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INTRODUCTION

This dissertation concentrates on two topics. The first one deals with Sobolev home-
omorphisms between the unit ball and domains with exemplary singular boundaries, the
cuspidal domains in R™, n > 2. The second one is about point-wise inequalities for Sobolev
functions on cuspidal domains and Sobolev extendability for such domains.

1. CLASSES OF DOMAINS

In this introduction, B" := B™(0, 1) is the unit ball in R”, and X C R", n > 2, is always
a domain. For every 0 < r < oo, the r-neighborhood of a domain X is defined by setting

B(X,r) &L {y e R" : d(y,X) < r}

where
def .

A mapping f : R" — R™ is said to be Lipschitz continuous, if there exists a constant
C > 1 such that, for all z,y € R", we have

[f(z) = f(y)] < Clz —yl.

We say that a bounded domain X C R is a Lipschitz domain if, for each z € 0X, there
exist r > 0 and a Lipschitz continuous function f : R""! — R such that, upon rotating
and relabeling the coordinate axes if necessary, we have

XN Q(%,T) = {y : f(yla e ,yn—l) < yn} N Q(x,r),
where y = (y1,¥2," -+ ,yn) € R" and

Qe,r) XL {y: |y —a| <ri=1,2--- n}.

Lipschitz domains share many nice properties. For a rectifiable curve v C X, we define
l(7) to be its length. In [26], Jones defined the so-called (e, §)-domains, which form a much
wider class than the class of Lipschitz domains. Fix positive constants ¢ and 6. We say
that X C R" is an (e, §)-domain if, for all z,y € X with |x — y| < 0, there is a rectifiable
curve v C X joining z to y and satisfying

I(v) < Lz —y
and

d(z,0X) > ep:%u;fﬂ for all z € ~.

A typical example of such a domain which is not a Lipschitz domain is an inward cuspidal
domain in R"™ for n > 3.
5



6 INTRODUCTION

We are, however, mostly interested in cuspidal domains which are not (¢, §)-domains and
hence neither Lipschitz domains. Towards a precise definition, we distinguish a horizontal
coordinate axis in R"™. Accordingly, we write

R*"=R xR ' ={(t,z):t cRand z = (zy,...,2,_1) € R" '},

and introduce the notation

2 def o 2 2
|x| :x1+x2+"'+xn_l.

We write R7 := R U {oo} for the one-point compactification of R™. A strictly increasing
function wu: [0, 00) ®% [0, 00) is said to be a cuspidal function if u € (0, 00) N €0, 0),
v’ is increasing in (0, 00) and

lim ' (p) = 0.
lim v/'(p)

We normalize the function u by requiring u(1) = 1. The model inward cuspidal domain is

defined by
B, < B (0,1)\ {(t,z) € R x R"': 2] <u(t)}. (1.1)
The model outward cuspidal domain is defined by
B;,, £ B"((2,0),v2) U {(t,x) € (0,1] x R": [z < u(t) }. (1.2)

For u(t) = t?, B > 1, we obtain a power-type cusp with vertex at the origin. Note that

FIGURE 1. Inward and outward cuspidal domains.

the larger the value of 3, the sharper the vertex is.
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2. SOBOLEV HOMEOMORPHISMS

Recall that, for a domain X C R", the Sobolev space #17(X), 1 < p < oo, consists of
the functions u € £?(X) whose all first order weak derivatives D;u belong to Z7(X). Its
norm is given by

lullyoe = lullzee + D |1 Dsull 2r)-
j=1
Let X C R" and Y C R™ be domains. A mapping h: X — Y (h = (hy, he, - , hy,)) is said
to be in the Sobolev class #17(X,Y), if every component function of h lies in the class
W 1P(X). Tts norm is given by

m
hllyiacer = Y Mhill o).
i=1

The local classes are defined accordingly. We say that h : X % Y is a Sobolev home-
omorphism if A maps X homeomorphically onto Y and h € Vﬂljél(X,Y). The Riemann
Mapping Theorem tells us that every planar simply-connected domain, which is not the
whole plane, is conformally equivalent to the unit disk. However, it is rare in higher dimen-
sional spaces that two topological equivalent domains are conformally equivalent because
of Liouville’s rigidity theorem. Hence, the class of conformal mappings is too restrictive.
The class of quasiconformal mappings is a natural generalization of conformal mappings.
Let f: X ¥ Y be a Sobolev homeomorphism. Hereafter the symbol |Df(x)| stands for
the operator norm of the differential matrix D f(x) € R™ "™, which is called the deformation

gradient ,and Jy(z) for its determinant.

Definition 2.1. Let 1 < K < oo. We say that a homeomorphism f: X %Y C R" on a
domain X C R" is K -quasiconformal if f € #2'(X,Y) and

loc

Df(x)|" < KJs(x) for almost all z € X.
f

A fundamental property of quasiconformal mappings is that the inverse of a quasicon-
formal mapping is still quasiconformal. In particular, both the mapping and its inverse
have finite conformal (or n-harmonic) energy between bounded domains, that is, they be-
long to the Sobolev class # ™. Hence, the class of mappings of bi-conformal energy is a
generalization of the class of quasiconformal mappings.

Definition 2.2. A homeomorphism h: X ==Y in #1"(X,R"), whose inverse h=1: Y ==
X also belongs to #1"(Y,R") is called a mapping of bi-conformal energy. If such a home-
omorphism exists, X and Y are said to be bi-conformally equivalent. The corresponding
bi-conformal enerqgy is given by

Ex v[h] wt /X]Dh(:v)\”dvaflehl(yﬂ”dy < 00. (2.1)

Mappings of bi-conformal energy form the widest class of homeomorphisms for which
one can hope to build a viable extension of Geometric Function Theory with connections
to mathematical models of Nonlinear Elasticity. Such homeomorphisms are exactly the
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ones with finite conformal energy and integrable inner distortion, as seen in [B, Theorem
1.5]. It is in this way that the studies extend the theory of quasiconformal mappings.

The class of homeomorphisms of finite distortion is another generalization of the class
of quasiconformal mappings.

Definition 2.3. A homeomorphism f € Wl’l(X, Y) is said to have finite distortion if

loc

there is a measurable function K : X — [1,00) such that
|IDf(z)|" < K(x)Jg(x), for almost every z € X. (2.2)

The smallest function K(z) > 1 for which (2.2) holds is called the distortion of f,
denoted by Ky = Ky(x).

Definition 2.4. Let f : X — Y be a homeomorphism in the class #; (X,Y). We say that
[ has finite inner distortion, if there is a measurable function X : X — [1,00), such that

ladj D f ()" < K(x)Jy(x)

for almost every x € X. Here adjD f(x) denotes the adjugate matriz of Df(x), i.e. the
matriz of the (n — 1) x (n — 1)-subdeterminants of D f(x).

We define the optimal inner distortion function K; by setting

adjD f(x)|™
K@ 2o { TR for @) >0,
1, for Jy(xz) =0,

It is easy to see that a homeomorphism of finite distortion has finite inner distortion. In the
Euclidean plane R?, these two notions coincide. When n > 3, there are homeomorphisms
of finite inner distortion which do not have finite distortion. However, a homeomorphism
h:X =% Y in #1"(X,R") with integrable inner distortion has finite distortion, [5].

3. SOBOLEV EXTENSION DOMAINS

The topic about extending functions has a long history. At least, it goes back to the
fundamental results of Whitney. In [44, 45], he proved that every C™-continuous function
defined on a closed subset of R™ can be extended to become a €™-function on R™. This
extension can be even chosen to be real analytic outside the original closed subset. The
class of Sobolev functions is a natural generalization of smooth functions. Sobolev functions
are neither necessarily smooth nor differentiable. Instead of this, they have representatives
that are absolutely continuous on almost all line segments parallel to the coordinate axes.

Definition 3.1. A domain X C R" is said to be a Sobolev (p, q)-extension domain for
1 < q<p<oo, if, for every function u € #'?(X), there exists a function Eu € Vﬂlgéq(R")
with Eu|, = u and [Eull yramms) < Cllullyproe) for a positive constant C' independent of

u.

Thanks to results due to Calderén and Stein [41], Koskela [27], Shvartsman [40], Hajtasz,
Koskela and Tuominen [17], Koskela, Rajala and Zhang [29, 30] and so on, the theory of
Sobolev (p, p)-extension domains is well understood today, for every 1 < p < oco. Note
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that even in the planar case there are domains which are not (p, p)-extension domains. The
planar unit disk with a removed radial line segment serves as a stardard example of such
a domain. It does not allow for (p, p)-extendability, whenever 1 < p < oco.

Hajlasz [16] defined a new class of function spaces on metric measure spaces, the so-called
Hajtasz-Sobolev spaces .7 (X).

Definition 3.2. For u € 4! .(X), a non-negative function g is called a p-Hajlasz gradient
ofu, if g € LP(X), 1 <p < oo and

u(z) —u(y)| < |z —yl(g(z) +g(y)), for ae z,y eX.
The class of p-Hajlasz gradients of u is denoted by DP(u).

Definition 3.3. The Hajtasz-Sobolev space 4P (X), 1 < p < oo, is defined by setting
def

MP(X) = {u e LP(X): DP(u) # 0} .
The norm is given by

def .
[ull.rrex) = llullzre + ot 9ll.2v)-

In the same paper, Hajtasz also proved that the Hajtasz-Sobolev space .Z'*(R™) co-
incides with the classical Sobolev space #1P(R"), for 1 < p < oco. In particular, we
always have #'"(X) Cc #'?(X), 1 < p < oo, and the inclusion is strict for p = 1 for
any domain X, due to a result of Koskela and Saksman [31]. However, due to the equality
MP(R™) = #1P(R™), 1 < p < oo, we have 417 (X) = #1?(X), provided X is a Sobolev
(p, p)-extension domains. This holds especially for (¢, d)-domains by a result of Jones [26].
However, outward cuspidal domains are not (p, p)-extension domains.

4. MAPPINGS OF BI-CONFORMAL ENERGY FROM THE UNIT BALL ONTO CUSPIDAL
DOMAINS

There is broad literature dealing with the question as to when a pair of domains X, Y C
R"™ are quasiconformally equivalent or even bi-Lipschitz equivalent. Domains X C R"
quasiconformally equivalent with the unit ball B” in R" are called quasiballs. It is a highly
nontrivial problem to characterize the domains X C R" that are quasiballs, when n > 3.
Among geometric obstructions are inward cusps. Outward cuspidal domains, however, are
always quasiballs. These fundamental results are due to Gehring and Vaisala [13].

Theorem 4.1. Let n > 3. For an arbitrary Lipschitz cuspidal function u, there exists a
quasiconformal mapping from the unit ball B"™ onto the outward cuspidal domain B7  ; but

u.n’

there is no quasiconformal mapping from the unit ball B™ onto the inward cuspidal domain
Bx ..

In particular, every outward cuspidal domain is bi-conformally equivalent with the unit
ball. In [B], we established the sharp description of inward cuspidal boundary singular-
ities that can be created and flattened by a mapping of bi-conformal energy. This is in
accordance with Hooke’s Law in the theory of Nonlinear Elasticity (NE).



10 INTRODUCTION

Theorem 4.2 (B). Let n > 3 and

e
u(t) = ——w for 0<t <1, wherea >0.
exp ()
Then the domains By, and B" are bi-conformally equivalent if and only if o < n.
In particular, any power-type cuspidal domain, u(t) = ¢, 8 > 1, is bi-conformally

equivalent with the unit ball. On the other hand, a homeomorphism A: B" *% IB%:JL of

finite bi-conformal energy extends as a homeomorphism up to the closure of B", see [B,
Theorem 3.1]. Therefore, by the geometry of the inward cuspidal domain B, both the

boundary homeomorphism h: OB" **% 9B, and its inverse f := h~! enjoys a log%—type
modulus of continuity estimate, see e.g. [24] and [B]. Such a boundary homeomorphism
with given modulus of continuity estimates does not exist between the (n — 1)-dimensional
surface OB" (smooth) and IB;,, (non-smooth) if

) =exo (e (7))

when o > n. Note that, this seemingly natural approach does not lead to a sharp result
due to the geometric constrains, see Theorem 4.2. Indeed, if y, € 9B, is the vertex, then

f = h~! and h cannot obtain the log%—modulus of continuity at y, and at f(y,) respectively,
at the same time. Without any geometric assumption on the domains, this is however
possible, see Theorem 4.6. The nonexistence part of our proof relies on the modulus
of continuity of h: B™ ®% B, and the Sobolev embedding on spheres for the inverse
mapping. This argument also allows us to substantially relax the regularity assumption of
the inverse deformation.

Actually, Theorem 4.2 is a special case of the following theorem.

Theorem 4.3 (B). Let n > 3 and

u(t):% for 0 <t <1, wherea > 0.
exp (4)

If @« > n then there is mo homeomorphism h: B % B=  with finite conformal energy

u,n

whose inverse h™' = f belongs to #'P(BS,,,R™), p>n — 1. If a < n, then there exists a

u,n?
onto

homeomorphism h: B == B with finite conformal energy such that f is Lipschitz reqular.

Symmetry of extremal mappings is a typical speculation in the Calculus of Variations
(CV). Several papers, in the intersection of Nonlinear Elasticity (NE) and Geometric Func-
tion Theory (GFT), are devoted to understand the expected radial symmetry properties.
See [22, 25, 33]. To contribute to such studies in [C|, we searched for differences and
similarities between mappings of bi-conformal energy and quasiconformal mappings. We
examined the modulus of continuity of the mappings.

Definition 4.4. [Optimal Modulus of Continuity] Every uniformly continuous function
h: X =Y admits the optimal modulus of continuity at a given point x, € X, given by the
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rule:
wi (203 t) 2L sup{|h(x) — h(z,)| 1 2 € X, |z — 20| < t}. (4.1)

These led us to a new characterization of quasiconformality. Specifically, we observed
that quasiconformal mappings behave locally at every point like radial strechings. If a
quasiconformal mapping h admits w as its optimal modulus of continuity at the point
7,, then h~! admits the inverse function w™' as its modulus of continuity at the point
Yo := h(x,). Second, such a gain/loss rule about moduli of continuity for a homeomorphism
and its inverse is typical for radial stretching/ squeezing. It turned out that the gain/loss
rule gives a new characterization for the class of quasiconformal mappings.

Theorem 4.5 (C). Let h: X % Y be a homeomorphism between domains X, Y C R"™ and
let f: Y 2% X denote its inverse. Then h is quasiconformal if and only if, for every pair
(o,Y) € X XY, yo = h(x,), the optimal modulus of continuity functions wy, = wp(To;1t)
and wy = wr(yo;s) are quasi-inverse to each other; that is, there is a constant X > 1
(independent of (xo,ys)) such that

K s < (whowy)(s) < Ks
for all sufficiently small s > 0.

The elastic deformations of bi-conformal energy are very different in this respect. We
proved unexpectedly that such a mapping may have the same optimal modulus of continuity
as its inverse. In line with Hooke’s Law, when trying to restore the original shape of the
body, the modulus of continuity may neither be improved nor become worse.

Theorem 4.6 (A Representative Example). Consider a modulus of continuity function
¢: [0,00) 22 [0,00) defined by the rule

0 ifs=0
¢(s) = [log (¢)] ™ [loglog (%) ]_1 if 0<s<1 (4.2)
S ifs>1

Then there exists a deformation of bi-conformal energy H: R™ % R™ such that
e H(0)=0, H(z)=x, for |z| > 1
o |H(x1) — H(z2)| <C ¢(|lv1 —a2f) , forall z1,2 € R"

Its inverse F X [r=1. R? 2% R™ qalso admits ¢ as a modulus of continuity,

o |[F(y1) — F(ya)| <C o(lys —wal) 5 forall yr,y, €R* 1!

Furthermore, ¢ represents the optimal modulus of continuity at the origin for both H and
F; that is, for every 0 < s < oo we have

wi(0,s) = ¢(s) =wr(0,s). (4.3)

IIn the above estimates the implied constants depend only on n.
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5. £P-QUASIDISKS

Quasidisks have been intensively studied for many years because of their exceptional
function-theoretic properties, relationships with Teichmiiller theory and Kleinian groups
and interesting applications in complex dynamics, see [10] for an elegant survey. Let us
start with a definition of quasidisks.

Definition 5.1. A domain X C C s called a quasidisk if it admits a quasiconformal

quasi
D.

mapping [ : C =% C which takes X onto D . In symbols, we have X

Quasidisks can be very complex. There are quasidisks whose boundaries contain no
segments with finite length. For every ¢t € (1,2), one can construct a quasidisk whose
boundary has Hausdorff dimension ¢, see Figure 2. There are many characterizations for
quasidisks, see e.g. [12]. Perhaps the best known geometric characterization for a quasidisk
is the Ahlfors’ condition [2].

Theorem 5.2 (Ahlfors). Let X be a simply-connected Jordan domain in the plane. Then
X is a quasidisk if and only if there is a constant 1 < v < oo, such that for each pair of
distinct points a,b € 0X we have

diam ' < 7 ]a — b (5.1)
where T' is the component of 0X\ {a,b} with smallest diameter.

C—f—>C

F1GUuRrE 2. Koch snowflake reveals complexity of a quasidisk.

One should infer from the Ahlfors’ condition (5.1) that:
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Quasidisks do not allow for cusps in the boundary.

This is to say, unfortunately, the point-wise inequality K(z) < K < oo in (2.2), precludes
f from smoothing even basic singularities. It is therefore of interest to look for more
general deformations f:C > C. We shall see, and it will become intuitively clear, that
the act of deviating from conformality should be measured by integral-mean distortions
rather than point-wise distortions. A more general class of mappings, for which one might
hope to build a viable theory, consists of homeomorphisms with locally Z? -integrable
distortion, 1 < p < c0.

A

Df(z)

Vv
~

L 15 (2) max{|Df(z)&|; |€|=1}
e ) —

l d min{| Df(z)¢|: [¢[=1}
FIGURE 3. The ratio L/l, which measures the infinitesimal distortion of

the material structure at the point z, is allowed to be arbitrarily large.
Nevertheless, L/l has to be finite almost everywhere.

Definition 5.3. The term mapping of Z£? -distortion, 1 < p < oo, refers to a homeomor-
phism f: C — C of finite distortion with K; € ZF_(C).

loc
Now, we generalize the notion of quasidisks; simply, replacing the assumption Ky &

Z>°(C) by Ky e 2L, (C) in Definition 5.1.

loc

Definition 5.4. A domain X C C 1is called an £ P-quasidisk if it admits a homeomorphism
f: C— C of £P -distortion such that f(X)=1D.

Clearly, Z?-quasidisks are Jordan domains. Surprisingly, the £} -integrability of the
distortion seems not to cause any geometric constraint on X. We confirmed this observa-

tion for domains with rectifiable boundary.
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Theorem 5.5 (E). All simply-connected Jordan domains with rectifiable boundary are
L1 -quasidisks.

We gave in [E]| a full characterization as to when power-type cuspidal domains are £?-
quasidisks.

Theorem 5.6 (E). Let X be either B, , or B,
pE3.

Py equivalently, p <

and 1 < p < oo. Then X is an LP-

B+3

quasidisk if and only if 5 < -

This is a special case of following theorem.

