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Abstract: We study the properties of Sobolev functions and mappings, espe-
cially we study the violation of some properties. In the first part we study the
Sobolev Embedding Theorem that guarantees WP (Q2) C LP"(Q) for some param-
eter p*(p, n, 2). We show that for a general domain this relation does not have to
be smooth as a function of p and not even continuous and we give the example of
the domain in question. In the second part we study the Cesari’s counterexample
of the continuous mapping in W' ([—1,1]", R") violating Lusin (N) condition.
We show that this example can be constructed as a gradient mapping. In the
third part we generalize the Cesari’s counterexample and Ponomarev’s counterex-
ample for the higher derivative Sobolev spaces W*P(Q2, R") and characterize the
validity of the Lusin (V) condition in dependence on the parameters k and p and
dimension.

Keywords: Sobolev space, Sobolev embedding, Lusin (V) condition, Irregular
domain.

i



I wish to thank my supervisor, Stanislav Hencl, for his support. I specially
thank him for huge amount of time and energy he spend helping all his students
including me. I also wish to thank Jan Maly for many lessons and many good
advises he gave me during my research.

I wish to thank my family for their support, specially my parents Bedrich and
Blazena, who sacrificed a lot for me and my siblings, and my beloved wife Zuzana
for creating my home. And I thank God for his blessing of my life and my work.

1ii



Contents

(Introductionl 2

[Bibliography| 5

(1 Sobolev embedding theorem for irregular domains and disconti- |
[ nuity of p — p*(p,n)| 6

2 Construction of W="(Q)) function with gradient violating Lusin |
(N) condition| 22

13 Sobolev homeomorphism in W"? and the Lusin (N) condition| 35




Introduction

e Roskovec, T.: Sobolev embedding theorem for irreqular domains and dis-
continuity of p — p*(p,n). Z. Anal. Anwendungen 35 no. 2., 139-152
(2016).

e Roskovec, T.: Construction of W>™(Q) function with gradient violating
Lusin (N) condition. Math. Nachr. 289, No. 8-9, 1100-1111 (2016).

e Roskovec, T.: Sobolev homeomorphism in W*? and the Lusin (N) condi-
tion. Submitted. (2017).

The mathematical analysis was created as the tool to describe and study the
phenomena in nature. Therefore mathematical definitions tries to describe the
objects with as nice and as intuitive properties as possible. But since even in the
nature our intuition often fails us, some objects are not as fine as we expected.
We study the properties of the Sobolev spaces, which are the fundamental tool
for solving PDEs in the weak sense. In this thesis, we focus on the failure of some
properties and the highly unintuitive behaviour in some cases. So even though the
Sobolev spaces are helping our understanding and modelling of natural processes,
we often have to restrict them in order to guarantee the properties we expect and
demand.

The Sobolev spaces itself are defined as the set of all the functions or mappings
f Q2 — R" with all its weak derivatives up to order k belonging to the Lebesgue
spaces LP(2). In the classical case, we are interested in the functions defined on
some nice domain (2, for example with a Lipschitz boundary. Then by the Sobolev
Embedding Theorem, the most important derivatives would be the derivatives of
the highest order. The property |D*~1f| € LP(Q) is the corollary of |[D*f| €
LP(Q), since

1P for p € [1,n),

WP (Q) c LP (Q) for p* = {"‘p (1)

00 for p > n.

This classical result is widely studied, see [I] or many others. From the physical
point of view, the highest derivative may represent some kind of energy and its
key role is obvious.

In the first paper [7], we focus on the relation between p and p*(p,n, ). It
is not hard to show, that the introduced relation does not hold for general
set 2. We can consider the sub-graph of 2 for o > 1 as the counterexample,
the Sobolev-type embedding characterization for this set can be found in [I0].
We show that we can construct a domain €2 such that p*(p,n,2) would not be
continuous as a function of p. More precisely we can get a leap of any size in the
graph of p* in any single point inside p € (1,00). This is surprising, since any
other discontinuity of p* is not known and just the non-smoothness was presented
by Gol’dshtein and Gurov [3]. On the other hand, the proof is based on the failure
of highest derivative being the greatest contribution to the norm. Therefore we
can not interpret this interesting case as the physical phenomena.

We sketch such a domain €, in Figure [l The result is summarized as
following, note that the function gq, ,(p) is discontinuous at a + 1.
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Figure 1: Domain €, g

Theorem 1 (Sobolev Embedding Theorem for an irregular domain). Let o > 1,
B> a, let qo, ,(p) : [1,8+1) — [1,00) be defined as

(p) =37 forl<p<atl,
9905 \P) = G fora+1<p<p+1.

Then for p such that 1 <p <143, p# a+ 1 we have
Wl,p(Qaﬂ) C ana,ﬂ(p)(Qaﬁ)_
Moreover, for every q(p) > qq, ,(p) there exists a function g : Q4 — R satisfying
g €W (Qup) and g ¢ LIP(Qyp).

We study the Lusin (N) condition in the second and the third part of thesis.
We say that the mapping f : Q@ — R” satisfies Lusin (N) condition, if for any
measurable set A C €2 we have

Al = 0= [f(A)] =0. (2)

The physical meaning of this property is that f does not create any new matter.
This property also guarantees the validity of the area formula (or change of vari-
ables formula) for Sobolev mapping. Obviously we wish not to fail this condition
in modelling of the deformation of solid body.

Although the positive results are more important for applications, we focus
on the counterexamples to complete the characterization. The classical results
by Cesari [2] and Maly, Martio [4] show that despite the Lusin (/V) condition is
valid for any mappings in WhP(Q, R™) for p > n, it may fail in W1 (Q, R™). If
we consider Sobolev homeomorphisms instead of mappings, the counterexample
by Ponomarev [6] shows that the condition is valid for any homeomorphism in
Whn(Q, R"), but may fail in W?(Q,R") for 1 < p < n. There are many works
about the validity of the condition in the spaces near the limiting case W™,

The second paper [§] is motivated by the works of Ulrich Menne [5]. In order to
specify the optimal assumptions for his theory, the following question was asked:
Is it possible to construct such a function, that its gradient would lie in W' (Q)
and will fail the Lusin (N) condition? We construct this gradient mapping as the
improvement of the Cesari’s mapping, the proven theorem is following:
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Theorem 2 (Cesari-type gradient mapping). There exists f € C*([—1,1]"), such
that Df € Whn((—=1,1)",R") and Df([—1,1] x {0}*~') D [-1,1]".

The third paper [9] is dedicated to refinement of classical the Cesari’s and
Ponomarev’s counterexamples and the validity of Lusin (/V) condition in the
higher order Sobolev spaces. By the Sobolev Embedding Theorem we expected,
that the limiting case for higher order Sobolev spaces is W#%. This result is
expected but not trivial, since both classical counterexamples are not smooth
and lack even the second weak derivative. We prepare smoothing tools in order
not to blow up the norms of the smoothed mapping and not to fail the one-to-one
property in case of smoothed Ponomarev’s construction. We manage to construct
the examples of the possible failure of the condition in spaces W*?(Q, R") for
1 < p < %. Sothe result is the guaranteed validity of the condition only in spaces
Wkp(Q,R") for p > 7. If we consider a Sobolev homeomorphism, we get the
validity even in case Wk%(Q, R™). If we consider a general Sobolev mapping,
the Lusin (N) condition may fail in this space. The summarizing theorems are
following;:

Theorem 3 (Lusin (V) condition for Sobolev homeomorphisms). Let k,n € N,
n > kletp > 7 and let Q@ C R" be a domain. Then a homeomorphism [ €
WHkP(Q,R™) satisfies Lusin (N) condition.

On the other hand for every k,n € N, n > k and p € [1,3) there is a
homeomorphism f € W*P((—=1,1)", R") which fails Lusin (N) condition.

Theorem 4 (Lusin (V) condition for Sobolev mappings). Let k,m,n € N, n > k,
letp > 7 and let 2 C R™ be a domain. Then a mapping f € WHkP(Q,R™) satisfies
Lusin (N) condition.

Moreover, let m,n € N and let & C R"™ be a domain. Then a mapping
f e WnHQ,R™) satisfies Lusin (N) condition.

On the other hand for every k,m,n € N, n > k and p € [1,}] there is a
mapping f € WrP((=1,1)", R™) which fails Lusin (N) condition.
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Sobolev embedding theorem
for irregular domains
and discontinuity of p — p*(p,n)

Tomas Roskovec

Abstract. For a domain 2 C R™ we denote
go(p) :==sup {r € [L,00]; forall f: Q= R: (f € W'P(Q)= feL'(Q)}.

Let pg € [2,00). We construct a domain 2 C R? such that gqo(p) is discontinuous at
Do.
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1. Introduction

We study the Sobolev embedding theorem on irregular domains with non-
Lipschitz boundary. The Sobolev embedding theorem on a domain 2 C R”
with Lipschitz boundary claims

feWrr(Q), p#n= fe LFP(Q), where

* e for1<p<n,
p(p)—{ np (1)
00, for n < p < oo.

Inspired by this theorem, we can define the optimal embedding exponent
for a domain 2 C R" as

go(p) :=sup {r € [L,00; forall f: Q—=R:(fe W"(Q)= fe LT(Q))}( |
2
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There are a lot of results in the field of characterization of gq(p) for various
classes of domains. For a Lipschitz domain € the function p*(p) = qa(p) is
continuous and even smooth, (see (1)), this was proven by Sobolev in 1938 [12].
Later, embeddings ware examined on some more problematic classes of domains
by V. G. Maz’ya [9,10], O. V. Besov and V. P. I'in [3], T. Kilpeldinen and J.
Maly [5], D. A. Labutin [6,7], B. V. Trushin [13, 14] and others. For further
results and motivation we recommend the introduction by O. V. Besov [2].

For any domain €, it holds that p < gao(p) < p*(p). The "nicer” the
domain  is, the greater the function gq(p) is. The greatest possible values of
the embedding exponent are go(p) = p*(p). Even considering domains, which
are irregular in some sense, the exponent ¢qo(p) has always been continuous and
in most cases even smooth. We construct a domain {2 such that the function
of the optimal embedding ¢qo(p) is continuous up to some point, jumps at this
point and then it is continuous again. The point of discontinuity py € [n, c0)
and the size of the jump can be chosen as desired.

Our work is inspired by the construction of a domain in [4], but our proof
is completely different. The original article shows the construction of such a
domain only in case py = n = 2 and the proof is based on change of variables.
We prove the same result by chaining Poincaré inequalities and we generalize the
construction for the point of discontinuity anywhere in [n, 00). This result can
be generalized to any dimension too, but for simplicity we show the calculations
only in case n = 2.

An explicit example of a domain with the point of discontinuity under the
point of dimension, i.e. py € (1,n) would be of interest.

Our proof will be as follows. We choose a domain ) and verify a given
embedding. Then we continue the proof that the embedding is optimal by
counterexamples.

1.1. Construction of (1, 3 and the embedding. Firstly, we construct a
domain Q,s5 C R? for parameters @ > 1, > «. The point of discontinu-
ity of qq, ,(p) is po = a + 1, parameter 3 determinates the size of the jump
liIn’i%;ﬂoJr 49, (t) - hmtﬁ‘m* 40, g (t>

Let us denote by T the family of domains in R?

T; = {[z1,22] € R*: 21 € (— 277 (=27 + 2797,

To c (2—i+1’2—i+1 + (1‘1 4 2_i2i_1)a2_i(ﬁ_a)i_1+a)}.

(3)
The shape of T; is the sub-graph of y(x) = z* function on some right
neighbourhood of 0. By S we denote S := (—4,0) x (—2,2). Now we define

Qop:=|JTUS

1€EN
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T, 91

27 (271 —277)i !

Figure 1: The domain T;

4 T

1 T2
T 13

Figure 2: The domain €, 3

We define qgaﬁ(p) (L, B+ 1) = [1,00) by

‘o (p)—{l() | forl<p<a+1l,
a,B T B+1
B+175 fora+1<p<p+1.

The function qq, ,(p) has a jump at py = a + 1 of size

(a+1)2

B—a
Theorem 1.1 (Optimal Sobolev embedding Theorem for €, ). Let o > 1,
B>aand 1 <p<l1l+p8,p#a+1. Then

hmt%p(ﬂr 49,4 (t> - hmt%pO* 40, s (t) =

Wl,p(QQﬁ) C LqQa,ﬁ(p)<Qaﬂ)'
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Moreover, for every q(p) > qa, ,(p) there exists a function g : Qa3 — R satis-

fying
g € WY(Qu5) and g ¢ LIP)(Qq 5).

