STRICT LIMITS OF PLANAR BV HOMEOMORPHISMS
DANIEL CAMPBELL, STANISLAV HENCL, AAPO KAURANEN AND EMANUELA RADICI

ABSTRACT. We introduce a new class of planar mappings that allows for cavitations
and fractures. The class is the set of strict limits of planar BV homeomorphisms.
Each mapping from this class has a proper pointwise representative which is a
multifunction, we show that it maps disjoint sets to essentially disjoint sets and
that they have an inverse as a proper multifunction. We also characterize and
study cavities and fractures of these mappings.

1. INTRODUCTION

Let €2 C R™ be a domain and let f : 2 — R" be a mapping. In his pioneering works
J. M. Ball [2], [3] studied mappings that can serve as a class of deformations in non-
linear elasticity. He studied the existence of energy minimizers, their continuity and
invertibility. The study of mappings f in this spirit was later extended e.g. by Sverak
[26] and Miiller, Tang and Yan [23]. Furthermore, in the following works Miiller and
Spector [22] (see also [25, 7]) extended this class of mappings to include also cavita-
tions (see Example 7.1 below) that appear naturally in some physical deformations
(see e.g. [4] and references given therein). In these papers the authors were studying
properties of elastic deformations allowing or forbidding cavitation using the (INV)
condition. Informally speaking this condition tells us that the image f(B(z,r)) lies
inside f(0B(z,r)) and image of f(R*\ B(z,r)) lies outside of f(0B(z,r)).

Moreover, in his survey papers Ball ([4] and [5]) asks for the extension of these mod-
els to also include the model of fractures; as in many physically relevant deformations
the material may break. This was done in a series of papers by Henao and Mora-
Corral [12, 13, 14, 15] where they added some energy term that corresponds to the
surface energy of the fracture. Also in these models the corresponding deformation
is one-to-one a.e.

We propose a different approach for the study of deformations, although we study
only the planar mappings. For simplicity we assume that f : [0,1]> — [0,1]? and
moreover we assume that f is the identity on the boundary. This prescription of the
boundary values corresponds to the fact that we hold our map on the boundary (thus
prescribing the Dirichlet boundary data) and we minimize the elastic energy inside.
Analogously it would be possible to study mappings fr : 2 — A where 2 and A
are simply connected Lipschitz planar domains with prescribed boundary values that
are the same for all k. For simplicity we restrict to the case Q@ = A = (0,1)% and
fr(x) = x on the boundary but this is not essential for the theory.

2000 Mathematics Subject Classification. 30C65, 26B30, 16E35.

The first author was supported by the grant DFG PR 1687/1-1, the second author was supported
by the grant GACR P201 /18-07996S. The third author acknowledges financial support from the
Spanish Ministry of Economy and Competitiveness, through the “Maria de Maeztu” Programme for
Units of Excellence in R&D (MDM-2014-0445) and MTM-2016-77635-P (MICINN, Spain).

1



2 DANIEL CAMPBELL, STANISLAV HENCL, AAPO KAURANEN AND EMANUELA RADICI

The basic function space for us is the class of mappings of bounded variation BV
(see e.g. [1]) as it naturally contains fractures and cavities. To keep some notion
of invertibility we assume that our f is a strict limit of BV-homeomorphisms f; :
[0,1]2 — [0,1]* (with fy(x) = x for every x € 9]0, 1]?), i.e.

fie — f in L' and |D fi[([0,1]%) — [D£]([0,1]).

It is easy to see that this class of mappings can model both cavitations and fractures
(see Examples 7.1 and 7.2 below). Up to a subsequence we may (and we will) also
assume that f — f pointwise a.e. The key advantage of our planar approach comes
from the fact that the inverse of a BV homeomorphism g is also a BV homeomorphism
(see [16]) and the total variations are equal (see [9])

(1.1) [Dgl((0,1)%) = |Dg™[((0,1)*).

Hence f, ! form a bounded sequence in BV and we can select a weakly converging
subsequence f;- I converging to a BV mapping h. We can study properties of f using
h and we can show that these mappings are in some sense inverses to each other.

The similar class of weak limits of planar mappings was previously studied by
Iwaniec and Onninen in [19] and [18]. In these papers the authors characterized the
class of weak limits of Sobolev homeomorphisms (for p > 2) and they showed that
the class of weak and strong closures are the same. This research was extended to
cover also the case 1 < p < 2 by a recent results of De Philippis and Pratelli [8], see
also Campbell, Onninen, Rabiné and Tengvall [6]. We study the more general class
of limits of BV homeomorphisms to be able to incorporate fractures but we do not
obtain the full characterization of this class.

Let us comment on our assumption that f, — f strictly in BV. In variational
models we study minimizers of the energy functional like

E(f) = oy W(Df(x)) dx

where W satisfies some natural assumptions including the growth condition W (A) >
C1|A| — Cy. Tt follows that any sequence fi such that F(fx) T infr E(f) is a

bounded sequence in BV and hence it contains a weakly converging subsequence.
Moreover, with the help of lower sequential semicontinuity we obtain limy_.., E(fx) =
E(f) and this may imply that | D fx|((0,1)%) — |Df|((0,1)?) for some special energy
functionals. We have in mind the models of nonlinear elasticity and hence it is natural
to study our functional only in the class of invertible mappings and thus we can restrict
our situation to homeomorphisms f; and their weak limits. However, even in the class
of homeomorphisms the natural infimum of the energy is not necessarily attained by a
homeomorphism because of the collapse of matter near the boundary (see e.g. [20]).
This naturally leads us to the study of weak limits of homeomorphisms. For the
limit mapping we would like to have some key properties that correspond to “non-
interpenetration of matter” like the fact that disjoint sets are mapped to essentially
disjoint sets. This may drastically fail for weak limits (see Example 7.3 below) but it
is true once we restrict our attention to strict limits only.
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We study a class of mappings
(1.2)

S = {f :(0,1)* — (0,1)* : there are homeomorphisms f;, : [0,1]*> — [0, 1]* with
fre(z) = x for every x € 9[0,1]?, f, — f strictly in BV,
strongly in L' and pointwise a.e.}.

Thanks to the result [24], any planar homeomorphism of bounded variation can be
approximated strictly, together with its inverse, by a sequence of diffeomorphisms.
Thus, it would be possible to assume that the mappings fr of the approximating
sequence are all diffeomorphisms.

Let us briefly comment the content of this paper. In Section 2 we recall some
preliminaries about BV mappings. In Section 3 we define our f pointwise as a mul-
tifunction

(1.3) f(z) = {y €[0,1]*: there is x, — x and k, — oo such that fy, (z,) — y}.

In this way the image of a cavitation is a whole ball and the image of each point on
the fracture corresponds to a segment in the image (see Section 7 below). In previous
works (see [22] or [12]) an analogous multifunction was defined using the topological
degree. Unfortunately this is not available for us as our function is essentially discon-
tinuous around the fractures. Therefore we have decided to use a different definition,
(1.3) and in Section 3 we show also other equivalent definitions. We show some basic
properties of f and f like differentiability a.e. and the fact that the weak limit of I !
is the inverse multifunction to f. Further we show there that f(z) is connected for
each x and that it equals to {f(z)} for a.e. x.

In Section 4 we show that f(z) is well-defined as this set does not depend on the
sequence f; and further we show that images of disjoint balls by f are essentially
disjoint but as pointed out before it is necessary to have strict convergence (and not
only weak convergence) here.

In Section 5 we study cavitations in detail. We show that we have at most countably
many points z € (0,1)2 such that |f(z)| > 0. We prove that for these points we have

lim lim | fp(B(x,7))| = [f(2)]

r—0+ k—oo

and we also show that this corresponds to the singularities of the so called distri-
butional Jacobian (see Section 5 for its definition). Further in Section 6 we study
fractures of f defined as

Frac:= {z: H'(f({z})) > 0}.

We show that the set of fractures has o—finite H'-measure and that for H' -a.e.
point in Frac we know that f(z) is a line segment. Moreover, we estimate the size
of fractures with |D f].

Finally in the last section we give some examples to show which mappings belong
to our class (models of cavitation, models of fracture). Further we explain there why
we need to have strict limits and not only weak limits and we give an example to
show that the strict convergence fy — f gives only weak convergence of ;' — h but
not strict convergence in general.
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2. PRELIMINARIES

Given a point x € R™ and r > 0 we denote the open ball centered at x with radius
r by B(x,r) and S(z,r) := 0B(x,r). We also denote the square centered at x with
sidelength 2r by Q(z,r). For simplicity we use notation @ := [0, 1]*> sometimes.