Theorem 5.7 (E). Let u(t) = t?, 8 > 1. Consider power-type inward or outward cuspidal
domains X = B, or B, with 3 > 1. Given a pair (q,p) of exponents 1 < q < oo (for
X)and 1 <p< oo (for the complement of X ), define the so-called critical power of the
cusp by setting

%, ifl<p<ooandqg<oo
ﬁcrd:ef §+1, if p=o00 and ¢ < o0 (5.2)
+1 : _
;;Tl, ifl<p<oo andg=o00
Then there exists a Sobolev homeomorphism f: C — C which takes X onto D such that

o K; e Z9X)
and

o K; € £P(Br\X) for every R > 2,
if and only if B < Ber.

The cuspidal domains B}, , and B} , satisfy a %—Ahlfors condition, in the sense that we

simply replace |a — b| in (5.1) by |a — b|%. Theorem 5.6 tells us how much distortion for
a homeomorphism f: C — C is needed to flatten (or smoothen) the power-type cusp t°.
Combining this result to the work of Koskela and Takkinen [32], it turns out that a lot
more distortion is needed to create a cusp than to smooth it back.

6. SOBOLEV EXTENSIONS VIA REFLECTIONS

In this section, we introduce the results about Sobolev extendability for the outward
and inward power-type cuspidal domains ]B%:Bm and IB;JL in R™. The interesting point of
our work in [F] is that we construct the optimal extension operators via reflections. Recall
the definition of Sobolev extension domains from Section 3.

Among Sobolev extension domains, the most interesting ones are the (p, p)-extension
domains. By results of Calderén and Stein [41], Lipschitz domains are (p,p)-extension
domains, for 1 < p < co. In [26], Jones generalized this result to the class of (e, §)-domains.

One can easily show that neither the arbitrary n-dimensional outward cuspidal domains
B;,n C R™ nor the two-dimensional inward cuspidal domains IB%;2 C R? are (¢, 0)-domains,
for any €,0 > 0. The inward cuspidal domains Bjﬂn C R™, n > 3, however, are (€,0)-
domains, for some € and d. The optimal Sobolev extehdability results for cuspidal domains
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are known due to the results of Maz’ya and Poborchi, [35, 36, 37, 38]. The results are
rather different between R? and R™,n > 3. Let us first give the result in R2.

Theorem 6.1. There is a bounded linear extension operator from #''P(B7, ) to #1(R?)
148
2
operator from W'P(B
p=gq=1.

As we already know, inward cuspidal domains IB%; . CR" n >3, are (¢, §)-domains, and

whenever <p<ooandl < q< 2. Also there exists a bounded linear extension

143"
) to #1(R?), whenever 1 < p < oo and 1 < q < —25:;?)11)’& or

hence they are (p, p)-extension domains, 1 < p < co. The following theorem gives us the
optimal Sobolev extendability for outward cuspidal domains B}, ~C R",n > 3.

Theorem 6.2. Let B, C R"(n > 3), be an outward cuspidal domain with the degree
B € (1,00). Then
(1): There exists a bounded linear extension operator Ey from #W'P(B7, ) to #H(R™),

wheneverw<p<ooand1§q<ﬁ-

: . : (n=1)+(n-1)%8
(2): There exists a bounded linear extension operator Fy from #'*" n

LR,

(3): There exists a bounded linear extension operator Es3 from Wl’p(IBB?BVn) to W1I(R"),
I+(n=1)B (I+(n=1)B)p

2H(n—2)p T+(n—1)B+(F—1)p"

All the above extension results are sharp; the interested reader is refered to [37] and
references therein for details. What we are interested in is, whether or not there exists a
bounded linear extension operator induced by a reflection. First, let us give the definition
of a reflection and explain how does a reflection potentially induce an extension operator.

(Bs,) to

whenever <p<ooandl <g<

Definition 6.3. Let X C R" be a domain. A self homeomorphism R : R" — R is said to
be a reflection over 0X, if R(R"\ X) = X, R(X) = R\ X and R(x) = z for every x € OX.

Definition 6.4. Let X C R"” be a domain with compact boundary. We say that a reflection
R : R* — R* over X induces a bounded linear extension operator from #1P(X) to
HLI(R™), for some 1 < q < p < oo, if for every function u € #''P(X) the function
u(R(z)), for xz € B(X,1)\X,
Ex(u)(z) L2, for = € 0X, (6.1)
u(x), for z € X

belongs to #,2(B(X,1)) and

loc
HER(U)H"///M(B(XJ)\X) < CHUHWW(X)-
Here C' is a positive constant independent of w.
Recall that B(X,1) denotes the 1-neighborhood of X. The classical cut-off technique

implies that an extension operator from #?(X) to #1(B(X, 1)) can be upgraded to an
extension operator from #'*(X) to #14(R").



16 INTRODUCTION

In [28], Koskela, Pankka and Zhang proved that, for every planar Jordan (p, p)-extension
domain, 1 < p < oo, there is a reflection which induces a bounded linear extension operator.

Theorem 6.5. Let X C R? be a Jordan (p, p)-extension domain. Then R?\X is a (p*, p*)-
extension domain with % + z% = 1. Moreover, there is a reflection over 0X which induces

a bounded linear extension operator from #™'P(X) to #'P(R?) and also a bounded linear
extension operator from WP (R?\ X) to #'17"(R?).

-
th,2

the problem about Sobolev extension via reflection was already studied by Gol’dshtein

Actually, for the planar outward cuspidal domains B7; , and inward cuspidal domains

B

8,27
and Sitnikov [15], around 30 years ago. Their result shows that the corresponding extension
result in Theorem 6.1 can be achieved by a bounded linear extension operator induced via

a reflection.

Theorem 6.6. [15] Fiz > 1. There is a reflection R : R2 — R over OB

th 2
a bounded linear extension operator from 7/1”’(]}3;3)2) to #19(R?) whenever 2 < p < oo

and 1 < g < li—pﬁ. Moreover, R also induces a bounded linear extension operator from

WIP(R?\ By, ,) to #/19(R?) whenever 1 < p < 00,1 <¢q < Qil(;@lp)p orp=q=1.

which induces

Since the domain R? \ B, , has the same singularity on the boundary as the inward

cuspidal domain IB%;Q, it is easy to see that the Sobolev extendability for R? \m implies
the same Sobolev extendability for B} ,.

After understanding the theory in the Euclidean plane R?, the similar question arises
in R",n > 3. We obtained in [F] the following result about bounded linear extension

operators induced by reflections on outward cuspidal domains IB%; ., CR™

Theorem 6.7 (F). Let n > 3 and B, C R" be an outward cuspidal domain with the
degree 1 < f < oco. Then
(1): There exists a reflection Ry : R® — R™ over OB}, =~ which induces a bounded lin-

1+(n—1)8

ear extension operator from W''P(Br, ) to WHUR™), whenever < p < oo and

1<q< s

(2): There exists a reflection Ry : R — R™ over OBy, which induces a bounded lin-

1+(n—1)8
2+(n—2)p8

ear extension operator from #''P(Br, ) to #WHUR™), whenever < p < oo and

(1+(n—-1)B)p

1 <4< enpr-mp

Let n > 3. It is easy to check that the complement R" \%, is an (€, 0)-domain, for
some positive €, . Hence, R” \m is a (p, p)-extension domain, for every 1 < p < oo, due
to a result of Jones [26]. Our following theorem gives the values of p € [1,00), for which
the (p, p)-extension of R™\ IB%;m can be achieved via a bounded linear extension operator
induced by a reflection.
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Theorem 6.8 (F). Let n > 3. For every 1 < f < o0, R"\m is a (p,p)-extension
domain, for every 1 < p < oco. The reflection Ry in Theorem 6.7 induces a bounded linear
extension operator from Wl’p(R”\M) to #WP(R™), whenever 1 < p < n—1. Moreover,
for any givenn—1 < p < oo, there does not exist a reflection over 818%;37” which can induce

a bounded linear extension operator from #''"P(R™ \ By, ) to #''P(R").

What about the case p = oco? We say that a domain X C R” is uniformly locally
quasiconvex if there exist constants C' > 0 and R > 0 such that, for all z,y € X with
d(z,y) < R, there is a rectifiable curve v connecting = and y in X such that the length of
~v is bounded from above by Cd(z,y). Recall that X is an (0o, 00)-extension domain if and
only if it is uniformly locally quasiconvex, see [17]. One can easily check that both B;’n

and R™ \ B, = are uniformly locally quasiconvex, equivalently, they are (oo, co)-extension
domains. The following theorem is an analog of Theorem 6.8.

Theorem 6.9 (F). Letn > 3. For every 1 < 3 < oo, both B, ~and R*"\B, = are (0o, 00)-
extension domains. The reflection Ry over OB}, —in Theorem 6.7 induces a bounded linear
extension operator from W10 (B7, ) to #1>°(R™). On the other hand, there is no reflection

over OB,  which can induce a bounded linear extension operator from #>(R"\ B}, )
to W (R™).

7. THE PRODUCT OF SOBOLEV EXTENSION DOMAINS

In this section, we introduce our result in [A]. It says that the Sobolev extendability
property is stable under products.

First, let us explain why we got interested in this problem. By [15] the Sobolev extend-
ability for planar outward cuspidal domains B;Q and inward cuspidal domains IB%;;’Q can
be achieved via a bounded linear extension operator induced by reflections, see Theorem
6.6. By making use of this result, we can easily prove that the domain 183;,372 x I C R? has
the same Sobolev extendability as B7;,. Here I = (0,1) C R is the unit interval. This
follows as a special case of our next result. The idea of the proof is copied from the proof

of [Theorem 1.1, A]. Hence, we only give a rough proof here.

Theorem 7.1. Let X C R"™ be a bounded simply-connected (p, q)-extension domain, for
1 <q<p<oo. Assume that there exists a reflection R : R — R" over 0X, such that the
induced extension operator defined in (6.1) is bounded both from WP (X) to # 14(R") and
from £P(X) to LY(R"™). Then X x I C R™™ is also a (p,q)-extension domain.

Sketch of proof. Let R : R" — R” be the reflection over 0X, which induces a bounded
linear extension operator both from #'?(X) to #14(R") and from .£?(X) to Z4(R").
For every function u € #1?(X), we define the extension E(u) as in (6.1).

We write

R+ ERXR”:{(t,x) cteRand z = (21,29, ,2,) € R"}.
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Let u € C®°(X x I) N #1?(X x I) be arbitrary. By the Fubini theorem, for almost every
tel2 1),
uy(+) = ult,-) € C1(X) N LX) N ¥ (X).
For such t € I, Ex(u;) € #1(R") and || Ex(u)|lpra@n) < Cllug]lyprec) with a positive
constant C' independent of ¢. Then for ¢t € (0, 1), using the extension (6.1), we set

Bu(t,z) 2 Eg(u)(x). (7.1)

For every i € {1,2,---  n}, define a function by setting

(t2) & {%Egg(ut)(x), t € (0,1) with u, € #7(X),

5P (7.2)

0, elsewhere.
By some simple computations, %Eu is the distributional derivative of Fu with respect to
the x;-coordinate direction with desired norm control.

From the argument above, we already know that the distributional derivatives of Fu exist
with respect to the z-coordinate directions. Now we construct the distributional derivative
of Fu with respect to the t-coordinate direction. By the definition of reflection, for every
r € B(X, 1)\ X, there exists 2’ € X with R(z') = z. Then by the definition of Eu in (7.1),
for every ¢t € (0,1), we have Fu(t,z) = u(t,z). Since u € C*(X x ) N #1*(X x I) and
9 Bu(t,z) = Zu(t,2’) for every t € (0,1). Hence we define our function 2 Eu by setting
5 %u(t,x’), .’EEB(X,l)\X,

EEu(t, x) 20, x € 0X, (7.3)
Su(t,z), zeX

By some simple computations, %Eu defined in (7.3) is the distributional derivative of
Eu with respect to the ¢t-coordinate direction. It is also easy to see that

%Eu(t, ) = Fy (%U> (t, )

almost everywhere. Since the extension operator Ey induced by the reflection R is bounded
from ZP(X) to Z7(R"), we can obtain the desired norm control. Hence, for every u €
Co(X x I)N#'P(X x I), we have

| Eullyraseiyxn < Cllullxxr

with a positive constant C independent of u. By the density of C®(Xx I)N# P (Xx ), E
can be extended to #*(X x I). Let B C R" be a large enough ball with B(X, 1) C B. By
the classical cut-off technique, there exists a function Eu € #19(B x I) with Eu| B(
u and

X,1)xI —

HEunqu(ExI) < CHUHWLP(XXI)

with a constant C' independent of w. O



INTRODUCTION 19

If one reads the proof above carefully, one can observe that the fact that the extension
operator induced by the reflection is bounded both from #'?(X) to #14(R") and from
2P(X) to Z(R") is the essential point. Regarding the classical Sobolev (p, p)-extension
theory, Hajtasz, Koskela and Tuominen [17] proved that for 1 < p < oo, a (p, p)-extension
domain must satisfy an Ahlfors-regularity condition according to which, for every x € X
and 0 < r < diam X, we have

B(z.r) NX| > C|B(z. )|
They also proved the following theorem in [17, 18].

Theorem 7.2. Let 1 < p < oo. A domain X C R" is a Sobolev (p, p)-extension domain if
and only if there exists a bounded linear extension operator from WP (X) to W P(R™).

By making use of the operator from this theorem and following the main idea of the
proof of Theorem 7.1, we proved the following result in [A].

Theorem 7.3. Let 1 < p < oco. If X; C R" and Xy C R™ are (p,p)-extension domains,
then Xy x Xy C R™™ 4s also a (p,p)-extension domain. Conversely, if X; C R™ and
Xy C R™ are domains so that X; x Xo C R™™™ is a (p, p)-extension domain, then both X;
and Xy are necessarily (p, p)-extension domains.

8. MP = WP ON OUTWARD CUSPIDAL DOMAINS

In this section, we will introduce the results in [D]. In that paper, we showed that
the Hajlasz-Sobolev spaces coincide with the classical Sobolev spaces on a large class of
domains including all outward cuspidal domains, see Section 1 for definitions.

In [1, 8], Acerbi, Fusco, Bojarski and Hajlasz proved certain point-wise inequalities for
Sobolev functions. That is

u(z) — u(y)] < Cle —y| M[Vu](z) + M[Vu](y)) (8.1)

Here C' is a positive constant independent of x,y and w and M is the usual maximal
operator. Motivated by this, P. Hajtasz introduced in [16] the function space .#"*(X).

It is known that .#"*(X) C #1?(X) and that the inclusion is strict for p = 1 for any
X, see the work of Koskela and Saksman [19]. By inequality (8.1), in R", the opposite
inclusion holds for 1 < p < co. The opposite inclusion also holds if there is a bounded
extension operator from # 17(X) into #1P(R"), for a given 1 < p < co. Actually, if there
exists a constant C' so that

|B(z,7)| < C|B(z,7) NX| (8.2)
for every x € X and every 0 < r < 1, where | - | refers to n-measure, then the above two
function spaces coincide precisely when such an extension operator exists. For this see [17].
Hence it is easy to exhibit domains X for which .#%*(X) = #1*(X) fails for all p; e.g.
take X to be the unit disk minus the interval [0, 1) on the real line.

In [D], we did not only work on the outward cuspidal domain B} defined in (1.1). Let
us consider cuspidal domains of the form

Xy 2L {(t,2) € (0,1) x R" L || < ()} U{(t,2) € [1,2) x R" s |2| < (1)}, (8.3)
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where 9 : (0,1] — (0,00) is a left-continuous increasing function. See Figure 4. It is easy

¥(1)

FIGURE 4. Outward cuspidal domain €2,

to check that X, C R" is a domain. If lim, o+ @ = 0, then the measure density condition
(8.2) fails, and hence, by [17], there can not exist any bounded extension operator from

WP (Xy) to #1P(R™). According to a somewhat surprising result by A. S. Romanov [39)],
W(BL ) = HP(BL ) with f > 1 and p > HUE Onee (t) = 7 with § > 1,
one can éasily check that B;ﬂn is bi-Lipschitz equivalent to X,. As we know, bi-Lipschitz
transformations preserve both Sobolev and Hajtasz-Sobolev spaces.

Our result from [D] shows that the above restriction on p is superfluous and that u being

of the form u(t) = t# can be essentially relaxed to being a nondecreasing left-continuous
function.

Theorem 8.1 (D). Let ¢ : (0,1] — (0,00) be a left-continuous increasing function. Define
the corresponding cuspidal domain Xy as in (8.3). Then #W'P(Xy) = #'P(Xy), for all
1 <p<oo.
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Product of Extension Domains is still
an Extension Domain

PEKKA KOSKELA ¢ ZHENG ZHU

ABSTRACT. Our main result gives a functional property of the
class of W7 _extension domains. Let Q; ¢ R" and Q, ¢ R™
both be W1 ?-extension domains for some 1 < p < co. We
prove that Q; X Q, C R™™ is also a W!¥-extension domain.
We also establish the converse statement.

1. INTRODUCTION

Let Q C R™ be an open set. For 1 < p < oo, we let W17 (Q) denote the Sobolev
space consisting of all functions u € L¥ (Q) whose first-order distributional partial
derivatives on Q belong to L (Q). This space is normed by

lullwir == > ID*uUllr ).

0<|x|<1

We say that u € LP(Q) is ACL (absolutely continuous on lines), if u has a repre-
sentative # that is absolutely continuous on almost all line segments in Q, parallel
to the coordinate axes. Then, u € W7 (Q) if and only if u belongs to L¥ (Q)
and has a representative @ which is ACL and whose (classical) partial derivatives
belong to L7 (Q) (see, e.g., Theorem A.15 in [11] and Theorem 2.1.4 in [20]).

We say that Q C R™ is a W!”-extension domain if there exists a constant
C > 1 which only depends on Q,n, p such that for every u € WH?P(Q) there
exists a function Eu € WLP (R") with Eu|g = u and so that

IEullwir®n) < Cllullwir ).

For example, note that every Lipschitz domain is a W!?-extension domain for
all 1 < p < o by the results of Calderén and Stein [17]. It is easy to give
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examples of domains that fail to be extension domains: for example, the slit disk
Q:=B%(0,1) \ {(x1,0) : 0 < x; < 1}. In general, the extension property for a
fixed Q may depend on the value of p (see [13], [16], and [12]).

In [9], it was shown that any bi-Lipschitz image of a WP -extension domain,
1 < p < o, is also a WHP-extension domain: if Q ¢ R™ is a WP-extension
domain and f : Q — Q' C R" is bi-Lipschitz, then Q' is also a W!?-extension
domain. Our main result gives a second functional property of Sobolev extension
domains.

Theorem 1.1. Let1 < p < oo. IfQy C R™ and Qy C R™ are WP -extension
domains, then Q1 X Qp C R™™™ is also a WYP-extension domain. Conversely, if
Q1 C R™ and Qy € R™ are domains so that Q1 X Qy C R js g WLP _extension
domain, then both QO and Q, are necessarily W¥ -extension domains.

According to Theorem 7 in [9] (see [21] for related results), a domain Q is a
WL*_extension domain if and only if it is uniformly locally quasiconvex, that is,
there exist positive constants C and R, such that forall x, y € Qwith [x-y| <R,
there exists a curve yx , C Q from x to y with

(yx,y) < Clx — yI.

Here, £(yx,y) is the length of the curve yy, . It is easy to check that the product
of uniformly locally quasiconvex domains is still uniformly locally quasiconvex,
and hence we only need to prove the first part of Theorem 1.1 for 1 < p < oo.

Our proof of the first part of Theorem 1.1 is based on the existence of an
explicit extension operator constructed by Shvartsman in [14]. A result from [9]
allows us to employ this operator. This procedure could in principle also be tried
for the case of the higher-order Sobolev spaces WkP k > 2, but one does not
seem to obtain suitable norm estimates. We would like to know whether the first
part of Theorem 1.1 extends to the case of higher-order Sobolev spaces or not; the
second part does extend, as can be seen from our proof below.

