘un)l”Dlu||LP(I<"10(T‘-’*+Q’£W))/
1=



(c) if s > 1and o # 0, then forevery j € {1, ..., k},

(un)*°|D/(u o Wd)|wv/P(Kmn(Tf*+Qﬂ,]))

< Cy

N

((‘Uﬂ)i ID"u ”LP(K'”D(T‘”+Q£’LU)) + (WT)HU ID'u |WJ/P(Kmm(T5*+Q£’L”)));
i=1

(d) forevery 0 <s < +oo,
d
-0 W p kmevre s ) < Coolltllrwnnre oy, )-
Combining both these sets of estimates through a downward induction procedure on

d, we arrive at the following estimates:

(@) if 0 <s <1, then
(un)lu o q)|wsfr’(1<mm(Té’*+Q£'Ln))

<Cxn ((lv”?)s [l on e oy e+ + 111 ”LI’(K’“ﬁ(T"*+Q’21Lq)\(T‘5*+QI’I’,I)))

{+1-sp

+Cot 7 ((#77)5|M|WS'P(K'"n<T”+Q£’Ln>)+””||LP<K"lm(Tf*+QZ,n)>);

(b) if s > 1, then for every j € {1,...,k},

j
(Y ID7 (w0 D)llpp ke sy y) < C23 Z;(WI)IHDIMH L (KT Qg T +Ql)
i=

{+1-sp

j
+Cut 7 Z(/‘”T)l”Dl”||L”(K"10(T"*+Q§71,]));
i=1

(c) ifs > 1and o # 0, then forevery j € {1, ..., k},

(pny*?IDI(u o ‘D)|W<T'P(Kmn(Té’*+Q'z” )

H
<Cxs ), ((#n)’ D" sl e +ge, e+ ()™ 1D u |W"'P(K'"m(Tf*+QZj,n)\(T‘”+QE,)))
i=1
{+1-s U ; ; i+ i
+CoeT 7 Z((IJTI) ID i emncre vy + ()™ D u|WU/P(Kmm(T‘*+Q§'Ln)))}

i=1
(d) forevery 0 <s < +oo,

lluo ®||LP(1<mm(Tf*+Qg:m))
{+1-sp

< C27”u||LV(K’"ﬂ(T‘”+Qg;m)\(T”+QZZ,)) + CosT 7 ”u”LP(K’"ﬂ(TW+QZLn))'
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Conclusion follows from the fact that u = v outside of T + Qi by noting that

actually Supp® c T + Qy,.n, and using once again the additivity of the integral or
Lemma 2.1. m|

8 Density of smooth maps

In view of Theorem 1.2, in order to prove Theorem 1.1, it suffices to show that maps of
the class R may be approximated by smooth maps with values into N. As we already
announced, the basic idea to do so is to remove the singularities of maps in the class R
by filling them with a smooth map. The key tool in this direction is the following lemma,
which relies on the fact that K¢ is a homotopy retract of the complement K™ \ T* of
the dual skeleton T*". The statement we present is from [9, Proposition 7.1], but similar
ideas were already used, e.g., in [34, Section 1], [21, Section 2], or [22, Section 6].

Lemma 8.1. Let K™ be a cubication in R™ of radiusn > 0, £ € {0,...,m =1}, T the dual
skeleton of K¢, and u € C*(K™ \ T¥; N). If there exists f € CO(K"™; N) such that fixe = ke,
then for every 0 < u < 1, there exists v € C*(K™; N) such that v = u on K™ \ (T" + Q).

In order to apply Lemma 8.1, it is useful to know when a continuous map from K to
N may be extended to a continuous map from K™ to N. Following Hang and Lin [22],
we introduce the notion of extension property.

Let K™ be a cubicationinR™ and ¢ € {0, ..., m—1}. Wesay that K™ has the {-extension
property with respect to N whenever, for every continuous map f: K1 — N, fixt has
an extension ¢ € C%(K™; N). The identification of the key role played by the extension
property in the strong density problem was one of the major contributions of [22]. In
this respect, we start with the following proposition, which provides an approximation
results for maps in the class R as the ones used in the proof of Theorem 1.2. All the other
results in this section, starting with Theorem 1.1, will be deduced from this proposition.

Proposition 8.2. Let K™ be a cubication in R™. Let £ € {0,...,m — 1} be such that { = [sp],
and T the dual skeleton of K. If g(N) = {0} and if K™ has the {-extension property with
respect to N, then C®(K™; N) is dense in C*(K™ \ T*; N) nW**(K™; N) with respect to the
W5P distance.