We prove the first part of Theorem 1.1 in Section 3. The optimality part
of Theorem 1.1 is proven in Section 4.

Remark 1.2 (Embedding for p = oo+ 1). We do not formulate previous The-
orem for case p = o+ 1. However, if we use supremum definition (2) instead
of q(p) = max{r: r > 1,W'? C L"}, then the Theorem would be valid even in
case p = a+ 1 and it can be proven by the same means described in Section 3.

We decided to exclude the case p = a + 1, so we show that the maximum
and the supremum definition of ¢(p) are equivalent for all cases p # o+ 1. The
discontinuity of ¢(p) is clear irrespective of precise value at this point and of
the choice of the maximum or the supremum. We do not answer the question
if L9501  pletl polds, we suppose that the answer is no.

2. Preliminaries

For simplicity we use the notation Q2 = Q.3 and q(p) = qa, ,(p). By C we
denote a generic positive constant whose exact value may change at each oc-
currence. We write for example C(a, b, ¢) if C' may depend on parameters a, b
and c.

We use standard notation for weak derivatives and Lebesgue and Sobolev
spaces. We denote the Sobolev norm || f||w1»(q) for the function f: Q C R* —
R,p € [1,00] as

_ (HfHI[),P(Q) + 2 “Dilezp(Q)); for p € [1, 00) 4
[fllwre@) = (4)
max{|[| fllze@); [ D1f e, - - 1DufllLo(} for p = oo.

We denote the Sobolev space W?(Q) as the set of all functions with finite norm

[ fllwee)-
We use the notation a; ~ b;, if there exists a constant K > 0 such that

1 a;

K< b, < K for every 7 € N.

We denote the integral average by
famfi=op [ f
A = = — .
A Al Ja

The following Poincaré-type inequality will be essential.
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Lemma 2.1. Let b : B(0,r) C R" — R" be a bi-Lipschitz mapping with a
bi-Lipschitz constant L > 0, and A = b(B(0,7)). Let 1 < p < o0, p # n
and 1 < m < p*(p). Then there exists a constant C(n,p,m, L) such that for
f e WhP(A) we have

1 _1
[A[7w || f = fallzmay < C(nyp,m, L)r|A[7# | Df | 1o a).-

We use the convention |A|_é = 1.
Let p=n and 1 < m < co. Then there exists a constant C(n,m, L), such
that for f € WYP(A) it holds

A7 (1f = fallmeay < Clnym, Lyr| A= | DS [[inay.

Proof. In case b is the identity mapping and p = ¢ we get the classical result.
The more difficult case 1 < ¢ < p*(p) follows from [8] as Theorem 12.23 and
Exercise 12.24 and by applying Holder’s inequality. The general case where b
is not the identity follows from a simple change of variables.

3. The proof of Sobolev embedding Theorem for (2, 3

In this section we prove the embedding part of Theorem 1.1 for the case av > 1.
We give the details for a > 1 and the case o = 1 is only sketched.

Let us suppose that o > 1. Then for every ¢ € N we define the covering
of T; \ S by domains, which are bi-Lipschitz equivalent to balls. The proof of
WP c LiP) for p < a+1 is elementary and follows from (4), as every function
in WP belongs to LP. Further we suppose that S+ 1>p > a + 1.

3.1. Covering of T;. We define k, = %(L)ﬁ>

a—1
B S A
1 e a
i ==k®2Mam1i iAo
5J 2 (e j
For fixed 7 € N we define the sequence of domains @); ;, 7 € N
Qij ZZ{[951>$2] S

o+ 270 € (s — iy sig +rag) 0 (=270 (=277 427 )

(6)

Lemma 3.1 (Covering lemma). Let i € N, T; be given by (3) and the sequence
of domains Q;; by (6). Then
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Qiji oo

Figure 3: The covering of T;

(1) Qi; are bi-Lipschitz equivalent to balls with radius r;; with the same bi-
Lipschitz constant L independent of i and j.

(ii) For fized jo there exists only a finite number of domains Q;; with non-
empty intersection with Q; j,. This number is bounded by some constant
Cla, B).

11) For fized jo let A; i, = Qi N Qi jor1- There exists some positive constan

jii) F djo let Ay = Qi jo N Qios1. Th st it tant

|Ai,j0| |Ai:j0|
C(a, B) such that C(a, ) < Giool < @0l

(iv) There exists a smallest index j; o satisfying Qs .. C S, and there ex-
ists a biggest index jio satisfying Sij,, + Tiji, > (=277 4+ 271)71 =
“height of T;”. Estimated values are

i 9i(B—a)+i*(a—1)

Y

(7)

Jio =2 27070,

The proof is rather technical but straightforward and can be done by basic
calculus, therefore we only outline it.

Sketch of the proof of Lemma 3.1. We define two bi-Lipschitz mappings:
biij B0, i) = (=rij,riz) x (0,75),
boij (=g, Tij) X (0,735) — Qij,

bgyi,j(l'l, 1'2) = (56'1 + 5i,j7 27i+1 -+ ﬂ(:vl + Si’j + 271'2171)04271'(,870()2'71+a)'
i,J
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The mapping b, ; ; maps a ball to half a square and has bi-Lipschitz constant L;
independent of ¢ and j, its exact formula can be found easily. Let us consider

Jacobi matrices of both by ; ; and b2 i

1 (x1+31]+2 71)0( 12 i(B— )7:*14’01
0 (x1_+_82]+2 2 71)a2 i(B— )iflJra

Dbgﬂ,j (9617 372) = (

1 —zou(zy + 855+ 277071 7!
Dyt (bay (w1, 20)) = i ‘
b27}’j( 2, J(ZE1 1’2)) ( 0 Ti,](xl + 5; +2—z —1) agi(f—a);1-a

By a direct computation it is not difficult to check that all partial derivatives are
bounded by a constant, i.e. the second mapping b, ; ; has bi-Lipschitz constant
L, ; ; dependent on 7 and j, and it can be estimated by an same L, common for
all 7 and j. The key observation is, that Ly, ; is a monotone sequence in both
i and j. We have found a bi-Lipschitz mappings by, j 0 by, @ B(0,7;;) — Qi
with constant L = L; L, and the first part is proven.

The second part can be proven by verifying the statement lim; . s;; —
Sij41 — 15 = 0 for every ¢ € N.

To prove the third part we define P;; C A, ;,

Py = (Sijs1,8i5) X (27727 o).

We estimate ||Q 2l and we easily find C(a, 8) such that C(a, 8) < \lgv’ﬂl'

The fourth part is important for further calculations. We estimate the
indices j;0 and j; o by the definition of r;; (5). We observe that diam(Q;;, ) ~
"height of 7; \ S on the left edge” and diam(Q;j, ) =~ 7ij, . for ji~ and that
diam(Q; j,,) =~ "height of T;\ S on the right edge” and diam(Q;j,,) ~ i, , for
Jio- By this observation we have

o

91 T —kO“QZa T 1];07,
e (8)

aqil=2 .1 . —1
_k2a17/ j’LOO

(2*1'22.71)04271'(5704)7;714*(1 ~r;

Ji,o0
which implies (7).

3.2. Proof of Theorem 1.1 for f+1>p>a+1, a > 1.

Proof. We denote ¢ = q(p) = qq, ,(p). We estimate the power of the norm
ji00

11y < Mgy + D1 sy < 1% + D0 D 1F %

1€EN €N j=ji0
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The part ||f||Lq(S is bounded for any ¢ € [1,00) thanks to Sobolev embedding

theorem for Llpschltz domains W'?(S) C L*(S),p > n = 2. Therefore we
have || f||9, y < Candalso |fg,, | <C. We estimate

1A o) <IN Zacs)

00 Ji,o0 Ji,oo

+ZZ/ (17@) = fau, |+ Y- Vfou = fau | +C) de

i=1 j=ji 07 Qi k=j+1

oo ]7, ]z oo

<O+OZZ/ > (1faw — faul) ds

=1 j=jio0 Qi o= =j+1
q
)dx

By (3), Lemma 2.1 for m = oo, Lemma 3.1 (i7) and r; ; < 1 we have

00 Ji,00

2033 [ (10~ s

=1 j=jio

(9)

o0 ]7, oo .]z

Z Z / |f(z) = fo., ) dr < Z Z / 1f(z) = fa., \Loo(Qi,j)>q
=1 j=ji0 i=1 j=ji0
< Z/ (cri IDFIwisia,)'
i= 19 —jio Y Qi
< CZ I THID f 5100y < €
(10)

By Lemma 2.1 and Lemma 3.1 (¢ii) we have the following estimate

fau, = Faual < ( F o = 1@)ldy+ f [fo,, — F()ldy)

Azjl 7,]7

< O( f Vau = S0y + § fo, .~ F)ldy)
(

Q/-\

7,]1

C rz,;(/Qi’j IDf(y )\pdy)p H”i(/cgi,j_l !Df(yﬂpdy)’l’)-

(11)

IN
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By this estimate and the Holder inequality for sums and Lemma 3.1 (ii) we get

]100 1

j’i,OO ]L,oo
q
Z / ( Z ’szk - fQi,k—l’)
j=jio Y @i k=j+1
]1 oo /
J=Ji,0 i’v

Ji,oo

<cml( > ni

(rf ([, 1prora))'e

p—2

([ 1psray)’ ) do

ik
k=ji,0
ji,oo (p—2)p q(p—1) ji,oo pl q
— P P p
<azi(Y ) T (X (] iprwra)”) a
k=ji,0 k=jio Y Qik
ji,oo p—2 q(p—1)
P
<ami( Y )
k:jz,()
(12)
From (5), (9), (10), (12) and (3) we have
o0 ji,oo p—2 q(p—1)
—20—i(f+1 pm1) P
[y < C+C D220 (37 )
i=1 J=Ji,0
00 Ji o0 a(p—1)
X eR el D e G ( > o)
=1 _.710
We estimate the sum over j and by p > a + 1 and (7) we get
JZOO
Z j e s 1Ty <02 e (13)

J=Ji,0

Finally we put the estimates together and we get

1/

2g+2 (B=—a)a(p—2)
<C+Cz _ap— q p21( ool

a(p—1)
~(6+1) (2 <5(a1>1<)(;11)p>> ’
<c+icC Z i~ i (e i)
(B+L)p
B+1-p’

The proof is complete, because the sum is finite if ¢ <

Let us consider the case o = 1. We have to change the definition (5) of s, ;
and r; ; and the definition (6) of @;; as follows,

Tij = TzO(]- +2—Z(ﬁ 1)— 1) for Tig = 9—i 2—i(B— 1)_1i_1

(14)
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We define @);; as trapezoids which have the average of basis equal to their
width. We denote half of its width by r; ;, that is

Qi,j = E N {I’ € ]RQ Xy € (SiJ’ — T, 5,5 + ri,j)}-

Let us denote, that the sequences r;; and s;; are strictly decreasing with

i1 i1 i
30 Tik — Tij 10 ik Do Tirk

Figure 4: The domain Q); ;

respect to index j in case a > 1, but these sequences are strictly increasing in
case a = 1.

The Lemma 3.1 holds and is proven in the same way as for a > 1, only the
indices of border @); ; are

ji,oo =—1

and analogously to (8)

27 ~ Tijio = (14 Q_i(ﬂ—l)—l)ji,oz—iQ—i(B—l)—li—l

we get
@)@ —9)
0= (1 4 27Dy

The idea of chaining the Poinceré inequality is analogous, and after an easy
modification we get our result. We can copy all arguments and calculations
from (9), (10), (12), then we use (3) for o = 1, the new definition of r;; and
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the previous estimates for j; o, Ji.c and we get

Ji,0 oo alp=1)

o)
ey <O+ O3 men( 30 451"
i=1

]:jz,oo

<C+C i ifw2*1’(1+B)+(f¢24(571))@

=1
1n(2)(1 —1)
<(1+2 i(8-1)-1) - 71 (nia 101, 72

1) >
(1+ 2-i6-D-1)5=1 _ 1 ’

a(p—1)

where the final term comes from the sum of geometric series. The right hand
side can be estimated and after an easy calculation we have

2p+q(p 2) ;aB+1— P) (B+1)p

1£11% ) < 0+OZ

The right hand side is finite if ¢ < ’B’ f;r U and the proof is complete.

The complete proof for & = 1 with all details can be found in [11].