2. PRELIMINARIES

2.1. Definitions and preliminary results. Throughout the paper, C, Ci,
Ca, ... or y,¥1,¥2,... will be generic positive constants which depend only on
the dimension n, the domain Q, and indices of the function spaces in question
(p, q, etc.). These constants may change even in a single string of estimates. The
dependence of a constant on certain parameters in expressed, for example, by the
notation y = y(n,p). We write A ~ B if there is a constant C > 1 such that
A/C < B =< CA.

It will be convenient for us to measure distance via the uniform norm
Ix|lo := max{|x;|:i=1,...,n}, x=(x1,...,xXn) €R™
Thus, every Euclidean cube

Q=Qx,7)={y eR": |y —xllo <7}
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isa ball in the || - ||o-norm.

Definition 2.1. A measurable set A C R™ is said to be uniformly locally
Ahlfors regular (shortly, regular) if there are constants C4 = 1 and 4 > 0 such
that, for every cube Q with center in A and with diameter diam Q < 94, we have

QI = CalQ N AL

Given u € Lll:)c([R”), 1 < p < o0, and a cube Q, we set

1/p
. ‘e -1/p ; _ — p
Au;Q)rr :=1Q] Cnéfkllu Clizr Q) 1nf<|Q| J lu — Cj| dx)

(see Brudnyi [3] for related definitions). Sometimes (e.g., in [18]), A(u;Q)rr is
also called the local oscillation of u. This quantity is the main object in the theory
of local polynomial approximation which provides a unified framework for the
description of a large family of spaces of smooth functions. We refer the readers
to Brudnyi [1]-[06] for the main ideas and results in local approximation theory.

Given a locally integrable function u on R", we define its sharp maximal
function u} by setting

uf(x) = supr A(

r>0

u; Q(x,7))p.

In [8], Calderén proved that, for 1 < p < oo, a function u is in WHP (R") if
and only if u and uf are both in L? (R™). Moreover, up to constants depending
only on n and p, we have that

lullwre jn) = lwlle ey + 1 lloe gn)-

This characterization produces the following definition. Given 1 < p < o, a

function u € Lﬁ)c(A), and a cube Q whose center is in A, we let A(u; Q) rr(a)
denote the normalized best approximation of f on Q in LP-norm:

(2.1) A Q)rria) = 1QI71P lnf lu — Cllr@na)

1 1/p
= inf (—J Iu—Clpdx) .
cer \ Q| Jona

By u{ 4, we denote the sharp maximal function of u on A,

uf 4 (x) = suprTA(

r>0

u; Q(x,r))ri), X €A

Notice that u} = uf gn.
The following trace theorem by Shvartsman from [14] relates local polynomial
approximation to extendability.
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Theorem 2.2. Let A be a regular subset of R". Then, a function w € LP (A),
1 < p < o, can be extended to a function Eu € W1P (R™) if and only if

uf 4 =supr 'A(u;Q(+, 7)) p1(a) € LP(A).
r>0
In addition,
~ #
“uHWW(R")|A ~ lullzeay + lug glizea)

with constants of equivalence depending only on n, p, Ca, and 6. Here,

lullwrerny), i= inf{HEuﬂwl,n(Rn) :

Eu € WYY (R"), Fu| , = u almost everywhere}.

For a set A C R™ of positive Lebesgue measure, we set

C'P(A) ={u eLP(A) :uf , € LP(A)},
lullcrray = lullrcay + 1uf Allieca)-

A result due to Hajtasz, Koskela, and Tuominen (Theorem 5 in [9]) that partially
relies on Theorem 2.2 states the following.

Theorem 2.3. Let Q) C R"™ be a domain and fix 1 < p < . Then, the following
conditions are equivalent:

(a) For every u € WHP(Q) there exists a function Eu € WHP(R™) such that
Eulq = u almost everywbhere.

(b) Q is reqular, C1P(Q) = WLP(Q) as sets, and the corresponding norms are
equivalent.

(c) Q is a WYP-extension domain.

In [14], Shvartsman constructed an extension operator for Theorem 2.2 ex-
plicitly as a variant of the Whitney-Jones extension. We describe this procedure
in the next section. In particular, based on Theorem 2.3, for an arbitrary W17-
extension domain Q with 1 < p < oo, there is a Whitney-type extension operator
from WP (Q) to WLP(R™). (For an alternate Whitney-type extension operator,
see [10].)

2.2. Whitney-type extension. Given a constant A > 0 and Q = Q(x,7),
we let AQ denote the cube Q (x,Ar). By Q* we denote the cube Q* := %Q.
Next, given subsets A, B C R", we set diam A := sup{lla—a’'ll~ : a, a’ € A}
and
dist(A, B) :=inf{|la — b||l« : a € A, b € B}.

Furthermore, we set dist(x,A) := dist({x}, A) for x € R™. The closure of A
in R™ is denoted A, and we denote the boundary of A by 0A := A\ A. The
characteristic function of A is referred to by x 4.

The following property is well known (see, e.g., [15]).
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Lemma 2.4. If A is a regular subset of R™, then |0A| = 0.

In what follows, we will assume that S is a closed regular subset of R™. Since
R™\ S is an open set, it admits a Whitney decomposition W (e.g., see Stein [17]).
Let us recall the main properties of Ws.

Theorem 2.5. Ws = {Q} is a countable family of closed cubes such that the
Jollowing hold:

(1) R*"\S=U{Q:Q e Ws}.
(ii) For every cube Q € Wy,

diam Q < dist(Q, S) < 4diam Q.

(iii) No point of R"™ \ S is contained in more than N = N (n) distinct cubes from
Ws.

The following properties easily follow from (i)—(iii).

Lemma 2.6.

(1) IfQ,K € Ws and Q* N K* = &, then
%diamQ < diamK < 4diam Q.

(2) For every cube K € Wy there are ar most N = N(n) cubes from the family
W = {Q* : Q € Ws} which intersect K*.
Let ®s := {@q : Q € Ws} be a smooth partition of unity subordinated to the
Whitney decomposition Ws (see [17]).

Proposition 2.7. There exists a family ®s of functions defined on R™ with the
Jollowing properties:

(@) 0<@q(x) <1 forevery Q € Ws.

(b) supp@o C Q* (:= 3Q), Q € Ws.

(© 2ipqo(x):Q € Ws} =1 for every x € R™\ S.

(d) For every multi-index B with |B| = 1, and every cube Q € Wy,

IDPpo(x)| < C(diamQ)~!, x € R",

where C is a constant depending only on n.

Actually, the family of cubes Ws constructed in [17] satisfies the conditions
of Theorem 2.5 and Lemma 2.6 with respect to the Euclidean norm instead of
the uniform one. A simple modification to that construction gives a family of
Whitney cubes which have the analogous properties with respect to our uniform
norm.

Let K = Q(xk,vkx) € Ws, and let ag € S be a point nearest to xx on S.
Then, by property (ii) of Theorem 2.5,

Q(a](, TK) c 10K.
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Fix a small 0 < &€ < 1 and set K¢ := Q(ak, €rk). Let Q = Q(xq,7q) be a cube
from Ws with diam Q < s, where s is as in Definition 2.1 for our regular sets.

Set
Aq =1{K =Q(xx,rgx) € Ws : K N Q¢ * O, 1 < £V},

where Q¢ := Q(aq, €¥q). We define a “quasi-cube” Hg by setting

Hq = (Qen$)\ (UIKe : K € Aqg}).

If diam Q > Js, we simply set Hp := &.

The following result is Theorem 2.4 in [14].

Theorem 2.8. Let S be a closed regular subset of R™. Then, there is a family of
‘Guasi-cubes” Ho = {Hq : Q € Wy} as discussed above with the following:

(i) Hq C (10Q) NS whenever Q € Ws.

(ii) 1Q| = yi1|Hql| whenever Q € Ws satisfies diam Q < 6.

(iif) ZQEWS XH, = Y2
Here, y1 and y, are positive constants depending only on n and Cy,.

Next, we present estimates on local polynomial approximations of the exten-
sion E f, via the corresponding local approximation of a function f defined on a
closed regular subset S ¢ R™.

Given a measurable subset A C R" and a function u € LP(A), 1 < p < oo,

we let E; (u; A);» denote the local best constant approximation in LP-norm (see
Brudnyi [3]):

A

Ei(u;A)rp := inf ||lu — Cllzr(a)-
CeR

Thus,
Au; Q) ray = 1QITYPE (u;Q N A) e

(see (2.1)). We note a simple property of A(u;-)rr(a) as a function of cubes: for
every pair of cubes Q1 C Q2,

1Qal

1/p
|Q1|> A(u;Q2)rr(a)-

Au;Q1)rra) < (
Let A be a subset of R™ with |A| > 0. We set

. _ 1
(2.2) Pa(u) := fAu(x)dx = T14] Lu(x)dx.

Then, from a result of Brudnyi in [5] (see also Proposition 3.4 in [14]), we have
the following estimate.
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Proposition 2.9. Let A be a subset of a cube Q with |A| > 0. Then, the linear
operator Pa : L1(A) — R has the property that, for every 1 < p < oo and every
ueirLf(A), )

lu — Pa(u)llzray < CE1(u; A)re.

Here, C = C(n, |Ql/|A]).

According to Lemma 2.4, the boundary of a regular set is of measure zero, and
so Proposition 2.9 together with Theorem 2.8 immediately implies the following
corollary.

Corollary 2.10. Ler S be a closed regular set and let Q € Ws be a cube with
diam Q < 6s. There is a continuous linear operator Py, LY(Hg) — R such that for
every functionu € LP(S), 1 <= p < oo,

lu = Prg, (W) 1w (1) < YE1 (w3 Ho) 1o

Here, y = y(n, k, Os).
We set
Pp,u =0, if diamQ > .

Then, the map Q — Py, (f) is defined on all of the cubes in the family Ws. This
map gives rise to a bounded linear extension operator from L?(S) to LP(R"),

defined by the formula

u(x), xesS,
(2.3) Eu(x) := ‘[ Z (pQ(X)(PHQu)(X), x € R™"\S.
QeWs

Given a regular domain Q ¢ R", Q is a closed regular set with IQ\ Q| = 0.
Given a function u € L?(Q), the zero extension of u to S := Q (still denoted
u) belongs to L?(S), and we define the extension Eu of u to R" by the formula
(2.3). When u € CUP(S), Eu here is precisely the Eu from Theorem 2.2. By
combining Theorem 2.2 and Theorem 2.3, we obtain the following result.

Theorem 2.11. Let Q) C R™ be a WP -extension domain for a fixed 1 < p < oo.
Then, for every w € WP (Q) and Eu defined as in (2.3) for the zero extension of u
to the closure of Q, we have Eu € WP (R™) and

|Eullwirwny < Cllullwir @),
for a positive constant C independent of u.

3. PROOF OF THEOREM 1.1

The first part of our main theorem (for 1 < p < o) will be obtained as a con-
sequence of the following extension result that we believe to be of independent
interest.
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Theorem 3.1. Let Qq C R™ be a WP -extension domain for a given 1 < p < oo,
and Q; C R™ be a domain. Then, for every function u € WHP(Q X Qp), there
exists a function Eyu € WIP (R™ X Q) such that Exulq, <o, = U and

lErullwirrexa,) < Cllullwie,xa,)
with a positive constant C independent of u.
Proof. Theorem 2.3.2 in Ziemer’s book [20] tells us that
C®(Q X Q) N WIP(Q x Q)

is dense in W17 (Q; X Q3). With a small modification to the proof of this result
it is easy to see that C1(Q; X Q) N L®(Qq X Q) N WIP(Q; X Q) is dense
in WP (Q; x Q). We shall begin by showing that we can extend functions in
Cl(Ql X ) NL® (O X Qz) N WI,P(QI X ).

According to Theorem 2.3, Q; is regular. Let

ueClQ xQ) NL®(Q; X Q) nWEP(Q; x Q).

Then, for y € Q,, using the extension (2.3), we set

Uy (x), x € Qy,
G- Erulx,y) =Euy(X) =1 %" g (x)(Puyy) (x), x € R™\ Q.
QGWQ

Here, u, in (3.1) is the zero extension of U, to the closure Q;. To show that
Equ € WHP(R™ X Q,), we need to show that Eyu € LP (R™ X Q,), and for every
B with |B| = 1, we need to find a function vg € L (R™ X Q,), such that for every
Y € C5(R™ x Q) we have

| B Pty dxdy = - [ up»)wix, v dxdy.
R X Q) R xQ)

For the convenience of discussion, we divide the rest of the proof into three
steps.

STEP 1: In this step, we show that Eyu € LP (R™ X Q) and that the L”-norm of
E1u is controlled by the W1#-norm of u.

By Fubini’s theorem, u, € WH?(Q,) for almost every v € Q. As Q; is a
WP extension domain, by Theorem 2.11, Eyu(x,y) = Eu,(x) € WHP(R")
and

IEuyllrr®rn) < [EUy |lwiern) < Clluy llwir@,),

for every v € Q, with u,, € WHP(Q;). Then, by integrating with respect to
v € ), we obtain the desired result.
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STEP 2: In this step, we show that, for every ¢ € CZ(R™ X Q,), there exist
functions (0/0x;)Eiu € LP(R" x Q,) (fori =1,...,n) such that

J 0
RnxQ, 0Xi

For simplicity of notation, we assume that i = 1.

Fubini’s theorem tells us that u,, € W7 (Q;) for almost every v € Q. Then,
by Theorem 2.11, (3.1) gives an extension Eu, € WHP(R") for every ¥ € Q;
with u, € WHP(Q;). Then, we set

Y(x,y)dxdy.

(x5, ) )P(x,y)dxdy = —J

R xQ)

0

3.2) aiElu(x,y):: 0X1
X1 0, otherwise.

—Eu,(x), ifyeQ,withu, e whr(Q),

Since Eu, € WLP(R") for almost every v € Q,, using Fubini’s theorem, we
obtain

0
j a—Em(x,y)wx,y)dx dy
R1x Q) X

L}z an 8X1Euy( YW(x,y)dxdy

J J tlf(x y)dxdy
Q, JR"
a
= J Eiu(x, y)a—l,U(X y)dxdy,
R"XQz

which means that (3.2) gives a first-order distributional derivative of Eju with
respect to X1. Then, using the Fubini theorem twice and the fact that the linear
operator E from W17 (Q;) to WI¥(R") is bounded, we obtain

JR"XQZ

aa Eiu(x, y)‘ dx dy
X1

“Jule

< CJQZ JQ (|uy(x)|v i ‘iuy(x) 'p) dx dy

u(x, y)‘ ) dx dy.

P
‘ dx dy

aXl]:“uy X)

<C (Iu(xyl’”Jr‘a

Q1 xXQy

We have obtained the desired norm estimate.
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STEP 3: In this step, we show that, for every ¢ € CZ(R™ X ), there exist
functions (0/0y;)Eju € LP(R™ x ) (for j = 1,...,m) such that

Juzz iElu(x,y)w(x,y)dx dy = —J _’I:H?,L(x,y)i (x,y)dxdy.

nxQ, a_’)/J R"™x Q) ay]

For simplicity of notation, we assume that j = 1.
Consider the projection

I1, : O, — Rm_l,
defined by setting
I (y) = (¥, Y3, ym) =21 fory = (¥1,...,Ym) € Q.

Set 515/1 =71 (3) C Qy, the preimage of 71 € I1;(€Q3). Then, Sljj1 is the union
of at most countably many pairwise disjoint segments.

Fix x € R"\ Q; and 31 € I[1;(Q;). To begin, we assume that 515/' is a single
segment. Now, for (¥, 1), (¥, 1) € S, according to (3.1), we have

(3.3)  Eju(x,»i, o) — Eiu(x, v, 1)

= > @o(x)(Pryw)(x, ¥, 31) — (Puau) (x, ¥1,31)).
QEWQ

By the definition (2.2) of Py, u and the facts that u is C!and Hg ><va/1 C Q1 xQ,
we have

(3.4) (Prow) (x, ¥2, 1) = (Pou) (x, Y1, 1)

_ ][H (w(w, 2, 31) — u(w, y1,¥1)) dw
Q

z][ (Jy% au(w,s,wdS) dw
Ho \Jy} o1 '

By combining (3.3) and (3.4) we obtain

(3.5) Eyu(x,y{, 1) — Eyu(x, ¥, 1)
yi v
= > (PQ(X)]( J 1 —8u(1g,3,y1) ds dw.
QeWgy Hq Jy; 1

Since x is contained in the support of only finitely many @, it follows from the
identity (3.5) that Eyu(x, s, 1) is absolutely continuous as a function of s on Sy
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By repeating this for each component of 55/1, we conclude that E;u(x,s, Y1) is

absolutely continuous as a function of s on every component of S7'. Furthermore,
(3.5) and the Lebesgue differentiation theorem yield that

OE1u(x,s,y1) - Eiu(x,s’,y1) — Eyu(x,s, 1)

(3-6) 01 = slflas s'—s
= > ch(x)][ —au(tg,s,yl) dw
QEWm Hq 1
P CLACTEINGY
o1

exists for H '-almost every s with (s,71) € 51&1. Fix ¢ € CZ(R" x Q). Since

Eju(x,s, 1) is absolutely continuous as a function of s on each segment of S oA
we conclude that

WX, 70 o J 5 OE\U(X,5, 1) W (x,s,1)ds.
St

. oY
. Eiu(x,s,
sh 1 i) oY1 o1

To complete the definition of 0E1u /0y, we define 0E;u/0y; = ou/oy,
when (x, y) € Q1 X Qy, and set 0E1u/0y; = 0 when (x,y) € 0O X Q,. Let us
show that 0E;u /0y is a first-order distributional derivative of Eju with respect
to the variable ;. By the Fubini theorem, (3.6) and the fact that [0Q;] = 0, we

have

J Elu(x’y)iatp(x,y) dx dy
R7xQ; oY1

oy(x,y) y
= - Eiu(x, ————dy;dy;dx
J[R" Jm(szz) s 1u(x, ) oY1 Y1

OE1u(x, .
_J[R{" JH (Q)Jsj’l %W(X,y)dyl dy;dx

1
B _J OE1u(x,y)
R"xQ,

a1 Y(x,y)dxdy.

We continue by showing that 0E;u/0y; € LP (R™ X Q) and that its norm is
controlled by the Sobolev norm of u. Since [0Q;| = 0, we have

O u(x,y)|”
I dxd
JR"XQZ 01 Y
du(x, ) |? J du(x,y) |”
= = dxdy + E—=2"| dxdy.
JleQz oy1 Y (R™M\Q7) X Q, ! oV Y
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As we know, for almost every y € Q,, (0u/0y1)l, € LP(Qy). Using the fact
that E : LP(Q;) — LP(R™) is a bounded linear operator, we obtain

Je

for almost every v € Q,. Then, by integration with respect to y € Q, on the two
sides of the inequality above, we obtain the desired inequality

J'R"XQZ

In conclusion, we have shown that the linear extension operator E; is bounded
from C! (Ql X Qz) N Lm(Ql X Qz) N WLP(QI X Qz) to Wl’p([Rn X Qz) for our
fixed 1 < p < . Since then C1(Q1 X Q) NL®(Q1 X Q) N WLP(Qq x Q) is
dense in WP (Q; X Q,), E1 extends to a bounded linear extension operator from
WL]H(QI X Qz) to Wl’p(an X Qz). O

Proof of Theorem 1.1. Regarding the first part of the claim, by Theorem 3.1
we have a bounded extension operator Ey : WP (Qq xQy) — WHP(R" xQ;), and
it thus suffices to extend functions in WL7 (R” x Q,) to WLP(R™ x R™). Given
u € WHP(R" x Q,), define 11 (x, v) = u(y,x). Then, t € Wh?(Q, x R"), and
the desired extension is obtained via Theorem 3.1 as Q; C R™ is a W17 -extension
domain.

