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ABSTRACT. Let Q and €' be bounded open sets in R"™, n > 2, and let Hom(£2; ') the
class of homeomorphisms f: Q — Q. If f € Hom(Q; Q) NW'"~1(Q; ) is a homeomor-
phism with finite inner distortion, we deduce regularity properties of the inverse f~! from

the regularity of the distortion function of f.
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1 Introduction

In the last few years, homeomorphisms with finite distortion have attracted a
great interest thanks to their connection with relevant topics such as elliptic
partial differential equations, differential geometry and calculus of variations
(see [10] and the references therein).
Let © and €’ be bounded open sets in R, n > 2, and let Hom(Q; Q') the
class of homeomorphisms f: Q — .



In [9], the class of bisobolev maps has been introduced as the class of home-
omorphisms f: Q — €' such that
1,10, - 1,1y,

FEWE(Q) and  fle W (2:9)
Bisobolev maps have a close connection with homeomorphisms with finite
distortion.
Recall that a homeomorphism f € VVI})C1 (€2, R™) has finite outer distortion if
its Jacobian J; is strictly positive a.e. on the set where |Df| # 0. In case
J¢(z) > 0 a.e., we define its outer distortion function as

DI@" gy Je(x) >0

Ko,f(z) = { 7r@) (1.1)

1 otherwise.

Similarly, we say that a homeomorphism f € VV&)C1 (©2,R™) has finite inner
distortion if its Jacobian is strictly positive a.e. on the set where the adjugate
adj Df of the differential matrix does not vanish. In case J¢(x) > 0 a.e., we

define its inner distortion function as

djDf(x)|™
B % for Jy(z) >0
rf(z) = .
1 otherwise.

Obviously these two notions coincide in the planar case, while for n > 2
they are related by the inequality

Kp¢(x) < Kg}l(x)

The reverse estimate
Ko (x) < K} ;' (2)

holds when J(z, f) > 0.

In the planar case, i.e. for n = 2, it is known that each bisobolev map
has finite outer distortion ([7, 2]). Such a conclusion is not valid in higher
dimension. In fact, there exists a bisobolev map in R™ , n > 3, such that
its Jacobian determinant is zero a.e. and the modulus of its differential
matrix is strictly positive on a set of positive measure ([9]). However in [9]
it is proven that bisobolev maps have finite inner distortion (see Theorem
below).

Obviously the question can be reversed, wondering what are the conditions
on a homeomorphism f in the Sobolev class W' that guarantee that it is
a bisobolev map.



Recall that the inverse of a homeomorphism f € Wﬁ)’:_l(Q, V) belongs
to BVipe only ([2]). On the other hand, in [2], it has been proved that if
f e whr=1(Q ) is a homeomorphism with finite outer distortion such
that |Df| belongs to the Lorentz space L"~!! then the inverse map f~*
belongs to WH1(€), Q) and has finite distortion too.

Note that in case n = 2 the Lorentz space L coincides with L!, then for
planar homeomorphisms the result is true without any additional assump-
tion besides f € W1(Q, Q) ([7]).

A stronger result has been established in [4], where it is shown that homeo-
morphisms in the Sobolev class VVllo’:_l(Q, V) with finite inner distortion are
bisobolev maps, i.e. f~! belongs to W1 1(€)', Q). The sharpness of previous
Theorem has been shown in [8].

We can summarize the connection between homeomorphisms f € Whn—1
with finite distortion and bisobolev maps as follows

e n=2 f bisobolev <= f has finite distortion

e n>2 f bisobolev <= f has finite inner distortion

In the planar case, homeomorphisms with finite distortion and their in-
verses enjoy the same regularity in the scale of Sobolev class while in the
n-dimensional setting (n > 2) the inverses have a weaker degree of regularity.
In fact, as we already mentioned, the inverse of a Sobolev homeomorphism
f € WHn—! with finite inner distortion belongs to W' only.

Here we show that if we assume some regularity on the inner distortion
function K7 ; then the inverse of a Sobolev homeomorphism f € whn—1
with finite inner distortion belongs to W1 "~1 too. More precisely we have
the following

Theorem 1.1. Let f € WH"1(Q, Q') be a homeomorphism with finite inner
1
distortion such that | adj D f| belongs to the space L"n=1 and that

K[’f S Ll’OO(Q).

Then
IDf~' e L"H(Q).

We shall also prove by mean of a counterexample that Theorem 1.1
is sharp. More precisely, the assumption on K; can not be removed nor
weakened in the context of Lebesgue spaces. In fact, we shall construct a



mapping f € W1~ 1(Q, Q) with finite distortion , such that |adj Df| €
LYY and Ky p & LY°(Q) whose inverse f~1 ¢ W1n=1(Q, ') (see Section
6).