For future reference we recall Stepanov’s theorem.

Theorem 2.1 (Stepanov). Let  C R" be a measurable set and g : @ — R™ be a
map such that
lim sup 197) ~9W)]
y— |z —y|

Then g is differentiable almost everywhere in 2.

< oo fora.e x €.

2.1. Strict convergence on subsets.

Proposition 2.2. Let Q C R™ and f, € BV (Q,R?) be a sequence of BV mappings
converging strictly to f in BV. Let A C Q with |Df|(0A) = 0. Then the restriction
of fr to A converges strictly and the restriction of fi to Q\ A converges strictly.
Moreover, for almost every t € [0, 1] we have that the restriction of fr to QN {y >t}
converges strictly and the restriction of fr to QN {y <t} converges strictly.

Proof. The second claim follows from the first easily after noticing that |Df|({y =
t}) = 0 for almost every t (see [1, Theorem 3.103]).

Denote the set Q\ A by B. First, we notice that f, — f in L' on A and B. To
prove the strict convergence it is enough to prove the convergence of total variation
measures on sets A and B.

Consider the sequences |D fi|(A) and |Df|(B). It is clear that both sequences are
bounded and have converging subsequences. Choose any subsequence j(k) so that

D fi)|(A) — a and [D fq)|(B) — b

for some numbers a and b.
By the definition of the strict convergence we have

Jlim | Dfjn|(A) + lim 1D fi0|(B)) < lim [D fia|(2) = [DFI(Q).

By the lower semi-continuity of the total variation (see [11, 5.2.1., Theorem 1]) we
see that

(2.1) a > |Df|(A) and b > |Df|(B).
If we had a > |Df|(A) then we have
(2.2) |DfI(B) =[Df[(2) = [DfI(A) > a+b—a=b.

Notice that here we used the assumption |Df|(0A) = 0. Equation (2.2) contradicts
(2.1). Thus the only possibility is

|Dfrl(A) — |Df[(A) and |Dfi[(B) — |Df[(B).

That is, the total variations converge as required and this concludes the proof. O
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Proposition 2.3. Let fr € BV (Q,R?) be a sequence of BV mappings of Q converging
strictly to f in BV. Then there exists a f, a subsequence of fi and an L'-zero-
measure set N C [0,1] such that for any t € [0,1] \ N mappings fr, and f are one
dimensional mappings of bounded variation on Q N{y = t} and the restriction of
fr,, converges strictly to the restriction of f on QN {y =t} as one dimensional BV
functions.

Proof. We take a subsequence, which we refer to again as fj such that f; converge
pointwise almost everywhere to f. From L!-convergence we know that, for almost
every t, that the restriction of fi to Q@ N {y =t} converges to f in L'(Q N{y = t}).
Since fj converge to f strictly then for almost every t € [0, 1] the restriction of fj
and f are one dimensional mappings of bounded variation on @ N {y = t}. Further
we know that (the total variation converges which in conjunction with the lower
semi-continuity of |D; f| gives

1 1
2.3 | 1Dufi = byt = i [ 101l = e
For those ¢ such that f — f in L*(Q N {y = t}) we have

(2.4) Dy fI({y = t}) < liminf | D, fi[({y = t})
simply because for ¢ € D(0,1), ||¢]|oc < 1 we have

liminf | Dy fi|({y = t}) > lim inf/ feDrpdlt = / fDypdl?
k—00 k=00 Jiy=t} {y=t}
and taking the supremum over ¢.
Now we use the Fatou Lemma together with (2.3) and (2.4) to see that for almost
every t we have |D1 f|({y = t}) = liminf | Dy fx|({y = t}). For every m there exists a
ko such that for all k£ > ky we have by (2.3)

(2.5) | [ 1Dl =) = 10uf1 (4 = ey < Q)

m

Call 7,, > 0 the number such that [, |Dif|({y = t})dt < |D1f|(Q)/m whenever
LY(A) < 1. Assuming kg is large enough, we have that

IDifil({y =t}) = (1 —m H)[DifI({y = t})

for all k > ko and all ¢ € [0,1]\ S where £(S) < n,,. The proof of this simply mirrors
the proof that a point-wise limit is a uniform limit up to a set of arbitrarily small
measure. Also using |D; fi|({y =t}) > 0 and so

(26) [ (10011t = 9 = ety = 1) e < 211D

m

But then (2.5) and (2.6) together give

/01 (IDA1Gy = 1) ~ 1D Al = 1))t < 320D
and so 1
[ 1pusicty =) = 1Dty = )] < 5201,
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Therefore since | D f|({y = t}) converges to |D;f|({y = t}) in L' (as a function of
t) we can find a subsequence that converges point-wise almost everywhere. For this
subsequence the restriction of fi to (0,1) x {¢} converges strictly to the restriction of
f for a.e. t. U

2.2. Fine properties of BV functions.

Definition 2.4. Let u € L'(Q,R™) and x € Q. The point x is said to be an approx-
imate jump point of u if there exist distinct points ay,a_ € R™ and £ € S™ ' such
that

lim |u(z) — ay|dx =0 and lim lu(z) — a_|dx =0,
r—0 By (z,r,€) =0 Jp_ (z,7,€)

where By (x,r,&) = B(z,r)N{x : x-£ > 0} is the half ball and similarly B_(x,r, &) =
B(z,r)N{x : x-& < 0}. The set of all approximate jump points of u is denoted by
Jump,.

Remark 2.5. Let f € BV(Q,R?). Then

(1) The jump set Jumpy is a subset of N Ly, the set of non-Lebesgue points of f.
(1, Prop. 3.69])

(2) By the Theorem of Federer and Vol’pert ([1, Thm. 3.78]) the set NL;y is
(countably) 1-rectifiable and H*(NL; \ Jump;) = 0.

(3) Let us define

Or={reQ: limiélfr’llDf](B(a:,r)) > 0}.

Then by [1, Prop. 3.92] we have H*(O; \ Jumpy) = 0.
It follows that for every BV (€2, R?) we have

Df|(B
IDI(B.0)

§—0t )

(2.7) =0 fora. e x€l0,1)%

2.3. Properties of BV homeomorphisms. For planar BV homeomorphisms, we
also need the following estimate of the distortion of the preimage of a ball.

Lemma 2.6 (Lemma 1 [16]). Let Q@ C R? be a domain, g € BV,.(Q,R?) be a
homeomorphism and let B(y,2r) C g(£2) be a ball. Then

diam ¢ *(B(y,7)) < g]Dg](gl(B(y,Qr))).

Recalling that the inverse of a planar homeomorphism of bounded variation has
bounded variation (see [16], [9] and (1.1)), we obtain the following corollary.

Corollary 2.7. Let Q C R? be a domain and suppose that g € BV,.(Q,R?) is a
homeomorphism and B(x,2r) C Q. Then

[Dg~"I(9(B(x,2r) _ |Dg|(B(w,2r))

(2.8) 05CE(m g < C
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3. DEFINITION OF f(a:) AND BASIC PROPERTIES

In this section we prove some basic properties of our class of strict limits of BV
homeomorphisms S (see (1.2)). We present some geometric properties of the limiting
mappings f and h. Recall that h is the weak™® limit of sequence of inverse mappings
fo'. In order to investigate the geometry of the limit function, it is convenient to
introduce a complete description of the pointwise limits of f;, and f; ! via multifunc-
tions. In detail, we define for every z € [0,1]2 the multifunction f as

(3.1) f(z):= {y €[0,1)° : there is z, — z and k, — oo such that fi, (z,) — y}.

Let us note that in principle this definition depends on the approximating sequence
fr- In Section 4 below we show that this is not the case and that f (x) is the same if
we define it using different g, that converges to f strictly.

The aim of this section is to study some basic properties of f (x). Let us start with
the following equivalent characterization.

Lemma 3.1. Let f € § and let fi be the corresponding sequence of BV homeomor-
phisms. For every x € [0,1]* one has

@) =N U [l Ble.8) + B(0,0)] (1)

0>0 k=1 m=k

=N U fu(B(z,5)) (L)

0>0 k=1 m=k
={y € 0,1 : there is x, — x such that fy, (z,) —y}. (II1I)

(3.2)

Proof. We analyze the inclusions independently.

II C I. This follows immediately from the inclusion

fm(B(2,0)) € fm(B(x,0)) + B(0,0).