Towards the second part, by symmetry, it suffices to prove that Q; € R™ must
be a WP -extension domain whenever Q; x Q, is such a domain.

Suppose first that Q, has finite measure. Given u € WHP(Q;), we define
v(x,y) = u(x). Then, v € WP (Q; x Q;). Let Ev € WLP(R™ x R™) be
an extension of v. Then, Ev € WILP(R" x {y}) for almost every yy € Q.
This follows via the Fubini theorem from the ACL-characterization of functions
in WP, given in our introduction. Since v(x,y) = u(x), we conclude that u
must be the restriction of some function w € WP (R™). This allows us to infer
from Theorem 2.3 that Q; must be a W17 -extension domain.

In case Q has infinite measure, we fix a ball B ¢ Q; and pick a smooth
function @ with compact support so that ¢ is identically 1 on B. We still define
v as above and set w = @v. Then, w € WHP(Q; X Q,), and we may repeat the
above argument as w(x,y) = u(x) for almost every v € B C Q. |

p
dx < C

p

ou(x,y) Qe

01

ou(x,y)

b oY1

Q

p
dxdy < C

p

OEiu(x,y) dx dy

oY1

ou(x,y)
oY1

Q1 xQy
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1 Introduction

There is a broad literature dealing with a question when a pair of domains (X, Y) is
quasiconformally or even bi-Lipschitz equivalent. Gehring and Viiséld [11] raised the
question: Which domains D C R" are quasiconformally equivalent with the unit ball
B c R"?Such domains D are called quasiballs. The interested reader is referred to the
recent book by Gehring et al. [10]. The Riemann Mapping Theorem gives a complete
answer to this question whenn = 2.If D & Cis a simply connected domain, then there
exists a conformal mapping #: B &5 D. It is, however, a highly nontrivial question
when a domain D C R” is a quasiball when n > 3. Among geometric obstructions
are the inward cusps. Indeed, Gehring and Viiséld [11] proved that a ball with inward
cusp is not a quasiball. A ball with outward cusp, however, is always a quasiball.

We denote an n-dimensional unit balls with exemplary boundary singularities of the

form of cusps by B, where u: [0, 00) &5 [0, 00) is a strictly increasing function and
which characterizes the singularity at the origin, see Fig. 1 and Sect. 1.6 for the precise
definition.

In this article, we describe boundary singularities that can be created by finite n-
harmonic energy and return to the original shape by the inverse deformations whose
n-harmonic energy is finite as well. This is in accordance with the Hooke’s Law, see
Sect. 1.4. We remind the reader that there exists a Lipschitz homeomorphism to both
directions between B and B,,. However, it is not always possible to have #!"-Sobolev
bounds to both directions for a single map. We state this as follows.

Theorem 1.1 Letn > 3 and

u(t) = — 5 for0<1<1, wherea > 0. (1.1)

exXp ?)

Then there exists a homeomorphism h: B 2% B, in w1 (B, R") whose inverse
f=h"1:B, ™ Bliesin #'"B,, R") ifand only if & < n.

x_ Quasiconformal x_ No Quasiconformal -

Equivalence ‘ Equivalence

Fig. 1 Quasiconformal mapping can flatten the outward cusp but not the inward cusp
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Deformations of Bi-conformal Energy and Cusps

Theorem 1.1 is a special case of our main result (Theorem 1.11). Before formulating
Theorem 1.11 we discuss the studied mapping problem in more details.

We are concerned with orientation-preserving homeomorphisms # : X &5 Y
between bounded domains X, Y C R*, n > 2, of Sobolev class #17(X,Y), 1 <
p < 0.

1.1 Quasiconformal Deformations

Of particular interest are homeomorphisms of finite n-harmonic energy; that is, with
p =n.

Ex([h] g/|Dh(x)|"dx < . (1.2)
X

Hereafter the symbol |Dh(x)| stands for the operator norm of the differential matrix
Dh(x) € R called the deformation gradient. This integral is invariant under the
conformal change of variables in the reference configuration X (not in the deformed
configuration Y). That is, Ex/[h'] = Ex[h], where h' = h o ¢ for a conformal trans-
formation ¢: X’ 2 X. This motivates us to call Ex[4] the conformal energy of A.
Mappings of conformal energy arise naturally in Geometric Function Theory (GFT)

for many reasons [2,11,13,16,26].

Definition 1.2 A Sobolev homeomorphism h: X 28 Y, that is, of class 7/1;&1 X, Y),
is said to be quasiconformal if there exists a constant 1 < C < oo so that for almost
every x € X it holds:

IDh()|" < K Jh(x) where Jj,(x) = det Dh(x).

onto

Every quasiconformal map #: X — Y has finite conformal energy provided
|Y| < oo. Indeed,

Ex[h] =f|Dh(x)|" dx < IC/ Jr(x)dx = KJY]. (1.3)
X X

1.2 Mappings of Bi-conformal Energy

The remarkable feature of a quasiconformal mapping is that its inverse f e
Y ¥ X is also quasiconformal. In particular, both 4 and f have finite conformal
energy. Their sum

def def

Exyl[h] =/X|Dh(X)|” dx—l—/lef(y)I” dy = Eyx[f] (1.4)

will be called bi-conformal energy of h .
This leads us to a viable extension of GFT with connections to mathematical models
of Nonlinear Elasticity (NE) [1,4,6,22].
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Definition 1.3 A homeomorphism 4: X &3 Y in #1"(X, R"), whose inverse f =
h=': Y 8 X also belongs to % 1 (Y, R") is called a mapping of bi-conformal
energy.

It is equivalent to saying that the inner distortion function of 4 is integrable over
X and the inner distortion function of f is integrable over Y . For a precise statement
(Theorem 1.5) we need some definitions.

1.3 Inner Distortion

Consider a Sobolev mapping h € %g&l(X, R™) and its co-differential D*h(x) €
R™>" _ the matrix determined by Cramer’s rule D*h o Dh = J,(x) L

Definition 1.4 The inner distortion of 4 is the smallest measurable function K, (x) =
K,(x,h) € [1, 0o] such that

ID*h(x)|" < K, (x)Jn(x)""1  for almost every x € X. (1.5)

The question of finite inner distortion merely asks for the co-differential D*h(x) =
0 at the points where the Jacobian J;,(x) = 0. However, for n > 3, the differential
Dh(x) need not vanish if D*h(x) = 0.

A formal algebraic computationreveals that the pullback of the n-form K, (x, h) dx €

onto

A"X via the inverse mapping f: Y — Xequals |[Df(y)|"dy € A"Y.

This observation is the key to the fundamental equality between the %! -norm of
K, (x, h) and conformal energy of the inverse map f , which is usually derived under
various regularity assumptions [3,7,12,14,24]. We shall state in the following form:

Theorem 1.5 Let h: X — Y be an orientation-preserving homeomorphism in the
Sobolev space W (X, R"), n > 2. Then the inner distortion of h is integrable if
and only if the inverse mapping f = h™': Y — X has finite conformal energy.
Furthermore, we have

f DFOI"dy = / K, (x. ) dx. (1.6)
Y X

Theorem 1.5 is known among the experts in the field and follows combining a few
results in the literature. We will provide a proof for the convenience of the reader in the
appendix. The interested reader is referred to [20] for planar mappings with integrable
distortion (Stoilow factorization). The following corollary is immediate.

Corollary 1.6 A homeomorphismh: X 2% Y of class # " (X, R") is quasiconformal
if and only if with K, (-, h) € Z*°(X).

1.4 Hooke’s Law for Materials of Conformal Stored-Energy

In a different direction, the principle of hyper-elasticity is to minimize the given stored-

onto

energy functional subject to deformations 4 : X — Y of domains made of elastic
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materials, see [1,4,6,22]. Here we take on stage the materials of conformal stored-
energy. This means that the bodies can endure only deformations 7 : X 25 Y whose
gradient Dh 1is integrable with power n (the dimension of the deformed body). A
deformation of infinite n-harmonic energy would break the internal structure of the
material causing permanent damage. There are examples galore in which one can

return the deformed body to its original shape by a deformation of finite conformal

onto

energy, but not necessarily via the inverse mapping f 9T =1 .Y % X . The inverse
map need not even belong to # 1" (Y, R") . On the other hand the essence of Hooke’s
Law is reversibility. Accordingly, we wish that both & and f = h~! have finite
conformal energy. We call this model n -harmonic hyper-elasticity. It is from this
point of view that we arrive at the following n -dimensional variant of the conformal
Riemann mapping problem.

1.5 Mapping Problems

Let X, Y C R" be bounded domains of the same topological type. For each of the
three problems below find conditions on the pair (X, Y) to ensure that:

onto

(P1) There exists a bi-Lipschitz deformation 4: X — Y.

onto

(P2) There exists a quasiconformal deformation 7: X — Y.

onto

(P3) There exists deformation & : X — Y of bi-conformal energy.

The implications (P1) = (P2) = (P3) are straightforward.

1.6 Ball with Inward Cusp
We shall distinguish a horizontal coordinate axis in R”,
R'=RxR'"'={(,x):teRandx = (x1,...,x,—1) € R* 1}

and introduce the notation

def
p=|x|= xlz—l—x%—i—-'-—i—x’%_l.

Consider a strictly increasing function u: [0, 00) 2810, 00) of class €1 (0, 00) N
%[0, 00). We assume that u’ is increasing in (0, co) and

lim ' (p) = 0.
T, (0)

To every such function there corresponds an (n — 1)-dimensional surface of revolution

Su £ {1, x) e Ry x R"™!: |x] = u(1)}, where Ry = [0, 00).
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Fig.2 Inward and outward cusp in a ball

We shall refer to S, as a model cusp at the origin. Let us emphasize that the case
lim sup N0 u'(p) > 0 is excluded from this definition. We may (and do) rescale u
so that u(1) = 1. The model inward cuspy ball is defined by

B, B\ {(t,x) e Ry x R"™': [x| <u(n)]},

see Fig. 1.

1.7 Bi-Lipschitz Deformations

There is no bi-Lipschitz transformation of a cuspy ball (inward or outward as in
Fig. 2) onto a ball without cusp. We say that a cusp cannot be flatten via bi-Lipschitz
deformation.

However, there always exists a Lipschitz homeomorphism of a cuspy ball onto a
round ball and there is a Lipschitz homeomorphism of the round ball onto the cuspy
ball, but these two deformations cannot be inverse to each other. The same pertains
to a degenerate cusp defined by u = 0, as in Fig. 3. In this degenerate case, if
there would exist a bi-Lipschitz mapping 4 : B =5 B\ I, it would extend as a
homeomorphism of 9B onto a(B \ I), n > 3, see [18] for more details. It is clear
that the conflicting topology of the boundaries is an obstruction to the existence of
a bi-Lipschitz deformation. This fact is also valid for deformations of bi-conformal
energy, but it requires additional arguments.

1.8 Inward Slit in a Ball (the case u = 0)

We will discuss the degenerate cups separately (1 = 0). Let us take a look at the pair
(B, B\ I) of a unit ball and the ball with a slit along the line segment

1 () eRxR"™:0<1t <1and |x| =0},
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*1 f&#wv "™ B\1,B)

Fig.3 Two domains which are not of the same bi-conformal energy type

see Fig. 3.
We have already mentioned that there exists a Lipschitz homeomorphism # : B 25
B\ I; in particular, & € winB, B \ I) . The question arises whether there exists a

homeomorphism % : B 2% B\T of finite conformal energy whose inverse f = h~! :

B\ I3 B also has finite conformal energy. Theorem 1.1 answer to this question is

in the negative.

Theorem 1.7 In dimension n > 3 the domains B and B \ 1 are not of the same
onto

bi-conformal energy type; that is, there is no homeomorphism h : B — B\ I of finite
bi-conformal energy.

On one hand we have:

onto

Example 1.8 There is a homeomorphism f: B\ I — B of finite conformal energy
suchthat h = f~1 e w1 P (B, R") for all exponents p < n.

On the other hand, Theorem 1.7 is a special case of the following.

onto

Theorem 1.9 For p > n—1 > 2 there is no homeomorphism h: B — B\ I of finite
conformal energy with inverse h™' = f e #LP(B\ I, R").

The lower bound for the Sobolev exponent in this theorem is essentially sharp.
More precisely, we have

onto

Theorem 1.10 For every p < n — 1 there is a homeomorphism h: B — B\ I of
finite conformal energy with inverse f = h™' € w1 P(B\ 1, R").

The borderline case p = n — 1 remains open.

1.9 Main Result

Our central question is when the unit ball and the ball with a model inward cusp S,
are of the same bi-conformal energy type. Let & : B ™3 B, be a deformation of
bi-conformal energy. To predict what cusps S, can be created, i.e., to predict that u
is given by (1.1) it is natural to combine the estimates of the modulus of continuity

of h near 0 with those for the inverse deformation f = A~! : B\ I %5 B. From
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this point of view, deformations of bi-conformal energy are very different from qua-

siconformal mappings. The latter behave singular-like radial stretchings/squeezing; a

poor modulus of continuity is always balanced by a better modulus of continuity of

its inverse. Surprisingly, a deformation of bi-conformal energy and its inverse may

exhibit the same optimal modulus of continuity [19], locally at a given point. Recall
onto

that a homeomorphism /#: X &3 Y in 717 (X, R") satisfies the following estimate
of the modulus of continuity:

(1.7)

diam B
|h(x1) — h(x)|" < Cy, (f |Dh|”) log™! (e+ iam ) |
2B

|x1 — x2|

where x1, X2 € B 2L B(x., R) C B(xo,2R) L 2B e X.

Applying the estimates in (1.7) would give us a nonexistence of a deformation of
bi-conformal energy from B onto B, with u(¢) = exp_l(exp“(l /t)), where o« > n
(applied to both 4 and f on the boundaries, see Theorem 3.1). This seemingly natural
approach does not lead to a sharp result. Creating and flatting cusp singularities through
mappings of bi-conformal energy is in a whole different scale, as stated in (1.1). Even
more, Theorem 1.1 is a corollary of the following result.

Theorem 1.11 (Main Theorem) Letn > 3 and

u(t)=% Jor0 <t <1, wherea > 0.

exp ;)
For a > n there is no homeomorphism h: B ©5 B, with finite conformal energy
whose inverse h™! = f € W' PB,,R"), p > n— 1. Ifa < n, then there exists a

onto

homeomorphism h: B — B, with finite conformal energy such that f is Lipschitz.

2 Prerequisites

Our notation is fairly standard. Throughout the paper B denotes the unit ball in R”. We
write C, C1, C, ... as generic positive constants. These constants may change even in
a single string of estimates. The dependence of constant on a parameter p is expressed
by the notation C = C(p) = C), if needed.

We will appeal to the Sobolev embedding on spheres, see [13, Lemma 2.19].

Lemma2.1 Let h: B — R" be a continuous mapping in the Sobolev class
wP(B, R"), for some p > n — 1. Then for almost every 0 < t < 1 and every
x,y € 0B(0, 1) = S;, we have

h(x) — h(y»)] < Co' ™ F ( |Dh(x)|de)p
St

Here the constant C depends only on n and p.
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It is relatively easy to conclude from this estimate that a #!-?-homeomorphism
when p > n — 1 is differentiable almost everywhere. It also follows that a homeomor-
phism /#: X 23 Y in the Sobolev class w1 (X, R") satisfies Lusin’s condition (N).
This simply means, by definition, that |z (E)| = 0 whenever |E| = O.

onto

Lemma2.2 Let X, Y be domains in R" and h: X — Y be a homeomorphism in the
Sobolev class W'"(X,Y). Then h is differentiable almost everywhere and satisfies
Lusin’s condition (N).

Due to Lusin’s condition (V) we have the following version of change of variables
formula, see, e.g., [16, Theorem 6.3.2] or [13, Corollary A.36].

Lemma2.3 Let h: X 25 Y be a homeomorphism in the Sobolev class wLn (X, RY).
If n is a nonnegative Borel measurable function on R" and A is a Borel measurable
set in X, then we have

An(k(x»uh(xndx:/ 1) dy. @1

h(A)

Next, we recall a well-known fact that a function in the Sobolev class # 17 (X, R),
X C R”, has a representative which is locally Holder continuous with exponent
1 — p/n, provided p > n. More precisely, we have the following oscillation lemma.

Lemma2.4 Letu € # 1P (X, R) where X C R" and p > n. Then

u(x) —u(y)| < Cr'7r (/ |Vu|")p
B,

foreveryx,y € B, =B(z,r) C X

We will employ a higher dimension version of the classical Jordan curve theorem
due to Brouwer [5], see also [25, Theorem 6.35].

Lemma 2.5 (Jordan—Brouwer separation theorem) A fopological (n — 1)-sphere S
disconnects R" into a bounded component S, and an unbounded component Sxo.
Their common boundary is So N Sso = S.

onto

A homeomorphism #: B — B, of finite conformal energy extends as a continuous

map h: B 28 B,. This follows from the following result, see [17, Theorem 1.3].
Lemma 2.6 Let X and Y be bounded domains of finite connectivity. Suppose 90X is
locally quasiconformally flat and dY is a neighborhood retract. Then every home-

onto

omorphism h: X — Y in the class h € W1 (X,Y) extends to a continuous map
h: X 28 Y.

The assumed boundary regularities are defined as follows.

Definition 2.7 The boundary dY is a neighborhood retract, if there is a neighborhood
U C R" of Y and a continuous map x : U — 9Y which is an identity on Y.
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Definition 2.8 The boundary 9X is said to be locally quasiconformally flat if every

point in dX has a neighborhood U C R” and a homeomorphism g : UN X 8
BN (R ! x Rt) which is quasiconformal on U N X; see [27].

Recall that RT™ = [0, 0o). It is also known that a mapping of bi-conformal energy
between domains with locally quasiconformally flat boundaries has a homeomorphic
extension up to the boundary, see [17, Corollary 1.1]. Note that 0B, is not locally
quasiconformally flat and this result does not apply in our case.

Nevertheless, Lemma 2.6 tells us that /2 extends as a continuous mapping / : B —
B,,. Since h(B) is a compact subset of B,,, it follows that & takes B onto B,,. Second, it

onto

is a topological fact that such a continuous extension is a monotone mapping /2 : B =5
By:

onto

Proposition 2.9 /8] Suppose that there is a continuous extension G: B 2% B of a

onto onto

homeomorphism g: B — B. Then G: 0B — 9B is monotone.

By the definition, monotonicity, the concept of Morrey [23], simply means that for a
continuous 4 : X — Y the preimage 2! (y,) of a point y, € Y is a connected set in
X. It is worth noting that the converse statement of Proposition 2.9 is also valid when
n = 2, 3. Such an elegant characterization of monotone mappings of a 2-sphere onto
itself was obtained by Floyd and Fort [9].

In the next lemmas we will analyze the boundary behavior of continuous extension

onto

of homeomorphism #: B — B, with finite conformal energy which we will still

onto

denote by : B &% B,. The following claim follows from Lemma 2.6 and Proposi-
tion 2.9.

onto

Lemma 2.10 Suppose a homeomorphism h: B — B, lies in the Sobolev class
w1 (B, R™). Then for every x € 3B, the preimage h™ 1(x) is a nonempty continuum
in 0B.