Theorem 1.1 tells us that the regularity of the distortion function influ-
ences the regularity of the inverse mapping.

In the planar case, the L'- integrability of the distortion K ¢ of a home-

omorphism of the Sobolev class Wb is a sufficient condition to the L?-
integrability of the differential matrix of the inverse mapping ([7]).
For n > 2 a similar result has been established in [17], under the stronger
assumption f € W1P(Q, ), for some p > n—1. In fact the analogous of the
quoted result of [7] should yield the same conclusion under the assumption
f € Whn=1(Q Q). Here we are able to remove this stronger assumption,
showing that

Theorem 1.2. Let f € Wh=1(Q, Q) be a homeomorphism with finite inner
distortion such that
KLf S LI(Q)

Then
IDf ' e L)

and

Df )" dy = / Ky 4(x) dz. (1.2)
Q Q

Moreover we have that
1
log <e + ) € L (). (1.3)
Jy

It is worth pointing out that the regularity of the distortion influences the
regularity of the inverse mapping also in the scale of Orlicz spaces. More
precisely, we shall examine also the case in which the distortion is assumed
to belong to a Orlicz class of functions not too far from L' and we shall
obtain results in case the distortion belongs to a class smaller than L' and
in case it has a degree of summability less than L'. Previous results in this
direction have been obtained in [7, 5] for planar homeomorphisms.

Our proofs strongly rely on the validity of the area formula for homeomor-
phisms ([3]) and on a chain rule formula proved in [4] for Sobolev functions.
However, here we show that the area formula and the chain rule of [4] are
valid in the more general context of approximate differentiable homeomor-
phisms (see Section 3).



2 Preliminaries

2.1 The area formula

Let © and €' be bounded domains in R”. We shall denote by Hom(; ')
the set of all homeomorphisms f : Q@ — Q' = f(Q), by |Df| the operator
norm of the differential matrix and by adj Df the adjugate of Df which is
defined by the formula

Df-adjDf =1-Jy, (2.1)

where, as usual, J; = detDf and I is the identity matrix.

We will use the well known area formula for homeomorphisms in VVIEC1 (Q),
that is
[ atr@)@ldc< [ o)y 2.2

f(B)

where 7 is a nonnegative Borel measurable function on R” and B C 2 is a
Borel set (for more details we refer to [3]). The equality

/ n(f (@) | 5(x)| da = / n(y) dy (2.3)
B f(B)

is verified if f is a homeomorphism that satisfies the Lusin condition N,
i.e. the implication |[E| =0 = |f(E)| = 0 holds for any measurable set
E cq.
Note that the function defined in (1.1) satisfies the so-called distortion in-
equality

[Df(@)[* < Ko,s(x)J(x)

Moreover, by virtue of (2.2), we have that J; € L'(B). Hence, the definition
of homeomorphism with finite distortion coincides with the usual one, given
for mappings which are not homeomorphisms (see [10]).

In [6] the authors proved that mappings f € W1(Q, R") of finite distortion
satisfy the Lusin condition N. Here we are interested in mappings of finite
distortion whose differential matrices belong to spaces slightly different from
L™. For this reason let us recall the definitions and some basic properties of
these spaces.

2.2  Orlicz spaces

Let P be an increasing function from P(0) = 0 to tlim P(t) = oo and
—00

continuously differentiable on (0,00). The Orlicz space generated by the



function P(t) will be denoted by L () and it consists of the functions h
for which there exists a constant A = A(h) > 0 such that P (@) € LY(Q).

In particular we shall work with the Orlicz-Zygmund spaces L*log® L, 1 <
s < 00, a € R, which are Orlicz spaces generated by the function P(t) =
t*log®(e + t).

For a« > 0, the dual Orlicz space to Llog® L(2) is the space Fzpi(Q),

1
[

generated by the function Q(t) = exp(ta) — 1. The well known Young’s
inequality reads as

st < slog*(e+s) + exp(té) -1 Vs, t >0 (2.4)
Observe that if [g|” € L'(Q) for some 3 > 0, then
log*(e + |g|) € Exzp1 () (2.5)

for all a > 0. In fact, we have that

a a 1
/exp (10g (e + |9|)> do — / exp (log(ejr \9|)> do — /(e_'_‘g‘))\ 5 g
Q A Q o Q

Note that the last integral in previous equality is finite for every positive
constant A verifying the inequality A > 5% Hence, by the definition, the
function log™(e + |g|) belongs to the space Expi(2). For more details on

Orlicz spaces we refer to [12].

