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1. Introduction

This paper is part of our program to establish the fundamentals of the theory of
mappings of finite distortion [8], [1], [10], [15], [16], [9] which form a natural
generalization of the class of mappings of bounded distortion, also called quasireg-
ular mappings. Our research continues earlier developments on mappings of finite
distortion, e.g. [5], [14], [7], [18].

Let us begin with the definition. We assume that &2 C R" is a connected open
set. We say that a mapping f : 2 — R” has finite distortion if:

(FD-1) f e Wil (@, R").
(FD-2) The Jacobian determinant J(x, f) of f is locally integrable.

(FD-3) There is a measurable function K = K(x) > 1, finite almost everywhere,
such that f satisfies the distortion inequality

IDfOI" < K(x)J(x, f)  ae.

We arrive at the usual definition of a mapping of bounded distortion (a quasireg-
ular mapping) when we require above that K € L°°(L2). In this case condition
(FD-2) assures that f € W' (2, R"). The theory of mappings of finite distor-
tion is by now well understood, see the monographs [23] by Reshetnyak, [24] by
Rickman and [13] by Iwaniec and Martin.

The recent works [3], [8], [1], [10], [15], [16], [11], [9] have established a rich
theory of mappings of finite distortion under relaxed conditions on the distortion
function K that do not require K to be bounded. Namely, it has been proven
under the assumption of exponential integrability of K that f is continuous, sense
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preserving, either constant or both open and discrete, and maps sets of measure
zero to sets of measure zero.

The motivation for relaxing the boundedness of the distortion function partially
arises from non-linear elasticity. See the paper [21] by Miiller and Spector for a nice
introduction to the mappings arising in that theory.

Notice that condition (FD-3) guarantees that J(x, f) > 0 a.e. in 2. However, it
is not necessarily true under (FD-1)—(FD-3) that J(x, f) > 0 a.e. in €2 for a non-
constant f, a condition very desirable from the point of few of the mathematical
models of deformations in non-linear elasticity. It is a deep analytic fact that the
Jacobian of a non-constant mapping of bounded distortion cannot vanish in a set
of positive measure.

In this paper we complete the fundamentals of the theory of mappings of finite
distortion by estimating the size of the zero set of the Jacobian of a mapping of
unbounded finite distortion and the branch set of the mapping. Our results imply, in
particular, that both the zero set of the Jacobian and the branch set of a non-constant
mapping of finite, exponentially integrable distortion have volume zero. Here the
branch set of f, denoted by B, consists of those points in €2 at which f fails to be
a local homeomorphism. We do not know of any earlier results on the size of the
branch set or the zero set of the Jacobian of a mapping of a finite distortion beyond
the boundedness assumption, the case of a mapping of bounded distortion.

The condition of exponential integrability of K has been further relaxed in
[17] as regards the topological properties of mappings of finite distortion, and our
results here will also hold under these weaker assumptions. Following this work,
we introduce a special class of Orlicz functions. We assume that W is a strictly
increasing, differentiable function, and we make the following two assumptions,
the second of which is entirely harmless (see the discussion in [17]):

(w-1) f qjt(t)dt=oo,
1

(W-2) lim t V' (f) = oo.
1—00
Then, the right assumption on K is the following condition (Ay).

(Ag) exp W(K) and J(-, f) € Ll (), and W satisfies (WU-1) and (W-2).

loc

If we know that f € W!*(Q), we do not need to assume so high order of
integrability on K to obtain the regularity results. It suffices that K € Lﬁ)C(Q) for
some p > n — 1, see [7], [18]. In this case, the requirement on the L"-integrability
of | D f| can be relaxed as in [17] to:

(Agp) ®(IDf]) and K? € LIIOC(Q), where p > n — 1 and & satisfies (P-1) and
(P-2).