4. Optimality of ¢(p) for 2, 3

Proof of the optimality. We fix ¢ > q(p). We define a function g by the choice
of proper functions g; : T; — R and the sequence d; of positive numbers. We

define
0 for (x1,29) € S,
g(w1,29) = )
d;gi(x1,x9) for (x1,29) € T; \ S,Vi € N.

Clearly

191510y = D A N9ilia(ryy and lglFo) Z i |9ill 7o (1) (15)
=1

The choice of g; and d; depends on p and « + 1, so we split the proof into two
parts.

4.1. The case p < a + 1. Let us consider p € [1,a + 1). We define

—« .

gi(xq1,x9) == <x1 +27% _1> — (277 ) for (w1, 1) €T3\ S,

2 i(B+1) 2

di = (277 )2 e g,

(16)
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For fixed ¢ € N we estlmate the norm in the space L(T;). By (3) the height
of T; for xy € (—i~'2~ ? o — 2_12)) is

I(z) = (;pl + 2—i2i—1> gia=ifja—1 (17)
and we get
2—1‘7‘2—1'2 .
||gz||%q(Tz) = / ‘($1 + 27 i *1) — (27i2i71)70[ l(l’ﬂdﬂh
0
g—i_g—i?

(x1+2 # _1) gia—ifja=lg.

:/0 B R A I R
(18)

We want to estimate the size of the integral. The integrand is positive
and concave, so we can estimate its value by its maximum. More precisely,
we replace the integrand by constant function (27%~1)=e(2-%~1)"gia~ifja-1,

hence
ami_g—i®

19ill%0 ¢y = /0 (27727 ) T2 (19)

~ iaq—Q 2i2aq—i—iﬂ )

By (16) we get

||g||%q(Q) = Zd?HginLq(Ti) 2 OZiOQO =X
i=1 i=1

We need to prove the convergence of ||g|[71.5q p(.- First of all we estimate

1951007,y < 2max{l|gill oz, 1 DGill Loz, }-

The estimate of the norm of g; in LP(T;) is analogous to (19), by replacing p by

q we get
o
||gi||§,p(Ti) ~ jop—29itap—i—ifi

We use ¢ > q(p) = p and we estimate the norm of g in LP(£2)

— —i—iB\ =B
||g||zl),p(Q) = Zd?HgiHip(Ti) < CZZ 2277 < oo
i=1 i=1

Let us express the norm of g; by a derivative

agi(%,@) b

81’1

I1DaiCer.a2) oy = [
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The estimate is similar to (18). The proof splits in two cases. Firstly, we
consider p > 1 and we get

Nk

g—i_g—i?

< / ! <$1 + 2—i2i—1)a+p(70‘71)2i(—ﬁ+a)ia—ldajl

“1(gmig=i?) (20)

0

<02’L —B+a) Oé |:(:B1+2—i2i—1)(1 p)(a+1):|

<021 —B+a) i (27i2i71)(17p)(a+1).

It follows that
| Dgll7, Z || Dy}, ) < Z 227 p(ot ) gi(—Brat B+1>p)2i2(p—a—1)

< Q.

The proof of the finiteness of the norm in case p = 1 is similar, except the
estimate in (20) involves [(x1 + C)~' = log|z1 + C|. It is easy to finish the
proof in this case too.

4.2. The case p > a + 1. We define

gi(xq,x9) == (xl +277 ’1) — (277 Y for (21,32) € T} \ S,
B+1 2 (21)
d — 2 ( +oz) a+5.

We use (15), (17) and we estimate the norms of g; as in the previous case.
Analogously to (18) and (19) we have

g—i_g—i2

¢ 2. (6% _7;2,_ qu
ooy = [ (o2 i) = @i iy
27i—2*i2 (22)

i . (¢+Da . .
~ / (w1 #2777 t) T 2B,
0

~ Z'—oaq—22—i(qa+1+,3) ]

We estimate [|g||7,q by

1901200y = D A2l gilldary = €D i%2" = o0
i=1 i=1

Now we need to prove the convergence of the norms of g and Dg in LP(2).
Analogously to (22), by replacing the position of ¢ by p we get

||gz||LP(T) ~ TP 22 z(pa+1+5)
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We use ¢ > q(p) > p and we estimate the norm of g in LP(£2)

- 20—i—if\ =L
HQHZ)(QQ) = ZdszgiHiP(Ti) < CZ(Z 227 < oo
i=1 i=1

Let us express the norm of g; by a derivative and we estimate

2

—i_o—i

2
< / B CT e R Lt T

=

. 2

o—i_o—1
<(Qi(=h+ta)ja-1 [(9:1 + 2—i2i—1>apfp+a+1] =
B 0
<ot —29i(—aptp—F-1)

It follows that

where the finiteness follows from ¢ > ¢(p) =

p—29=P j bp—gq
1Dg 0 = S @ IDgiIE, ) < S Cir2 52l E05) o

i=1

(B+L)p
B+1—p-°
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We construct f € C*([—1,1]™), such that Df € Wh™((—1,1)",R™) maps [1,1] x {0}""! onto [-1,1]™.
This shows that a mapping which maps a set of zero measure onto the set of positive measure can be a gradient
mapping.

Copyright line will be provided by the publisher

1 Introduction

Let Q@ C R”™ be an open set. We say that the mapping f: @ — R" satisfies Lusin (N) condition if for every
A C Q,|A] =0, it holds | f(A)| = 0. We can see that this condition is needed for any natural physical model
such as the deformation of a solid body in space. Otherwise we can make new material ’from nothing”, so the
mapping is really unnatural for physical applications. Another important application is the connection between
the area formula and the Lusin condition. If the mapping is a Sobolev mapping and satisfies the Lusin condition,
the area formula holds, for more see [8].

Our work is focused on the so called Cesari example originally written in [2] for n = 2, later reminded and
improved in [6]. That is a mapping in the Sobolev space, which maps the line segment onto a domain with
positive n-dimension measure, so the (N) condition is violated. It is well known, that for p < n and a domain
) C R™ with positive measure we can construct such an example in W2 (£2, R") and for p > n the Lusin (N)
condition holds in Wl’p(Q, R™), see [3] or the original article [7]. The limiting case W™ is the most important
case and we study the violation of the condition in this case. This Cesari example is a special case of the Peano
curve, the mapping such that the image of some line segment has non-empty interior. For other results concerning
the study of the (N) condition for spaces close to W™ see [5] and [4].

In this article we improve the previous results. We show an example of f € W?2™ such that D f can be used
in Cesari construction. So the restriction to gradient mappings does not guarantee the Lusin (N) condition.

For the convenience of the reader we include all details of the construction and we use figures to illustrate the
idea of the construction.

Theorem 1.1 There exists f € CY([—1,1]"), such that Df € Wbtn((-1,1)",R") and Df([-1,1] x
{o}n=h) 2 [-1, 1.

Remark 1.2 We can improve the Theorem 1.1 and construct f such that |[D?f| € L™ log? L forp < n — 1.
We explain how to modify our construction in this way in the end of the proof.

This problem was originally motivated by the recent research of Menne in the field of varifolds. The theory of
weakly differentiable functions on rectifiable varifolds with locally bounded first variation is introduced in [11]
and it is extended as the theory of Sobolev functions on varifolds, which is presented in [10]. These papers are
basis of framework for this new theory, but some results were already formulated and proven in advance. The

The author was supported by the ERC CZ grant L1.1203 of the Czech Ministry of Education.
* Corresponding author E-mail: tomas.roskovec@mff.cuni.cz

Copyright line will be provided by the publisher



2 Tomas Roskovec: W2 () function with gradient violating Lusin condition

area formula for Gauss map was formulated in [9] as Theorem 3, our result can be used as a counterexample to
some relaxation of this Theorem. It can be translated to the theory of varifolds as follows.

Remark 1.3 If m is a positive integer m > 2, then there exists a C1 submanifold M of dimension m of
R™*1 such that

1. M gives rise to an integral varifold with mean curvature in L!%¢; in fact, a curvature varifold with second
fundamental form in L!°°.

2. The continuous Gauss map v : M — S™ does not satisfy the Lusin condition with respect to m dimensional
Hausdorff measure on both sides.

This shows that the assumption in [9, p. 2254, Theorem 3] cannot be relaxed, i.e. the condition that B C C'
cannot be replaced by B C C” for

C'=(Sx8")n{(a,u): u=v(a)oru=—v(a)}

even if V corresponds to a C'' submanifold M.

2 Preliminaries

We denote by B(x,7) an open ball with the radius r and the center . We denote by the annulus a set

A(z,s,t) = B(z,t) \ B(z,s).

We denote by (-, -) the scalar product in R™.
We say g(z) = D, f(z) for vector u € R™ if there exist s > 0 and line segment (z — su, x 4 su) such that

r+su Tr+su
/ aw)elly — l)dy = - / () (ly — z|)dy for any ¢ € C(—s, ).

Tr—su Tr—su

We denote

Df(z) = (De, f(2), Dey (@), - .. De, f(2)).

We use some basic properties of Sobolev functions, especially we use the equality between the weak derivative
and the classical derivative if the classical derivative exists and we use the Sobolev embedding theorem. For more
details see [1].

We use following notation for Sobolev spaces. For a domain 2 C R™, f: 2 — R™ measurable we define

2,p —_ . . P P 2 r|p
W2P(Q) = {f Q—>R,/Q|f| <oo,/Q|Df| <oo,/Q\Df| < oo},
_ p E P E P z%
2,p (/Q'f‘ +i:1/Q|sz| + /Q'Dz,Jf|)

ij=1
By C we denote the generic positive constant whose exact value may change at each occurrence. We write for
example C'(a, b, ¢) if C may depend on parameters a, b and c.

@2.1)
/1

3 Proof of Theorem 1.1

We split the proof of Theorem 1.1 into five steps. In the first step, we prepare some dense subset of [—1,1]™,
in the second step we prepare the sequence of one dimensional functions f;. In the third step we construct the
sequence of the functions f;r based on f; and we use them to construct the function f: [—-1,1]" — R. In the
fourth step we verify the continuity of D f and in the last step we show that f € W27 ((—1,1)").

Copyright line will be provided by the publisher
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Z(w,v1,v1) Z(w,v1,v2) Z(w,va2,v1) Z(w,va,v2)

Z(w,vl) Z(w,vg)

Z(w,v1,v4)

Z(w-,vhvzs) Z(wﬂ&,vs) z(wwzﬂm)

Z(w,vs3,v1) Z(w,v4,v1) Z(w,v4,v2)

z(w’U37’L)2)
Z(wav4)
Z(wYs,v4)

Z(w,vs,v3) Z(w,v3,v4) Z(w,va,v3)

Fig. 1 Part of structure z,,, w € W forn = 2.

3.1 First step: The tree of centres of dyadic sub-squares

By V we denote the set of the 2" vertices of the cube [—1,1]" and by V* we denote the product of k copies of
the set V.

We use the notation w = (u, v) for case w € V¥, v € V¥=land v € Vif w; = u; fori =1,2,...k — 1 and
W = 0.

We decompose [—1, 1]" into the dyadic sub-squares and by Z we denote the set of the centres of these squares.
We begin by setting zg = 0 and we fix v € V. By z, we denote

Zy = 20 + 271y,

Point z, is clearly the centre of one dyadic sub-square of volume 1. For any & € N we can fix u € V¥ and
w € VF+1 1y = (u, w4 1). By induction we define

Zw = 2u + 27" Twp 3.1)

and if z,, € Z, then clearly z,, € Z. Moreover, by the same argument we can see that any element of Z can be
identified with some finite sequence w € V™ for some non negative integer m, see Firure 1. For simplicity we
denote

W= U VE, |w|; = k forw € V¥ and Z = {2,,w € W}.
k=0

3.2 Second step: One dimension C'! bump f;

In this paper we will work with the function ¢ log®(t71),e < n~1.
We set

i
1_._1fe 1_._1Fe i(¢+s)
— n — n — (I1—e)n—1—¢ .
a’ =e 2 and b} = e~? 2 , fori > 0. (3.2)

‘We can see that

i

—_ . 1
D Rt 21“((1—5):51—5*5)
lim . =1

. 1 9
i—00 241757 1-:5

Copyright line will be provided by the publisher



4 Tomas Roskovec: W2 () function with gradient violating Lusin condition

we choose some i*(n) € N, depending only on n such that

—t . 14e
g1-e—ite 21“( At +e)

> 271 foralli > i*(n). (3.3)
2 1 e 1+5
We want to prove

log(n) +3 ..
log(2) ! (n)}

The first and the second inequality are clear by (3.2). The inequality b’{zaf—l 2m+2qr, | follows from the

estimate

a; >bf >b2a; ' > 2" 2ar, | fori € Nyi > ig(n) = max{ (3.4)

log(b%a; ™" ;k+11) > log(2)(n + 2) for i > ig(n),

log(n)+3
Tog(@) 0¥

which can be shown for ¢ > i*(n) and ¢ >

(i+1)

log(b*Z *— 1a2<+11) (172)21 5—7 21 s—ﬁ 721+i((1_€1),%1_5+6)

s g EE  gtri(=dts=te)
S 9 12i 2071 > 4n > log(2)(n + 2).