Simplifying writing we set o’ <= (1,0, ...,0) € 9B and 0 = (0,0, ..., 0) € 9B,
Without loss of generality, we may and will assume that 2(0") = o. Forevery 0 < t <
1, we define

S, & By, x| =1) and C, =L (x € 9B, |x| =1},

see Fig. 4. Note that here |-| stands for the standard Euclidean norm in R".

S &L p=1(s,) and € &L 57 N 9B. Since h: S; S S, and ] is

compact, the extension of 4 is also surjective and we have & : S{ (ﬂ‘i S;. We state this
fact as a lemma.

Furthermore, let

Lemma 2.11 Suppose a homeomorphism h: B 2% B, lies in the Sobolev class
WL (B, R"). Then we have h(C)) = C;.

The next lemma shows that the Sobolev embedding on spheres, Lemma 2.1, also
holds on ;. In particular, we will need its variant on C;, see Fig. 4.
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F|g4 Sy and C;

-
- -
-~

-

Lemma 2.12 Suppose that a homeomorphism h: B “5 B, has finite conformal
energy. If the inverse mapping f = h™': B, — B belongs to the Sobolev class
WP (B,, R") for some p > n — 1, then for almost every 0 < t < 1 and every

/ / /
x;, y; € C; we have

1
1_n—1 p
AR e A (f IDfI”dx> . 22)
S

Here x; = h(x}) and y; = h(y;) and C is a positive constant independent of t, x; and

Yt
Proof Letx;, y, € C;. By Lemma 2.11 there are two sequences {x; ;}7° and {y; ;}7°,
in S; such that

. / / . / /
lim x, ; =x,, lim y,; =y
1—> 00 1—> 00

and

lim Xti = Xt € Ct, lim Yei =Yt € Ct.
i—00 i—o00

Here,

Xei =h(x; ), yii=h(y;;), x=h(x)and y, =h(y).

By the classical Sobolev embedding on sphere, Lemma 2.1, we have

1
1—n=L p
X7 =yl <Clxri =yl 7 (f IDflpdx) .
S

Passing to the limit, we obtain

1—n=1 P
|xtl - y,’l < Clxp — il P ( |Df|pdx> .
St
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If few'PB,, R"), p>n— 1, then there is a decreasing sequence {t:}:2, with

1=

0 < #1 < 1, which converges to 0, and satisfies (2.2) and O

1
/ IDf|P dx < —.
Sy, !

i

Indeed, if not, then by Fubini’s theorem for some 7' € (0, 1) we have

T T
1
/ |Df(x)|pdx>/ /|Df(x)|pdxdt>/ —dr = o0.
By 0 Js, o I

Without loss of generality, we may also assume that diam C;, is decreasing with respect

to#; and diam C;, < z.

According to Lemmas 2.11 and 2.12 we have that h: C] =5 C; is a homeomor-
phism. Now, Jordan—-Brouwer Separation Theorem, Lemma 2.5, yields the following

result.

onto

Lemma 2.13 Suppose that a homeomorphism h: B — B, has finite conformal
energy and the inverse mapping f = h™': B, — B belongs to the Sobolev class
WP (B, R") for some p > n — 1. Then B \ C/ consists of two disjoint connected
open sets whose common boundary is C;.

onto

The boundary mapping 4: 0B — 0B, is monotone. We can say more about the
preimage of the singular point o.

onto

Lemma 2.14 Suppose that a homeomorphism h: B — B, has finite conformal
energy and the inverse mapping f = h~': B, — B belongs to the Sobolev class
wlr®B,, R™) for some p > n — 1. Then we have h™(0) = o'.

Proof According to Lemma 2.13, 9B\ C, consists of two disjoint connected open sets
in 9B whose common boundary is C;. We denote the one with smaller diameter by

def .. —
U;. Now, for0 <t < 7 < t1, we have U; C U; and we denote U, = lim; .o U;.

onto

Combining this with continuity of /: B &5 B,, we obtain

h(Us) = tli_r)r(l)h(ﬁt)- (2.3)

By Lemma 2.11 h(C;) = C;. Since further C; C U, and lim,_,o C; = o we have
o € h(U,) C h(U,) for every 0 < ¢ < t;. By Lemma 2.10 h~1(0) is connected. Thus
we obtain that 2~1(0) C U, for every 0 < t < t;. By Lemma 2.12, diam C; will
converge to 0 as ¢ goes to 0. Therefore, also the diameter of U, approaches 0. Hence
h=10) =0 O

Our last lemma in this section gives a precise modulus of continuity estimate for a

onto

homeomorphism /4 : B — B, with finite conformal energy. Recall that such a home-
omorphism has a continuous extension up to the boundary. Furthermore, the boundary

onto

mapping h: 0B — 0B, is monotone in the sense of Morrey, see Lemma 2.10.
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Monotone mappings enjoy a property which is commonly known in literature also
as monotonicity. This notion goes back to H. Lebesgue [21] in 1907. To avoid confu-
sion, in the following definition we use the term monotone in the sense of Lebesgue.

Definition 2.15 Let X be an open subset of R". A continuous mapping £ : X - R”
is monotone in the sense of Lebesgue if for every compact set K C X we have

diam 2(K) = diam h(0K). (2.4)
Note that for real-valued functions (2.4) can be stated as

min/ = minh < max h = max h.
K K K K

Remark 2.16 A folding map is a characteristic example of continuous nonmonotone
mapping which is monotone in the sense of Lebesgue.

Lemma 2.17 Let h: B — B, be a homeomorphism with finite conformal energy.
If h(0)) = o, then there exists _an increasing function ¢: [0, 1) — [0, 00) with

lir(glJr e(t) = 0 such that for x’ € Bwith0 < |x’ — 0’| < 1 we have
t—

e(lx" =o'l

1 1 ’
tog ()

|h(x") — h(0o")| < (2.5)
Proof Set

S & oaBo’. 1 N B,

and

osc(h, S) <= max_|h(x) = h()l.

X Y €S

Since h: B % E is continuous and belongs to the Sobolev class 7/1’”(]13%, R™),
applying a slightly modified version of the Sobolev embedding on sphere, Lemma 2.1
for almost every 0 < ¢ < 1 we have

(osc(h, Sp))" < Ct/ |Dh(x)|" dx. (2.6)
S

: - . : def
Here C is a positive constant, independent of 7. Fix x’ € B such thatt = |x’—0/| < 1.
We write

B .t) L BNB.1) for0<t <1,
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Choose t € [t, \/7]. Then

osc(h, B(o’, 1)) < osc(h, B(o',t)) < osc(h,dB(d, 1)),
where the latter inequality follows from the fact that 4 is monotone in the sense of
Lebesgue. Since S; = dB(0’, t) N B and & is monotone in the sense of Lebesgue, we
have

osc(h, dB(0’,t)) = osc(h, ;).

Combining this with (2.6) for almost every ¢ € [t, 4/T] we have

<osc(h, B(o—’,t))n
t

:C/ [Dh(x)|" dx.
S

Integrating this from 7 to /7 with respect to the variable 7, the claimed inequality (2.5)
follows with

e(t)y=C- (/ |Dh(x)|”dx) ., T=|x"=0. (2.7)
B(o',/7)

3 Homeomorphic Boundary Extension

onto

Lemma 2.6 shows that a homeomorphism /: B — B, of finite conformal energy can
be extended as a continuous mapping from B onto B,,. In this section we will prove that

onto

ahomeomorphism /#: B — B, of bi-conformal energy extends as a homeomorphism
up to the boundary.

onto

Theorem 3.1 Let h: B — B, be a homeomorphism of finite bi-conformal energy.

onto

Then h admits a homeomorphic extension to the boundary, again denoted by h: B 2%
Bl/l .

The existence of such an extension is known [17, Corollary 1.1] if the reference and
deformed configurations have locally quasiconformally flat boundaries, see Defini-
tion 2.8. Obviously, 0B, is not locally quasiconformally flat.

Proof of Theorem 3.1 By Lemma 2.6 a homeomorphism % : B — B, with finite con-
formal energy extends as a continuous mapping & : B — B,,. Since & (B) is a compact
subset of B, it follows that #: B <3 B,,. Furthermore, by Lemma 2.10 the boundary
map h: 9B 25 3B, is monotone.

Now, we need to show that the boundary mapping is injective. We again use the
notationo = (0, 0, ..., 0) and o’ = (1, 0, ..., 0) and assume, without loss of generality,

that 1(0') = o.First, k"1 (0) = o’ by Lemma 2.14. Second let y € 3B, \ {o}. Choosing
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0 <ry < |y—ol|,thenB(y, ry,)NB, islocally quasiconformally flat. By Lemma 2.6, the

onto

homeomorphism f: B(y, ry) "B, — f(B(y, ry) NB,) has a continuous extension

[ B(y,ry) NBy, o S @B(y, ry) NBy,). The extension of f is still an inverse of
in the quasiconformally flat part of the boundary; that is, A~ (y) = f(y) is a single
onto

point. Now we know that #: B 23 B, is a continuous bijection, and therefore it is a
homeomorphism. O

4 Construction of Example 1.8

Here we show that there exists a homeomorphism from B \ I onto B with finite
conformal energy, actually Lipschitz continuous, whose inverse lies in # -7 (B, R")
for every p < n. To simplify our construction, we may and do replace B by a bi-
Lipschitz equivalent domain; namely,

Y={Gy)eRxR" |y <land =1 <s < |y|}.

As for the reference configuration we replace B \ I by a cylinder C = (—1, 1) x B"~!
with the line segment I removed from it. Consider the Lipschitz homeomorphism

h: C\I%5 Y defined by the rule

_J@lx], x) fort >0,
At x) = {(t,x) fort < 0. D

onto

Its inverse mapping f: Y — C\ I takes the form

<|;—| y) fors >0,
(s, y) fors < O.

(s, y) = { (4.2)

It is easy to see that

C
IDf (s, y)I < ﬁ

Therefore,

/lDf|p<oo forevery 1l < p <n
Y

as desired.
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5 Proof of Theorem 1.9
5.1 The Nonexistence Part of Theorem 1.9

First, we will prove the nonexistence part of Theorem 1.9.

onto

Theorem 5.1 If p > n — 1, then there is no homeomorphism h: B — B \ I with
hewl "B, B\I) whose inverse f =h~! e #1-P(B\ 1, B).

onto

Proof Suppose to the contrary that there is a homeomorphism 42: B — B \ I in the
Sobolev class # "B, B \ I) such that f € #'P(B \ I,B). Since 3B \ I) is a
neighborhood retract, Lemma 2.6 tells us that the homeomorphism /: B 25 B\ I
extends as a continuous mapping 4 : B 25 B. We denote

S; = 3B \ {x:}, wherextg(t,o,...,O) O<t<s<l.

Here B; = B(0, t). Fubini’s theorem implies that for almost every ¢ € (0, 1), f } s, €
w1P(S,,R"). Since p > n — 1 and n > 3, the possible singularity of f at x;
is removable. For such 7, applying Lemma 2.4, f | s, extends as a homeomorphism
f: 8 T £(S;). Write x, = f(x;) € 3B. Now, Jordan-Brouwer Separation Theorem
(Lemma 2.5) tells us that R”\ f(S,) consists of two disjoint connected open sets whose
common boundary is f(S;). Let us denote the bounded one by U;. Note that U; C B
and U; N 9B = {x;}. Since for almost every r < s € (0, 1) we have B; \I C Bs \ 1
then U, = h~'(B; \I) c h~1(B, \ I) = U.

Now comes an elementary topological fact: given two domains U C V C B such
that U N 3B = {x,} and V N 3B = {x,}, then x, = x,, (Fig.5).

Now, we have x; = x;. This, however, is impossible since i(x}) = (s,0,...,0)
and h(x)) = (¢,0,...,0).

O

5.2 The Existence Part of Theorem 1.9

Here we verify the existence part of Theorem 1.9. Namely,

Theorem 5.2 There exists a Lipschitz homeomorphism h: B — B \ I whose inverse
fewlPB\LB)foreveryl < p <n— 1.

Proof We shall view R”" as
R'=RxR"'={(x):reR, x e R"1}.

To simplify our construction, we may and do replace B by a bi-Lipschitz equivalent
domain; namely X = X_ U X, where

X_={(t,x): =1 <t<O0and|x| <1}
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Yn—1
X_ Y_

I’ “'-\ I — ‘\ / \\‘
\ \ A
; : 0
| : :
1 1

\\ ”' €Tr ik \ 4 yl X il

Fig.5 The domains X and Y

and

t
X+:{(t,x):0<t<1and§<|x|<1}.

As for the reference configuration we consider Y = Y, U Y_ where Y_ is the
open unit cylinder

Y_={(,y): —1<s<O0and|y| <1}

and

Yy ={(,y):0<s<1land0 < |y| < 1}

We define a Lipschitz map #: X 23 Y by the rule

{(t,x) in X_,
hit,x) =

2|x] :
(t, [2—ft — ﬁ] |§—|> in X

Then the inverse map f =h~': Y 23 X takes the form

(s, y) inY_,
fls,y) = {

(5. [0+ 3] gy) in¥s

It is the identity map on Y_ while on Y we write it as

. 2—s sy
f(s’y)_(s’ 2 y)+(0’ 2|y|>’

where the first term is %°°-smooth. It is now easy to verify the estimate

IDf (s, y)| < C - (1+|i—|>,
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where |s| < 1 and y € R0 < |y| < 1. Hence
/ IDfI? < oo foreveryl < p<n-—1
Y4

as desired. O

6 Proof of Theorem 1.11
6.1 The Nonexistence Part of Theorem 1.11

Here we give a proof of the nonexistence part of Theorem 1.11. We recall the statement

for the convenience of the reader.

Theorem 6.1 Let o« > n and p > n — 1 be fixed and u(t) = ﬁ Then there
exp( 7

does not exist a homeomorphism h : B — B, with h € w1nB,B,) and h— €

WP @B, B).

Proof Fix « > n and p > n — 1. Suppose to the contrary that there exists a

onto

homeomorphism #: B — B, with finite conformal energy such that its inverse f
is in #' 1P (B,, R"). According to Lemma 2.6, & extends as a continuous mapping

onto

h: B =% B,. Furthermore, by Lemma 2.10 the boundary mapping 4 : 9B =5 3B, is
monotone.
We follow the notation introduced in Sect. 2 and set 0 = (0,0, ...,0) and 0’ =
(1,0, ...,0). We may and do assume that 2(0") = o. Moreover, forevery 0 <t < 1,
S;={xeB,: |x| =t} and C; = {x € B, : |x| =t}
and

S/ =h'(S;) and C, =S/ NJB.

Lemma 2.13 tells us that C; divides dB into two disjoint components. We denote the
component which contains o’ by U;. Accordingly, we also have

U = C.. (6.1)

Since
f Df (0)[Pdx < oo,
B,

there exists a decreasing sequence {t; }, which converges to 0 and satisfies

i

1
/S |IDf (x)|Pdx < e (6.2)
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Indeed, by Fubini’s theorem we have

1
//|Df(x)|pdx<oo.
0 JS

Hence,
liminftf IDf (x)|? = 0.
t—0 S,

Now, by Lemma 2.11, we have #(C;) = C;. Combining this with Lemma 2.12 we
obtain

diam C, < C - (2u(t,-))l_% (/ |Df(x)|pdx)

1

a1 (17
<C- ()7 (;) : 6.3)

i
Here u(t) = % Especially, this shows that diam (C,’l_) — OQasi — oo and,
exp| 1
therefore, Ut’i lies on the half sphere dB. We now appeal to the geometric fact if
x,a € Uj, then |x —a| < diamdU, . Now, for large enough i, by (6.1) we fix
x; € C;. and then

X/ — 0| < diam C},. (6.4)

According to Lemma 2.17 and (6.4) we obtain

< () log ™7

1
ti <|h(x)) —o| <e(t;)log™n : ,

(6.5)

where ¢(¢) is a positive function defined in (2.7) which converges to 0 as ¢ goes to O.
The estimates (6.3) and (6.5) imply

p
p+l—n

Cut))y>| —+ : (6.6)

Since o > n we have exp(1/t") < exp(1/t*) for 0 < ¢t < 1 and therefore

P
1 p+1l—n
C-e tip
exp (£7") > e(r)\"
P \ew (42)
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This means that there are constants C1, C» > 0 satisfying

1

IB _
e(t;) > Cy 1" log (Cg tf exp(t; ”)) b=

Letting i — oo, the right-hand side converses to C and &(#;) — 0. This contradiction
completes the proof.
O

6.2 The Existence Part of Theorem 1.11

Theorem 6.2 Let u(t) = W

morphism h: B — B, with finite conformal energy whose inverse f =h~1: B, — B
is Lipschitz regular.

for some 0 < a < n. Then there exists a homeo-

Proof Fix 0 < o < n and the corresponding cusp domain B,, with u(t) = W.
As in the proof of Theorem 5.2 we write

R'=RxR'"'={t,x):teR, xe R
and replace B by a bi-Lipschitz equivalent domain, X = X_ U X, where
X_={(t,x): =1 <tr<0and|x| <1}
and
Xy ={(t,x):0<t<landt < |x| < 1}.

We replace the cusp domain B, by the following bi-Lipschitz equivalent domain
Y =Y_UY,, where

Y_={(,y): —1<s<0and|y| <1}
and
Yy ={(,y):0<s < landu(s) < |yl < 1}.
We define 1: X 23 Y by

(t,.X) inX—a
h(t, x) = (Mr x) in X,.

|x|
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Note that the inverse function u~'(5) = log_é (%) Then the inverse mapping f =
h=1: Y %% X takes the form

(s,y) inY_,

|yl ;
(u—1(|y|>s’ y) n Y.

Now, f is a Lipschitz regular mapping. Furthermore, we have

f(S,y)={

C

|Dh(t, x)| < ————F——.
|x|loge <ﬁ>

Therefore,

/|Dh|” <00
X

as claimed. O

Acknowledgements We thank the referee for the valuable comments which were a great help in improving
the manuscript.

7 Appendix: Proof of Theorem 1.5
Proof First, we assume that K;(-, h) € .2 1(X). Then, Theorem 9.1 in [3] states that a

homeomorphism # € # 1" (X, R") satisfies the claimed identity (1.6) if & has a finite
(outer) distortion; that is, there is a function 1 < K, (x) < oo such that

|IDh(x)|" < K,(x) Jy(x)  for almost every x € X. (7.1)

The proof, however, only uses a consequence of (7.1) the finite inner inequality (1.5)
which is stated in [3, (9.10)].
Second, we assume that 7 € # (X, R") and f = h~' € # 1" (Y, R"). Then
K,(x,h) = |Df(h(x))|”]h(x) ae. x € X. (7.2)

Indeed, by Lemma 2.2 both /& and f are differentiable almost everywhere. Now, the
identity (f o h)(x) = x, after differentiation, implies that

Df(h(x))Dh(x) =1 ae.inX. (7.3)

Since both /2 and f satisfy Lusin’s condition (/V); that is, preserve sets of zero measure,
see Lemma 2.2. This shows that Jj,(x) > 0 and J¢(y) > 0 almost everywhere again
we used the fact that 4 satisfies Lusin’s condition (). Now, the formula (7.2) is a direct
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consequence of the definition of the inner distortion, Cramer’s rule Dh(x)DPh(x) =
Jr(x)I and (7.3). Indeed,

| DFh(x)|"

RIS

= [(DR()) ™" Ty (x) = [ DS (R(0))[" T (x).