I CIII. Consider first ¥ € (Voo Mre1 Un—s [fm(B(x,é)) + B(O,(S)] For every fixed
value of § > 0 and k£ > 1, we have that

o

y € Ap= | |[fu(B(z,0)) + B(0,0)]

m=k

which is a closed set in [0,1]? not containing isolated points. Indeed, ev-
ery set fn,(B(z,0)) has to be connected since f,, is continuous, thus also
fm(B(z,0)) + B(0,9) is connected and it cannot be a singleton because f,,
are homeomorphisms. As a consequence every point of Ay is an accumulation
point for A, and hence for every € > 0 there is a number m > k and a point
Zm € fm(B(x,0)) such that |y—z,,| < e+d. Moreover, being z,, € f,.(B(z,J)),
it clearly exists t,,, € B(x,0) for which z,, = f,,(t). Recalling that we can al-
ways choose ¢ = § = 1/k, we obtain that for every k > 1 there exists my > k
and t,,, € B(z,1/k) such that |y — f,, (tm,)| < 2/k. Clearly, as k — oo,

tm, — « and f,, (tm,) — y thus implying that y € f(z).
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III C II. Let y € f(x), then for every § > 0 there is N = N(§) € N and a subsequence
kn = k,(0) such that for every n > N and k, > N one has |z, — 2| < § and
| fr, (xn) —y| < 6. In particular, z, € B(z,d) and fi, (x,) € fi,(B(x,§)) N
B(y,0). Now, let us fix for a moment two values 6 > 0 and k£ > 1. Then we
can find N > max{N;k} and a subsequence k, so that
fio(a) € U (B(5,0) 0 fu(B(z.6))  for every n,ky, = N,

n=N
Clearly, being N > k, one has

U (B0 1 i (B(w.0) € U fun (B2, )

thus for every n, k, > N the element f, (x,) is contained in the set

U fkn(B<x75))'

Finally, since f, (z,) — vy, we deduce that

y € [ fr.(B(z,9))
n=~k

and from the arbitrary choice of 4 and k£ we conclude that

ye (VU fu(Blx.9).

0>0 k=1 n=k

g

Lemma 3.2. Let f € S. Then for every x € [0,1]? the set f(x) is nonempty, compact
and connected.

Proof. For every point x € [0, 1]? it is always possible to construct a sequence z,, — z,
then (f,(z,)), is bounded in [0, 1]? and hence it admits a converging subsequence. In
particular, being [0, 1] closed, there exists y € [0, 1]* and a subsequence k,, such that
fi, (€n) — y, s0 y is an element of f(x) and it is thus nonempty.

The compactness follows straightforward from the characterization (3.2). Indeed,
f(x) € [0,1] so it is clearly bounded, and, on the other hand, it is closed because
the intersection of closed sets is still closed. o

We would like to show that a set of the form D; = (0, A} is connected for every
choice of §, where A = J>_, fn(B(x,0)) + B(0,5). Let us assume for a moment
that this is true, then Ds, C Ds, whenever §; > d,. Then the connectedness of f(z)
follows immediately thanks to Lemma 3.1 and the fact that the intersection of nested
connected compact sets is a connected compact set (see [10, Theorem 6.1.18]).

Therefore, it remains to show that Dy is always connected. As we already noticed
in Lemma 3.1, the sets f,,,(B(z,9)) + B(0,0) are connected. Moreover, for almost all
z € B(z,0) we know that f,,(2) is converging to an element y = f(z) € [0, 1]>. Then
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for every § > 0 fixed, we can find m = m(J) such that for every m > m we have
| fm(2) —y| < 0. This implies that y € f,,,(B(x,6)) + B(0,6) for every m > m, thus

y € ﬂ fm(B(x,6)) + B(0,6).
It follows that (J-_, fim (B (:E,5)) + B(0,0) is a connected set for every k > m as a

union of connected sets with nonempty intersection.
Clearly, for ko > k; one has

U fm(B(z,8)) + B(0,6) C U Fm(B(z,8)) + B(0,8)

m=ko m=ki

and hence Theorem [10, Theorem 6.1.18] ensures that also

ﬂ U fm(B(x,8)) + B(0,6)

k=m m=k

is connected. On the other hand, from Lemma 3.1 it is easy to check that

ﬂUfm )) + B(0,8) = ﬂUfm )) + B(0,4)

k=m m=k k=1m=k
thus the proof is concluded. O

Lemma 3.3. Let f € S. Then f(x) = f(z) for a.e. x € [0,1]2.

Proof. This property is a direct consequence of the fact that for almost all x € [0, 1]?
one has fi(z) — f(x) and (2.7). Let = € [0, 1]* be one of such points, then for every
§ > 0 there exists k = k(d) such that for all k > k one has |f.(z) — f(z)] < § and, in
particular, f(z) € f(z). Suppose now, for sake of contradiction, that f(x) contains
another element a # f(z), then |f(x) —a| >t > 0 for some ¢t. Then, by definition
of f , there has to be a sequence z,, — x and subsequence k, such that f, (x,) — a.
Fix now § < t/100, then there exist 7 and k; big enough so that

25 — x| <0, [fin(@) = f(@)] <0, |fra(2n) —al <9,

which imply, in turn,

t
In other words, fi, (¥2), fi, () € fu, (B(x,0)) and | fi,, (27) = fi, ()| > 5. By Corollary
2.7 we obtain

C
< 5|Pfe |(B(x,20)).

By Proposition 2.2 we obtain that for a.e. 6 > 0 (where |Df|(0B(x,20)) = 0) we can
take k; — oo to get

l\DIH~

C
Finally, taking the limit as 6 — 0% we obtain a contradiction with (2.7). O
Lemma 3.4. Let f € S. Then f(z) = h™'(z), where h='(z) = {y € [0,1]*: h(y) 2 z}

is meant as the preimage of a point by multifunction and not as the usual preimage
set.

N)Ic*
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Proof. ”>” Let y € h™'(x), then = € h(y) and by (3.2) we can find , — y such that
f/,;l1 (yn) — x. Weset z,, = f,;ll (yn) and we obtain x, — x such that fy_ (z,) = yn — y.
It follows that y € f(z).

»C” Let y € f(x), then we can find x,, — x such that f;, (z,) — y. It follows that for
Yn = fr, (@n) we have y, — y and f; ' (y,) — @. Thus = € h(y) and y € h~'(z). O

Lemma 3.5. Let f € S. Then f is differentiable a.e. in [0, 1]2.
Proof. We claim that

(3.3) 0SCR(zr) | < limkinf 0SCB(zr) [k

holds for every x and r < dist(z, 9(0, 1)?). For every € > 0 we can find a., b. € B(z,r)
for which fix(a.) — f(a:) and fi(b:) — f(b:) in the image and

(3.4) oscpen [ < |f(ac) — f(be)| + e
Then, for a fixed ¢ > 0, it follows that

|f(aa)_fk(ae)| <ég, and |f(be)_fk(ba)| <e
if k is big enough. As a consequence, from (3.4) we obtain

0SCB(zr) | < limkinf |fe(as) — fru(b)| 4+ 3¢ < 1imkinf 0SCB(z,r) [ + 3¢

and (3.3) follows by sending ¢ to 0.
For = € (0,1)* we choose 0 < r < idist(z,d(0,1)?) so that |Df|(0B(z,2r)) = 0.
By (3.3) and (2.8) we obtain

05CB(z,) f _ liminfy oscp(pry fi liminfy, | D fi|(B(x, 2r))
< <C .
r - r - r2
By Proposition 2.2 we obtain
osepian | _ DB, 2r)

r - 72

and by Radon-Nikodym theorem we know that lim, o, of the right-hand side is finite
a.e. The a.e. differentiability of f follows by Stepanov Theorem 2.1. O

4. IMAGES OF DISJOINT SETS BY f ARE ESSENTIALLY DISJOINT

The aim of this section is to show that the multifunction representative of our
f € S defined in (3.1) does not depend on the approximating sequence fi. Further
we show that images of disjoint balls by f intersect in a set of zero measure.

For almost every ¢ € (0,1) we know that the restriction of a BV mapping is a one-
dimensional BV on the line {y = ¢} (see e.g. [1, Section 3.11]). As such the restriction
to the line has a left and a right-continuous representative which we will call f and
f respectively. Since |D;f|({y = t}) < oo, f has at most countably many jumps on
{y = t}, and the sum of the size of these jumps is finite. We denote the jump points
as x; and we define the line segment A;(t) = [f(z;)f(z;)] and call A(t) = U, 4;(0).
We use this notation in the following formulation.
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Lemma 4.1. Let f,, € BV(Q,R?) be a sequence of homeomorphisms of the unit
square Q with f,(z) = x for x € 0Q converging strictly to f in BV such that for
almost every t the restriction of f,, on to the line (0,1) x {t} converges strictly to the
restriction of f onto (0,1) x {t}. Then for every e > 0 there exists an M (€) such that
for all m > M we have

(41) fully =1) € (f(ly =1 U AD) + BO.2).
and
(42) (Ffy=1)UAW) C fully = 1)) + B(.2)

Proof. We start by separating the jumps into two categories, small and big. A big
jump is a jump of size €/100 or larger, the other jumps are small. Obviously there are
only a finite number J of large jumps, call them {zq,xs,...,2;}. Now for the jump
at ;, 1 < j < J we find a left I, = (2, ;) and right I;” = (;, ;) neighborhood.