We shift the index of (3.2) in order to satisfy (3.4) for all indices

a; = a;,;, and b; = b7, . (3.5)

We define function ¢(t) and we calculate its derivatives for t € (0, a;)
q(t) = [log(t™ )|

q'(t) = —et™|log(t~ )7 * (3.6)

q"(t) = et™?[log(t")[*™" + (e — 1)et [ log(t ™).
We also define the sequence

2—i—i0
(q(bi) — qlai) — q'(a:) (bi — i) (1 = 2) + |/ (bs)[ (@; — bi) &
By convexity of ¢(t) we have
lq(bi) — alas) — ¢ (ai)(b; — ai)| < la(bi) — qai)| < |¢'(bs)[(a; — by).

So d; can be estimated as

d; = 3.7)

d 2—1‘—2’0
i <
q(b;) —qla;) — ¢'(a:)(b; — a;)
< 271'71'0
= |log(b; )|F — log(a; 1)|F — ea; [ log(a; )| (a; — b;)

Now we can use estimate =¥ < 2° — y° based on mean value theorem for z¢. We get
}

x
max{zl—¢cyl—
27i7i0

log(a; 1) —log(b;
elosles Jponti) — car ! log(a; )| as — b)

27 log(a ) +log(ab D
[log(5)[ = ([log(b; ) [[log(a; )| ~)*

P

Copyright line will be provided by the publisher
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fi(t)

271;71‘0

0 b?a;l b; @i 1

~V

Fig. 2 The graph of f;.

The first part of denominator is the sequence | log(* by ) and it goes to infinity by (3.5) and (3.2), the second part
is the sequence (| log(b; *)||log(a; )|~*)'~ and it goes to one by (3.5), (3.2) and (3.3), therefore

= -<C L
(I log(b; )l log(a; 1)[=1)1== ~ ~ [log(¢*)

[log(34)] —

By this and the previous estimate we have

€

2(7:+¢0) ( — 1:§j —1)+1—5

92— i—10 21 — 1—¢ o
di < Cet | ngf Y EEmRED = O (i, (3.8)
| log(5-) 9T —(ire +e(itio)
We define p;: (b;,a;) — Ras
pi(t) = q(t) — ¢'(ai)t. (3.9)
Now we define f;: RT — R as
—(i41 b2
2~ (i+io) forte[,a—)
bri ag
f=lCi+ di (P(bi)t — Lpi(t))  fort € [24,by) (3.10)
CQ + dipz (t) for ¢ S [ )
0 fort € [a;,00),
where C, C5 are constants chosen such that f; € C*(0,1). Precisely
Oy = 2760 g, % (g (b)bs — q(br)).
a; (3.11)

Cy = di(¢'(ai)a; — q(a;)).

Copyright line will be provided by the publisher



6 Tomas Roskovec: W2 () function with gradient violating Lusin condition

We check the continuity and the smoothness of f;. The continuity at the points bZa; ! and a; is clear thanks to
the formula describing C; and C5 above. The continuity at the point b; can be verified by (3.11), (3.9) and (3.7)

fi(bi) = Ca 4 dipi(bi)
= d;(q(b;) — q(a;) + (a; — b;)q'(a;))

=27 (o) 4 dzﬁ (q(bi) —q(a;) + (a; — ;) (q'(bi) + ql(ai))>

K2

b,
— A (bbb — —p:(a:)) = 1 .
= O+ di(p/(bi)bi = pilai) = lim  fi(t).

The continuity of the first derivative is clear at points inside the intervals. At the endpoints of the intervals we
have by (3.10) and (3.9)

fiFa; ) =di(pi(b:) — pi(bi)) = 0,
FHb) = i F(6) = dipi(b:) = ds(pi(b2) ~ i(5) = lim (0,
fi(ai) =dipi(a;) = di(¢'(a;) — ¢'(a;)) = 0.

Let us note that — f{(a;) + f1(b;) = fl(b;) — f/(b?a; "). Moreover, we can see that f; are C on each interval

K2

(0,6%a; "), (b2a; ", bi), (bi, ai), (as, 1).

Remark 3.1 Although the definition of f; is rather complicated, the smoothness and the figure will be enough
to follow the idea. The precise formula is needed in the proof of the continuity of D f and in the proof of the
finiteness of the norm.

3.3 Third step: Sequence of functions f;, summation of f; and the image of D f

Let us fix v € V, see subsection 3.1. We define
(@) = o, v) fi(|2]) = Vle,v) fil|2]). (3.12)

The support of ;fv is clearly the ball of radius a; and the function is linear inside the smaller ball of radius b? a;l.
Precisely, it holds

D (x) =27 " for |z] < bja; . (3.13)
Lemma 3.2 Let { Ay, }wew e a set of line segments satisfying
1. A, C[-1,1] x {0}t forw € W,

2. Ay N A, =0 forw,v € W,w # v, |w|; = |v

L
3. Atwu) C Ay forw e W u eV,

Let f € W2n((=1,1)") N CY([—1,1]") be such that for all w € W there exists x € Ay, with Df(z) = 2.
Then Df([-1,1] x {0}*~1) D [-1,1]™

Proof. The image Df([—1,1] x {0}"~1) contains Z = {z,,w € W}, but Df is also continuous. The
continuous image of a compact set must be a compact set and the smallest compact set containing Z is [—1,1]".
O

We have to define the system of subsets A, and f from the statement of Lemma 3.2. We use the induction by
the size of index i = |w|;, we start with i = 1 and () = V°. We define

Ap = [-1,1] x {0} 1.

Copyright line will be provided by the publisher
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Fig. 3 One step in constriction A,,, case n = 2.

We denote
C,, = middle of line segment A,,. (3.14)

We fix some w € Vi~!. We take the line segment of length 2"*+2qa; with the middle in C\,. We split this line
segment into 2" sub-segments of length 4a; denoted L, ) after 2" vectors v € V. We can see that C', is not
contained inside any of these intervals, it lies exactly in between two middle ones L, .. Let us define

C(w,») = middle of line segment L, . of length 4aj,, 41, (3.15)

and by previous
Ay = (=111 % {01"71) 1 B(Cluny, ). (3.16)

We check that the length of A, is bigger than the length 2"2q; of all L(4,v) together. But the length of A,
is 2bz 1a by (3.16) and we get the estimate b 1a;11 > 2"*2q; by (3.4). We also get A, C L, by (3.4),
2b%a; ! < 4az. See Figure 3.

We can see that C,, is the middle of both L,, and A,,, we also see that length of A, is 2a|w| ,» S0 by (3.4)
property (3) from Lemma 3.2 holds.

Now we construct f such that properties from Lemma 3.2 will be satisfied. We recall three definitions (3.12),
(3.14) and (3.16) and define

x)zzioi P AN CEeHE (3.17)

=1 weW,|w|;=1

This function is clearly continuous and in the fourth step we will show that f € C*([—1,1]™). The property that
there exists € A,, such that D f(z) = z,, can be proven by taking x = C,,,. We remind that forw € W, v €V,
i = |w|; the support of any function is spt f;; ,(# — C(u,v)) = B(C(w,v),ai+1) and Cy, does not lie inside
any interval L, ,) of length 4a; 1. So the distance between the C',, ) =middle of L, ) and C,, satisfies
|Cw — Clw,v)| > 2ai11. We prove that C,, does not belong to this support by the triangle inequality

|Cw — 2| > [Cwy = Crap,py| = [Claww,wy — | > 2a511 — a1 > 0, for z € spt fltl’v(x — Clww))-

Copyright line will be provided by the publisher
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Because the supports of the functions are contained in the supports of the functions in previous step, C,, does not
belong even to any support of function flz\zﬂ (@ = Cly))s [ul > |wl, w € W, v € V. Indeed, by (3.13) and
3.1

[wl: Jwl

Df(Cuw) =2 Df, (Coo = Cluy wgw) = 20D w2770 = 2, (3.18)
=1

i=1

3.4 Fourth step: Verification of f € C'([-1,1]")

First, we observe that the supports of the gradients are disjoint in some way and therefore we can switch the
summation and the derivative. Then we check that the gradient of f is bounded everywhere on [—1,1]™ and it is
continuous.

Our claim is, that for any 2 € [—1,1] x {0}"~" at most one function f;", (z — Cy),w € W,i = |w]; from
definition of function f (3.17) is non linear in some small neighbourhood of z. First of all, we check that any two
functions

fi-t_qu(x - Cw); fi—t_wf‘ ($ - Cw*)awvu eW,i= |w|l = |w*|l
have disjoint supports. This fact is obvious, because the supports of both functions are the balls with radius
a; and |Cyy, — Cyy=| > 4a; from (3.14). Then, we consider u,w € W,v € V,w = (u,v),i = |u|;. We can
see that the support of flirv\z , (@ — Cy) belongs to the part of the support of f\zh . ( = Cy), where it holds
Dflzh ., (z—Cy) =27y, 271uli Indeed, by (3.4)

|z — Cy| <|Cy — Cu| +|Cw — 2] < ;412" + a;41 < bfai_l forany x € B(Cy,ai11),

soz € B(Cy,b?a; ") and hence (3.13) gives Df,;'ui (z—C,) = 2%y, 27 Specially, for z € [—1, 1] we have

oo

Df(x)=>Y_ Y Dfi, (x—Cy)

=1 weVi

(3.19)

= Z Df;w:(z) (2 — Cy(zy), Where w*(z) € V' such that [z — Cyp+| < aj.
i=1

For every x € [—1,1]", i € N at most one w*(x) € W, |w*(z)|; = i can satisfy the condition [z — C\y- ()| < a;
and if there is no such w*(x) we set fitv?‘(:r) =0.
We want to estimate | D fﬁwi (z—Cy)| for fixed :rw (x—Cy) and z € B(Cy, a;). We change the coordinates

Z1,Ts ... T, to abase containing the unit vector y; = %+ and n — 1 pairwise orthogonal unit vectors orthogonal

[wi

denoted 5 . . . y,,. By (3.12) we estimate the gradient of f;" (z — C,,)

1,W;

w;
[wi

to

Ovni{x — Cy,w;) fi(|lx — Cyl) ‘}

+ (2 —C,)| < max; ‘
IDff,, (x Cw)|_maxje{1,2,..n}{ v,

(3.20)

We use the formula for the derivative of the product and we get

a<x - O’waw’i>fi(|x - O’wl) ‘ <‘ 8<I - vawi> f(|33 —-C |)‘

— K] w

0y; y;
Ofi(|z = Cul)
—&—‘ r — Cy,w; 7‘
< > dy;
We can see that %y;”w’) =0forall j € {2,3...n} because (y;,w;) =0, in case of y; = Tur] We have
Oz — Cy,w;) w;
2w Ty, —=) = 1.
oy < \wi\>

Copyright line will be provided by the publisher
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We estimate the second term

3fz

Virla = ) CD| < ala — Cull e~ Cul],

because a directional derivative of radial mapping can be estimated by the biggest directional derivative. We
estimate by (3.20) and by previous estimates applied for every j = {1,2...n}

IDf, (@ = Cu)l < Va([fille = Cul)| + 12 = Cull £z = Cul)])- (3.21)

By (3.10), (3.8), (3.9) and (3.6) we can estimate the value of function f; and its derivative for b; < |z — C\,| < a;
as

[fille = Cul)l <2777,
|z = Cullfi(lz = Cul)l = |z = Culldip(|z = Cul)] <
< 0270 = Cy|27 % (Ju — Cu| Hlog(jz — Cul ™7™ = a7 log(a; 1))
< C27 0%, (b; | log(b; 1T < C27,

(3.22)

These estimates are valid even for 0 < |z — C\| < b;, because by (3.10) for 0 < |z — C,| < b; it holds
[f1(|lx — Cwl)| < |f](b;)|(see Figure 2). We apply (3.22) to (3.21) and we get

|D 1,W; ( Cw)| S CQ_iE'

By this estimate and (3.19) we can see that D f (z) is the limit of the Cauchy sequence of continuous functions in
the Banach space C'([—1, 1], R™).