Now the change of variables formula (2.1) gives

| Kixmar= [ iprooray.
X Y

O
Proof of Corollary 1.6 By [16, §6.4] for every x € X with J;(x) > 0, we have
1
K" (e, ) < Ky(x,h) <K' 1(x b (7.4)
Here K, (x, h) stands for the smallest function satisfying (7.1). Now, Corollary 1.6
follows immediately from (7.4). O
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Abstract

The concept of hyperelastic deformations of bi-conformal energy is developed
as an extension of quasiconformality. These deformations are homeomorphisms

h:X 2% Y between domains X, Y C R" of the Sobolev class # " (X, Y)

loc

whose inverse f &L p=1. Y 2% X also belongs to V/lécn (Y, X) . Thus the paper
opens new topics in Geometric Function Theory (GFT) with connections to mathe-
matical models of Nonlinear Elasticity (NE). In seeking differences and similarities
with quasiconformal mappings we examine closely the modulus of continuity of
deformations of bi-conformal energy. This leads us to a new characterization of qua-
siconformality. Specifically, it is observed that quasiconformal mappings behave
locally at every point like radial stretchings; if a quasiconformal map 4 admits a
function ¢ as its optimal modulus of continuity atapoint x, ,then f = h~! admits
the inverse function ¥ = ¢! as its modulus of continuity at y, = h(x,). That
is to say, a poor (possibly harmful) continuity of /# at a given point x, is always
compensated by a better continuity of f at y,, and vice versa. Such a gain/loss
property, seemingly overlooked by many authors, is actually characteristic of qua-
siconformal mappings. It turns out that the elastic deformations of bi-conformal
energy are very different in this respect. Unexpectedly, such a map may have the
same optimal modulus of continuity as its inverse deformation. In line with Hooke’s
Law, when trying to restore the original shape of the body (by the inverse transfor-
mation), the modulus of continuity may neither be improved nor become worse.
However, examples to confirm this phenomenon are far from being obvious; in-
deed, elaborate computations are on the way. We eventually hope that our examples
will gain an interest in the materials science, particularly in mathematical models
of hyperelasticity.
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1. Introduction

onto

We study Sobolev homeomorphisms #: X — Y between domains X, Y C

R", together with their inverse mappings denoted by f L p-1.y 9% X We

impose two standing conditions on these mappings:

e The conformal energy of h (stored in X) is finite; that is,

Ex[h] 2[ IDh(x)|" dx < oo (1.1)
X

e The conformal energy of f (stored in Y) is also finite;

def

Eylf] % /Y IDF()I"dy < oo, (1.2)

Hereafter, |A| stands for the Hilbert-Schmidt norm of a linear map A, defined by
the rule |A|? = Tr(A’A). It should be noted that the above energy integrals are
invariant under conformal change of variables in their domains of definition (X
and Y, respectively). This motivates us to call such homeomorphisms

Deformations of Bi-conformal Energy

Clearly, such deformations include quasiconformal mappings. A Sobolev homeo-
onto,

morphisms Ah: X — Y is said to be a quasiconformal mapping if there exists a
constant K such that

IDh(x)|" <KJ(x,h), J(x,h)=det Dh(x). (1.3)

The conformal energy integral (1.1), an n-dimensional alternative to the classi-
cal Dirichlet integral, has drawn the attention of researchers in the multidimen-
sional GFT [7,19,20,27,46,47,51]. In Geometric Analysis, the Sobolev space
w11 (X, R") plays a special role for several reasons. First, this space is on the
edge of the continuity properties of Sobolev’s mappings. Second, just the fact that
h is ahomeomorphism allows us to establish uniform bounds of its modulus of con-
tinuity. Precisely, given a compact subset X € X, there exists a constant C (X, X)
so that for all distinct points x1, xp € X, we have

C(X, X) JEx[h]
10g% <1 + diamX)

[x1—x2|

|h(x1) —h(x2)| <

(1.4)

For a historical account and more details concerning this estimate we refer the
reader to Section 7.4, Section 7.5 and Corollary 7.5.1 in the monograph [27].

For the same reasons, to every compact Y € Y there corresponds a constant
C(Y, Y) such that, for all distinct points y;, y» € Y, we have

CY,Y)JE
Fo0 = o] < VUL
logx (1 T |y1—y2|)

(1.5)




Bi-conformal Energy and Quasiconformality 1711

Inother words, & and f admitthe same function w = w(t) ~ log_% (14+1/1)
as a modulus of continuity. Shortly, 27 and f are w-continuous. There is still a
slight improvement to these estimates; namely,

) 1 diam X
lim 0|h(x1) — h(x2) | logn <1 + —) = 0. (1.6)

lx1—x2|— |x1 — x2]

The question whether the modulus of continuity o = w(t) ~ log_% (1+1/1) is
the best and universal for all bi-conformal energy mappings remains unclear. We
onto,

shall not enter this issue here. The optimal modulus of continuity of h: X — Y at
a given point x, € X is defined by

on (o ) L max |h(x) — h(xo)|  for0 <t < dist(xo, 9X).  (1.7)

X—Xo|=t

Nevertheless, it is easy to see, via examples of radial stretchings, that in the class
of functions that are powers of logarithms the exponent o = % is sharp; meaning

that for o > % it is not generally true that!

(1.8)

diam X
|h(x1) — h(x2)] < log™® (1 + ﬂ)

|x1 — x2|

To this end, we take a quick look at the radial homeomorphism 4: B* &% B"* of
the unit ball B"” C R” onto itself,

1
h(x) = — o owhere B> (19)
x| (1 = log x[)" [ log(e — log |x]) ] "
It is often seen that the inverse map f &L =1, Y — X admits better modulus

of continuity than 4, or vice versa. Just for 4 defined in (1.9), its inverse is even
¢ >° -smooth. Such a gain/loss rule about the moduli of continuity for a map and its
inverse is typical of the radial stretching/squeezing. It turns out that the gain/loss
rule gives a new characterization for a widely studied class of quasiconformal
mappings.

onto

Theorem 1.1. Let h: X — Y be a homeomorphism between domains X, Y C R"
and let f: Y 2% X denote its inverse. Then h is quasiconformal if and only if
for every pair (x., y,) € X X Y, y, = h(x,), the optimal modulus of continuity
functions wp, = wp(xo31) and wy = wy(yo; s) are quasi-inverse to each other,

that is, there is a constant IC > 1 (independent of (x., y.)) such that

K=ls < (wp owr)(s) < Ks

' Hereafter the notation A =< B stands for the inequality A < ¢ B in which ¢ > 0, called
implied or hidden constant, plays no role. The implied constant may vary from line to line
and is easily identified from the context, or explicitely specified if necessary.
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for sufficiently small s > 0, see Section 3 for fuller discussion. It should be noted
that for a radial stretching/squeezing homeomorphism h(x) = H(|x|)|§—|, H() =
0, we always have

(wp owr)(s) =s.
Thus it amounts to saying that

Quasiconformal mappings are characterized by being comparatively radial
strectching/squeezing at every point.

At the first glance, the gain/loss rule seems to generalize to deformations of
bi-conformal energy. Here we refute this view, by constructing examples in which
both & and f admit the same modulus of continuity. These examples work well
regardless of whether or not the modulus of continuity (given upfront) is close to the

: _1 . o o
borderline case w = w(t) ~ log™» (1 4+ 1/t). Without additional preliminaries,
we now can illustrate this instance with a representative case of Theorem 14.1.

Theorem 1.2. (A Representative Example). Consider a modulus of continuity func-
tion ¢: [0, 00) => [0, 00) defined by the rule

0 ifs =0
_1 e -1
$) =1 [log ()] " [loglog (<) | if0<s<1. (1.10)
Ry ifs>1

onto

Then there exists a deformation of bi-conformal energy H: R" — R" such that
e H0)=0, H(x)=x, for|x|>1
o |H(x;) — H(x2)| < ¢(x1 —x2l) , forall x1,x2 € R".

. def _ . .
Its inverse F = H~1: R" 2% R also admits ¢ as a modulus of continuity,

o |F(y1) — F(») | < ¢(y1 — yal), forall yi,y, € R".?

Furthermore, ¢ represents the optimal modulus of continuity at the origin for both
H and F ; that is, for every 0 < s < 00 we have

wp(0,5) = ¢(s) = wr(0,s). (1.11)

onto

Remark 1.3. More specifically, letting i : [0, oc0) — [0, oo) denote the inverse
of ¢, the maxima in (1.11) are attained on the vertical axes, where we have

0,0, $(xa)) if 1y >0

HO.....0. xn) = {(0, 0, Y00 if X <0 (1.12)
0, 0, Y(y)) if yn =0

F,...,0, yp) = {(0, DTSR (1.13)

It is worth noting here that in our representative examples the inverse function

onto

V¥ [0, 00) — [0, 0o) will be even C* -smooth near 0.

2 In the above estimates the implied constants depend only on 7 .
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There are many more reasons for studying deformations of bi-conformal en-

ergy. First, a homeomorphism 4#: X — Y in #1*(X,Y) whose inverse f et
h=1: Y — X also lies in # 1" (Y, X) include ones with integrable inner distor-
tion, see (1.15). From this point of view our study not only expands the theory
of quasiconformal mappings but also mappings of finite distortion. The latter can
be traced back to the early paper by Goldstein and Vodop’yanov [17] (1976) who
established continuity of such mappings. However, a systematic study of mappings
of finite distortion has begun in 1993 with planar mappings of integrable distortion
[34] (Stoilow factorization), see also the monographs [3,20,27]. The optimal mod-
ulus of continuity for mappings of finite distortion and their inverse deformations
have been studied in numerous publications [9,11,21,22,24,38,44,45]. In all of
these results, except in [44], the sharp modulus of continuity is obtained among the
class of radially symmetric mapping.

In a different direction, the essence of elasticity is reversibility. All materials
have limits of the admissible distortions. Exceeding such a limit one breaks the
internal structure of the material (permanent damage). Here we take on stage the
materials of bi-conformal stored-energy

Exvlh, f1 < Ex[h] + Ey[f] =/X |Dh(x)|"dx + /\y IDf(MI"dy. (1.14)

The bi-conformal energy reduces to an integral functional defined solely over the
domain X by the rule

. ; Dih(x) "
Exvylh, f1 = &lh] &t / | Dh(x) [* + }—(x)‘_l dx, (1.15)
X [Jn(x)]"

where the ratio term represents the inner distortion of /. Here D*h denotes the
cofactor matrix of Dh. For more details we refer the reader to [4]. Examples abound
in which one can return the deformed body to its original shape with conformal
energy, but not necessarily via the inverse mapping f = h~': Y &% X, be-
cause f need not even belong to # (Y, R"). This typically occurs when the
boundary of the deformed configuration (like a ball with a straight line slit cut)
differs topologically from the boundary of the reference configuration (like a ball
without a cut) [29-31]. We believe that the geometric/topological obstructions for
reversibility of elastic deformations might be of interest in mathematical models of
nonlinear elasticity (NE) [1,5,10,41]. In our setting, by virtue of the Hooke’s Law,
it is naturally to study deformations of bi-conformal energy. One of the important
problems in nonlinear elasticity is whether or not a radially symmetric solution
of a rotationally invariant minimization problem is indeed the absolute minimizer.
In the case of bi-conformal energy this is proven to be the case in low dimension
models (n = 2, 3) [32]. The radial symmetric solutions, however, may fail to be
absolute minimizers if n > 4 [32]. Several more papers, in the intersection of
NE and GFT, are devoted to understand the expected radial symmetric properties
[2,6,12,18,23,25,26,28,33,35,36,39,42,43,48-50].
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2. Quick Review of the Modulus of Continuity

Let us recall the concept of modulus of continuity, also known as modulus of
oscillation; the concept introduced by H. Lebesgue [40] in 1909.
We are dealing with continuous mappings 4 : X — Y between subsets X C 2~
and Y C ¢ of normed spaces (Z,|-|) and (¢, | - |).

A modulus of continuity is any continuous function w : [0, co) — [0, co) that
is strictly increasing and w(0) = 0.

Definition 2.1. A continuous mapping 4 : X — Y is said to admit w as its (local)
modulus of continuity at the point x, € X if

[A(x) —h(xo) || < w(lx —x,]) , forall x € X, (2.1)

Here the implied constant may depend on x,, but not on x. In short, & is w-
continuous at the point x, . If this inequality holds for all x,x, € X with an
implied constant independent of x and x, then # is said to admit @ as its (global)
modulus of continuity in X.

Definition 2.2. (Optimal Modulus of Continuity). Every uniformly continuous func-
tion & : X — Y admits the optimal modulus of continuity at a given point x, € X,
given by the rule

w, (o1 1) Z sup{ | h(x) —h(xe) |2 x € X, |x — xo| < 1). 2.2)

No implied constant is involved in this definition. Similarly, the function

Q,(1) L sup( | h(x) —h(xo) | x,x0 € X, [x—xo| <1} (23)
is referred to as (globally) optimal modulus of continuity of h in X

Definition 2.3. (Bi-modulus of Continuity). The term bi-modulus of continuity of

onto

a homeomorphism % : X — Y refers to a pair (¢, ) of continuously increasing
functions ¢ : [0, 00) &> [0,00) and ¥ : [0, 00) &> [0, 00) in which ¢ is

a modulus of continuity of 4 and ¥ is a modulus of continuity of the inverse

map f Ll =1y 2 X Such a pair is said to be the optimal bi-modulus of

continuity at the point (xo, y,) € X X Y, yo = h(x,),1f ¢(t) = w, (x,; 1) and
W(S) == a)f(yo; S).

3. Quasiconformal Mappings

Let us take a quick look at the radial stretching/squeezing homeomorphism
h:R" 2% R* defined by

h(x) = H(jx|) Ix_l , forx e R, (3.1)
X
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onto

where the function H : [0, c0) — [0, oo0) (interpreted as radial stress function)

. . . . . . def
is continuous and strictly increasing. Its inverse f = A~ : R" % R” becomes
a squeezing/stretching homeomorphism of the form

Yy
F) =F(yl o for y € R, (3.2)
where F : [0, 00) &5 [0, co) stands for the inverse function of H. These two
radial stress functions are exactly the optimal moduli of continuity at 0 € R" of
h and f,respectively. By the definition,

wn(t) <= w0, 1) = |max lh(x)| = H()

x|=t

o) L 00,5 =max |f()] = F).

Therefore
wf(wp(t)) =t forall t >0, and wy(wr(s))=s forall s>0. (3.3)

The above identities admit of a simple interpretation:

The better is the optimal modulus of continuity of h, the worse 1s
the optimal modulus of continuity of its inverse map f, and vice versa.

Look at the power type stretching h(x) = |x|Nﬁ and f(y) = |y|% |§_|
To an extent, this interpretation pertains to all quasiconformal homeomorphisms.
There are three main equivalent definitions for quasiconformal mappings: met-
ric, geometric, and analytic. The analytic definition (1.3) was first considered by
Lavrentiev in connection with elliptic systems of partial differential equations. The
geometric definition states that a homeomorphism /: X &> Y is a quasiconformal

if there is a constant K > 1 such that
K~ 'mod (f(I") < mod(T") < K mod (f(I))

for every curve family I" in X. The conformal modulus mod(I") of family I" of curves
in R” is the infimum of the numbers fRn (p(x))"* dx over all nonnegative Borel
functions p: R" — [0, oo] such that | y P ds > 1 for every y € I'. The geometric
definition quickly yields many strong properties of quasiconformal mappings; for
example, the inverse of a quasiconformal mapping is automatically quasiconformal,
which is not at all obvious from the analytic definition. Here we, however, will
relay on the metric definition, which says that “infinitesimal balls are transformed
to infinitesimal ellipsoids of bounded eccentricity”. The interested reader is referred
to [3, Chapter 3.] to find more about the foundations of quasicoformal mappings.

Definition 3.1. [Metric Definition] Let X and Y be domains in R", n > 2, and
h: X 2% Y a homeomorphism. For every point x, € X we define.
—xo|=r |h(x) — h(x,
Hp (oo, ) S MK pr—rol=r |h(x) — h(xo)] (3.4)

ming,_y = |[h(x) — h(xo)|
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whenever 0 < r < dist(x,, 0X) . Also define

1< Hp(xo) ZL fim sup Hp (xo, 1) < 00 (3.5)

r—0

and call it the linear dilatation of h at x. . If, furthermore,

Kn %L sup Hy(xo) < o0, (3.6)

Xo€X

then we call K, the maximal linear dilatation of h in X and h a quasiconformal
mapping. Finally, /4 is K -quasiconformal, 1 < K < oo if

ess-sup Hpu(x,) < K. (3.7)

Xo€X

It should be noted that the inverse map f &l p=1 .y ™% X s also K -

quasiconformal.
Next, we invoke the optimal modulus of continuity at a point x, € X :

on @) X o (o: 1) = max  |h(x) — h(xo)|, for 0 < 1 < 1o =L dist(x,: 9X).

X—Xo|=t

This defines a continuous strictly increasing function wj : [0, t,) one, [0, s0),

onto

where s, &t dist(y.; dY). Similar definitions apply to the inverse map f : Y —
X whichis also K -quasiconformal. Its optimal modulus of continuity at the image
point y, = h(x,) is given by

wr(s) L 0 (yor s) = Jmax 17 () =[Ol for0<s <.
Therefore, both compositions ¢ (w,(¢)) and wy(wyr(s)) are well defined for
0 <t <t and 0 < s < s, respectively. Unlike the radial stretchings, the
function wy(s) is generally not the inverse of wy (), but very close to it. Namely,
the optimal modulus of continuity of 4 and that of f are quasi-inverse to each
other. Let us make this statement more precise by the following theorem:

Theorem 3.2. (Local quasi-inversion). Let a map h : X ™ Y be K -quasi
conformal and f : Y =% X denote its inverse. Then there is a constant H =
K (n, K) > 1 such that for every point x, € X and its image y, = h(x,) € Y it

holds that
s Cop(wp(s) < As and At < wplwp(t)) < Ht (3.8)

whenever 0 < t < t(xo) and 0 < s < s(y,). Here the upper bounds positive
numbers t(x,) and s(y,), depend only on dist(x,; 0X) and dist(y,; dY), respec-
tively.

Before proceeding to the proof, we recall a very useful Extension Theorem by F.
W. Gehring [14], see also the book by J. Viisild [52] (Theorem 41.6). This theorem
allows us to reduce a local quasiconformal problem to an analogous problem for
mappings defined in the entire space R”" .
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Lemma 3.3. (F. W. Gehring). Every quasiconformal map h : B(x,, 2r) e, R
defined in a ball B(x,,2r) C R" admits a quasiconformal mapping h' : R" >
R" which equals h on B(x,, r). The dilatation of h' depends only that of h and
the dimension n .

Accordingly, we may (and do) assume that X =Y = R”". This will give us a
more precise information about the constant %" = % (n, K) .

Theorem 3.4. (Global quasi-inversion). Let a map h : R" ™% R" be K -quasi-
conformal and f : R" &% R" denote its inverse. Then there is a constant A =
K (n, K) > 1 such that for every point x, € R" and its image y, = h(x,) it
holds that

A ls Cop(wp(s) < As and At < wplwp(t)) < At (39)
forall s >0 and t > 0.

Rather than using the original definition we will appeal to Gehring’s character-
ization of quasiconformal mappings, see Inequality (3.3) in [16] and some related
articles [13,15,37,51-53]. The interested reader is referred to a book by P. Caraman
[8] on various definitions and extensive early literature on the subject.