These intervals are chosen such that |D1f|(];E) < 155 and that |D1f|({m;t}) = 0.
+

From Proposition 2.2 we thus get that f,, converge strictly on (x]_, T; ). We cover the

rest of {y = ¢} with finitely many intervals I;,5 = J +1,..., K so that f,, converge
strictly in BV on each I; and | Dy f|(1;) < £/50. We have in total K intervals, so there
must be some positive minimum length of the intervals, which we call d > 0.

We have that ||f,, — fllz1z;) — 0 and so we have an mg such that if m > mq the
set {z: |f(z) — fm(x)] <e/100} N I; has positive measure for all 1 < j < K. This is
because £'(I;) > d and we may assume that || fr, — f|11(1,) < de/100. Also, by strict
convergence, we may assume that the variation of f,, on I;, J < j < K, is less than
£/25 as soon as m > my. So for an interval [;, J < j < K, that does not contain a
large jump we have an s, € I; such that |f(s;) — fin(sm)| < €/100 and
(4.3) Im(L;) C B(fim(sm),e/25) C B(f(sm),5e/100) C f(1;) + B(0,¢)
and by similar arguments and the lower semicontinuity of total variation
(4.4)  f(I;) € B(f(sm),€/25) C B(fm(sm),5¢/100) C fin(1;) + B(0, )

which will be helpful to show (4.1) and (4.2) for these intervals.
Now we consider 1 < j < J. Notice that since |D1f|(lf) < £/100 we have

|f(z) — f(z;)| < £/100 for = € I and

|f(x) = f(x;)| < /100 for = € I".

There exists a mg such that for each 1 < j < J and for each m > myq there is a
pair of points s}, € I and s, € I} such that |f,(s;,) — f(s;,)] < £/100. By strict
convergence we can also assume for all m > mg that

(4.6) D1 fnl (1) < 1f () = flas)] + /25,

Using (4.5) we have that |f(s) — f(:v;t)| < /100 and so

() = F@)] < | fmls) = Flsp)l + 1 f(s3) = F(@)] + | (25) = f(a)]
< £/100 + /100 4 €/100 < £/25

(4.5)

and similarly for f(z;) and s}. Thus (see Figure 1) we are able to connect any point
in f,,(I;) with a single curve with endpoints f(z;) and f(x;) and of length at most
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————————
- -
- S~o
- S

~
S~o P
-~ -
Y

FIGURE 1. An ellipse with foci at the ends of a jump and a path from
fm(x7) to fin(z]) that must stay inside the ellipse.

|f(z;) = f(x;)|+3¢/25. Thus f,,(I;) lies in the ellipse whose foci are the points f(z;)
and f(z;) and the sum of the distances to the foci is | f(z;) — f(z;)| + 32/25. Now
it is not hard to check that this ellipse lies inside the set [f(z;), f(z;)] + B(0, /%)
Together with (4.3) we obtain (4.1). To finish the proof of (4.2) we notice that the
curve constructed above joining the foci and having length | f(z;) — f(x;)| + 3¢/25
cannot go too far from the major semiaxis of the ellipse. In fact, distance is at most
the length of the minor semiaxis, whose length is bounded from above by /. Thus

f(L;) C fum(I;) + B(0,/¢). To get ¢ instead of /¢ one replaces the ¢ in the proof by
2. O

Remark 4.2. Lemma 4.1 holds also for more general situations. Since the proof splits
the line to small segments it is evident that it holds for rectangles K C @ for which
we have strict convergence on each side and the limit function is not discontinuous
at the corners.

We define
f(A4) = fa).
€A
The following (4.7) says that the ‘limsup’ of the definition (3.2) is in fact just a limit.
It follows that the definition of f (see (3.1)) does not depend on the approximating
sequence.
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Proposition 4.3. Let f, € BV(Q,R?) be a sequence of homeomorphisms of the unit
square Q with fi(x) = x for x € 0Q converging strictly to f in BV . For every x € @
we have

(4.7) =N U ﬂ [fm )+ B(0,0)|.

6>0 k=1 m=k

Moreover, let g € BV (Q,R?) be a sequence of homeomorphisms of the unit square
Q with gp(x) =z for x € 0Q converging strictly to f in BV and define

flz) = {y €0,1): there is x, — x and k, — oo such that gy, (x,) — y}.
Then f(z) = f(z) for every x.
Proof. From (3.2) and elementary inclusion we have

-NNU | fn(B(x,8)) + B(0,0)|

6>0 k=1 m=k

DﬂUﬂ[fm )+ B(0,8)].

6>0 k=1 m=k

It remains is to show the other inclusion. Take any sequence (z;) which is converging
to x and any subsequence fy, of fx such that fg, (z;) converges to some point, call it
a. We want to show that for every § there exists a K such that for all & > K5 we
have

a € fr(B(x,0)) + B(0,6).
For contradiction assume that we have a § > 0 and k,, /' oo such that a ¢ fi, (B(z,8))+
B(0,6). Since we are taking a subsequence anyway, we may as well assume that it
converges strictly on almost every line in BV (by Proposition 2.3) and similarly for

i

By Lemma 2.3 we can easily find an §/4 < n < 6/2 such that fi, and fi, both
converge strictly on {(y1,v2) : y2 = 2 £ n} and {(y1,%2) : v1 = 1 £ 1} and hence
also on 0Q(x,n). Now by Lemma 4.1 we obtain

fe(0Q(m)) € [F(0Q(w, m)) U AOQ(w, m))] + B(0,6/4)
and

[£(0Q(, m) U A@Q(, m)] < fi, (9Q(w, m)) + B(0,5/4)
where A(0Q(z,n)) denotes the corresponding parts of A on four sides of Q(x,n). As
fr, and fi, are homeomorphisms it follows that

Ju Q1)) C fr,(Q(z,m)) + B(0,0/2)
For sufficiently large | we have |fy,(x;) — a| < §/2 but this is in contradiction with

a ¢ fr,(B(z,0))+ B(0,6). i

To prove f(z) = f(x) assume for contrary that there is a € f(z) \ f(z). We can
find a sequence x; — x and subsequence g, such that g, (2;) — a. By a ¢ f(x) we
can find § > 0 and k,, — oo such that

a & fr,(B(x,0)) + B(0,0).
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Since we are taking a subsequence anyway, we may as well assume that it converges
strictly on almost every line in BV and similarly for g;,. Now similarly to the argument
above we obtain a contradiction. O

As a corollary we obtain that for homeomorphisms f our definition of f (x) is the
correct one.

Corollary 4.4. Let f be a homeomorphism. Then f(x) = {f(x)} for every z € Q.
Indeed, it is enough to apply Proposition 4.3 to g, = f.

Conclusion (4.7) also holds for more general sets. By the proof of Proposition 4.3
and Remark 4.2 we have the same conclusion for rectangles where we have strict
convergence on every side.

Corollary 4.5. With the assumptions of Proposition 4.3 and Remark 4.2 we have

70,1 % 0.8) = (YU () [om (10, 1] ¢ [0, + ]) + B(O,@)}

§>0 k=1 m=k

and

F@G.m) =N U N [#n(Qz. 7+ ) + B(0,5)]

§>0 k=1 m=k

It follows easily that f(A) is measurable for each open and each closed set A C [0, 1]%.
Finally we can show that images of disjoint open sets are essentially disjoint.

Proposition 4.6. Let f, € BV(Q,R?) be a sequence of homeomorphisms of the unit
square Q with fy(x) = x for x € 0Q converging strictly to f in BV. Then the image
of disjoint open strips are essentially disjoint, i.e. let 0 <a <b<c<d <1 then

L2(f({a < a2 < DY) N f{e < w9 < d})) =0.

Proof. Firstly assume that b < ¢. By Proposition 2.3 we find a subsequence of fj, call
it f, which converges strictly on almost every line and therefore on the line {xs = e}
with b < e < ¢. By Proposition 4.3 and Remark 4.5 we know that we can define f(x)
using only f,,.