3.5 Fifth step: Verification of f € W27 ((—1,1)")

We recall Sobolev embedding theorem, (—1, 1)™ is Lipschitz domain and therefore
|D2f| € L"((—=1,1)") = |Df| € L"((~1,1)") and f € L"((—1,1)").

It remains to prove |D?f| € L"((—1,1)"). Although f is defined as the sum of the functions with the non-
disjoint supports, the supports of the second derivatives of these functions are pairwise disjoint thanks to the
observation about the linearity of the functions on some part of the supports at the beginning of the fourth step.
So by (3.17) and (3.13) we express

D2 ()| = 2ion [ Dl
/(1,1) Z Z (—1,1)" ‘ b

=1 weW,|w|;=1i

We can shift and rotate the function without changing the size of the integral. So we can identify all copies of
function | D? f;, i1w; (T — Cy)| for the same size of index |w/; regardless on the orientation, we get 271wl integrals
with the same value. We consider any v € V and we express by (3.12)

oo

> Y [ o= [ peiar. o2

i=1 weW,|w|;=1 Lyn i=1 (=11

We consider the function x1/nf;(|x|) and split its support into the three parts following (3.10). The first part
is the ball B(0,ba; "), function is linear on this domain because f;(|z|) = 27"~% from (3.10). The second

kg2 ’L

part is the annulus A(0, b?a; ', b;) and the third part is the annulus A(0, b;, a;). The integral over the first part is

Eig 2 Z

clearly O because the second derivative of a linear function is constant 0. We look at the second part, by triangle

Copyright line will be provided by the publisher
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inequality and (3.10) we estimate

So [ s~
— = in 2 _7'

-3 /A@lb)‘D (walolds v/ Bo)lal = il Fla) )| (3.24)
<oy e / | D (wafoldip (b)) " + / [0 (d ol i (2 ) )
= A(0,3 b3 bi) A(0 22 bs) a;” b

We estimate the first integral, by direct calculation

|z;| |z1252K]

| D2 (dslolpi (bi)a 2]) | = dilolp (bs) max; e 1.2,.ny { b < difolpi(by).

Jol 7 Jaf?
We apply this estimate on the first integral with (3.9), (3.8), (3.5) and (3.2) and hence
/ | D2 (a1 leldipi (b)) | < b dagh (i) < Ch2~ H0 g/ (1) — ()"
A(0,b2

< Oby2m g/ ()" (3.25)
<02 z+zo)enbn n| 1og( )|n e—1)
<C2 (i+io)en— (l+7,0)’ﬂ.

We can see that the sum of these integrals multiplied by 2" is still finite.

Now we work with the second integral from (3.24) over the second part and we will see that there is a close
connection with the integral over the third part. By (3.2) we have b;a; ! < 1 and by (3.9) we get

(D2 (rdifol i

)

X
o le) | < Cdifomas;icra, iy {12 Gra) — o/ (@)

|x1x]xk

o (@Gl (a) + Z—jxm Grlal)l}-

We use the simple inequality % < 1 and formula (3.6) and we estimate

| D2 (@1difolpi( )| < Cdilol max { | (GE|oD), o' (Gl + 3 ol (o) }
B o By
< O o]~ log( el )|

We estimate the integral by this and we transfer it into an one-dimensional case by the change of variables into
the spherical system of coordinates. Then we use the change of variables ¢ = b;a; s and we get

/ o2y 1P ol 2pi( o)

<

’ n

(3.26)

Copyright line will be provided by the publisher
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Now we skip the summation and we go back to the third integral over annulus A(0, b;, a;). After a short calcu-
lation we will see, that the estimate goes in the same way as in (3.26). Precisely, we estimate the second partial
derivative by the same arguments as before and we get

’DQ(di|U|$1pi(|$|))’ <
< Cdifolmax {| 26/ (o) = ¢ (@) [ @ (o) = o (@) + = (e } 6.2y

< Cdy|z| | log (|| ~) 77"

We estimate the integral over the last annulus
/ |D? (difolzpi(|z])|" < Cd?/
A(0,b;,a4) A

< C/ (¢ log(t )= 1) dt (3.28)
b;

(121" 10g (121 7) }5‘1)”dx

(O,bi,ai
< C’/ t~log(t~ )"V at.
b;
We get exactly the same integral as in (3.26). We use (3.2) and (3.5) to straightforward estimate

1 , .
|1og(¥)\(1_5)"—1_52_10" > 2" forany t € (b;, a;). (3.29)

By (3.23) and (3.24) we have

s

D2 n © in D2 d; /bi n
/[uw f(z)] chz (/A | D2 (a1 |x[|v|dip’ (b:))]

(0,b2a; 1 ,b;)

i

b’ a; n
+/ D? dix1 —|v|pi(=|x
A(O’b?a:17bi)\ ( ail | (bi| )|

s [ Dbl ).
A(O,bi,ai)

Now by estimates (3.25), (3.26), (3.28) and (3.29) we get

i

[e'e) oo a;
< 022—ian + 022171/ t_1| lOg(t_1)|n(E_1)dt
=1 i=1

oS a;
/ ID2f(x)|" < szm (2—(i+io)sn—(i+i0)n _|_/ t—l‘log(t—lﬂn(s—l)dt)
[(—1,1]» i=1 b

bi (3.30)

<C+ CZ/ tfl‘ log(tfl)|n(571)+(175)n7175dt
i=1vbi

1
<C+ C/ t~Hlog(t™1)| "t 4dt < 0.
0

Remark 3.3 Let us consider any p, p < n— 1l ande > Osuchthat p+ 1 +¢ < (1 — £)n. We sketch that even
|D?f| € L™ log” (L) can be proven in this way. At first, we redefine (3.2) as

a, = e

14
« _2’((1—5)n—;—1—s '*'E)
: =aje .

in
« _oT—e)n-p—1-¢ b
» Y

We follow the idea of the previous proof and only the fifth step of the proof would be slightly different. We sketch
the calculation only on annulus A(0, b;, a;), where we have the estimate (3.27).

Copyright line will be provided by the publisher
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In the last estimate (3.28) we replace the expression |D? - |* by |D? - |*|log(|D? - |)|? and using nearly the
same technique we get

/ | D?(difv|zipi(|2))[* < C/ = log(t~ )M~ D+P gy,
A(Oubiaai) b;

Then, insted of (3.29) we get

1 . .
|log(;)\(l_a)"_p_l_82_l°" > 2™ forany t € (bi, a;).

If we use this pattern also on (3.25) and (3.26), we get the estimate analogous to (3.30), therefore

/[ PR D @)D <
<C+ CZ/% t_1| log(t—l)|n(a—1)+p+(1—5)n—p—1—sdt
i=1vbi

1
<C+ C/ tlog(t™ )|t %dt < .
0
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1 Introduction

Let 2 C R™ be an open set. We say that the mapping f: 2 — R™ satisfies
Lusin (N) condition if for every A C (2,|A| =0, it holds that |f(A)| = 0. We
can see that this condition is needed for any natural physical model such as
the deformation of a solid body in space. Otherwise we can make new material
”from nothing”, so the mapping is really unnatural for physical applications.
Another important application is the connection between the area formula
and the Lusin condition. If the mapping is a Sobolev mapping and satisfies
the Lusin (V) condition, the area formula holds, for more see [10].

Marcus and Mizel prove in [9], that the Lusin (V) condition is guaranteed
for the mappings in W?(£2,R") for p > n. If we consider Sobolev homeo-
morphisms, the condition is valid even in W1 m(§2, R"), see Reshetnyak [16].
These positive results are sharp and the main tool of the proof is the Sobolev
Embedding Theorem. Our work is based on two classical counterexamples of
the functions violating the (N) condition, which complete the characterization
of validity in WP,
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The first counterexample is the Cesari’s construction originally written
in [2] for n = 2, later reminded and improved by Maly and Martio in [8].
That is the continuous mapping in the Sobolev space W1P([0,1]",[0,1]™),
p < n, which maps the line segment onto a domain with positive m-dimension
measure, so the (N) condition is violated.

The second counterexample is the Ponomarev’s construction [15]. This is
the Sobolev homeomorphism in W7 ([0, 1], [0, 1]*), p < n, violating the (V)
condition. The construction is essentially different from Cesari’s construction
and cannot be obtain as a simple modification.

The limiting case W™ is the most important case in both settings. There is
no work considering counterexamples for higher derivative spaces W*P?, but by

Sobolev embedding it is natural to expect that the space Wk’% is the limiting
case. The positive results can be easily obtained, but both counterexamples
mentioned above lack the second derivative and cannot be used. In our work
we fill this gap by careful smoothing the classical constructions and we show

n
that the space Wk is limiting in both cases. Our results can be summarized
by these two theorems.

I3

Theorem 1 Let k,n € N, n > k let p > % and let 2 C R™ be a domain.
Then a homeomorphism f € WkP(Q R") satisfies Lusin (N) condition.

On the other hand for every k,n € N, n > k and p € [1,%) there is a
homeomorphism f € W*P((—1,1)", R™) which fails Lusin (N) condition.

ISEE

If we consider general Sobolev mappings and not only homeomorphisms, then
n

the scale shifts and a mapping in Wk may fail to satisfy the condition. We
give a counterexample violating the condition for this case.

Theorem 2 Let k,m,n € N, n >k, let p> 7 and let 2 CR" be a domain.
Then a mapping f € WFP (2, R™) satisfies Lusin (N) condition.

Moreover, let m,n € N and let 2 C R"™ be a domain. Then a mapping
f e Wm0, R™) satisfies Lusin (N) condition.

On the other hand for every k,m,n € N, n > k and p € [1, %] there is a
mapping [ € WFP((—1,1)", R™) which fails Lusin (N) condition.

The generalizations of the positive results can be proved by the Sobolev Em-
bedding Theorem. However the counterexamples require a new approach be-
cause the classical counterexamples are defined as non-smooth mappings and
they lack even the second weak derivative. The special question is the validity
of the condition in case n = k, p = 1. We answer this question by the finer
version of Sobolev Embedding Theorem by Peetre [14] for the Lorentz spaces
and by the result by Kauhanen, Koskela and Maly [5].

For other results concerning the research of the (N) condition in spaces
close to W™ see [7] and [5]. Although the classical results are not new, there
are fresh applications using these constructions as the limiting case for ex-
ample in the varifold theory [12], [18] or in the field of the metric measure
spaces [6]. There are also works concerning Lusin (V) condition using diffe-
rent methods of construction in order to get particular properties such that
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the Sobolev homeomorphism with J; = 0 almost everywhere, see [3], or even
the homeomorphism satisfying rank(D f) < n, rank(Df~1) < n, see [13].

The paper is divided into two parts. In Section 3 we prove Theorem 1 and
we give the example of the homeomorphism in W*?. In in Section 4 we prove

n
Theorem 2 and we give the improved Cesari example of the mapping in W*'x .

2 Preliminaries

We denote an open cube by

Qz,r) ={y e R",[lx —ylloo <7}
We denote an open ball with the centre at « and radius r as B(z, ). We denote
a sign as sgn(t), i.e. sgn(t) =1 for t > 0, sgn(t) = —1 for t < 0, sgn(t) = 0 for
t=0.

By C we denote a generic positive constant whose exact value may change
at each occurrence. We write for example C(a, b, ¢) if C may depend on para-
meters a, b and c. Since we fix parameters n, k and p, the dependence of C' on
these parameters would not be mentioned at all.

Let us consider the convolution kernel ¢ : (—1,1) — R such that

(1) ¢(t) =0,

/ o(t)
(3) [D*6(t)| < O(k),
k
M)[JDﬂmﬁSC%%

(5) ¢(t) € Cg°((=1,1)).
For 7 > 0 we define ¢,.(t) = 7~ 1¢(r~1t). Function ¢, (t) satisfies

(1) é(0) 20,
@ [ =1

(3) D46, (1)] < r1C(k), W
@ [ 105601 < e,
(5) 6n(t) € C5=((—r.7)).