Proposition 3.5. (Three points condition). To every A > 1 there corresponds a
constant 1 < &, = . (n, K) suchthat whenever three distinct points x, , x|, X2
€ R" satisfy the ratio condition

|x1 — Xo <A (3.10)
|X2 _xo|

the image points under h : R" =% R" satisfy analogous condition

|h(x1) — h(xo)l
|h(x2) — h(xo)]

In particular, we have

< o= 0, K). (3.11)

Proposition 3.6. Let h : R" &% R" be K -quasiconformal. Then for every point
Xo € X and 0 < r < 00 we have
def MaX|x—x,|=r |h(x) — h(xo)]

Fe ) = i b | S T A G

Proof of Theorem 3.4. 1tis clearly sufficient to make the computation when x, = 0
and y, = 0. In this case the condition (3.12) takes the form

1
5% |h(x2)| < [h(x)] < J |h(x2)|, whenever |x] = |xz| # 0. (3.13)

By the definition of the optimal modulus of continuity at the origin, we have

o wp(wy(s)) = |h(x)| forsome x € R" with x| = wr(s);
e wr(s) =|f(y)| forsome y € R" with |y| =5
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e Therefore, wy(wr(s)) = |h(x)], for some |x| =[f ().

Now, the right hand side of inequality at (3.13) gives the desired upper bound
wp(wr(s)) = [h(x)] < A |h(f(y)| = A |yl = H's, whereas the left hand
side gives the lower bound wp,(wf(s)) = |h(x)| = # L h(fO)| =1y =
#ls.The analogous bounds for w(wy (7)) at (3.8) follow by interchanging
the roles of & and f; as they are both K -quasiconformal. This completes the
proof of Theorem 3.4. 0O

The converse statement to Theorem 3.2 is

onto

Theorem 3.7. Consider a homeomorphism h : X — Y, its inverse mapping
f Y ™ X, and their optimal moduli of continuity at a point x, € X and
Yo = h(x,), respectively:

wha)g'max h(x) — h(xo)| and  ws(s) = max_|f(y) = f(3o)l.

xX—xXo|=t ly=Yol=
for 0 <t < dist(x,, 0X) and 0 < s < dist(yo, Y). Assume the following one-
sided quasi-inverse condition at every point x, € X, with a constant # > 1 :
wp(wy(r)) < Ar forall sufficiently small » > 0 (depending onx,). (3.14)
Then h is £ -quasiconformal.
Here is a simple geometric proof.

Proof. We shall actually show that Condition (3.14) at the given point x, € X
implies that
MaXjx—x,|=_|h(x) — h(xo)| _

Hh(xO’t) == . AN (3.15)
minx x| |7(x) — h(xo)]
for t > 0O sufficiently small. In particular, for every x, € X it holds that
limsup Hp(xo, 1) < £, asrequired. (3.16)

t—0

A sufficient upper bound of ¢ at (3.15) depends on dist(x,, dX), but we shall not
enter into this issue. It simplifies the writing, and causes no loss of generality, to
assume that x, = y, = 0. Thus we are reduced to showing that

|rn|ax |h(x)| < 2 min |h(x)|, for all sufficiently small 7 > 0. (3.17)
X|=t

|x|=t

To this end, consider the ball B(x,, ) C X centered at x, = 0 and with small
radius ¢ > 0. Its image under 4, denoted by Q2 = h(B(x,,?)) C Y, contains the
origin y, = 0. Let r > 0 denote the largest radius of a ball, denoted by B, C €2,
centered at y, = 0. Thus

min |A(x)| =r.
|x|=t
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Fig. 1. The ratio § <A

Similarly, denote by R the smallest radius of a ball B D 2 centered at y, = 0,
see Fig. 1. Thus

R = max [h(x)| Ll o (0).
X|=t

onto

Now the inverse map f : Y — X takes 2 onto B(x,,?). In particular, it
takes the common point of 9B, and 92 into a point of dB(x., ¢). This means
that

= max |f ()] = s ().

The proof is completed by invoking the quasi-inverse condition at (3.14),

R =wp(t) =wp(wr(r)) < K.

3.1. Doubling Property

It is worth discussing another special property of quasiconformal mappings in
relation to their bi-modulus of continuity. To simplify matters we confine ourselves
to quasiconformal mappings defined on the entire space, 4 : R* &> R” and its
inverse f : R" % R”. It turns out that at every point x, € R” the optimal

modulus of continuity ¢ (7) def wn(xo; 1), as well as its inverse function ¢! :
[0, 00) % [0, 0o) have a doubling property. Observe that ¢! is not exactly the
optimal modulus of continuity of the inverse map f = h~!, the latter is only quasi-
inverse to ¢! . It should be emphasized at this point that doubling property of the

modulus of continuity is rather rare, see our representative examples in Section 6.

Proposition 3.8. Consider all K -quasiconformal mappings h : R* &% R" . To
every . = 1 there corresponds a constant %) (actually the one specified in
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(3.11)), and there is a constant C) = C, (n, K) (independent of h ) such that at
every point x, € R" we have

a)h(xo’)“t) ‘%\. a)h(-x07t) (3‘18)
and

wy, (xo,ks) C). o, (xo,s) (3.19)
forall 0 <t <oo and 0 <5 < 00.

Proof. We may again assume that x, = 0 and %&(x,) = 0. This simplifies the

. def . . .
notation wy (xo; 1) = wp (1) . The proof of the first inequality is immediate from
the three points ratio condition in Proposition 3.5, which gives us exactly the
constant %, from this condition. Indeed, we have that

wp(At) = |h(x1)|, for some x; € R" with |x{| = At;

o wy(t) = |h(xy)|, forsome xp, € R" with |x2| = ¢;
e Hence, % <A
e Consequently |h(x1)I < ), which is the desired estimate.
O
Clearly, for every y, € R", we also have
wfr(Yoi As) < Ky wr(Yo; ) forall 0<s < o0, (3.20)

simply by interchanging the roles of 4 and f .

We precede the proof of the doubling condition for a),:l

, with a quick lemma.

3.2. A Quick Lemma on Doubling Condition

Consider an arbitrary continuously increasing function ¢ : [0, c0) == [0, 00)
(in our application, ¢ (t) = wp(t) ). It is commonly said that ¢ satisfies doubling
condition if there is a constant Cy > 1 such that ¢ (2¢) < Cy ¢ (z) forall 1 > 0.
However, it is convenient to work with so-called generalized doubling condition,
which reads as

d(L1) < Cy(V) p(1), forallz >0, (3.21)

where the A - constant Cy4 (L) > 1 is obtained by iterating the inequality ¢ (27) <
Coo(1).

Associated with ¢ isits quasi-inverse function. This term pertains to any continuous
[0, o0) such that

and strictly increasing function 1 : [0, 0o) &>

t <Y(p(t)) < Mt, forallt >0, (3.22)

where 0 < m < 1 < M < oo are constants. In general, v does not satisfy
doubling condition, but its inverse ¥ ! : [0, c0) &> [0, co) does.
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Lemma 3.9. 70 every factor . > 1 there corresponds a generalized doubling
constant for ¥~ Forall t > 0 we have that

¥ ) < Cyor () ¥ (@), Explicitly €1 () 2 Cp (Ma/m).  (3.23)

Proof. Choose and fix A > 1. Inequality (3.22) is equivalent to

Y lomt) <) <y (Mr), forallt > 0. (3.24)

Upon substitution ¢ ~~ % in the left hand side, we obtain

() o2 3)<o(2) 3
h m) m M) U M)

The proof of the lemma is completed by invoking the right hand side of inequality
(3.24) which, upon substitution ¢ ~» 7, gives us the desired estimate ¢ (;) <

v (). O

We summarize this section with the following theorem, which is an expanded
version of Theorem 1.1:

Theorem 3.10. Let h : R" &% R" be a K -quasiconformal mapping and f :
R" &% R” jts inverse. Choose and fix an arbitrary point x, € R" an its image
point y, = h(x,). Denote by ¢ (t) = wy(xo;t) the optimal modulus of continuity
of h at x, and by ¥ (s) = ws(yo; s) the optimal modulus of continuity of f at
Yo . Then the following statements hold true:

(Q1) The functions ¢ and  are quasi-inverse to each other. Precisely, there is a
constant ¥ = ¥ (n, K) such that

A7 <Yp) <t oand A Tls <o(W(s) < s (3.25)
forall t,s € [0, 00).

(Q2) Both ¢ and  satisfy the general doubling condition; that is, for every
A > 1 there is a constant %, such that

dp(rt) <A @) and Y(As) < A Y(s) (3.26)
forall t,s € [0, 00).

(Q3) As a consequence of Conditions (Q1) and (Q2), the inverse functions t
and ¢~ also satisfy a general doubling conditions; namely,

¢ 'hs) <Crd7'(s) and YO0 <Gy () (3.27)
forall t,s € [0, 00), where the constant Cy, = (L K ?).

Let us now proceed to more general mappings of bi-conformal energy.
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4. A Handy Metric in R* ~ R* 1 xR

It will be convenient to consider the space R” as Cartesian product R"~! x R,
with the purpose of using cylindrical coordinates. Accordingly,

R'=R""xR = {X=(x1); x =1, ., xyu1) €eR" ' and t e R}.

Hereafter, we change the notation of the variables; the lowercase letter x des-
ignates a point (xi,...x,—1) € R"~! while the uppercase letter X = (x,1)

is reserved for points in R”. The Euclidean norm of x € R"~! is denoted by

|x &t \/xlz + -+ xﬁ_l . The space R"~! x R is furnished with the norm

X g x|+ |¢|, for X = (x,t) = (x1, ..., Xp—1, 1) ERn_l <« R.

In this metric the closed unit ball in R”~! x R becomes the Euclidean double cone
C={x.0)eR"; x[+]f|<1} = CLuC
where we split C into the upper and lower cones:

Cy ={0e,0); Ix|+1<1, 620}, Co ={(x,0; Ix|-r<1,71<0}

5. The Idea of the Construction of H : C 2> C

onto

Our construction of a bi-conformal energy map H : C — C, whose optimal
modulus of continuity at the origin coincides with that of the inverse map, will be

onto

carried out in two steps. First we construct a homeomorphism H : C4 — C4

of finite conformal-energy which equals the identity on o C4 . Its inverse map

FEpg-1. C. ™ C, will also have finite conformal-energy. The substance

of the matter is that their optimal moduli of continuity (w,, and w, , respectively)
are inverse to each other; thus generally not equal. In fact wpy will be stronger that
wr. In the second step we adopt the modulus of continuity of F : C; &% C,
to an extension of H to C_, simply by reflecting F twice about R"~! . Let the
reflection t : R” &% R” be defined by t(x, ) = (x, —¢) . This gives rise to a map
toFor :C_ ™ C_, whichwe glueto H : C; > C, along the common base
dC, NAC_ C R* ! Precisely, the desired homeomorphism H : C &% C, still

denoted by H , will be defined by the rule

def{H:CJr‘ﬁ>CJr 5.1)

H - onto, °
toFotr:C_. — C_
Its inverse, also denoted by F : C ™% C, is defined analogously by interchang-
ing the roles of F and H :

(5.2)

o def F:Ci ™% Cp
 JtoHor:C_ 2
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X = [(&,1) 1 R1u%R T ¥ =lyyT)
1X1I =t + || ]\ Y[l =7+ |yl
/ \\ C+ H — C+ / i
/ \ // / ————————
0 >a:]// > Y1
\ / %//—/%/7—/ / //
\
v |/ C_ — / \ /
By At Ynt W C_

Fig. 2. A mapping H : C &% C and its inverse F : C % C, will have the same optimal

modulus of continuity at the center of C

As a result, the optimal modulus of continuity of H will be attained in the upper
cone C4 , whereas the optimal modulus of continuity of F will be attained in the
lower cone C_ . Clearly, they are the same for the double cone C = C+ UC_, and
this 1s the essence of our construction.
The explicit formula for H can easily be stated, see Definition 7.1 in Section 7.
onto onto

Since H : C 2% C andits inverse F <= H=1:C %% ¢ are both equal to the
identity on dC we can extend them to R” as the identity outside C. Whenever it

is convenient, we shall speak of H : R” % R” and its inverse F : R” &% R”
as homeomorphisms of the entire space R" onto itself (Fig. 2).

6. Preconditions on the Modulus of Continuity and the Representative
Examples

Let us introduce a fairly general class of moduli of continuity to be considered.
These classes are intended to unify the proofs. It will also give us an aesthetic
appearance of the inequalities. On that account, our moduli of continuity, will be

made of functions ¢ : [0, 1] &> [0, 1] in €0, 11N €' (0, 1] such that

(C1) ¢(0) =0, ¢(1) =1 (canbeextendedby ¢p(s) =s for s > 1);
(C2)

@' (s) < M < M[qb/(s)]2 , forsome constant ] < M < o0} (6.1)
s
(Cy) Finite Energy Condition :
1
def ds
Elgp] = / $)I" — < oo, (62)
0
As a consequence of Conditions (Cy) and (C;) we have
* 1
As) S 2O S e > o7 forall 0<s <1, (6.3)
)

In the forthcoming representative examples (except for ¢(s) = s) we have
even stronger property; namely, limg_,o ¢’(s) = oo.
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e The function A(s) is non-increasing. This follows from

V=20 90 64
Ry s
e Thus, in fact,
)»(s):@E @:l,fora110<s<1. (6.5)
S

6.1. Representative Examples
(Eg) For 0 <e <1, weset
¢,(s) = s°. Inthe borderline case, ¢(s) =s.

(E1) For

<a <1, weset

1 —
¢, (s) = log™ (g) = <1 + ap log ;) .

(Ey) For - <a <1, weset

S| =

1

1\ n -
@, (s) = (1 + ap log —) <1 + a log log E) .
s s

(E3) For - <o <1, we set

S =

1
1\ -4 “\
o, (s) = (1 + aj log —) (1 + ap loglog f) (1 + a3 logloglog e_) .
s s s

Continuing in this fashion, we define a sequence of functions ¢, , k =0, 1,2, ...
in which the last product-term in the round parantheses involves k -times iterated
logarithm and (k — 1) -times iterated power of e. All the above functions can be
extended by setting ¢ (s) = s, for s > 1.

Remark 6.1. The coefficients a; in the above formulas are adjusted to ensure the

inequality ¢’'(s) < 25 which is required by Condition (Cy) . This works well

Ky 2
. def . . .
with ap = (1 — ,ll)k ~1' Indeed, the reader may wish to verify that the expression
sy (s)
ok (s)
seen that its maximum value is not exceeding % (ai+ar+...4arp) + xa, =

1—(1—e)(1-1" <1

is increasing, thus assumes its maximum value at s = 1. It is then readily
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t H > t
R A Rl\
— F—
V. ot )
C+ /////
T . 2 z
jaxz—/ ﬁuf—/

Fig. 3. Diagonals of rectangles built on the curve t+ = ¢(s). The map F is linear on each
such diagonal, as well as on their rotations

7. The Definition of H : Cy ™ Cy

First we set H on the vertical axis of the upper cone by the rule:

H(0,1) = (0,¢()) .

Here and below (0, 1) def ,...,0, 1) e R" ! x R. We wish H to be the identity

map on the base of the cone, which consists of points (x,0) € R"~! x R with
|x| < 1. The idea is to connect (x, Q) with the point (0, |x|) by a straight line
segment and map it linearly onto the straightline segment with endpoints at (x, 0)
and (0, ¢(|x])) . Explicitly, are have

onto,

Definition 7.1. The map H : C; > C, c R"~! x R is given by the formula

He ) S e ta+1x)), for0<s <1 and |x|+1 <1, (7.1)

where we recall that A(s) def ¢§_s) for 0 <s < 1.

Indeed, for o, B > 0 with & + g =1, we have H[a (x,0) + B (0, |x]) | =
a(x,0) + B(0,¢(|x]), which means that H is a linear transformation between
onto,

the above-mentioned segments. A formula for the inverse map F : C+ — Cy is
not that explicit (Fig. 3).

8. The Jacobian Matrix of H and Its Inverse

. . . . . def
A straightforward computation of the Jacobian matrix of H , at the point X =
(x,1) = (X1, ooy Xn—1, 1) € R"71 x R shows that

(10 0. 0 0)
01 0... 0 0

DH(x,t)y=| : 1 @ = [, (8.1)
00 0... 1 0
\@19293..@”_1@)
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where »; = [t)»/(t+|x|)] f;—’| and © = A(t+|x|) + t X (t+]x]|) is the Jacobian
determinant, later also denoted by Jg (X). Then the inverse matrix (D H )~ ! takes
the form

(D 0 0. 0 0)

| 0 ) 0.. 0O O
L e (8.2)

0 0 0.. D 0

\—@1 -y —D3... -9, 1)

The square of the Hilbert Schmidt norm of a matrix is the sum of squares of its
entries. Accordingly,

IDHP = n—1+ [t MG+ D] +[rG+1xD) + VG +1xD]" 83)

and

1
(MG +IxD) + 2+ 12D ]
[tV @+ 1x) ]
(A +IxD) + 127G+ 1xD) ]

|(DH)')? =

+ n—1. (84

9. The Jacobian Determinant ® = Jy(X)

We have the following bounds of the Jacobian determinant, including a uniform
lower bound for all X = (x,t) € C,:

1
AMIXD) Z2IaX) Z2¢'(1X1) = " 9.1
Proof. Using the notation | X | =s =1+ |x| < 1, we write

D = %(tk(t-@- IXI)) = %(f QSE%SD)

_9® +t (¢/(S) B ¢(S)) _96) (1 B {) y ¢/§S). 9.2)

s s 52 s s

Now, since ¢'(s) < ¢§S) = A(s), it follows that ® < A(s) . On the other hand
¢'(s) > 4 and 29 > 1> L ‘whence ® > L. O
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onto

10. Conformal-energy of H : Cy — C;+

In the forthcoming computation the “implied constants” depend only on the
dimension n > 2.

Lemma 10.1. We have
/ |DH (x,t)|" dxdt < E[¢]. (10.1)
Cy
Proof. Formula (8.3) yields the inequality

/ \DH(x, )" dx dr < 1+f A+ x]) " dx ds
C+ [+|X|<1

+/ 10t + XD " dxde. (10.2)
x| <1

Obviously, for the constant term we have 1 < E[¢]. For the first integral in the
right hand side we make the substitution ¢+ = s — |x| and use Fubini’s formula to
obtain

/ |A(t+|x|)|”dxdt:/ | A(s)|" dax ds
t+|x|

lx|ss<1

1 Wn—2 1
= f IA(s)|" (/ dx) ds = / s" YA (s)|"ds
0 x| <s n—1Jp

wn— [} , ds
= 1/ p)I" — < E[9].
0 A

n —

For the second integral in (10.2), we make the same substitution *+ = s — |x| and
proceed as follows:

/ A+ |x) M dxdt = / (s — |x])™ A (s)|" dx ds
t+|x|<1 x| <s<1

1
_ f 2 )" (/ (s—|x|)"dx)ds
0 x| <s

1 m—1 1 ds
= Cn/ s (9)]"ds %/ P ()" — = E[¢].
0 0 S

Here, we used the inequality |A'(s) | = ‘PS(;) — ¢’S(s) < ¢S(§) .

The proof is complete. O
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11. Conformal-energy of the Inverse Map

This brings us back to the seminal work [4] on extremal mappings of finite
distortion. Going into this in detail would take us too far afield, so we confine
ourselves to a simplified variant.

onto

Consider a homeomorphism H : X — Y between bounded domains of

Sobolev class Wl’”(X, Y) and assume (just to make it easier) that the Jacobian

loc
Ju & et [DH] 1is positive almost everywhere, as in (9.1).