Let us denote £ := f({zy = e}) U A(e) and note that clearly £?>(E) = 0. By
Lemma 4.1 we see that for every d there exists an M(J) such that for all m > M we
have

48)  fa{zma=e}) C (f({;g2 —e})u A(e)) + B(0,8) = E + B(0,9).

Let us fix dg such that e — b > §y and ¢ — e > dy. Using Lemma 4.3 and (4.8) we
obtain

fla<az<bh)= Uﬂ[fm([o,ux[a—a,b+5])+3(o,5)}

0<6<d0 k=1 m=k

< N U N 0.1 0,¢) + B0,0)]

0<6<bo k=1 m=k



STRICT LIMITS OF PLANAR BV HOMEOMORPHISMS 15

and similarly

fle<z <dpc ) Uﬂ[fm 0,1] % [e,1]) + B(0,5)].

0<6<bp k=1 m=k

Using these facts, (4.8) and the fact that f,, converge strictly to f on {xs = e} we
obtain

fla<z<btp)nf{c<az<dy)c ()| E+B(0,20))=E=E.

0<5<(50

As L2(E) = 0 we obtain our conclusion.

Now if b = ¢ then apply the above to the stripsa <y <b—96, and c+ 9, <y < d
for 9, \, 0 and the intersection of the image of a« < y < b and b < y < d is the
countable union of null sets. O

Corollary 4.7. Let fp € BV(Q,R?) be a sequence of homeomorphisms of the unit
square Q with fy(r) = x for x € 0Q converging strictly to f in BV. Then there is at
most a countable number of t € [0, 1] such that f({x2 =t}) has positive measure.

Proof. The image f({zs = t}) is a subset of Q for all . Now for a pair of distinct
numbers 0 < s < ¢t < 1 we know that their images (by Lemma 4.3) have null
intersection (by Proposition 4.6). O

Remark 4.8. Similarly one can prove that the image of two disjoint balls must have
null intersection and therefore also that the image of any two distinct points has null
intersection.

5. THE JACOBIANS AND THEIR EQUALITY

In [22] the authors proved that the distributional Jacobian of a mapping u €
WhP(Q,R"™), p > n — 1, satisfying the (INV) condition and Per(im(u,{2)) < co is a
non-negative Radon measure. As mentioned in the introduction the (INV) condition
means that interior (resp. exterior) of a disk is mapped inside (outside) the image of
the boundary of the ball. For a precise definition see [22]. Moreover, the singular part
of this measure is a countable set of points and the restriction of the distributional
Jacobian to any point in the countable set is a multiple of the Dirac measure. The
map forms a cavity there whose Lebesgue measure in the image equals the Jacobian
measure of the point.

We would like to recover a similar result for our setting. In our setting one cannot
necessarily define the distributional Jacobian (see e.g. [17] or [22]), i.e. the distribu-
tion

/ fi(z 7), f2(z)) dx for p € CS°(R?).
The natural analogy for BV mappmg is

(5.1) / f(n) 22 O / 1) 2e@) 21 (@)

T1 (9.%2 i) 8:1:'1

which is well-defined for f € BV NC but this need not be defined for us as essentially
' € L' N L™ may be undefined on a set of positive | D f?|-measure.
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Instead we define the non-negative Borel measure such that
J7(A) := L*(f(A)) for open sets A,

where f is the multivalued representative of f defined in (3.2).
Further we define the distributional Jacobian of f as

Ji(p) = lim Jj (),

i.e. we show that this limit exists for every ¢. It is clearly a nonnegative distribution
(¢ >0 — Js(p) > 0) and hence can be represented by a Radon measure (see [21,
Theorem 1.16]). We show that these two notions of Jacobians coincide Jy = J. As a
corollary we get that we have at most countably many cavities of f, they correspond
to a Dirac measure of J; and J¢(z) = J;(z) is the measure of the cavity opened at .

Theorem 5.1. Let f;, € BV(Q,R?) be a sequence of homeomorphisms of the unit
square Q with fi(z) = x for x € 0Q converging strictly to f in BV. Then J;, Ty, Iy,
and Jy, are Radon measures and

Jr =1y
Moreover, Iy, = Jj,, this sequence converges weak™ to Jy in measures and there exists
a countable set N, such that
(5.2) lim Jp, (B(z,7)) = J¢(B(x, 7))

k—o0
for every x € Q and every r € [0,1] \ N, with r < dist(z, (0, 1)?).

Lemma 5.2. Let f, € BV(Q,R?) be a sequence of homeomorphisms of the unit
square Q with fy(xr) = x for x € 0Q converging strictly to f in BV. Then there is a
countable set N such that for every t € [0,1]\ N we have for f, defined in (3.2), the
following

(5.3) T7([0,1) x [0,4]) = £2(f([0,1] x [0,7]) = I}LIEO£2(fk([O, 1] x [0,1])).

Remark 5.3. An immediate result of Lemma 5.2 is that for any a € Q and for almost
every r > 0 such that B(a,r) CC Q we have for f defined in (3.2) the following

Jf(B(a,r)) = ,CQ(];(B(CL,T))) = kli_)r&EQ(fk(B(a,r))).

To prove this it suffices to notice that the polar-coordinates mapping, V,, centered at
a is locally bi-Lipschitz on R?\ {a}, thus there exists a representative of foW ! whose
restriction to almost all lines is a function of bounded variation and then continue
with the proof below.

Proof of Lemma 5.2. We prove that for every subsequence of limy,_, . £> ( fr([0,1] x
[O,t))) we find a converging subsequence and that the value of this limit is in fact
the same as in the claim. So assume that fj, is an arbitrary subsequence of f; from
which we choose a further subsequence f,, = f, ~which converges strictly on almost
every line (see Proposition 2.3).

Let us fix t € (0,1) such that f,, converge to f strictly on {zy =t} and

£(F([0.1]  {1})) = 0.
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By Proposition 4.3 and Remark 4.5 we know that we can define f(x) using only f,..
Let € > 0. As

lim £2(f([0,1] x [0,s]) = £2(f([0,1] x [0,])

s—t—

we can fix s < ¢ such that
(5.4) 0 < L2(f([0,1] x [0,¢]) — £L2(f([0,1] x [0,5]) < e.

Let us denote E := f({z, = t}) U A(t) and note that clearly £2(E) = 0. By
Lemma 4.1 we see that for every § there exists an M (0) such that for all m > M we
have

(55 fa{za=1}) C (f({a;2 — U A(t)) + B(0,8) = E + B(0,9).

Using Lemma 4.3 and (5.5) we obtain

Fde<sh =) U N [nl0.1] % [0.5+ ) + B(,0)]
0<d<t—s k=1 m=k
= 0en

< N UN[atox 0,00 [E+B020)]]

0<d<t—s k=1 m=k

- G ﬁ [fm<[071] % [0,1]) UE]

k=1m=k

Fn([0,1] X [0,]) + B(0,9)]

Since L%(E) = 0 and f,, converge to f strictly on {zy = t} we obtain with the help
of (5.4) and choice of a nice subsequence

L (f({zs < t}) < e+ L2 () fmll0.1] x [0,1]))

k=1 m=k
=<+ lim L2(fu ({2 < 1))

By passing ¢ — 0 we obtain one inequality and analogously
L(f{y = t}) < lim L2(fu({y = 1}).
Since we have chosen ¢ so that £2(f,,({y =t})) = 0= L>(f({y = t})), we obtain
C(fy<t}) =1-L({y = 1))
> (1 = L(fu({y 2 1})))
= lim £%(fn({y < t})).

Thus for every fi, we find a subsequence whose limit is as in the claim and our proof
is finished. O

Now we are in a position to prove the main result of this section.
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Proof of Theorem 5.1. Firstly let us consider the distributional Jacobians [Jy, and the
corresponding measure-theoretic Jacobians Jy, . We show firstly that J;, is a non-
negative Radon measure and then prove the same for the former and that both are
the limit of the same smooth approximations and therefore must be equal.

By [24, Theorem 1.4] we can approximate any homeomorphism f; € BV by dif-
feomorphisms gx; such that gx;— fr uniformly and weak* in BV as | — oo. For
the smooth maps gy, the equality between Jg, ,, J,,, and J,, ,, when understood as
measures, is standard (see e.g. [17, Section 2.2]) and hence J, , = J,, , as measures.
Since gy; — fr uniformly and weak™ in BV there is no obstacle in passing to the limit
in the definition of the distributional Jacobian (5.1) and we obtain

lim () = T, (¢) for every ¢ € CF(Q)

The non-negativity of the limit comes from the non-negativity of the sequence and a
non-negative distribution is a Radon measure (see [21, Theorem 1.16]).