Here @ is a strictly increasing continuous function on [0, co) and the conditions
referred to are the following:

(@-1) /Oo 20 4y = oo,
1

1+
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(®-2) Thereis ¢ € (n — 1, n) such that r — ~9®(¢) increases for large values
of t.

Under the same assumptions as considered in [17] we obtain now the results
on the zero set of the Jacobian and on the branch set.

Theorem 1.1. Let f € WY1(Q, R?) satisfy the distortion inequality
IDfO)" < Kx)J(x, )  ae

in Q, where K(x) > 1 and either (Avy) or (Ao) is satisfied. Then f (after passing
to an appropriate representative) is continuous. If the Jacobian determinant of f
is integrable, and f is not a constant mapping, then J(x, f) > O a.e., |By| = 0,
and for a set E C ,

| f(E)] =0 ifand only if |E| = 0.

This result covers, for example, the case of a mapping of finite, exponentially
integrable distortion. Taking Theorem 1.1 into account, we thus conclude that map-
pings of (sub)exponentially integrable distortion in the above sense form a natural
analog of the class of mappings with bounded distortion.

In particular, Theorem 1.1 implies that, for a non-constant Sobolev mapping
f e Wh(Q, R") of distortion K € LP(Q) for some p > n — 1, both the branch
set and set where the Jacobian vanishes are of measure zero. Thus we obtain
a solution to an open problem in the paper [7] of Heinonen and Koskela; no
sufficient integrability condition on the distortion was known even in this setting
in space.

The original arguments of Reshetnyak [22], Martio, Rickman and Viiséla [19],
Bojarski and Iwaniec [2] for the branch set and the zero set of the Jacobian in the
case of mappings of bounded distortion do not seem to easily extend to our setting.
It would be possible to prove Theorem 1.1 by a modification of the method of
Vodop’yanov [25]. However, we use a different approach (except of Step 1 of the
proof of Theorem 1.2, where the estimate is similar to a part of the argument in
[25]), and prove first a result which has its own interest, Theorem 1.2.

Namely, concerning the zero set of the Jacobian, if we assume that the multi-
plicity of f is essentially bounded, then the borderline exponent for K is notn — 1
but n" — 1, where n’ = _Z7 is the conjugate exponent to 7. In this generality, we
cannot rely on any topological facilities like continuity, openness or discreteness
of the mapping. The assumptions of Theorem 1.2 cover the natural and important
case of mappings which are invertible in the sense that their essential multiplicity
is at most one. Then the result implies, roughly speaking, that there is no cavitation
under the inverse mapping.

In fact, the main role of the integrability assumptions in Theorem 1.1, which
are considerably stronger than those in Theorem 1.2, is to establish a local bound
on the multiplicity as the first step. This bound is obtained using the result in [18],
[15] (see [17] for this generality) according to which a non-constant map satisfying
the assumptions of Theorem 1.1 is both open and discrete.
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Theorem 1.2. Let f € W'1(Q, R") satisfy the distortion inequality
IDfOI" < K0)J(x, f)  ae

in Q, where 1 < K € L"~1(Q). If the multiplicity of f is essentially bounded by
a constant N and f is not constant, then for any set E C Q we have

[f(E)|=0 = |E[=0 (L.1)
and J(x, f) > 0 a.e. in Q.

Notice that the multiplicity is assumed to be bounded only essentially, that is,
a.e. y € R" has at most N preimages for some fixed number N. This means that the
possibility that a preimage of a point has positive measure is not a priori excluded.
As a consequence of Theorem 1.2 we obtain the “unique continuation result” that
a mapping which is zero on a part of 2 of positive measure is forced to vanish on
entire 2 provided it satisfies the assumptions of Theorem 1.2.

The sharpness of our results is illustrated by two examples. The first example
shows that the conditions on the Orlicz classes in Theorem 1.1 cannot be violated.
Also, it demonstrates that the condition on multiplicity in Theorem 1.2 cannot be
dropped, even if K is L?-integrable for any p.