Now we prepare a function for the smooth partition of unity. We consider
Aa,e,a : [0, A] = [0,1] for 0 < a < ¢ < A such that

(1) A(t) € C*((0,4)),

(2) AXt)=1forte|0,a),

(3) A(t) =0 for t € (¢, Al, (2)
(4) |DFA(E)| < (¢ — a) *C(k) for ¢ € [a,d], k € N.
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\

0 & ¢ A

Fig. 1 Graph of A, ¢ 4.

We can construct such A(t) by connecting points [0, 1], [a + 5%, 1], [c— 3%, 0]

and [A, 0] by the lines to form the piecewise affine function and then make this
function smooth by convolution with ¢.—, . The last estimate can be provided

by Lemma 2 proven in the next part 0% the Section. The graph of A, 4 is
sketched in Figure 1.

The n-dimesional Lebesgue measure of a measurable set A in R™ is denoted
by |A| or L™(A). We use the formula for the derivative of the product

k
AN ,
D¥(ab)(t) = Z ( ,)Dﬂa(t)Dk—Jb(t), (3)
i=o
if both D7a(t), D7b(t) exist for all j € {0,...k} and the right-hand side term
makes sense. For a measurable function f belonging to Lebesgue space LP on
some domain {2 we denote the norm

11 = Wl = ([ 17@)da)?.

Lemma 1 Let f: [-1,1]" — [—1,1]" be a bijective continuous mapping. Then
f is a homeomorphism.

Proof In order to prove that open sets are mapped to open sets we want to
prove that any closed set would be mapped to a closed set. A closed set in
[—1, 1]™ is bounded and therefore it is a compact set and since f is continuous,
the image of the compact set is a compact set or specially closed set. The
mapping f is bijective, continuous and maps open sets to open sets and hence
f is homeomorphism.

2.1 Convolution method

We use the convolution on some piecewise smooth function with some points
of broken smoothness. We can control the value of its derivatives by the de-
rivatives of the original function and by the radius of the convolution kernel.
This control is described by the following Lemma.
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Lemma 2 Let {az}zill C R be a finite increasing sequence, let I = [a1,a;41],
I; = |a;,a;41] be closed intervals. Let h; € W*>(I,,R) N Ck=Y(I;,R). We
denote

h(t) = h;i(t) fort € I,.

Then fort € (a1 + r,a;41 — ) we have

DH(he o))=Y [ ot D hu(s)ds

i=1 B(t,r)ﬁ]i,
J—1 k-1
+ Z(Z DM (t — aipr) (D' hiva (air1) — Dlhi(ai—i-l)))-
i=1 1=0
(4)
FEspecially we can estimate by (1) (3) and (1) (4)

DE(hx ¢,)(t)] < C R D R | oo 1y 5
|D*(h* ¢, )(t)] < e A T [ | oo (1) (5)

Moreover, it is sufficient to consider only i such that a; € (t —r,t+7) in (5).

Proof Firstly we consider the case j = 2, k = 2. For t € (a1 + r,a3 — 1) we
consider a small positive u such that t+u € (a1 +7r,az—r). We split (t—r,t+7)
into three (possible empty) subintervals

Ji(u) =t —r,t+7r)N (a1, a2 —u),

Jo(u) = (t —r,t +7r)N(az,as3),

Sa(u) = (t—rt+r)N(az — u,az).

By simple equality ¢,.(t +u — s —u) = ¢.(t — s) we calculate

iy R Ee)(Et ) = (R dr)(t) _

’U,*)0+ u

— lim (/ Pals W) =m(s)y gy as

u~>0+ Jl(u) u
+/ h2(8+u)_h2(s)¢T(t—s)ds
Ja(u) u
+/ hals + u _h1(3)¢7-(t—s)ds).
Sa(u) u

Firstly we deal with the first and the second term. We can interchange the
limiting and the integration process (the integrable dominating function is
¢r||Dhilloo). The interval J;(u) slightly depends on u, but since we integrate
the bounded function we can get rid of this dependence by simple calculation,
we get

u—>0+ u

lim / hals 1) — hals) ¢r(t —s)ds = / Dhi(s)¢r(t — s) ds.
Ji(u) B(t,m)NI;
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We split the last term into two integrals and since we get the average integral
of continuous function, we get

lim h2(3 + u)¢r(t - 5) - h1(5)¢r(t - s)

u—>0+ 5'2 (u) U

ds =

= ha(a2)d,(t — az) — hi(az)¢r(t — az).

This gives us (4) for K = 1. Now we iterate the previous to get the result
for k = 2. We rewrite the proven formula as

D(h* 6,)(t) = (Dh * 6,)() + (ha — h1)(a2)é, (¢ — as).

To get D?(h * ¢,.), we differentiate both terms. The first term gives us the
same formula as for D(h * ¢,.), we just replace h with Dh and we get

D(Dh * ¢,)(t) = (DQh * @) (t) + (Dha — Dhy)(a2)o.-(t — az).
The derivative of the second term is

D((hg — hl)(a2)¢r(t — ag)) = (hQ — hl)(az)D(br(t — (LQ).
Together we have

DQ(h * ¢r) :(D2h * ¢r)(t)
+ (Dha — Dhy)(a2)¢,(t — az) + (ha — h1)(a2) D, (t — az)

- Z /B(t r)NI; 9r(t = S)Dth(S) ds

=1

1 1
+ Z(Z D', (t — aiy1) (D' higr(aisr) — Dlhi(ai+1))>«

i=1 [=0

That is (4) for k = 2. The process how to get the formula for & = 2 from k =1
can be used in general as the induction step, hence

D(D""hx ¢,)(t) = (D" 6,)(t) + 6y (t — az) (D"~ hy — D¥1hy ) (az),
D(D™¢,(t — az)(D'hy — D'hy)(as)) = D™ ¢, (t — az)(D'hy — Dlhl)(azz,
6)

as long as the we can interchange limiting and integration process by || D¥h;||oo <
oo and D*~1h; is continuous. We suppose the validity of formula (4) for k — 1



Sobolev homeomorphism in W¥+? and the Lusin (N) condition 7

and by (6) we get

D*(hx ¢:) =D(D*"'h* ¢,)(t)
k—2
+ D> D¥ g (t - az)(D'hy — D'hy)(az)
=0
=(D"hx ¢,)(t) + ¢p(t — ag)(D* ' hy — D*'hy)(az)
k—2
+ ) DM (t — ap)(D'hy — D'hy)(az)
=0
k—1
=(D*hx,)(t) + > DF g (t — az)(D'hy — D'hy)(az).
=0

This is formula (4) proven by induction in case j = 2. In general case j > 2 we
have to consider more terms inside the sums of (4), but the proof is the same.

The last part (5) follows by (1), we use the estimates |D*@,.(t)| < Cr—F=1
[ |D¥¢,.(t)| dt < Cr~* and the Holder’s inequality.

For later use we consider the mapping defined by several different smooth
mappings on several different sub-domains of (—1,1)™. We formulate an ob-
servation how we preserve the smoothness. In general we cannot assume the
smoothness since the derivatives on the boundaries of the domains of the map-
pings does not have to be equal.

Observation 3 Let f1 : 21 — R™ be a Sobolev mapping smooth inside {2
and fo: 29 = R™ be a Sobolev mappings smooth inside (25, such that f1 = fo
forx € 23N 2y, If 0y C 25 (as in Figure 2) then we can define Sobolev
mapping f 1 L U2y — R as f = f1 in 1 and f = fo in 25 and this
mapping is smooth.

3 Proof of Theorem 1
3.1 Proof of the positive part

The proof of positive part can be found in [4, Chapter 4.2, p. 68, Theorem 4.5]
for case k = 1. For a domain {2 C R" the theorem claims that homeomorphism
fe VVIEC" (2, R™) satisfies Lusin (N) condition. To prove the general form we
just use the Sobolev Embedding Theorem multiple times. Since the Lusin (N)
condition is a local property, we can assume without loss of generality that (2

is a ball. We have
k’% n kil’kﬁl n 1,n n
W, (2,R™) C W, (2,R") C---C W' (£2,R"),

k% .
hence for any k¥ < n a homeomorphism f € W_F(£2,R") satisfies the as-

C
sumptions for the well-known version of the theorem.
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Fig. 2 Position of {22 and 021

3.2 Construction of Cantor sets for the homeomorphism f in W*»

In this subsection we prepare tools for the construction of a homeomorphism
f e cnwke(-1,1]"[-1,1]"), p < %, such that f is an identity on the
boundary and f does not satisfy Lusin (N) condition. Moreover, f is C* a.e.
in [-1,1]™, in fact outside the Cantor type set of 0 measure.

Based on k,n € N, p € [1, ) we choose A, B such that

kp
n—kp

A>

and B > 1. (7)

We denote ] ]
a; =227
—if9—1 —Bi—1 (8)
bi:=2""2""4+2 ).

We recall the construction used in [4, Chapter 4.3, p. 69, Theorem 4.10].
We will first give two Cantor-set constructions in (—1,1)". Our mapping f
will be defined as the limit of the sequence of smooth homeomorphisms f; :
(-1,1)™ — (—1,1)™, where each f; maps the i-th step of the first Cantor-set
construction onto that of the second. Then the limit mapping f maps the first
Cantor set onto the second one.

By V we denote the set of the 2™ vertices of the cube [—1,1]", we can index
this set V.= {9,92,...92"}. The sets Vi =V x ... x V, i € N, will serve as
the sets of indices for our construction. Let us set zg = Zo = 0.
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Flv,91,91] Zlv,91,92) Flv,92,91] Alv,92,92]

Zlv,91,93] , Zlv,92,94]

2lv,93,91] Flv,94,92]

lv,93,93] Zlv,93,94) Zlv,94,93] Flv,94,94]

Fig. 3 Structure of centres 2z,

It follows that (—1,1)" = Q(z0,a0) and we proceed by induction. For
v =[vy,...,v;] € V! we denote w = [v1,...,v;_1] and we define

1 ‘1
Zy = Zyw + 5(%71)% =20+ 221 i(ajfl)vjv
=

Q; = Q(Z'Ua %ai—l) and Q, = Q(Zmai)'

The decomposition of @), into the cubes with higher index is sketched in Figure
4. Formally we should write w(v) instead of w but for simplicity of notation
we neglect this. The number of the cubes in {Q, : v € Vi} is 2" Tt is not
difficult to show that the resulting Cantor set

ﬁ U Qp=C4=0Cyx...xC4
i=1veVi

is a product of n Cantor sets in R. Moreover, £, (C4) = 0 since

»Cn( U Qv) > 2ni(2—iA—i)n Z—_>>°° 0.

veVE



10 Tom4&s Roskovec

Qw03 v U, 04)
9w, 3] Qw,04]
[ D] § B E
- Zww3] | 0| Zw,01]

Fig. 4 Q. and its decomposition
Analogously we define

.1 L1
Zy = Zw T §bi—1vi =Zzo+ 5 ij—lvja
j=1

Q= Qs 5his) 80 Qu = Q).

The resulting Cantor set

ﬂ U Qv::CB:CbX...XCb

i=1veV?

satisfies £,(Cg) > 0 since lim; ;o 2°b; > 0. It remains to find a home-
omorphism f which maps C4 onto Cp and satisfies our assumptions. By
f(Ca) = Cp, f does not satisfy the condition (N) since £,(C4) = 0 and
L,(Cp) > 0.

3.3 Basic functions for the construction of the homeomorphism f in W*?

In this part we prepare functions and mappings in order to construct the
sequence of the suitable smooth homeomorphisms f; converging uniformly to
f. The desired property is f;(Qv») = Qo for every v € V', i € N.
We denote a constant
bi— bi— b; | @i
st - b — (g + )t

' S —a; — i ’ ©)
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in order to define a function

a; a;+1b;
Li(t) == it — a; — —21) 4 b + 1
Qai

The graph of this affine function connects the points (a; + 5+, b; + agiallb‘)

and (%51 — —aiz“,biT’l — %), see Figure 5. We define the sequence of
continuous functions hf : [—*52, W] — R as
Z—t for t € [—% a; + ],
Ri(t) = Li(t)  fort € [a; + “%, Gimrodit ] (10)

bi_1 ai—1—Qi41 QAi—1+ait1
Ht fOr t e [ ) s 3 ]

We sketch the graph of h}(¢) in Figure 5. The important property is the
strict monotonicity of h}(t). We define the sequence of smooth functions

hi(t) = (b » basea ) (1) for £ € [0, ‘”;). (11)

We can see that these functions are smooth and strictly monotone, and its
derivatives can be calculated and estimated by Lemma 2. Moreover, h; is linear
inside [0, a;) and it is linear inside (“5+ — %L 2-1) Al these properties and
the relation with h}(t) are sketched in Figure 5.