We claim that J,, , — J; weak® in Radon measures. We already know that the
sequence converges but have to prove that the limit can be represented by Jy, . Let
us fix a rectangle R C @ such that £2(f,(OR)) = 0; since f are in BV it is clear that
almost every rectangle satisfies this condition. As g;; and fj are homeomorphisms
and gr; — fr uniformly we obtain that

(5'6) lliglo Jgk,z(R) = lllglo EQ(gk‘,l(R)) = Ez(fk(R» = Jfk (R)

The proof of the weak* convergence is as follows. We take a ¢ € C(Q), € > 0 and
find ¢ such that

lp(a) — @(b)| < € for every |a — b| < 26.

Almost every line parallel to the x or y-axis has the property that its image in f; has
zero two-dimensional measure. We divide the square @) by lines parallel to the x and
y-axis each of which is a [y, -zero-measure set and each at a distance of less than ¢
from his neighbor. Thus we have divided @ into rectangles { R} rer and so

(5.7) /ng dlp, =) /Rgo dJy, .

By our choice of § we can find a constant kg for every rectangle R in our grid such
that |p(z) — kg| < € for all z € R. Now we calculate

<J9k,l’90> = /Q(p dJQk,l = Z /R(p d"]]gk,l

ReR

and because |¢p(x) — kgr| < € we have
)/RQO ngk,l - kRJgk,z(R)‘ < 5Jgk,l(R)'
Since Y, Jg, ,(R) = £?(Q) we have

(T ) = > bl (R)| < e£3(Q),

ReER
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Similarly we obtain for Jy, the corresponding estimate by using (5.7)

]/ dlg =S kals (R ‘qﬁ(@).

ReER

Thus we have

‘(Jgk,l790> - / ¥ dek
Q

<[t~ ]
+ ‘ ZkRJgkl ZkRJfk ‘JF
+\/ dlg — > kpls (R \

RER
< 25+‘ZkRJgM — " krls(R) )
ReER

and

Z kRJka Z kRJfk < H(:DHOO Z ’Jgk,z(R) - Jfk(R>’

ReR ReR ReR

but the sum above is finite and, by (5.6), J,, , (1) each converge to Jy, (R) and so one
easily sees that in the limit this tends to 0. Thus we have proven that, for every e > 0
there is an L(e) such that if [ > L then

’(Jgk,l790> - / ¥ dek
Q

< 3e.

Thus J gp, COMVErges weak™ in Radon measures to Jy, . But this limit must also be J,
and so the two are equal.

Clearly Jy, is a bounded sequence and therefore has a converging subsequence. We
now show that in fact that, J; is a Radon measure and is the limit of Jy,, i.e. we
want to show that the left hand side of (5.8) makes sense and the limit holds

(5.8) / pdl; = klim / ¢ dJ;, for every p € C(Q).
Q —JQ

As before we take a ¢ € C(Q), ¢ > 0 and find § such that
lp(a) — @(b)| < € for every |a — b| < 26.

By Proposition 5.2 there is a bad countable set N C [0,1]. We divide the square @
by lines parallel to the z and y-axis with their corresponding coordinates not in the
set N and each at a distance of less than ¢ from his neighbor. Thus we have divided
(@ into rectangles { R} ger on each of which we have (5.3). We have chosen these lines
so that their image has two dimensional measure zero (see Corollary 4.7) and so we
may assume that the lines are J; and Jy,-zero-measure sets. Thus in the following

we can use the fact that
Lewn=3 [ a

RER
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and again as J; is an outer Borel measure, the sides of R are not in the set N from
Lemma 5.2 and by Proposition 4.6 we have

dl; = /dJ.
/Qso I sz /

ReR

From here our calculations are identical to the smooth-to-homeomorphic case and so
we get J; = limy J;, weak™ in measures. It follows that the distributional Jacobian
equals to Jy as

Jr(p) = lim Ty (p) = lim Jp, () = T5(p).
The claim that
Jim J 5 (B(w,r)) = I5(B(w, 7))
for every x € @ and every r € [0,1] \ N, is straight forward application of the polar
coordinates (as in Remark 5.3) and Proposition 5.2. O
6. CHARACTERIZATION OF FRACTURES

We define the set of fractures of f to be

(6.1) Frac:= {z: H'(f(x)) > 0}.

The aim of this section is to estimate the total size of fractures with the total variation
of the derivative of f.

Proposition 6.1. Let f € BV(Q,R?) be a strict limit of BV homeomorphisms
fr 1 Q — Q, with fylag = id. Given x € Q then

(6.2) C|Df|(B(x,4r)) > rdiam(f(B(:E,r))) > rdiam(f(a:))
is satisfied by all v € (0, 1 dist(z, 0Q)).

Proof. As the second inequality is trivial, it is enough to prove only the first one.
By Lemma 4.3 and Remark 4.5 we know that

e =NUN [fm(B(x,rJré)) + B(0,5)].

0>0 k=1 m=k

It follows that we find z,,, w,, € B(z, %7‘) and a subsequence k,, such that

1 . x
| fim (2m) = fio (win)| 2 5 diam(f(B(z, 7))).
By Corollary 2.7 we obtain
C|D fx,, |(B(z,3r)) > Crosc

3 [k, > rdiam(f(B(x,1))).

B(z,ir)
This is true for every r such that B(x,3r) C Q. If we consider an r» > 0 such that
|Df|(S(z,3r)) = 0 we obtain

C|Df|(B(x,3r)) > r diam(f(B(z, 7))
by the strict convergence of the total variation (see Proposition 2.2).

The condition |D f[(S(x,3r)) = 0is true for all but countably many radii. Thus this
estimate holds for almost every radius p, 3r < p < 4r and we obtain our claim. [J
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The following Corollary, on F'rac from (6.1), follows immediately from Remark 2.5
and Proposition 6.1.

Corollary 6.2. (1) If x € Frac then x € ©;. Moreover, H'(Frac\ Jumpy) = 0.
(2) Frac is 1-rectifiable and thus has o-finite H'-measure.

Now, we show that at H'-a.e. point of Frac the f (x) is actually a line segment.

Proposition 6.3. Let f € BV(Q,R?) be a strict limit of BV homeomorphisms
fr: Q — Q, with fylag = id. We have

(6.3) HL(F(X)) =H(F(X))
at H'-a.e. X € Frac.

Proof. Recall that Frac is rectifiable and, therefore, contained (up to zero H!-measure
set) in a countable union of (possibly rotated and translated) Lipschitz graphs. Take
any such graph. Without loss of generality we may assume that the graph is given
by ¢:(0,1) — R.

Since Frac has o-finite H!'-measure, there exists a set £ C (0,1) with full H-
measure such that for every 2 € E we have H'(Jump; N ({z} x R)) = 0.

On almost every line parallel to the coordinate axis f is a one dimensional BV
function. We denote the restriction of f to the line parallel to x-axis with y-coordinate
Yo by f*(-,90). Analogously we define f¥(xg,-). Also, on almost every line the set of
discontinuities of f* and f¥ is the intersection of the jump set and the line in question.
For proofs of these facts see [1, Section 3.11] for example. Notice that to use these
properties we must choose the so called precise representative of f, but the choice of
representative does not affect the sets f (X) and we will assume that f is given by
the precise representative.

In the following we will use notation

(z,[a,0]) .= {(z,y): y € [a,0]}
for vertical intervals and analogous notation for horizontal intervals.

Let us consider a point X = (z,p(z)) € Frac such that all the above properties
hold on vertical line through X. By Lemma 3.3 and Fubini’s theorem we may choose
X so that f(X) = {f(X)} H'-almost everywhere on almost every line parallel to
y-axis. Moreover, we need z, the first coordinate of X, to satisfy following Lebesgue
point property. Let 0 < ¢_ < ¢+ < 1 be two rational numbers, then the function

(6.4) t = [DfI(t [g-, q+])
is integrable and, thus, almost every t satisfies

IDfYI(t, -, a+]) = D f¥|(=, [a-, g+ ])|dt = ofr).

T—r,z+7]

6.5 —
( ) 2r [
Since there is only countable number of rational intervals [¢_, ¢,] we infer that for
almost every ¢ the function (6.4) satisfies (6.5) for every interval [g_, ¢;]. We consider
only x that satisfy this condition.