Theorem 1.3. Let W be an increasing, continuously differentiable func-
tion on [0,00), not satisfying (V-1). Then there is a continuous, non-
constant mapping f € WUL(R™, R") with integrable Jacobian determinant, with
FR™\ B(0, 1)) = {0} and of finite distortion with ¢*® locally integrable.

Similarly to [17] it can be shown that such an example demonstrates also the
sharpness of the condition (Ag).

The sharpness of Theorem 1.2 is demonstrated by the following theorem, which
may be also obtained by considering the inverse mapping of the homeomorphism
constructed in [16].

Theorem 1.4. ([131, [12]) There is a homeomorphism f € W-1(Q, R") so that

the Jacobian of f vanishes in a set of positive volume and f has a distortion that
belongsto Ly () forall p <n’ — 1.

2. Proofs of Theorems 1.2 and 1.1

We need the following consequence of standard covering arguments.
Lemma 2.1. There is a constant t = t(n) with the following property: For each
atomless probability Borel measure i on R" there is a point y € R" and a radius

R > 0 such that

w(B(y,2R)) =t and pR"\ B(y,3R) > .
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Proof. There is a constant L depending only on n such that any ball with radius 3r
can be covered by L balls with radius r. Set

Let
p=inf{r >0: [Fy e R" : u(B(y,r)) > t1}.

Since p does not have atoms and ©(R") < oo, it easily follows that p > 0. We
find a point y € R” and a radius R > 0 such that

w(B(y,2R)) >t and R < p <?2R.

Consider a collection By, ..., By of balls with radii R that cover B(y, 3R). Since
R < p, we have
n(Bi) = t, i=1,...,L

and thus
L

u(B(y,3R) <Y u(B)) < Lt,
i=1

which means, since u(R") =1,

w@®"\ B(y,3R) >1—Lt=r. O

Proof of Theorem 1.2. Let us shortly write J = J(-, f), The proof will be divided
into four steps.

STEP 1. We first prove an auxiliary estimate. Let £ C 2 be a measurable set.
Consider a smooth function u with a compact support in R”. A direct computation
gives

f|V(uof)|dx
E
§/EI(W)ofIIDfIdx

< /E (Vu) o £ 77KV d o

1/n ) 1/n’
< (/ |(Vu)of|”de> (/ K" ! dx)
E E
1/n ) 1/n
5(1\7/ |Vu|”dx) (/ K”_ldx> )
n E

Here we used the fact that for a mapping f € W1(Q; R") of multiplicity essen-
tially bounded by N and a nonnegative Borel measurable function z on R”,

fgh(f(X)) J(x, fdx < N/Rn h(y)dy, (2.2)
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that follows from the area formula and the fact (proved in [4]) that © can be
exhausted up to a set of measure zero by sets the restriction to which of f is
Lipschitz continuous. See also [6].

STEP 2. We claim that

Yo eR" = | '({yoh| = 0. (23)

For this, consider an arbitrary ball B CC 2 and yg € R”. Suppose that f differs
from yg on a set of positive measure in B. Then there is R > 0 such that

«:=|B\ [~ (B(y, B)| > 0. 24)

Since singletons have zero n-capacity, given ¢ > 0 there is a smooth function « on
R” such that

sptu € B(yo, R), u(0)=1 and / [Vu|"dy < &". 2.5)
Then
min{|B N £~ (yo)l, «} < Cr/ IV(uo f)|dx. (2.6)
B
For this we used the well-known trick
1
—min{|BN{v <0}, [IBN{v=>1}|} < inf/ lv—rcldx <C rf V| dx,
2 ceR JB B
2.7)

based on the Poincaré inequality, where the hypothesis is that v € W!!(B). By
(2.1), (2.5) and (2.6) we have

1/n , 1/n'
min{|B N f~ (yo)l, «} < Cr(N/ |Vu|”dx> (/ K-l dx)
Rn B

) 1/n’
< Ca(/ K”_ldx> .
B

Letting ¢ — 0 and using (2.4) we obtain that [B N f~!(yp)| = 0 whenever f
differs from y( on a set of positive measure in B. Hence (2.3) follows by taking the
connectedness of €2 and the assumption that f is not constant into account.