2.3 Lorentz Spaces

Let 2 be a bounded domain in R” and ¢ : 2 — R be a measurable function.
For ¢t > 0 we denote by

Q={zxeQ:|g(z) >t} (2.6)

For 1 < p,q < +oo the Lorentz space L(p,q) consists of all measurable
function g defined on §2 such that

+oo q
HgHg,q:p/ |Q|Pt9 dt < +o0
0

where || is the Lebesgue measure of €, then || - ||, 4 is equivalent to a
norm under which L(p,q) is a Banach space ([16]). For p = ¢, the space
L(p,p) coincides with the usual LP space and if 1 < ¢ < r < +00, we have

L(p,1) C L(p,q) C L(p,r)



For ¢ = oo, the class L(p, c0) consists of all functions g defined on 2 such
that

1911500 = sup ¥[€2| < 400
>0
and it is equivalent to the Marcinkiewicz class, weak-LP.
Forl<r<p l<g<oo
L(p,q) € L(p,o0) C L"

Whenever1<p<oo,1§q§ooand%—|—}§:1,%+%:1,f€L(p,q),

g € L(p',¢') we have the Holder-type inequality

/ F@)g(@)ldz < |1f]
Q

p,q||9||p/,q’ (2.7)

2.4 Bisobolev maps

Let us recall that a homeomorphism f : € 2 ) is said to be a bisobolev
map if f belongs to the Sobolev space VVllocl(Q, (V) and its inverse f~! belongs
to WEH(; Q). More specifically, if f € VVli’p(Q; Q) and f~1 e WHP(QV; Q),

loc c loc

1 < p < oo, then we say that f is W1P- bisobolev.

The connection between bisobolev mappings and mappings with finite dis-
tortion is given by the following results.

Theorem 2.1. ([9]) Let f : Q — R™ be a bisobolev map. Suppose that for
a measurable set E C ) we have Jy =0 a.e. on E. Then |adjDf| =0 a.e.
on E. If we moreover assume that Jy > 0 it follows that f has finite inner
distortion.

In the opposite direction, we have the following
Theorem 2.2. ([4]) Let f € Wb 1(Q, Q') be a homeomorphism such that
ladj Df(2)|" < K(2)J} ™ (2) (2.8)
for some Borel function K: Q — [1,+00). Then f~1 is a WHL (Y, Q) map

of finite outer distortion. Moreover
IDf Y )" < K(f ') Jp1(y)  aein Q

and

DF ()| dy = / |adj Df (z)| da
Q/ Q



3 The chain rule and the area formula

We need to recall the definition of approximate gradient of a Borel map. To
this aim, for a measurable function g : Q — R, we will define its approximate
limit as

aplim ¢g(y) = inf {t eR: ll_I)I(l)

Yy—z

o>005w) )

r

with the convention that

B,
aplim g(y) = +oo if {t €R: lim g >t};j (@)l :o} — (.

If fe L (;RY), we will say that a point 2 € Q is a point of approximate

loc
continuity if there exists z € RN such that

lim |f(y) — z|dy =0 (3.1)
r=0/B, ()

The precise representative of f is the function f* : @ — R defined by
setting f*(x) = z, where z is the vector appearing in (3.1), if = is a point of
approximate continuity of f and f*(x) = 0 otherwise.

Let x a point of approximate continuity of f. We will say that f is
approximately differentiable at x if there exists a N x n matrix denoted by
D f(x) such that

i M@ -r@-Di@w =),

r—0 Br () r

y=0 (3.2)

The approximate gradient D f(x) is uniquely determined by (3.2), the set
Dy ={x € Q: fis approximately differentiable at x}

is a Borel set and the map Df : Dy — RN™ is a Borel map. Recall that if
f,ge€ Ll (RY) then

loc

Df(x) = Dg(x) forae xe€DyNDyN{f =g} (3.3)

If f e I/Vlicl (€;RN) then is approximately differentiable a.e. in Q and its
approximate gradient coincides a.e. with the distributional gradient ([1]).



Lemma 3.1. Let f € LL (Q;RY) and let x € Dy. Then we have

loc
aplim sup —|f () = f(@)] < +0o0
Yy ly — |

Proof. Without loss of generality we can suppose that x = 0. Let t >
|Df(0)| and set

At:{yeﬂzm_‘f*(o)'>t}.

|y

It suffices to prove that
A:NB
lim At OBl (3.4)
r—0 rn
To this aim, we argue by contradiction supposing that there exists a sequence

rp, — 0 such that
. |At N BT‘;L|
lim ———

h—o00 T,

Since D f*(0) = Df(0), we have
[ IW=r -0,
B

=1>0 (3.5)

n+1
Th rh

[ M@-r0-b/0,
By, NA

v

n+1
Th

/ ) = O = [DFO) -9l |
By, NA;