As f is BV on the line, we know that following limits exists

(6.6) Jim f(z, () +¢) = A



22 DANIEL CAMPBELL, STANISLAV HENCL, AAPO KAURANEN AND EMANUELA RADICI

and

(6.7) lim f(z,¢(x) —t) = B.

t—0t

We will show that f(X) = (A, B), where (A, B) is the line segment between A and
B. From the choice of z (see (6.6) and (6.7)) it is easy to see that A, B € f(z, o(z)).
Especially, A, B € f(K), for any rectangle K containing (z,¢(z)). By Lemma 3.2
f(x, o(x)) is connected. To show that actually f(x,p(z)) = (A, B) we show that for
any € > 0 there exists a rectangle K, containing (z,p(z)), such that f, converges
strictly on 0K and the curve f;(OK) has length smaller than 2|A — B| + ¢. This
implies that no point outside (A, B) is in f(z, p(z)).

We start by selecting a subsequence, which is also denoted with f;, which converges
strictly on almost every line parallel to the coordinate axes (see Proposition 2.3).
Now choose a rational interval [¢_,q.], depending on our choice of X, such that

p(x) € [¢-,¢+] and

(6.8) [DfN (e, (p(x), q4)) + |D () (-, () <e.

Now for almost every 0 < t’ such that

(6.9) [o(z) =t o(z) + 1] C [g-, ¢4]

there exists n(t') > 0, also depending on X, such that

(6.10)  [Df|(w —n, w40l o) + ) + [DF|([x = n, 2 + 0, p(z) = 1) <e,
This is true since we assumed in the beginning that H'(Jump; N ({z} x R)) = 0.

We know that for almost every ¢ with (6.9) and ' < n(t') the subsequence fj
converges strictly on the boundary of

K=[z—n,z+n]x[p(z) -1, o) +1].
Let us assume for a moment that Moreover, by (6.5) we may take 1’ such that

IDfN(x =1 la-s a4]) = [DF](2, [g-, a4 ))| <&

(6-11) DS\ + s Lo a]) — D), lo s aa])] < =

Due to the strict convergence on 0K we have for large enough k
(6.12)  |IDYI(s, [e(@) = ', () + 1) = IDR(s, [p(2) — ', () + )| <&
fors=x—1n', x+n and
6.13)  [IDf([z =7z + 0], @) +7) = DRIz —n',2 + 0], () +1)] <e

for r = —t/, .
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We may now estimate the length of the curve fi(0K) for large k as follows
(6.14)

HneK) = > [ o+ > D]
{z+s}x[p(z) =t p(x)+1']

se{—n',n} re{—t, ¢} [z—n',z+n']x{r}

<

(6.12),(6.13) s€{="",n}

+ Z / |Df*| + 4e

T‘G{ t/ t/ '7: 77 73+77]X{7"}

/ Dy
{z+s}x[p(z)—t" @(x)+t']

< 2/ |IDfY] +6e < 2|A— B|+ 10e.
~~ ~~

{z}x[q-,q+]

(6.10),(6.11) (6.8)

By Lemma 4.3 we see that for any given § > 0

(6.15) fz,p(x)) C fr(K) + B(0,0)

for k > C(9). Notice that here f; is actually a subsequence of the original f, but
Lemma 4.3 also implies that f (K') does not change when we take the subsequence.
As we mentioned earlier A, B € f(z,¢(z)) and by (6.15) we find points A’ and
B’ in fy(K) with distance ¢ to points A and B respectively. Thus the line segment
(A', B') is contained in the d-neighborhood of (A, B) since |[A — B| — 20 < |A' — B’|.
By (6.14) fx(0K) is a curve of length at most 2|A — B| + 10e going around points
A’ and B’. Similarly to the ellipse arguments of Lemma 4.1 we see that all points
in fi(K) are in y/10e|A’ — B’|-neighborhood of (A’, B). Thus, fx(K) is contained in
the (y/10¢|A’ — B[ 4 d)-neighborhood of (A, B) and, finally by (6.15), f(x,¢(z)) is
in (/10| A’ — B'| 4 20)- neighborhood of (A, B). This does not depend on k anymore
and & and e are arbitrary. Thus f(z, o(z)) = (A, B).

Finally we have H (f(x, o(z))) = H'(f(z, ¢(x))) for H'-almost every point in the
set F'rac. 0

Our next result gives an estimate for the size of the fractures.
Theorem 6.4. Let f € BV(Q,R?) be a strict limit of BV homeomorphisms
fk : Q - Qv
with fi|lag = id. Then we have
(6.16) H!(f(x)) dH' (z) < CIDFI(Q).
Frac

Proof. As Frac is a (countably) 1-rectifiable set, it is contained in a countable union
of rotated graphs of Lipschitz functions. That is, we have Lipschitz functions ¢; :
(0,1) — R and denote by G; a certain rotation of graph of ;. Then

Frac C UGZ"
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We define sequences of sets used to estimate the integral over Frac. Let £} =
Fracn G. Inductively, we set

i—1
E; = Fracn (G; \ U G,)

j=1

and for each E; we define

g =B (U B+ B0.1).

=1

That is, Ef to be the subset of E; which is at distance 1 from all G; for j < i.

From these definitions we have that U;Zl E; are closed sets and following inclusions
are true

(6.17) Frac C UE">
for all 4
i—1 00 o)
6.15) s (Um) - Um= e
j=1 k=1 k=1
and
J oo J
(6.19) UUE=JE:
i=1 k=1 i=1

The first two follow directly from the definitions. The third one follows from (6.18).
Consider the set EF, for some k and i. We claim that for every n > 0 we have

(6.20) Ek H'(f(x)) dH' (x) < CIDFI(EF + B(0,1)).

Before the proof of (6.20) we show how our claim follows.
By taking 7 to zero we get from (6.20)

H(f(x)) dH'(z) < C|DF|(EF).

k
Ei

Now taking k to infinity gives (recall (6.18))

/E'\U?_IE. Hl(f(l')) dHl(l’) < C|Df|(EZ \ L_J Ej)-

J=1

Finally summing over all ¢ we obtain

HF) i@ <Y [ H(Fw) ' (@)

Frac

<o pfE\ U B < [Dr|(Frae).
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Now we prove (6.20). Our set EF lies on a graph of a Lipschitz function ¢ : (0,1) —
R, thus EF is a 1-rectifiable set with finite one dimensional measure. This implies
(see for example [21, Theorem 16.2]) that H!-a.e. point in E¥ has density 1, i.e.

(6.21) li LBz, 7) 0 B

r—0 2r

=1.

In Frac we have the following doubling property. For any x € Frac there exists
arbitrarily small r with
~ ~ r

(6.22) diam(f(B(z,r))) < 2diam(f(B(x,

If this were not true then we would have for all small r

))-

diam(f(B(z,7))) > 2 diam(f(B(x, 2%))).

and by iteration for all k
2% diam(f(B(x,r))) > diam(f(B(z, 2Lok))) > diam(f(z)) > 0.

which is impossible.
We use a covering argument to estimate the integral over EF. Choose for each
x € EF r, < n such that (6.22) is satisfied and we have for all r < 7,

HY(B(z,7) N EF) < 3r.

The latter is made possible by (6.21). Then the collection {B(z,%) : = € EF} is
covering and using Vitali 5r-covering theorem we obtain a sequence of disjoint balls
{B(x;, %)}2, such that {B(z;, 1)}, covers EF.

Then, using Proposition 6.1 and Proposition 6.3 we may compute

e <Y [ L)) < 03 dam(FB )

Frac Ti,Ts
9] 7

2L < Y IDIIB(s ) < CIDSI(BE + B(0,1).
i=1

T T

< C) diam(f(B(x;,
< O3 diom(f(B . 3)
This finishes the proof of (6.20) and thus also of our claim. O

7. EXAMPLES

Example 7.1. Let us denote for £ € N

1

14k )2
fulz) = x(Hljlx‘Q) for |x| <1,
x for |z| > 1.

These functions are homeomorphisms, they map circles around 0 onto circles and rays
from the origin into the same ray. It is not difficult (see e.g. [17, Lemma 2.1]) to
show that

fe(x) = fe(x) :

and hence also strictly in BV'.

= |$—| strongly in W'?(B(0,1),R?) for every 1 < p < 2
x
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FIGURE 2. A cavitation.

The limit f.(xz) maps circles centered at the origin onto similar circles and it
squeezes B(0,1) onto 0B(0,1). This is the example of so called cavitation as f is dis-
continuous at 0 and maps the origin in some sense to the whole created cavity B(0, 1).
The multivalued representative of this function f. (see 3.1) satisfies f,(0) = B(0, 1).