STEP 3. Now, let us prove that J > 0 a.e. Denote by Z the zero set of the Jacobian.
Fix a ball B(xg, r) C Q2. Consider the Borel measure defined by

|B(xo,r) N f~1(A)]

(A) =  ACR"
. 1B(xo. 1]

By (2.3), i does not have atoms. Using Lemma 2.1 we find a point y € R"” and
aradius R > 0 such that

w(B(y,2R)) >t and wu(R"\ B(y,3R)) > t. (2.8)
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where t = 7(n) > 0. Let u be a smooth function on R” such that
sptu C B(y,3R), u=1in B(y,2R), / [Vul"dy < C(n), (2.9)
Rn

and set
vi=uo f.

Then v € W1 (B(x, r)) and by (2.8) and (2.9),

[Bxo, ) N{v=1} _ [B(xo,r) N (B, 2R} _

w(B(y,2R)) > 7,

| B(x0, )| | B(x0, 1)
B(x0,r) N{v=0 B(xo, ~“1(B(y, 3R
| B(xo,r) N {v =0} - |B(xo, ) \ [~ (B(y,3R)}| — LR™B(y.3R)) > .
[ B(x0, 1) | B(xo, )]
(2.10)
By the Poincaré inequality (2.7) we have
I<cr™ inf/ v —c|dx < Crl_”/ |Vu|dx
c€R JB(xo,r) B(xo.r) @2.11)

= Cr‘—"/ IV(uo f)|dx.
B(xo,r)

Since f is amapping of bounded distortion, we have D f = 0 and thus V(uo f) =0
a.e.on Z. Hence by (2.11), (2.1) and (2.9)

, 1/n'
| < Crl_”/ V(o f)dx < C(r_”/ K" —1) .
B(xo,n\Z B(xo,n\Z

If x¢ is a Lebesgue point for g := K n'~1 where x oz is the characteristic

XQ\Z’
function of 2\ Z, it follows that g(xg) > 0. This means that the set Z does not
contain any Lebesgue points for g, and so it must be of measure zero. We have
proved that J > 0 a.e.

STEP 4. Finally, we will prove (1.1). Given E C Q with |f(E)| = 0, we find
a Borel measurable set A C R” of measure zero which contains | f(E)|. Then E is

contained in the measurable set E/ = f ~1(A). Let h be the characteristic function
of A. By (2.2) we have

/ JCx. f)dx = f h(f00) J(x, f)dx < N f h(y) dy = 0.
E’ Q Rn

Since J > 0 a.e. it follows that |E| = 0. |

Proof of Theorem 1.1. By the results in [10], [15] and [17], f is continuous and
both open and discrete. In particular, the multiplicity of f is locally bounded. Thus
we may apply Theorem 1.2 to conclude that J(x, ) > 0 a.e.

Regarding the size of the branch set By, recall from [8], [10], [17] that f is
monotone and belongs to W7 (2, R") for all p < n. Thus, by Viisili’s theorem
on differentiability of monotone Sobolev mappings (cf. [24, Lemma 4.4]), f is
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differentiable a.e. in €2. Taking the a.e. strict positivity of the Jacobian into account,
we conclude that, for a.e. x in 2, f is differentiable with non-zero Jacobian. It
follows that the branch set has measure zero, see e.g. [24, Lemma 4.12].

The last part of the claim of Theorem 1.1 follows from (1.1) when we combine
this with the result from [17], according to which f maps sets of measure zero to
sets of measure zero. O

3. Proof of Theorem 1.3

We begin the construction of the example referred to in Theorem 1.3 by recalling
the existence of suitable auxiliary Lipschitz functions.