We use this function to define mapping g7 : Q(0, “5*) — Q(0, b12_1
coordinates as

) by

(97 (2)); = sen(z;)hi(|z;]) for j € {1,...n}. (12)

This mapping maps Q(0, “5+) onto Q(0,

5+ ) and its shifted version can map
Q., onto Qv for v € V. It is clearly continuous, smooth and it is strictly mo-
notone in every direction and therefore it is one-to-one and homeomorphism.
Moreover, the j-th coordinate of g;(z) depends only on the j-th coordinate
of x, so the only non-zero coordinate of partial derivatives of D;-“gi may be
the diagonal ones for j € {1,...n}, & € N. We have to modify this map-

ping once more in order to get g;(z) = Zl—:x near the boundary of the cube

2l = =5+

We recall (2) and we denote

A(t) = Xaiy aiwn @iy aisy aia (2).
2 4 0 2 8 ' 2

For z € Q(0, “5%) we define

n

H (lz;)g; (x H |:rj p Lo, (13)
j=1 i—1

This mapping still maps Q(0, “5=+) onto Q(0,

5+). Since both g;“( ) and A(t)

7, 1

are smooth, g;(x) is also smooth Moreover, g; is equal to =z near the
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bi—1 bi—1ai41

2 2a;_1

o @ig1b;
bi+ =5~

bi—1  bi—1ai41

2 da;_1
) a;y1b;
bi+ ——
0 o @il ai—1 @iy a;—1
ai + =3 2 1 2

Fig. 5 Functions h}(t) and h;(t)

boundary of Q(0, “5*), since [[;_; A(Jz;|) = 0 if any |z;] > 5+ — “E. We
note that [[7_; A(|z;]) € (0,1) only in the set

nol- Bt -%).

bi—1

Both g (z) and =z are strictly increasing in every coordinate and therefore
bijective, we claim that g;(z) is also bijective. To prove this we have to focus

only on the set T;, elsewhere g; is equal to one of the bijective mappings g} (x)
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or %x We should also show that

bi—1 biflai+1 bi—1 biflaiJrl
(1) = (0,2t - Pitieny g bt ey
9i(T3) = Q0, = S0 \Q(0 =5 o,

we do not do the calculations here, it is straightforward after we check the
bijectivity.

Remark 1 We can avoid the following discussion by the estimate of the Ja-
cobian [Jg;| > 0. Since this holds in whole Q(0, *5*), we can use advanced
topological degree theory to claim the bijectivity, see [17, p. 17, Proposition
4.4]. We present the discussion for convenience of the reader not familiar with
this theory.

We discuss if it is possible to have g;(z) = g;(y) for x #£ y, x,y € T; to get a
contradiction. We split the indices of coordinates of x € T; into two sets S,
and R, such that

S, UR, ={1,...n},

Ty € (—Ust 4 B o1 Giy\ (L%l G G Sy for g S,

g8 7 2 8 2 4 2 4
a;—1 Ait1 Gi—1 Qit1
T, € (=75 + 2, T - ) forr € R,.

This sets can provide us the decomposition of T; based on the belonging of
indices of x € T; to S, and R,. This decomposition in case n = 2 is sket-
ched in Figure 6. In general, there are n-dimensional cubes by the vertices of
Q(0, ¥t — 252) where R, = () and S, = {1,...n}. The rest of T; is split into
n-dimensional hyper-rectangles with both R, and S, non-empty. We intend
to prove that g(x) is a homeomorphism in each component of decomposed T;
and maps this component onto the corresponding component in the image.
This imply g(z) is a homeomorphism in whole T;. Further we consider only

z,y € T;,x # y lying inside the same component, it means R, = Ry, S, = Sy.

For z,, s € S;, we have by (13), (12), (11) and (10) that h;(|z|) = 2= ||
and hence

—.

(9i(2))s =

-1

Allz;1) (g7 () H Zs

1

J

|

Il
_

- bi—
;) sgn(ws)ha(|s)) H (g ) = s = =,

1—1
J

(15)
This imply that g;(z) = Z%l

-z in parts where R, = 0 and it is clearly a
homeomorphism. Let us consider a part where R, # 0. Let s € S,, then we
get (gi(x))s = Z’il so we can suppose that z, = y, for all s € S, = S,;,. Now
we discuss if g(z) = g(y) is possible for some x and y belonging to the same

| R |-dimensional rectangle defined by

{z€T;: R, = Ry;2zs =z, for s € S, }. (16)
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Q(0, £51)

Ry #0

QU, 25 — 2512

Q(0,a;)

Fig. 6 Set T; and its splitting

Specially for n = 2, we get line segments since both S, and R, are sets of one
element.
By the definition of R, we have A(|z,|) =1 for r € R, hence

(e = TT A @)+ (1= TT M) 2,
SES, SES, i—1
For m,r € R,, m # r we get
D(gi(a)), = TT M DhsCia )+ (1= TT Ala)) 2=

SES, sES, (17)

Din(gi())r = 0.

The derivative D,.(g;(x)), is positive, since it is a convex combination of two
positive numbers. This observation gives us the contradiction for case |R;| =1
as (g;(x)), is increasing and (g;(z)), = (g:(y)), implies =, = y,.. Hence the
proof is finished in case n = 2. In general case we study the rectangle defined
by (16). Restriction of g; on this rectangle has a diagonal Jacobi matrix with
positive numbers on diagonal positions and hence it is a strictly monotone
mapping in every direction and therefore it is a bijection. This gives us the
contradiction and g; is bijective in every part of T;, therefore in whole T; and

in whole Q(0, %4).
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For later use we estimate the derivatives of g;(x) inside the set T; defined
n (14). We recall (8) to get the comparability of a; and a;11 by estimates
ai+1 < a; and a;41 > Ca;. For x € T; we estimate by (2)(4) and (3)

’Dm(H )\(|xg|)>‘ < C’max{H|D”’S>\(|xs|)|;’ys € NO,Z% = m)} < Ca;™.
ses

seS seS

By (15) and (17) we estimate |D*(g;(z))| for k > 1, for z € T} as

D] < _max {[D"(gu(2)a)

<  max {|Dk(m;1xd)|,

D*((gs(2))r)|}

)

T réR;,deS, a;—1
bi—
D (TT Mabhularey + (0= T Me) )|}
seS s€s '

<c, _max {0,107 (T Alla.) D" hi(ja )

bi_1
DT A(jzs)) —
[T A,

seS seS

b;

i—1
‘Dk(H )\(|ajs|))a' T, }
seS i—1
bi_
<c _max a7 DM h(fap ) a2 o R .
rcR;,0<m<k a;—1

3.4 Construction of the homeomorphism f in W¥*?

We will give the sequence of smooth homeomorphisms f; : (—1,1)" — (—1,1)™.
We set fo(x) = x and we proceed by induction. Firstly we give a mapping f;
which stretches each cube Q,, v € V!, homogeneously so that f1(Q,) = Q,.
We also need f1(Q,\ Q) = Q. \ Q,. We define

ﬁ@ﬂ:{m@ox for € (=1,1)" \ Uyey @

zo +1(x — 2p), forze@l,, veV.

We check the desired properties, f; is bijective and smooth inside both parts
of the domain of function. The bijectivity inside @), is given by the bijectivity
of g1 proven in previous Subsection 3.3, the property fi(Q.) = Q;, follows
from (13). In order to prove the smoothness we check the assumptions of
Observation 3. We have hi(t) = 32t = ¢ for t € (%032, gote2) hy(t) =t
for t € (%9 — %, %) We have z, = Z, for v € V! and therefore we get
fi(z) = fo(x) = x inside annuli Q(z,, §) \ Q(2v, G — ). So we can extend
the set where fi(z) = fo(z) = 2 to the set (—=1,1)" \ U,cy @20, 5 — %) as
is required in Observation 3 and hence f; is smooth in whole (—1,1)™.
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fi

fir1

Fig. 7 Modifying f; into f;q1

This first step also shows us the idea of the induction process. We define

oy fima(@) for z € (=1,1)" \ Upev: @
filw) = {fil(zv)—i—gi(m—zv) for x € Q), v € V' ) (19)

In the general step we change the f;(z) only inside the cubes @/, v € V¢. This
f; stretches each cube Q, homogeneously onto Q, for v € Vi. Moreover our
definition of f; will coincide with f;_; on some neighbourhood of the boundary
of Uyey: @y and hence f; is smooth in whole (—1,1)" by Observation 3, as
we have showed for f;.

It is not difficult to check that each f; is a homeomorphism by the bijecti-
vity of g;. Moreover, f; satisfies

fz( U Qv) = U Qtr

veEV? veV?

We illustrate the induction step in Figure 7, we sketch how the squares Q.
are homogeneously mapped and how we place the new generations of Qy v, ,
and Q' inside them.

V,Vi+1

We define
f(a) = lim fi(a)

The mapping satisfies f(C4) = Cp from previous step and from the definition
of these Cantor sets. Moreover, it is continuous as the uniform limit of the
continuous mappings. Mapping f(x) is clearly one-to-one inside these Cantor
sets. To check the one-to-one property outside these Cantor sets, we may
consider every set Q% \ Q, for the same index v € V! i € N separately. These
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sets cover whole (—1,1)"\ C4. We know that f = f; is homeomorphism inside
Q. \ Q, for v € V¢ i € N. Since f is bijective in every part we consider and
the images of these sets do not collide and fill (—1,1)", f is bijective.

The limit mapping f is continuous and one-to-one, therefore it is a home-
omorphism by Lemma 1. It remains to show that the norm || D f||,, is finite.

3.5 Finiteness of the norm of the homeomorphism f in W*?

Before the proof, we estimate the derivatives of h; in [0, ai;L t € N. By
Lemma 2 and (11) we have

|D*h;| < Cl:?éf%’?fk}(aiﬂ)kaHDlhfHoo-

We consider only the case k > 1. Since h} is defined as the continuous piecewise
affine function, the only non-zero derivatives would be the zeroth and the first,

all others would be zero. We estimate the pointwise values of k] and Dh] by
bi_1
a;—1

definition (10). By definition of cv; (9) we can see that a; < min{
the meaning of a; in the graph as is shown in Figure 5. We get

, Z—i} from

Ai+1 QAi—1 +ai+1]
2 7 2 ’

b; Ai+1 Qi—1 + Q41
DhI(t)| < = for t € [— , .
DI (O] < 2 for t & (<252, S0

|hi(t)] < Cb;—y for t € [—

Together with previous estimates and (8) we get

DMl < € mac (azs) ™D e < O(A)ay " < C2CHIE - (a)
We estimate the norm of D* f by the sum

Dk FlIE < (ID*follh + > D" f; — DX fia|ls = | D*f; — DX fia B, (21)
=1 i=1

since fo is identity. We consider one member of the sum and we observe by
(19), that the set where f; # f;_1 can be covered by 2™ cubes Q. ,v € V' of
measure

Qul = (agy)" = 27D AnG-D), (22)

For y € Q) by (19) we have fi(y) = fi-1(zv) + gi(y — 2). We know by (19)
that f;—1(y) is an affine function inside @, so its higher derivatives are 0. We
denote © =y — 2, € Q(0, ¥51), we get

D" fi(y) = D*fica(y)l = |D* fiy) — 0| = | D" fi(w + 20)| = |D*gi()].  (23)

Now we discuss the possible values of D¥g; inside Q(0, “-1). By (13),

we split Q(0, “5%) into three subsets, inner cube Q(0, “5+ — *4:L), middle
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part T; and outer annulus Q(0, %)\ Q(0, — 22:1). Inside the inner part

Q0,5+ — =) all A(|z;]) =1 and we have

gi(x) = g; (x) = (sgn(x1) hi(|z1]), sgn(x2) hi(|a2]), - - sgn(xn) hi(|znl))-

Since every coordinate (g;(x)); depends only on the coordinate x;, the only
nonzero partial derivatives would be the diagonal ones. We have to differentiate
multiple times in the same direction only so we get

[D¥gia)| = max {ID™(g7 (x))]} = max {[D"hi(la; )]}
We use (20) to estimate this term

|D¥gi(w)] < C2ATDHE,

The middle part of Q(0, %5*) is the annulus T; = Q(0, “5* — )\ Q(0,

21 described by (14) and we have prepared the estlmate (18) We use (20)
and (8) and we get

b;
k m yk—m —k+1Yi—1 —k
DH@i)| <C_max _ {lar™ DU bl ) o 2 o b
<C max {|2(A+1)1,m2(A+1)z(k m)—i 2(A+1)zk2 (i— 1)}
0<m<k

SCQ(A-l-l)zk i.