Example 7.2. Let k¥ € N and [z,y] € [-2,2]>. We consider a piecewise linear
function Iy ,(y) such that

leo(£2) = £2 and I (£1) = £((1 — [z|)+ + 1),

le.
(- |9ﬂ| (1—|z]) 1
<1 . > -2 2_%+ for y € [-2, —¢],
lix(y) = (1+ (1—|z|) ) for y € [—%,%],
1 T 1-|z
(1 A=)y > +2% for y € [1,2].
It is easy to see that [, : [-2, 2] [—2,2] is a homeomorphism and that
1—
i = L(y) = (1—%)y+5gnx(1 — [a])y

strictly in BV, i.e. the limit function is increasing and has a jump of size 2(1 — |z)
at 0.
It is not difficult to see that the following mappings are homeomorphisms

fellz,9]) = [, lo(y)] and that fi — fr = [2,L(y)]

strictly in BV. Indeed, clearly fp — fr strongly in VV1 on [—2,2]%\ ([-1,1] x {0}),
around the segment [—1,1] x {0} the derivative D fF is bounded (as kly| < 1 for
y € [—1,1]) and the jump of fp in y-direction corresponds to changes of D, f; around
the segment. The limiting map fr gives us an example of the so called fracture
around the segment [—1, 1] x {0} - see Figure 3. Multifunction images of points [z, 0],
x € [—1, 1] are segments

Fr(la,0]) = {2} x [lz] = 1,1 — |z|).

Example 7.3. Here we show that there is a sequence of homeomorphisms f; such that
fr(x,y) — [z,y] weakly in BV but f(0,0) = [0, 1] x {0} (or even f({0,0}) = B(0,1)).
This shows that it is reasonable to assume strict convergence to get a meaningful
theory.
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fr

FIGURE 3. Fracture opens segment onto square. Images of points a, b
on the segment are straight lines fr(a) and fr(b).

For k € N let us define piecewise linear function

x for x <0,
1
Ck(l') _ ]f:l: . for x € [Oam],
Em—}—T fOI’iL‘G[k—_H, ],
T forx > 1

We set
filwyy) = (1= klyl)ren(@) + (1= (1= Klyl)4). ).

The first coordinate function is increasing as a function of x as it is convex combination
of two increasing functions. Hence our f; are homeomorphisms and it is easy to check
that

(71) fk(xvy) = [‘Tay] for [‘ray] ¢ [07 1] X [_%7 %]
An elementary computation shows us that all partial derivatives are bounded by k

on [0,1] x [—1, 1] and hence

/ IDfi| < C for all k.
(7272)2

It follows that there is weak™® convergent subsequence in BV and in view of f; — id
a.e. we have f; — id weakly in BV (possible for a subsequence). On the other hand

we know that
Fe ([0, 1] x {0}) = [0, 5] x {0}

and hence it is easy to see by (3.2) that £(0,0) = [0,1] x {0}.

Let us now show in detail that the whole sequence fj converges weakly and we do
not need to select a subsequence. Let us first pick p € C}(R?). As f; are Lipschitz
we can use integration by parts to obtain

Dfi(z)p(x) do = — . fr(x)Dp(z) dr and /R2 Ip(z) de = — /R2 xDy(x) dx,

where I is the identity matrix. By (7.1) we thus obtain

2 4 —o00
[ () = 0)Dg(@) da| < 1) = sl Dl <TI0 =50

RQ
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and hence

(7.2) klim D fr(z)p(x) do = / Ip(x) dx for every ¢ € C}(R?).
Given £ > 0 and ¢y € C.(R?) we find ¢y € CL(R?) such that ||¢ — pol < €. Since
supy, f[_2 2P |IDfi.] < C and f = f; outside [—2,2]* we obtain

) D fi(z)po(x) do — D fi(z)p(x) dz| < Ce

R2 R2

and hence it is easy to conclude that (7.2) actually holds for every C.(R?) test function.
Let us consider the mapping Ry : R* — R* which rotates the plane around the

origin by angle k. Let us define f;, := Ry o fr o R_j;. As before it is easy to see that

fr converges weakly in BV and since

we obtain that f;, — id in L' and thus also weakly in BV. As in the previous
paragraph we obtain that the whole sequence is weakly converging and we do not
need to select a subsequence. Since (k mod 27) is dense in [0, 27| we obtain that the
limit multifunction mapping satisfies f(0,0) = B(0,1). It follows that we cannot build
a reasonable theory as e.g. the image of disjoint sets {0} and B([3,0], 5) intersects
in set of positive measure and thus it is not essentially disjoint. Let us note that we
can even have fi(z,y) — [z,y] a.e. (for a well-chosen subsequence). Indeed, choose

k; such that >, k%, < 00 and such that (k; mod 27) is dense in [0, 27]. Then we still
have f(0,0) = B(0,1) and moreover f;, (x,y) — [x,y] a.e. outside of the set

> uew) # < 304 =0

I=lp I=lo

Example 7.4. Let us point out that not all fractures can be realized as strict limits
of BV homeomorphisms. On Fig. 3 we can see a fracture of a segment onto some
nonconvex hole. Imagine that the two “images” of a point a on the fracture cannot
be connected by a segment inside the nonconvex hole - see points f(a); and f(a)_ on
Figure 4. Then this cannot be realized as a strict limit on BV homeomorphisms as

f(a) has to lie inside the nonconvex hole and hence we lose some energy in the limiting

process as the energy of the jump of the limit f is strictly smaller (see Proposition
6.3).

Example 7.5. There exists a sequence of finitely piecewise affine homeomorphisms f;
converging strongly in W1*°(Q, R?) with fi.(z) = z on dQ but f, ' does not converge
strictly in BV. Thus the formula

/Q Df| = /f Ips7

does not hold for f, limits of strictly converging homeomorphisms in BV.

We now show existence of such mapping. We create a mesh of triangles and rectan-
gles in the preimage which will be the same for all f; (see the left picture in Fig. 5).
Each f; is affine on each of the triangles and each of the rectangles. Since the mesh
in the preimage is the same for all f; and f; converge uniformly to a nice piecewise
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fr

F1GURE 4. Not all fractures can be created by strict limits.

A A

B1 5/ B3 8 B5S B1 B5
c3 cs
B2 B4
c1 ca c7 c1 c7
c2 c6 2 c6
D2 \D3\ D4 /D> D6 D2 B3 D6

D1 D7 D1 C4 D7

FiGURE 5. Corresponding regions of the preimage and the image.

affine mapping f we will obtain that f; converge to f even in W*. In Figure 5 we
denote the regions of the preimage on which f; is affine and we show where f; maps
them to. Figure 6 demonstrates how the sequence continues. We move the image
of C4 closer and closer to the midpoint of the bottom side of the square and the
image of C1 and C7 grow to fill the entire middle region of the square (their image
in the limit is portrayed in Figure 7). In each of the regions B2, B3, B4, C2, C3, C4,
C5, C6, D3, D4 and D5 the map converges to a degenerate (or constant) affine map
with vertices being mapped onto the midpoint of the bottom side of the square. It is
elementary to notice that for sequence of affine maps A, from a fixed triangle BC'D
such that each of the sequences A,(B) A,(C) An(D), converge, that the sequence
A, converges strongly in W1*°(BCD®). Therefore, since our map is affine on each
region and converges uniformly over k£ on each region, we have Lipschitz convergence
and thus also strict convergence in BV.

Thus we have a sequence of homeomorphisms converging strongly in W1, The in-
verse fi ' is in BV and [, |Df | = [, |Dfi| for every k and thus sequence [, |Df; ]
is bounded. Since f; ! converges in L' the sequence f, ! converges weakly in BV, call
the limit g. We have the lower semi-continuity not just for the variation but also for
the horizontal and vertical variation. We show that the horizontal variation of g is
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.

(A) preimage B) h

() fa () fs

F1GURE 6. The sequence converging uniformly.

strictly less than that of the sequence and so f, ! has strictly more energy than ¢ and
fr ! does not converge strictly. The map ¢ is depicted in Figure 7.

The horizontal variation is easily calculated as horizontal segments are sent onto
horizontal segments, except for the center point, where there is a jump between two
points with the same y-coordinate. Thus the horizontal variation of g is 1. As we
approach the limit however f, maps B2 and B4 within an ¢ neighbourhood of the
bottom of the square (see Figure 6). Therefore the image in f, ' of any horizontal
line in the bottom quarter of the image which is € or more above the bottom of the
square must intersect the sets B2 and B4 in the preimage. Thus each such line must
have horizontal variation of at least 149 for some fixed 0. Thus f, ! do not converge
strictly.
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