Lemma 3.1. Let 7 > O and 1 < i < n. Then there is a Lipschitz function u :
Qo — R such that u = 0 on the boundary of the unit cube Qy, the alternative

[Vu(x) —ejl <tor |[Vulx)+e| <t
holds for a.e. x € Qq, and u is smooth outside a closed set of measure zero.

Proof. See the work of Fonseca, Miiller and Sverik, [20, Lemma 5.1] and refer-
ences therein. O

Proof of Theorem 1.3. Our aim is to construct a mapping f : Qo — R” so that f is
of finite distortion K, f = 0 on dQ( and the distortion of f is as small as possible.
To obtain the mapping referred to in Theorem 1.3, we then simply extend f as the
constant mapping zero to the rest of R” and scale the variable to guarantee that f
maps the exterior of the unit ball to the origin; the rest of the properties will follow
from our construction.

The plan is to first to build a Lipschitz mapping with the correct boundary
values using Lemma 3.1. This mapping will have bounded distortion in the set
where the Jacobian is positive. We will then modify our mapping in the set where
its Jacobian is negative by precomposing it (locally) with suitable mappings with
negative Jacobians. For this we will use our construction in [15] and its refinement
in [17].

Given T > 0, using Lemma 3.1 we construct a mapping u = (U1, ..., uy) :
Qo — R"'sothatfori =1,...,nand a.e. x € Qo we have

[Vui(x) —ej| < tor|Vu;(x)+e| <t
Let 2 C Qo be an open set of full measure where u is smooth. Set
QT ={xeQ: Jx,u) >0}, Q ={xeQ: Jx,u) <0}
By choosing a suitably small T we may assume that

|Du| <2 (3.1)
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and that a.e. in Qg either
1/2 < J(x,u) <3/2 (3.2)

or

=3/2 < J(x,u) < —1/2. (3.3)
Then on Q* we have, by (3.1), (3.2),

|Du()|" < 2" J(x, ).
We define

Sx) = u(x), x¢ Q. (3.4)

On @7, we will precompose u with suitable mappings with negative Jacobians
S0 as to obtain a mapping with positive Jacobian. For this we recall the mapping
constructed in [17] as a refinement of the example in [15]: under the assumptions of
Theorem 1.3 there is a continuous mapping g € W1 (0o, MQy) for some M > 1
so that g(x) = x on the boundary of the unit cube Qq, J(x, g) < 0 a.e. in Qo,

/ |J(x, g)|dx =a < o0
Qo
and g satisfies

|IDg(0)|" < K(x)|J(x, 8)|
a.e. with

/ eq’(anK) dx =b < o0.
Qo

We will now use several scaled and translated copies of g attached to cubes in
Q™. Instead of the usual Whitney decomposition of 27, we pick a finer, similar
decomposition Q of Q™ into cubes Q so that MQ C Q™ for each cube in this
Whitney decomposition Q. Using the above mapping g we find, using translations
and scaling, for each Q € Q, a mapping

g0:0—> MQ

such that go(x) = x on 00, J(x, gp) < O ae.,

/Q |J(x, g@)ldx < a|Q|, (3.5

/Q |Dgoldx < c|Q], (3.6)

and
IDgo(0)|" < K(x)|J(x, go)I
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a.e. with
/ ew(z)H»lK) d.x < b|Q| (37)
0
We define
f(x) = u(gox)), xeQ (3.8)
when QO € Q. Then (3.4) and (3.8) complete the construction because 2~ =
UQEQQ.

To see that f has the desired properties, notice first that the distortion of f on
Q is, by (3.1), (3.3), no more than 27+ times the “distortion” of go on Q. The
desired integrability condition on the distortion of f then follows using (3.7). The
construction shows that f € whl (Qo, R™) and that f is continuous. Finally, the
integrability of the Jacobian of f follows from the definition of f and from (3.2),
(3.3), and (3.5). O
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