\Y]

n+1
Th

t—|Df(0
> LDIOL Ty, (36)
T.h BrhmAt

Let us consider pj, such that |B,, | = |B,, N A;| and so

Wn

1
B, NA|\"»
wnPZ=|BrhﬂAt| = ph:<w> )

Since the function y — |y| is radially symmetric, one easily gets

/ ly| dy > /
By, NA B

Inserting (3.8) in (3.6) and using (3.7), we obtain
[ Mw=rO D10,

n+1
Th

| | /’ph n n-+1 ( )
= nwyrt dr = ——w . 3.8
Yy dy o n n+1 nPp,

Ph

"h



t—IDfO) _n nt1

=D (15,7 At\)”zl |

I D
(n+ 1wy h

(3.9)

Taking the limit as h — oo in estimate (3.9), using the assumption 0 € Dy
and (3.5), we have
=0

which is clearly a contradiction. O

Combining Lemma 3.1 with the area formula for Lipscitz maps and The-
orem 3.1.8 in [3], as a particular case of Corollary 3.2.20 in [3], we have the
following Area Formula

Theorem 3.2. (Area Formula) For f € LL _(RY) and ¢ : RY —
[0, +00] a Borel function, we have

()| ()| dx = / dy / (x) dH(x).
Dy f*(Dy) {(f*) " w)}

From the Area Formula we can derive the following

Corollary 3.3. Let f : Q@ — RY be a one to one, continuous map and let
¢ :RY — [0, 4+00] be a Borel function. Then

/ o(F@)|Tp(x)| da = / () dy.
Dy f(Dy)

Let us notice that, in general, if f : Q@ — R is a one to one, continuous
map and ¢ : RV — [0, +00] is a Borel function, one has

/ P(F ()5 () da < / () dy.
Q

()

However, the equality is achieved when f satisfies the N property of Lusin.
More precisely we have the following

10



Proposition 3.4. Let f : Q — RN be a one to one, continuous map a.e.
approzimately differentiable. Then

/ P(F())| ()| da = / o(y) dy, (3.10)
Q F(©)

for every Borel function ¢ : RN — [0,4-00], if and only if f satisfies the N
property of Lusin.

Proof. Suppose that f satisfies the N property of Lusin. Since f is ap-
proximately differentiable a.e. in €2, the N property of Lusin yields that
|f(©2\ Dy)| = 0. Hence, Corollary 3.3 implies

/Q o(F@) ()| da = /D o(F(@) ()| da = /f L, P /f IREOLT

f

Conversely, let us suppose that equality (3.10) holds, for every Borel function
¢ : RY — [0, +00]. We need to show that, if E C € is a Borel set with
|E| = 0 then we have |f(E)] = 0. Note that, since f is a one to one
continuous map the image of a Borel set F is a Borel set and hence the
characteristic function x, ., is a Borel function. Since for X, ., the equality
(3.10) holds, we obtain

0= /E ()| de = /Q Xy (F@) 1 5()] da = /f o X 8) 8y =1 (B)

which concludes the proof. O

A key tool for our aim is the following chain rule formula, which has been
proved in [4] for bisobolev mappings. Actually the proof given in [4] works
under slightly weaker assumptions. We give it here for the sake of complete-
ness.

Lemma 3.5. Let f : Q — ' be a homeomorphism such that f and f~' are
approzimately differentiable a.e.. Set

F={yeDs:|Jp1(y) >0}

Then there exists a Borel set A C F such that |[F\ Al =0, f~}(A) c {z €
Dy : |Jg(x)| > 0}, with the following property

Df ' y)=[Df(fT )]t WyeA (3.11)

11



Proof. The approximate differentiability of f~! at any point of the Borel
set F' implies (see 3.1.8 of [3]) that we can cover F' by an increasing family
of Borel set F; such that the restriction fg, is a Lipschitz map h. Hence,
for every € > 0 there exists a Lipschitz map h and a set F. C F such that
|F\ F.| < eand f~!(y) = h(y) for every y € F.. Thanks to (3.3) we also
have that Df~!(y) = Dh(y) and hence |Jy,(y)| > 0 for all y € F.. Thus,
by the Lipschitz linearization Lemma, F. can be decomposed, up to a set of
zero measure, into the union of countably many, pairwise disjoint, compact
set H; such that, for every integer 4, the map hp, is invertible, (h‘ Hi)_l
is Lipschitz, h is differentiable, |J,(y)| > 0 and Df~*(y) = Dh(y) for all
y € H;.

Now, let us denote by g; : R™ — R™ a Lipschitz function such that g;(z) =
(hyp;)~Ha) for all & € h(H;). The equalities

hgi(x)) == Vo € h(H;) g9i(h(y)) =y Vy e H;
together with the a.e. differentiability of Lipschitz functions yield
Dh(gi(x)) = [Dg;(x)]* for a.e. x € h(H;)

Since g;(z) = f(x) for every x € h(H;), previous equality implies that there
exists a null Borel set M; C h(H;) = f~'(H;) such that f is approximately
differentiable at every point x € f~1(H;)\ M; and

Dh(f(x)) = [Df(x)]™" Vo e fTH(H:)\ M;

l.e.