Proof. Letu € C®(K™\T"; N)NW*P(K™; N). We denote by 1) the radius of the cubication
K™. Using the assumption 11,(N) = {0}, we may extend ug: to a continuous map from
K1 to N. The {-extension property of K™ with respect to N then ensures that Ukt
extends to a continuous map from K™ to N. Therefore, Lemma 8.1 implies that, for every
0 < p <1, there exists a map u7* € C*(K™; N) such that u* = u on K™ \ (T + Qiin)-
We now apply shrinking to this map u;*. More precisely, we assume that y < 1, we

take 0 < 7 < 1 and we define uﬂ‘y =ugo CD?,‘H, where @i{‘y is provided by Proposition 7.1.

By Proposition 7.1 and the remark below, choosing 7 = 7, sufficiently small, we deduce
that



(@) if 0 < s <1, then

() s = sy < Cl((xun)s|“|WW(K"10(T”+QZW)) + ||M||Lp(1<mm(Tl’*+QgLn)));
(b) if s > 1, then for every j € {1,...,k},
. . . j . .
(Y 1D s, = Dl u| ooy < Co Z(Hﬂ)l||D'u||Lp(1<mn(Tf*+Qg;w))?
i=1

(c) if s > 1and o # 0, then forevery j € {1, ..., k},

(un)**[DIush , = Dufyor(gon)
j
<Cs le ((#77)Z ID"u leremacre vy ) + (un)*°|D'u |W0f!’([<mm(Tf*+QZm)))i
i=

(d) forevery 0 <s < +oo,

h
”uiwﬂ - M”LP(Km) < C4”u”L”(K'”H(WWQZL,]))'

Using the compactness of N and the fact that u € W*7(K™), we deduce from the
Gagliardo-Nirenberg inequality that Diy e LT (K™). Therefore, by Holder’s inequality,

1Dl e sy, < K™ 0 (T + Q2 ) 1D

i
uj| sp .
2m I L (Kmn(TE+Qp )

Similarly, using Lemma 6.1, for every i € {1, ...,k — 1}, we find that

|Dlu|W0’P(K’"O(T"*+sz))
" s—i—a . _ 1
< CslK" N (@ + Q) IDul'yy DMy,
LT (K"(T* +Qg,) LT (K" n(T? +Q)

(Strictly speaking, Lemma 6.1 requires the domain to be convex. However, we already
saw that this assumption is an artifact, which may easily be bypassed. Here, this can
be done, for instance, relying on the existence of a continuous extension operator from
WeP(K™;R") to WSP(R™;R").) Moreover, using the fact that u € L*(K™) since N is
compact, we have

- 1
||u||LV(Kmm(Tf*+Qg,])) < CelK™ N (T + Q)17

On the other hand, we observe that |[K"™ N (TY + Q’Z”H n)l < Cy(un)**1. Therefore,

(@) if0 <s <1, then

{+1-sp
h 7 .
|u§wl - M|Ws,p(1<m) < C8|u|Ws,p(anm(Te*+QZln)) + Cg(yT]) L
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(b) if s > 1, then for every j € {1,...,k},

j .
T~ Dlullpqeny < Cro Y () F D) /
||D uTH/H D u”LP(K ) — ClO ' 1(#77) ||D u”LTp(Kmm(TW_'_QzW;”’))/
1=

(c) if s >1and o # 0, then forevery j € {1, ..., k},

j .
T Dl < RS Dy
|D Ugyu D/ulw rkmy < Cnn ;(IJU) ! ID u”LTp(Kmm(T‘”+Q£';m))
k-1 o
+Ci2 Z(Mﬂ)l_]+

i=1

DDy ID™*ull” .,

P
L7 (Km0(TE+Q3,) LTI (Kmn(T"+Q3 )

+ C13|D]1/l|Wu,p(Kmﬂ(T(*+Q’2y;”]));
(d) forevery 0 <s < +oo,
sh 1
2}y = ullepgmy < Cralum) 7.

Since sp < ¢ + 1, we observe that all the powers on un above are positive. Moreover,
since |[K™ N (TY + Q;’L ,])| — 0 as uy — 0, we deduce from Lebesgue’s lemma that all
Lebesgue norms and Gagliardo seminorms above tend to 0 when u — 0.