The outer part of Q(0, *5*) is annulus Q(0, “5+) \ Q(0, “5+ — “44), where
at least one A(|z;|) from formula (13) is zero. So we get
bi—1 bi—1

(2) = 0g* 12y = ,
gi(w) =0gi () + 17— w = "z

and D*(g;(x)) = 0 for any k > 1. We combine these pointwise estimates for
all three parts of Q(0, “5*) and we get for any = € Q(0, *5*)

|Dkgl(1')| < Cvrnax{2(x4+1)il’cfi7 2(A+1)ik7i7 0} < CQ(AJrl)ikfi.

Together with (22) and (23) we get

ZHD’“JZ D <3 Y / D fi(y) — D* fia(y) P dy

i=1 veV?
< CZ Z / 2Azk+zk z pdy
i=1 veV:
< CZ2ml2—n(i—1)—An(i—1)(2Aik+ik—i)p
=1

<C Z 9(A(kp—n)+kp)i—ip
i=1
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As we apply the condition for A (7), we see that the term A(kp —n) + kp is
negative and the sum is finite. Together with (21) we get

||Dkf||£ < Z ”DkfZ _ Dkfv,—l”ﬁ < Cz 2(A(kp7n)+kp)i7ip < o0,

i=1 i=1

4 Proof of Theorem 2
4.1 Proof of the positive part

Let us remind, that the Lusin (N) condition is guaranteed for the continuous
mappings in W1P(£2, R") for p > n by the result of Marcus and Mizel [9]. To
prove the general form we just use the Sobolev Embedding Theorem multiple
times as we have done in Subsection 3.1. As we study the local property, once
again we suppose without the loss of generality that {2 is a ball. We have

k,g n k_lv% n 1,p n
WoE(Q,R") C W™ "k=1(2,R") C--- C WHP(£2,R"),

P
hence for any k < n, p > n a mapping f € W5k (£2,R™) satisfies the assump-

tions for the well-known version of the theorem.

Now we consider the special case n = k, p = 1. We consider domain
2 C R™. We recall the result by Peetre [14] that Sobolev and Lorentz spaces
are embedded as

WILPA(0Q) c LP(0).
We repeat this argument n — 1 times to get
WrLBY 2y c WLV Y (@) ¢ - c WY,
It follows that
D'felL'= feWL™

By the paper [5], mappings in W L™! have continuous representative and even
satisfy the Lusin (V) condition.

4.2 Classical counterexample in W1

We recall the classic counterexample by Maly and Martio [8] on W™ the
continuous mapping that maps a line segment [—1,1] x {0}"~! onto the whole
[—1,1]™. We briefly remind this construction and then we improve the pro-
perties of the mapping. The key step is finding the function such that

Ve > 0Vr > 039 > 03k € Wy ™ (B(0,r)) N C(B(0,r)),
such that h(z) =1 on B(0, 9) and | Dh|;, < e.
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log log ﬁ

a+1

LS}
<

Fig. 8 Function h(x)

There is such a function, for a big parameter a > log log% we set
1 +
h(z) = min{l, <log(10g(ﬁ)) — a) }
x
We sketch the graph of h(z) at Figure 8, it is obvious that the function is

continuous but not smooth. We estimate its norm as

" 1
|Dh||™ = / |Dh(x)|" dz < C/ t"_l‘(loglog—)l
B(0,r) 0 |t]

T 1 1
<’ / t dt.
0 logn(%)
The term on the right hand side tends to zero as r tends to zero and hence
it is smaller then e for 7 small enough.

Let us consider a sequence of such mappings {h;}3; so that corresponding
parameters satisfy

n

dt

oy <27,
o <27,
e &; < 4—mi
Let m € N and define V the vertices of the cube [—1,1]™ similarly to the

beginning of Subsection 3.2. For v € Vi, w € Vi~! such that v = [w,v;] we
redefine

i
20 =0 and 2y = 24 + 270 = 20 + 227%]-.
j=1
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Flw, 9] lw, 93]
) §
Zw

Alw,92] Zlw,94]

Fig. 9 Step in mapping a line into the structure z,

The set ;2 Upeyi 2o is dense in [—1,1]™ as it is sketched in Figure 3.
We will construct the continuous mapping such that it maps the line segment
[—1,1] x {0}~ onto the set which contains {zy };eN vevi. Since the continuous
image of the compact set is a compact set, the image of [~1,1] x {0}"~! has
to be at least [—1,1]™.

We define the set of points {cy}ienvevi € (—1,1) by induction. We set
¢o = 0. By induction, in every interval B(c,, 0;—1) we choose non-overlapping
intervals {B(cw,v],7i)}vev around 2™ chosen centres {cjy,y] foev. We use the
inner interval B(cjy,v), 0i) of every of these intervals in the next step. This
process generate 2™ centres {cy }yeyi in i-th step (see Figure 9). We define

¢k =cy x {0}
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Now we define the sequence of continuous mapping f; : [-1,1]" — [-1,1]™.
First step is fo(x) = 2o = 0™, then by induction we define

fi(a) = fic1(@) + hi(x — ) (20 — 200)  for v = [w,v;] € Vi |z — cp| <1y,
= fi—1(2) otherwise.

By this construction we get the uniformly converging sequence of continuous
functions. We claim, that for f;, v € V¢ the small subinterval of z; x {0}"~!
around the point ¢, x {0}"~1 is mapped to the point 2, as we sketch in Figure
9 (even a small ball around ¢ is mapped to the point z,). We use h; = 1 in
some small neighbourhood of ¢}, and the fact that this small neighbourhood
B(c}, 0;) is also the part of neighbourhoods in previous step B(cL,, 0i—1). We
get for x € B(ck, 0;) N (—1,1) x {0}~ the claim

fz(x) = fi—l(x) + hi(x - Cz)(zv - Zw) = Zw + (Zv - Zw) = Zy.
Altogether we get
£ Blew,0i) x {0}"7Y) = {20 boevi.
vev?

In order to finish the proof, we check that f = lim;_, . f; is still a continuous
mapping and we verify that its W™ norm is finite.

Let us remark, that the presented result can cover even some finer scale of
spaces and we can improve the W™ upto W L™ log" ™' L. We can also see this
result as the corollary of the capacity theory, since we can consider any space
where points have zero capacity.

4.3 The improved result in Wk%

Before we begin, we prepare two estimates. We claim that, for any F: R - R
smooth enough and x # 0 we have

DHE(jal))| €O _max (a7 |D*IF ()} (24)

We can find a small positive Ty, > 0, such that for ¢t € (0,T}) the derivatives
of log log% of order up to k can be estimated as
1

tilog 1

|D?(loglog )| < C < C|D’(loglog )| for 0 < j < k.  (25)
We do not prove these two estimates, the proofs are straightforward and ele-
mentary.

Now we improve the classical construction. We reuse all steps from the
classical case, we only have to find some finer function instead of h. Precisely
we search for a function g which satisfies

Ve >0VR > 030 > 03g € Wy * (B(0,R)) N C(B(0, R))

. (26)
such that g(B(0,0)) = 1 and | D*g|/% <e.
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We use the previous function h(t) as the one dimensional function. We choose
the key parameter a big enough so that h(t) = min{1, (log(log(})) — a)+}
satisfies following

e h(B(0,20)) =1 for some p > 0,
e a= loglog% for some r < %R, r < 12T,

[ ]
2r 1
C’/ —dt < ¢
0 tlog?%

for given C' > 0 depending only on p, k and the dimension n.

We can find a formula for C, but we just present the estimates leading to it.

We make h(t) smooth by convolution, but we have to use two different radii,
because ¢ and r are incomparable. Because of that we use (2), the partition
of unity,

MO = s 30 () (27)

as it is introduced in the preliminaries. We denote one dimensional function
Ft) = A1) (9g * h)(t) + (1 = A(t))(¢r * h)(L).

We define
g(x) = f(|z]).

Our claim is, that g(x) = f(]z|) satisfies all conditions of (26). Obviously, g(x)
is smooth, spt(g) C B(0, R), g(x) =1 on B(0, g). The only remaining and the
most important part is the smallness of the norm.

We calculate the derivatives of f(t) in order to estimate them. The support
of the function f(t) is [0, 7+ ¢] and we have by (3) the derivative of the product
formula

k
DSIOESY <I;)Dj)\( t)DF9( ¢>g*h +Z( )DJ (1=A(t ))D’“‘j(qbg*h)(t).
= (28)
j > 0. This derivative
I) by (2) we estimate

Firstly, we consider only the member with D7 \(¢)

for
is non-zero only inside (%, 27') by (27). For such ¢ € (%,

Z|D7>\ t)D*- 7(¢>g «h)| ZCT_J‘Dk J (62 h)(t )| (29)

Jj=1 Jj=1
We apply Lemma 2 for [ = I, = {% — £,3 4 £} on ¢g x h. There is no point

of broken smoothness of h(t) since neither 29 nor r hes inside (£ — £,3r + &),
so we get

DF-i / ¢§(t — s)h(s)ds = / be (t — s)D* I h(s)ds.
t

t—

[MIS}
[MISY
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Since the estimates of the derivatives of log log% are bigger for smaller ¢ by
(25), we estimate by the Holder’s inequality

TQ

t+
1
bo(t—s)DFIh(s)|ds < |D*Ih(t <C : )
/t2 ’ Q ) ’ | ( )| (t—g)kﬂlogﬁ
2

We apply this to the estimate (29) and by (25) we get

k k
> |DIA)DF J(¢g*h | <> Cr DM In(t - §)
j=1 j—l
1

=
)i~ilog g I
2

Since we consider only ¢ € (7, ‘1—’"), there exist some C' such that

k
> |DIAE) D /(@g *h)| C\ *J%| < C|D*(loglog + )|. (30)
= o tk=J log

Analogously for ¢ € (¥, 3") we get

k
Z|Dj(1 - A(t))D’“‘j(qS% «h)(t)| < C|D*(loglog %)\. (31)
j=1

Secondly, we estimate the members of the sums in (28) for j = 0. We
consider ¢ € [0, 3], we estimate A(t) < 1 inside this interval, otherwise we
have A(t) = 0. Inside this interval lies 2p, the point of broken smoothnes of

h(t). By Lemma 2 and triangle inequality we have

w\@

IA(t)D*(¢g * h)| s/t [6g(t =)D h(s)| ds
2 t_2
1 (32)

+ Z]Dk‘l‘l(qsg)(t —20)||D'1 = D'(loglog 2-)|.

this
we

In the second term we missed the member of the sum for [
member is zero, since h(t) is continuous at 2p. For t € (20 —
estimate the second member by (1)(3) as

= 0, but
t20+9)

Z|Dk (o) t—29)||Dl(loglog2 ZC| *}”l”

2 llog ‘

1
< C|D*(loglog E)| < C|D*(loglog 2) ,
(33)
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anywhere else this member is zero. We estimate the first member of (32) for

te20— 4,2 as

IS}

t+
/ 92 |po(t — s)th(s)‘ ds < ‘Dk(loglog
t_§ 2

1 1
= §)| < C‘Dk(loglogg)‘. (34)

Analogously to these two estimates (33) and (34) we estimate for t € [, 7+ ]

k

> IDI(1 = AO)D* (67 € h)(0)] < C|D¥(loglog %)\. (35)

By estimating members of formula for D* f written in (28), we get a pointwise
estimate for every member anywhere on its support. Altogether by (30), (31),
(33), (34) and (35) we get
. 1
IDH(7(0)] < C| D (loglog )|

By (24), (25), spherical coordinates and the condition for r we get

D g() 1§ < / |D* f(j2])|* d
B(0,2r)

=33

=3

2r . p s 1
SC/O ¢ (_mas {1710 loglog )1} ) dt

2r 1
< C/ ——dl <ec.
0 t—ntltn]ogk %

All the properties of g(x) and checked. We use it the same way as h(x) is used

n
in the classical case and get the counterexample in WhE.

Remark 2 There was a partial result on smoothing of Cesari counterexample,
Matéjka has proven the case for k = 2 in [11]. He smoothed h(x) by redefining
it explicitly near the points of discontinuity and his example is C' but not C?.
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