Dh(y) = [Df(f~'w)]™"  Vye Hi\ f(M;).
Since f(M;) = g;(M;) and g; is a Lipschitz map, we deduce that f(M;) is a
Borel set of zero Lebesgue measure. Recalling that

Df~'(y) = Dh(y) Vy € UiH;

we have proven that the approximate gradient D f(x) exists for every x €

Ui (F71(H) \ M) and
DI w) =07 @ vy e (H\T0m).

Since J; (HZ \ f (MZ)> is a Borel subset of F, with full measure, the conclu-
sion easily follows from previous equality. O

12



4 Proof of Theorems 1.1 and 1.2

In this section we will give the proofs of the regularity results for the inverses
of homeomorphisms with finite distortion in the scale of Sobolev classes.

Proof of Theorem 1.2 . Since f € WH"~! has finite inner distortion, from
Theorem 2.2 it follows that J;-1(y) > 0 and f~! € W' is a homeomor-
phism with finite distortion. Hence f is approximately differentiable a.e. in
Q and f~! is approximately differentiable a.e. in €2’. Lemma 3.5 yields that
there exists a subset A’ of . with full measure, such that chain rule holds
at any point of A’. Then, we have

[ s wray= [ s ay

ladj Df(f~(y))|"
/, 70 Y

< / Kr (5 )51 () < /Q K y(x) da (4.1)

where in the last line we applied area formula (2.2). Then the assumption
K; € L' implies that f~! € WbHm(2;Q). It remains to prove the other
inequality in (1.2). To this aim, note that as a consequence of the weak
version of Sard Lemma we have

|f(Dy N JP)| =0,

where we denoted by JJQ the zero set of the Jacobian determinant of f. Since
f~ e Whn(QV; Q) we have that f~! satisfies N property. Hence we have

Dy N7 =0,

i.e. Jy >0 a.e. in {2. Thus, using area formula and chain rule again, we get

/Q Ky j(z)de = / Ky j(2) do

B |adj Dy (&) " \adJDf .
- /wo Jf<> = [ B @ d

= [ D5 @) da < / Df! )\”dy (12)

where A the Borel set determined by Lemma 3.5. This concludes the proof
of the estimate (1.2).

13



As already observed, by Theorem 2.2 it follows that J;-1(y) > 0 and f~! €
WhHl and we just proved that f~' € W' Therefore, by a well known
result due to Miiller ([15]), it is Jy-1 € Llog Lioc(f(€2)). By Lemma 3.5
there exists a Borel set A C Q\ J](c) such that |A| = || and such that the
chain rule formula holds at every point of A. By the area formula and (3.11),
for x € A and for every compact set E C §2, we have

/Elog <e + th)> dz /EmA Jfl(gc) log (e + thx)> J¢(z) dx
< /f o T @8l T )y < o0

and therefore the conclusion. O

Proof of Theorem 1.1. Let A’ the set determined by Lemma 3.5. From The-
orem 2.2 it follows that Jy-1(y) > 0 and f~t e Wl is a homeomorphism
with finite distortion. Using the chain rule of Lemma 3.5

L s twrtay= [ prterta
|

adj DS (/)"
a I YW)

—1
< / | adJﬁ S@I" 4, (4.3)

where in the last line we applied area formula (2.2). Hence, by the definition
of the inner distortion function, it follows that

n—1
’Df ’n 1d </ ‘ad.]DfQ ‘ dx
o J}

n—2

[ (lDE@I T
- /ﬂ( T ) Jadj D (&)1 d

- /ﬂ (K7 p(2)) 55 | adj Df (2)| 77 da (4.4)

By a simple use of Holder’s inequality in Lorentz spaces we get

/ DF ()" dy
5

14



n—2

< || s @)®| ey |[ladi D@1

Ln—11

< [|Kpp(= )IILlooIHadJDf( M 11y (4.5)
i.e. the conclusion. O

Note that in the case n = 2, estimate (4.4) reduces to

Df ()| dy < / Df ()| dx
Q/ Q

and then no assumptions on the distortion function are needed to derive the
analogous conclusion.

Next result shoes that assuming more regularity on the adjugate of the
differential matrix allow to weaken the assumption on the regularity of the
distortion and have the same conclusion of previous theorem.

Proposition 4.1. Let f € WL 1(Q, Q') be a homeomorphism with finite
inner distortion such that |adj D f| belongs to the space LP for some p > 1
and that

Kj ;e L'Y(Q),
fore= % < 1. Then

IDfH € LPHEY).