This shows that u%‘,# — u in W*P(K™), and since uii‘,# € C®(K™; N), the proof is
complete. O

Theorem 1.1 follows from Proposition 8.2 by using the fact that a cube has the ex-
tension property with respect to any manifold. This was already present in [22]. For a
proof, the reader may also consult [9, Proposition 7.3].

Proof of Theorem 1.1. From the proof of Theorem 1.2, for every map u € W*?(Q™; N)
and every number ¢ > 0 there exists v € C®(K™ \ T¥; N) n W?(K™; N) such that
lu — vllwsr@m)y < €, where £ = [sp] and K™ is a cubication (depending on v) in R™
slightly larger than Q™. Removing cubes that do not intersect Q™ if necessary, we may
assume that K™ is also a cube. Doing so, K™ has the {-extension property with respect
to N. Hence, C®(K™; N) is dense in C®(K™ \ T*; N) N WP (K™; N') with respect to the
WP distance. This implies that C “(ém ; N) is dense in WS7(Q™; N), and finishes the
proof of Theorem 1.1. O

We now turn to the case of more general domains. Replacing Theorem 1.2 by Theo-
rem 6.3 in the above proof, we obtain the following counterpart of Theorem 1.1: If Q
satisfies the segment condition, if 7[5 (N) = {0}, and if we may find a sequence (1,,)neN
of positive real numbers such that 1, — 0 and such that for every n € N, the cubication
Ki» used in the proof of Theorem 6.3 satisfies the [sp]-extension property with respect

to N, then C®(Q; N) is dense in W5 (Q; N).
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Under an assumption as weak as the segment condition, it is not clear how to link the
topology of the cubications K,’ﬁ containing (2 to the topology of Q itself. However, in
the case where (2 is a smooth domain, the topological assumption above can be clarified.
Indeed, in this case, using a retraction along the normal vector to J(2, one may show
that, if K" is a cubication of radius 7 > 0 in R™ for 1 > 0 sufficiently small such that

K" is made only of cubes that intersect Q, then K} is homotopic to Q. This implies
that, if we endow () with a structure of CW-complex, then the {-extension property of
K," is equivalent to the {-extension property of (2, and this does not depends on the
choice of CW-complex structure on Q; see e.g. [22, Section 2]. Here, analogously to the
definition on a cubication, we say that (2 has the {-extension property with respect to
N whenever for any map f € C%(Q"*!; N), fiqr has an extension f € C(Q2; N), where
Q! denotes the ¢-skeleton of the CW-complex structure on Q.
This leads to the following theorem.

Theorem 8.3. Let (2 C R™ be a smooth bounded open domain. If sp < m, if m[s,)(N) =

{0}, and if Q has the [sp-extension property with respect to N, then C*(Q; N) is dense in
WsP(Q; N).

As for Theorem 1.2, a last perspective of generalisation for Theorem 1.1 consists in
allowing the domain to be a smooth compact, connected Riemannian manifold M of
dimension m, and isometrically embedded in R”. As we did for Theorem 6.4, we may
restrict to the case where M has empty boundary, since the general case reduces to this
special case by embedding into a larger manifold without boundary.

In this setting, a tubular neighborhood of M is homotopic to M through the nearest
point projection, and therefore has the ¢-extension property if and only if M has the
{-extension property. We may thus proceed as for Theorem 6.4 to deduce the following
result.

Theorem 8.4. If sp < m, if 7[s,)(N) = {0}, and if M has the [spl-extension property with
respect to N, then C®°(M; N) is dense in WP (M; N).

Proof. First assume that M has empty boundary. Let ¢ > 0 be the radius of a tubular
neighborhood of M, let IT denote the nearest point projection onto M, and let Q =
M+ B‘f 1 Givenu € W*P(M; N), as explained before the proof of Theorem 6.4, the map
v = u o I1 belongs to W*?(Q; N). By the observation above, (2 has the [sp]-extension
property. Therefore, by Theorem 8.3, there exists a sequence (v, ),en in C *(0Q; N)which
converges to v in W*?(Q). We conclude as in the proof of Theorem 6.4, using a slicing
argument to find a sequence (a,),eN in B?/z such that 4, — 0 as n — +co satisfying
Uy = Ta, (V)M — u in WP (M).

The case where M is allowed to have non-empty boundary is deduced from the
empty boundary case exactly as for the proof of Theorem 6.4, and we therefore omit the
proof. m]
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