Proof. We argue as in the proof of previous Theorem until we arrive at the
estimate

DS ()" dy < / (K1 ()% |adj Df(2)[7T dz (4.6)
Q/ Q

Since by assumption |adj Df| € LP, we can use Holder’s inequality of expo-
nents p(n — 1) and % thus having

oty ( f ) o ([ 1aains )\pd:v>m

which concludes the proof. O

15



5 The regularity of the inverse in Orlicz spaces

In this section we shall examine how the regularity of the inner distortion
function of a homeomorphism f reflects on the regularity of the inverse f~*
in the scale of Orlicz spaces. We shall confine ourselves to the case of spaces
not too far from L' and we shall face both the case of spaces smaller than
L' and of space slightly larger than L'. Our first result is the following

Theorem 5.1. Let f € W 1(Q, Q) be an homeomorphism with finite
inner distortion such that

K ¢ € Llog™ L(2) (5.1)
for some a > 0. Then
|Df_1| eL” loga logloc L(Q/) (52)

Proof. Under our assumption K;; € Llog® L(§2) , we can apply Theorem
1.2 to deduce that

1
log (e + > € L (). (5.3)

I
Since f is a homeomorphism with finite inner distortion, we know, by Theo-
rem 1.2, that f~! is a homeomorphism of W™ with finite inner distortion.
Hence by the weak version of the Sard Lemma and by the Lusin property

of f~1 we get that J¢(z) > 0 a.e. in Q. Therefore, denoted by A’ the set
determined by Lemma 3.5, if E is a compact subset of {2, by (2.2), we get

/ [Df~1 ()" log®(e + log(e + D (y)])) dy
= [ 1D )Mo e+ og(e + D5 ()] dy
< /|adj]nD1Jc log® (e+log <6+W>> dx
K1 5() log® <e_+1og <e4_‘adjf;f<x>f)) "

/ Ky eyt e+ 1og (e HILIN) ) g,
En{|adj Df|<1} 7,

= I+1II (5.4)

/Emﬂadj Df|>1}

16



Since |adj Df(z)| < |adjDf(z)|™" ' on the set E N {|adjDf| > 1}, we

have
o |adj D f (x)|"/"!
I < Ky ¢(z)log™ [ e+log | e+ dx
EN{|adj Df|>1} Iy
< c/ K1 rlog®(e +log(e + Ky 5)) doe < 400 (5.5)
E

thanks to the assumption. In order to estimate 11, we use Young’s inequality
at (2.4)

17

IN

/ K f(x)log™ (e + log (e + 1>> dx
EN{|adj Df|<1} Jy

1
/Kl,f(x) log® (e + K ¢(x)) dx —1—/exp <log°‘ (e + log (e + 1))) " d
Q Q Jy

/QKLf(x)loga(eJrKLf(x))d:an/Q <e+1og <e+$>) dx

IN

IN

that is finite thanks to the assumption and (5.3), hence the conclusion. [J

Next result concerns homeomorphism whose inner distortion function
has a degree of integrability less than L' and it is the analogous to the n-
dimensional setting of a result contained in [7]. More precisely we have the
following

Theorem 5.2. Let f € W= YQ, Q) be an homeomorphism with finite
inner distortion such that |adj Df| € LP(Q) for some p > 1. If

Klf 1
[ A c L Q
to(e + 57, <&

then
L'fL

.
logL( )

Df | e
Moreover we have that

1
1Og log(e + 7) € Llloc(Q)‘
Iy

17



Proof. Since f € WH"=1(Q, Q') is an homeomorphism with finite inner dis-
tortion by Theorem 2.2 we have that f~* € WhH1(€;Q). Let A’ be the set
determined by Lemma 3.5. Then we can use the chain rule and the area
formula, thus getting

IDf~(y)|" _ |IDf~(y)|"
/Q, og(e + 1D/ 1)) ¥ = /A log(e + Df 1)) ¥

- / adj Df( )|d - dxr < C/ KLf[((x) (z) dv
2 Jp(a)log (e -+ G REN) s e+ it
_ KI f( ) dx
{K; f<|adJDf\p} log <€ + %)
N / Kl,f(x) dr
K; >l aai psipy log (e 4+ —BLs(@)
{Kp, f>|adjDf|P} og\e ladj D f(z)]
‘ Krf(x)
< adj D f(x pda:+/ - dx 5.6
/Q\ jDf(x)] o log (e + Kp f()) "

Since, by our assumptions, the integrals in the right hand side of previous
n

estimate are finite we obtain that |[Df~!| € @(Q’) .

At this point we can use a result of [14] to deduce that Jp-1 € Lloglog Lio.(£2').
Theorem A in [11] implies that f~! satisfies condition (N) and hence |7 ]9\ =
0. In fact, as we noticed before, Sard’s Lemma yields that | f(DyN j}))| =0
and hence the N- property of f~! implies Dy N jj?\ = 0. So we can argue
analogously to before, having

/E log <62 + log <e + thx)» dz
_ /E y thm) log <62 +log <e + Jfl(@» Jp(z)dz

< / J-1(y) log (62 +log(e 4+ J-1(y))) dy < oo
F(BENA)

where A is the subset of 2 determined by Lemma 3.5. O

We can weaken the regularity assumption on the adjugate matrix of the
differential of the homeomorphism f and we arrive at the same conclusion
of Theorem 5.2, slightly improving the regularity assumption on the inner
distortion function. In fact we have
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Theorem 5.3. Let f € WH=1(Q, Q') be a homeomorphism with finite inner
distortion such that | adj D f| belongs to the space Llog L(§2) and that

Ky y

c L1(O).
log(e + log(e + K1) <~ W

Then I
Df ! — ().
DFY € o ()

Proof. Since f € Whn=1(Q, Q') is a homeomorphism with finite inner dis-
tortion by Theorem 2.2 we have that f=! € WH1(Q/; Q). Then we can use
the area formula, thus getting

[Df~(y)|"
/Q, log(e + Df1(y)) ¥

</ |adj Df (x)[" dm<c/ Ki4(x) i
- yn—1 \adJ Df(z)| - K r(2)
QJf log (e—i— T7) ) Q log <6+7\adef(x)|)
_ Ki1,() e
{K7 p<|adj Df|log(e+K )} lOg (e + %)
K
+ If(w) dx

K (z)
Ky p>|adj Df|log(e+ K/ s(2))} lOg (e + W’M)

J
/ |adj D f(x)|log(e + K1 ¢(x)) dx

Kr,5(2) N
/Qlog (e +log(e + Kr,f(x))) d (5.7)

Since the second integral in the right hand side of (5.7) is finite thanks to
the assumption, it remains to prove that the first integral is finite too. To
this aim observe that

/\adef(x)Hog(e+Kz,f>da::/ ladj Df (x)| log <6+WZW> du
< C/ adef(x)1og(e+yadef(a:)y)dx+/ |adj Df(z)|log (e+}> dz
f

/adJDf x)|log(e + |adj D f(z)|) dx + ¢ /de

IN
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- c/ adef(a:)log(e+|adef(a:)|)dx+/Kf(a:)nnl da
Q Q

where the first integral in the right hand side is finite by assumptions and
the second one is finite thanks to the Young’ inequality i.e.

nt Ky (x)
/QKf(x) ; d:cg/glog(eﬂog(ﬁf(fm)) LeQ) (5.9)

The proof is now complete. O
This result has been established in case of planar homeomorphisms in

[5].

6 Construction of Counterexamples

The following general construction of examples of mappings of finite distor-
tion was introduced in [8] (see also [7]). Here we give only the brief overview
of the construction, for details see [8, Section 5].

6.1 Canonical transformation

If c e R™, a,b > 0, we use the notation
Q(c,a,b) :=[c1 —a,c1+a]l X -+ X [ep—1 —a,cp—1 + a] X [cn, — b, ¢,y + ).

for the interval with center at ¢ and halfedges a in the first n — 1 coordinates
and b in the last coordinate. For Q = Q(c, a,b) we set

eQ(y) = (a1 +ayr, ..., cn—1+ ayn-1,n + byn).
Let P, P’ be concentric intervals, P = Q(c,a,b), P' = Q(c,d’, V'), where
0<a<a and 0<b<d. We set

Yppty) =1 =¢, (y) +ip, (),  te[0,1], y e Q.

Now, we consider two rectangular annuli, P\ P°, and P\ ]50~, where
P = Q(c,a,b), P = Q(c,d V), P = Q(¢a,b) and P = Q(¢,a’,b'), The
mapping

h = SOIB’p/ ° (SOP’P/)_l

is called the canonical transformation of P'\ P° onto P\ P°.

20
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P/

Fig. 1. The canonical transformation of P\ P° onto P’ \ P° for n = 2

6.2 Construction of a mapping

By V we denote the set of 2™ vertices of the cube [—1,1]" =: Q. The sets
VF =V x...xV, k€N, will serve as the sets of indices for our construction.
If w € V¥ and v € V, then the concatenation of w and v is denoted by w”v.
The following two results are proven in [8].

Lemma 6.1. Let n > 2. Suppose that we are given two sequences of positive
real numbers {ag trenys {0k freNg

apg = b[) = 1;
ar < ag_1, b < bg_1, for k € N.

Then there exist unique systems {Q”}veUkeNV’“ {Qi’}vEUkeva of intervals

Q’U - Q(C’vv 2_kak7 2_kbk‘)a Q{u = Q(C’LH Z_kak‘—l) Z_kbk—l)
such that

Q., v e vk, are nonoverlaping for fized k € N,
Quw = U Qlpryy for each w € V¥, keN,

veV
v, veYV,

n—1
Cwry = Cw + Z 2_kakvi51~ + 2_kbkvn5n,
i=1

weVF keN, v=(vy,...,v,) €V.
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Fig. 2. Intervals Q, and Q, for v € V! and v € V2 for n = 2.

Theorem 6.2. Let n > 2. Suppose that we are given four sequences of
positive real numbers {ak}ren,, {0k }keny, {0k} kenys {0k breNgs

a():b():CNL():[N)O:l;
ag < ag—1, b < bp_1, ax < ag—1, b < by_1, for k € N. (6.2)

Let the systems {Quv}yeyy, ., v {Q{U}UGUkEva of intervals be as in Lem-

ma 6.1, and similarly systems {Q”}UGU%NV’“’ {Q{U}DGUkeva of intervals
be associated with the sequences {a} and {by}. Then there exists a unique
sequence { f¥} of bilipschitz homeomorphisms of Qg onto itself such that

(a) f¥ maps each Q\)\ Qu, v € V™, m=1,...,k, onto Q') \ Qo canonically,
(b) f* maps each Qqu, v € VE, onto Q, affinely.

Moreover,
AR L B A (0 R Caay B Bt (6.3)

The sequence f* converges uniformly to a homeomorphism f of Qo onto Qq.

6.3 Counterexamples

Let us note that the assumption K; € L% in Theorem 1.1 can not be
removed nor weakened in the context of Lebesgue spaces. In fact, we have

Example 6.3. Let n > 3. There exists a homeomorphism f : Qo — Qg
1

of finite distortion such that f € W' 1(Qo,Qo), ladjDf| € L 71, K| ¢

LY and f=1 ¢ WHH(Qo, Qo)-

Proof. We start by setting
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for n
a=0=1 0= ’y-l-iz

for some 0 < v < 1. Note that this choice is possible only for n > 3. For
a>fF>0and § >~ >0 one can check that

[Df| ~ k7

|DfY ~ kP
and

Jp ~ E(a=1(n—1)+5-4

(we refer to [2, 7] for more details). Therefore
(a=7)(n—-1)
n—1
/Q |Df’ ~C Z ka(n—1)+8+1
) La(a—y)(n—1)
[ maingle~ o> S
Qo c

ka(n—1)+8+1
keN

L G-B)(n-1)
n—1
‘é|Df| CE:gﬁrfﬁﬁ

that yields
L(a=7)(n—1) 1
Z pa(n—D+B+1 Z -2 <
keEN keN

for every v > 0, which means that f € WH"~1(Qq; Qo). Moreover

Le(a—y)(n—1) 1
Z ka(n—1)+8+1 - Z fn+l-a(l—y)(n—1) < Foo
keN keN

for every 1 < a < 51— ,y, which implies that |adjDf| € L*. Now, let us

note that (5—B)n-1)
klo—p)in= 1
Z n—)Fo+1 Z 8 Drern TP
keN keN
since
-1
(y=90)(n—-1)+d+n=x —1-7—1- _nn=1)

— <1
2 n_2 =
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and hence f~! ¢ W1 1(Qp; Qo). Then observe that

B ‘ad_]Df|n N k(Oﬂ—’Y)n(”_l)
R G

Ky

n—2

_ -(n-1)

—-—= n—1
In order to have that K; ¢ L1> it suffices to show that K]~ ¢ Ln—2",

n—1 n—1
Since Ln—2°° C Ln—2"° for every 0 < ¢ < -1 we will prove that there

2
n-2 n—1
exists 0 < & < —L5 such that K~ ¢ Ln—2"° .
To this aim, we calculate

/0 (IKIW)(“E) = /Q || (=51

f(6-7) (n—1)—¢(6-7)(n—2)
~C Z kn+1

keN

Since

n—@0—-—y)n—-1)+e(d—7v)(n—2)=en— n712
n-2 n—
in order to have that K" ¢ L7=27¢ it suffices to choose
1

n—2

O]

On the other hand, arguing as in Example 6.3 and choosing in a suitable

way §,, we also have the following

Example 6.4. Let n > 3 and 0 < o < 1. There exists a homeomorphism
f: Qo — Qo of finite distortion such that f € WH"1(Qo,Qo), K¢ € L

but f~1 ¢ WH1(Qo, Qo).

Acknowledgements. The authors wish to thank Prof. Nicola Fusco

for the helpful discussions on this subject.
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