Definition 11.1. The differential expression

| D*H(X) [
[Ju(X) ™!

def

Ky (X) = |[[DHXOI' " I (X) = (11.1)

is called the inner distortion function of H . Here the symbol D?H stands for the
cofactor matrix of D H , defined by Cramer’s rule.

The following identity was first observed with a complete proof of it in [4] (see
Theorem 9.1 therein):

Proposition 11.2. Under the assumptions above, if Ky € Z1(X) then the inverse
map F :Y 25 X belongs to W' (Y, X) and

/Y|DF(Y) "dy = LKH(X)dX. (11.2)

In our case, since H is locally Lipschitz on C , the derivation of this identity
is straightforward. Simply, the differential matrix D F (Y) at the point ¥ = H(X)
equals [DH(X)]~!. We may change variables ¥ = H(X) in the energy integral
for F,to obtain

def

/C | DF(Y)[" dY :/C [IDHCOT " Ju(X)dX :/C Ky (X)dX.

Now, by (8.1) and (8.2), we have a point wise inequality Jz (X) |[DH (X)]™!

| <V/n—1|DH(X)

, which yields

<m—nﬁDHw

2 a2n—1 n 1
b e <= DIMYTDH e 2 e (13)

because Jp(X) > 7, by (9.1).
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onto

12. Modulus of Continuity of H : Cy — C4

We start with the straightforward estimates of the modulus of continuity at
0,0) e R" ! xR.In consequence of A(| X |) > 1, we have

IX1 =Ixl+¢ <|x|+tA@+ |x]) < [X[ACIX D) +22(1X[) = oI X ).
Here the middle term |x| + tA(t + |x|) = | H(X) | . Therefore,
IXI < ITHX) [ <o(lX]). (12.1)

Corollary 12.1. The function ¢ is the optimal modulus of continuity of the map
H:CL ™ Cyat (0,0) e R x R, ; that is,

sup [|H(X)| =¢(s), whenever X e Cy and 0 <s < 1. (12.2)
I X |=s

Indeed, the supremum is attained at the point X = (0, s) on the vertical axis
of the cone C4 , because H(0,s) = (0, ¢(s)).

Remark 12.2. It is perhaps worth remarking in advance that both inequalities at
(12.1) remain valid in terms of the Euclidean norm of R" as well, where |X| =
|(x,1)] = +/|x]> +12 < | X | . To this end, since A is decreasing to its minimum
value A(1) =1, for X € C; we can write
X12 < IxP+ 22231 X 1) = [HOOP < 1xPPA2(1XD) + 222 (XD = 6° (X)),
Let us record this fact as

X < [HX)] < o(X]). (12.3)
For the inverse map F' = F(Y), these inequalities take the form

V(YD < IF@)| < Y] < ¢(Y)) forall Y € Cs because s < ¢p(s), (12.4)

where 1 : [0, 1] &> [0, 1] denotes the inverse function of ¢ . This, however, does
not necessarily imply that F is Lipschitz continuous, as shown by our representative
examples.

We shall now prove that H admits ¢ as global modulus of continuity; that is,
everywhere in C . Precisely, we have

Proposition 12.3. For X = (x,t) € Cy and X' = (x',t") € C4 it holds that
|HX)—HX)| <4¢(1X-X"]). (12.5)
Thus, according to (2.3),

Qu@) <49().
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Proof. Recall that | X | <L x| 4 |¢| and H(x, 1) %L (x, tA(] X |)). Thus

I|HX) —HXD | <lx—x| + 20X 1D — 20X D1 (12.6)

The first term is easily estimated as |x — x'| < ¢(Jx —x') < o(| X — X'|),
because s < ¢(s) and ¢ isincreasingin s € [0, 1]. The second term needs more
work. First observe that for 0 < A < B < 1 it holds that

0<X(A) —XA(B) < A_1¢(B —A). (12.7)
Indeed,

¢(A) — ¢(B) n B—A
A A

AMB—A)=A""¢B - A).

AMA) — A(B)=n A(B)

<

In the above formula, the first term is negative because ¢ is increasing. In
the second term we have used the inequality A(B) < A(B — A), because A is
nonincreasing.

In Inequality (12.5) we may (and do) assume that | X' || < | X | , for otherwise we

can interchange X with X’. This yields % | X—X"| < |X]| and, consequently,

AMIXD < AGIX =X = ¢GIX = X'1D/51X —X'| < 261X —
X'|)/ 1 X — X"|. Having this and (12.7) to hand, we conclude with the desired
estimate;

[a(IX D) = CAAX D I < Tt =21A0X D+ 1A XD — 20X 1D

< 2= s ax—x
S IX =X

X - IXx
+ T X1 = 1XD)
261X =X'1) + 61X =X'])
—36(IX = X']).

13. Modulus of Continuity of F : Cy &> Cy

Allrepresentative functions ¢ = ¢, k = 0, 1, ... thatarelistedin (Eg) ... (Ef) ...

are concave (¢,’c/ < 0) near the origin, but not necessarily in the entire inter-

val [0, 1]. Actually, upon minor modifications away from the origin all the above

functions can be made concave in the entire interval [0, 1], but their aesthetic ap-

pearance will be lost. Thus, rather than modifying those examples, in the first step

we restrict our attention to a neighborhood of the origin. Outside such a neighbor-
onto

hood the mapping F : C4 — C4 is Lipschitz continuous. This will take care of
the global estimate.
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The additional condition imposed on ¢ reads as follows:

(C4) There is an interval (0, r] C (0, 1] in which ¢ is C? -smooth and concave;
that is,
¢"(s) < 0, for 0 <s<r (13.1)

We shall now prove that F admits ¢ as global modulus of continuity in C .

Proposition 13.1. For arbitrary two points ¥ = (y,t) € Cy and Y' = (y', 1) €
C4+ it holds that
|F(Y)—=FXD < oY =Y"|). (13.2)

The implied constant depends on the conditions imposed through (C1) — (Cy).

Proof. A seemingly routine proof below, actually took an effort to accomplish all
onto

details. Let us begin with the definition of the map H : Cy — C4 and some new
related notation. For X = (x,1) € C+ C R"~! x R, we recall that

IX | =Ix| +tand HX) = (x, et + |x)) =L (y.1) = ¥ eR" ' xR,

For the inverse map F = H~! we write
1Y =1lyl +7and F(Y)=(y,T) €eC+ CR" ' xR,

where the vertical coordinate T = T(z,|y|) is determined uniquely from the
equation
TXT +|yl) =t (13.3)

In much the same way as in (9.2) we find that the function T ~» T A(T + |y|) is
strictly increasing. We actually have

dT A(T + |y]) , 1
=T T\ (T > —.
T (T + Iy + (T + |y v;

: . . def
Even more can be said about the above expression. Indeed, denoting by s =

T + |y| < 1, we have the identity

M)+ T sy = 29 T.<¢’/(S) - ¢(s))

s s s2
T S T
= (1 — —) w + —- (b/(S),
s s s
which, in view of Condition (C,) at (6.1), also yields a useful upper bound:

o) _, ]
—= A HFTA(G) = ¢ () > — (13.4)
s M

The latter follows from the Condition (C;) at (6.1) as well.
Now, implicit differentiation in (13.3) with respect to t -variable gives

_ AT Iy _ 1
S ot AT +|y]) + TAV(T + |y))

0 < M. (13.5)
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On the other hand, differentiation with respect to the |y|-variable gives

ATEDD TR TR e
TN MT +1yD) + TVT 41y Als) + TA(s) '
It should be noted that A/(s) < 0 whenever s def T + |y| < 1. Precisely,
/
0< —A'(s) = _P(s) + @ (s) < ¢(S). (13.7)

2 2

S S s

From this and the lower bound in (13.4) we infer that

0< oT (z, |yl) < €¢(S) < ¢ (s)
9|yl s<¢'(s) s ¢'(s)
the latter being guaranteed by the right hand side of inequality (6.1).

It is at this point that we are going to use the additional assumption that ¢ is

concave near the origin; namely, ¢’ is non-increasing in (0, r] C (0, 1]. Examine

an arbitrary point ¥ = (y, 7) € C+ of lengths | Y | et T+ |yl < ﬁ to show

that 7 + |y| < r.Recall that T is determined by the equation TA(T + |y|) = 1.
Thus, we have & < ¢'(T + [y)T < %T = 1, by Condition (6.1).
Hence T + |y| < Mt + |y| < M(t +|y|) <r.Since s =T + |y| = |y| and

¢’ is non-increasing in (0, r] , we infer that

< oT (z, |y
d [yl

We are now ready to formulate an estimate of the modulus of continuity of F
within the neighborhood of the origin that is determined by | Y || < ﬁ .

< Mo'(s) = Me'(T + |yD),

< M¢'(ly]) . whenever 7 + |y| =L |y < % (13.8)

Proposition 13.2. Ler ¥ = (y,7) e R* ! xR and Y = (y/,v/) e R" ! xR be
points in Cy suchthat | Y | < 37 and |Y'| < 57 . Then

| F(Y) — F(Y) | < 3Me(lY —Y'|). (13.9)

Proof. With the notationfor F(Y) = (y, T(z,|y|)) and F(Y") = (', T(z, |y']))
we begin with the computation

|FQY)—FX) I =ly—=Y1+ T ly)—TE,yD]
Sly=YI+I1T@lyD =T lyDI + [T IyD—TE, 1Y)
(in view of (13.5))

ly=y1 4+ 1T lyD =T YD + M|t —1]

| T(z, lyD —T(x, [y'DI+ MY =Y"|

[Tt IyD) =T (., [y'DI+ Mo(|Y —Y'|).

/

NN NN

The latter is obtained by the inequality s < ¢ (s), see (6.5). It remains to establish
the following estimates, say when 0 < |y| < |y| < r :

T, Iy) =T YDl <2Mé(ly = y') <2M (Y —Y').  (13.10)



Bi-conformal Energy and Quasiconformality 1733

To that end, we begin with the following expression:
Id
Tl =Tl = [ [Ty s+ 1= pyh] dy

yy+ A=y
ly y + 1 —=y)y|

1
=/0 Ts(f,lyy+(1—y)y/l)< y—y/>d%

where T¢(7,§) s % . In view of (13.8), we obtain

1
| T, IyD) =T, YD I < Mly =] /0 ¢'(lyy+ 1 —y)y'hdy. (13.11)

It is important to notice that |y y + (1 — y)y’| < r , which enables us to invoke
Condition (Cy4) at (13.1); that is, ¢’ is non-increasing in the interval (0, r]. The
following interesting lemma comes into play:

Lemma 13.3. Let @ : (0,r] — (0, 00) be continuous non-increasing and inte-
grable:

-
f d(s)ds < oo.
0
Then for every vectors a, b in a normed space (N; |.|), such that 0 < |a| < r
and 0 < |b| < r, it holds that

|b]

1 |al
f Sya + (1 —y)b)dy < — / () ds +/ B(s)ds | .
0 la| +16] \ Jo 0
(13.12)

Equality occurs if a is a negative multiple of b.

Proof. Since ¢ is non-increasing, by triangle inequality it follows that
1

1
/O<D<|ya+<1—y>b|>dy < /0 & (| (1) (6] — ylal |) dy

T !
=/0 o=y ol = ylal)dy + [ @(ylal = (=) lol)dy.

|a|+\b|

In the first integral we make a substitution s = (1 — y) |b| — y|a|, which places
s in the interval (0, |b|) and |ds| = (|a| + |b])dA. This gives us the second
integral-term of the right hand side of (13.12), and similarly for the first integral-
term. O

Since ¢’ is non-increasing in the interval (0, r] (by inequality (13.1) at Condi-
tion (Cy) ), we may apply Estimate (13.12) to ® = ¢’. Now, returning to (13.11),
the inequality (13.10) is readily inferred as follows:
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cC=cC,uUcC_ ; |X|<1 c=C,uUcC_ ; |¥Y]<1

Fig.4. Bi-conformal energy mapping H anditsinverse F' exhibit the same optimal modulus
of continuity at the origin of the double cone C

[Ty — Ty | < My —y| 22D WD
Iyl + 1y

=yl ¢dyh + ey
dUy =YD Iyl+ 1yl

DY B +edyD
ST D DIy

= Mo(ly -y

<SMo(ly—y'D <2Me(ly = y'D,

because ¢f_s) = ﬁ 1s non-decreasing (see (6.4)) and ¢(s) is increasing. The

proof of Proposition 13.2 is complete. O

Finally, the global estimate (13.2) in Proposition 13.1 follows from Proposi-
tion 13.2, whenever |Y | < 47 and |Y'| < 47, whereas its extension to all
points Y and Y’ is fairly straightforward by invoking Lipschitz continuity of F
away from the origin (Fig. 4). O

14. Conclusion

Choose an arbitrary modulus of continuity function ¢ : [0, c0) &> [0, c0)
that satisfies conditions (C;) (Cz) (C3) and (Cy) . Then consider a bi-conformal

onto

energy map H : C4 — C4 defined in (7.1) together with its inverse map F' :

C. ™ C, .Extend H and F to the double cone C = C4 U C_ by the reflection
rule at (5.1). Afterwards, extend H and F to the entire space R" by setting

H=Id:R"\CZ%5R*\C and F =1d: R" \ C &% R" \ C. Then we obtain

Theorem 14.1. For every modulus of continuity function ¢ : [0, 00) == [0, c0)
satisfying conditions (Cy) (Cy) (C3) and (Cy), there exists a homeomorphism
H : R" &% Rn of Sobolev class Wl’"(R”, R™), whose inverse F = H™! :

loc
R" &% R also lies in the Sobolev space Vﬂlgcn (R, R™). Moreover,

e HO0)=0, H(X)= X, for [ X| > 1 and for X = (x|, ..., Xp—1, O);
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o H:R" X% R" admits ¢ as its global modulus of continuity; that is,

| HX1) — HX2) | < ¢(1 X1 —X2l), forall X, Xo eR"; (14.1)

e The inverse map F : R" =% R" satisfies the same condition

| F(Y) — F() | < ¢(IY1—Yal), forallYy, Y, € R"; (14.2)

e H and F share the same optimal moduli of continuity at the origin; namely,

w, 0,r) = Thax [ H(X)| = ¢(r) = max |[F(Y)| = w,0,r) (14.3)

forall) < r < oo.
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ABSTRACT. We show that the first order Sobolev spaces WP (), 1 < p < oo, on cuspidal sym-
metric domains €2, can be characterized via pointwise inequalities. In particular, they coincide
with the Hajlasz-Sobolev spaces M7 (Qy).

1. INTRODUCTION

Optimal definitions for Sobolev spaces are crucial in analysis. It was a remarkable discovery
of Hajlasz [4] that distributionally defined Sobolev functions can be characterized using pointwise
estimates in the context of Sobolev extension domains. This, in part, has played a crucial role in
defining Sobolev spaces for general metric measure spaces. Here, we show that for certain cuspidal
domains the pointwise characterization holds without any additional assumptions. These domains
do not admit extensions for Sobolev functions. Given a domain Q2 C R", we denote by W1P(Q),
1 < p < oo, the usual first order Sobolev space consisting of all functions u € LP(£2) whose first
order distributional partial derivatives also belong to LP(2). If 2 = R", then any Sobolev function
u satisfies the pointwise inequality

(1.1) u(z) —u(y)] < Clo —y[ (M[|Vull(z) + M[[Vull(y))

at Lebesgue points of u, where M|[|Vu|] is the Hardy-Littlewood maximal function of |Vu|, see
[1, 2, 4, 8]. Motivated by this, P. Hajtasz introduced in [4] the space M'*(Q) consisting of all those
u € LP(Q) for which there exists a set £ C Q of n-measure zero and a function 0 < g € LP(Q) so
that

(1.2) [u(x) —u(y)l < |z —y|(g(x) +g(y))

whenever z,y € Q\ E.
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One has M1P(R") = WLP(R") as sets for 1 < p < oo, and the norms are comparable once
M*P(R™) is equipped with the natural norm. Also, for 1 < p < oo, one always has MP(Q) C
WLP(Q) and the inclusion is strict for p = 1 for any domain €, see [7].

A natural question to ask is:

For which domains Q C R™ do we have M'P(Q) = WhP(Q)?

Indeed, these two spaces coincide if there is a bounded extension operator from WP (Q) into
WLP(R™), for a given 1 < p < oo. When p = oo and € is bounded, this is the case if  is
quasiconvex and actually the equality is equivalent to quasiconvexity under these assumptions.
This follows from [5, Theorem 7]. Moreover, for 1 < p < co, under the assumption that

(1.3) |B(z,r)| < C|B(z,r)NQ

for every z € Q and every 0 < r < 1, where | - | refers to n-measure, M1P(Q) = WHP(Q) implies
the existence of such an extension operator. Indeed, in this case the spaces coincide precisely when
such an extension operator exists. For this see [5]. Using this fact, it is easy to exhibit domains
for which M1P(Q) = WHP(Q) fails for all p; e.g. take 2 C R? to be the unit disk minus the interval
[0,1) on the real axis.

In this paper, we consider this question for cuspidal domains of the form

(1.4) Qp = {(t,z) € (0,1) x R* |z <9(t)} U{(t,2) € [1,2) x R" |z < (1)},

where ¢: (0,1] — (0,00) is a left continuous increasing function. (Left continuity is required just
to get € open. The term “increasing” is used in the non-strict sense.) The seemingly strange
cylindrical annexes are included only to exclude other singularities than the cuspidal one. It is
crucial to note that these domains will not, except for limited special cases, be Sobolev extension
domains, and thus the methods from [5] do not apply.

¥(1)
Q, t=2
It is easy to check that 2, C R" is a domain. If lim; o @ = 0, then the measure density

condition (1.3) fails, and hence, by [5], there can not exist any bounded extension operator from
WLP(Q,) to WHP(R™). However, according to a somewhat surprising result by A.S. Romanov [9],
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one still has WHP(Qy) = MIP(Qy) if ¢(t) = t* with s > 1 and p > H(Z;I)S Actually, Romanov
proved this statement for a domain which is bi-Lipschitz equivalent to Q, when (t) = t°, but
bi-Lipschitz transforms preserve both Sobolev and Hajtasz-Sobolev spaces.

We show that the above restriction on p is superfluous and that 1 being of the form (t) = ¢
can be relaxed to being any left continuous increasing function.

Theorem 1.5. Let ¢ : (0,1] — (0,00) be a left continuous increasing function. Define the cor-
responding cuspidal domain 0y as in (1.4). Then WIP(Qy) = MP(Qy) for all 1 < p < oo with
equivalence of norms.

As a consequence of the bi-Lipschitz invariance stated above, the conclusion M P () = W1P(Q)
then holds for all bi-Lipschitz images of {1,,. Thus, our result covers the result obtained by Romanov.

2. DEFINITIONS AND PRELIMINARIES

In what follows, 2 C R" is always a domain. We write
R*=RxR"!:={z:=(t,z) e Rx R" !},

Throughout the paper, we consider a left continuous increasing function ¢ : (0, 1] — (0, c0), extend
the definition of v to the interval (0,2) by setting

P(t) = (1), for every te (1,2)
and write
Q= {(t,x) € (0,2) x R" }z| <9 (1)}

Typically, ¢ or C' will be constants that depend on various parameters and may differ even on
the same line of inequalities. The Euclidean distance between points z, y in the Euclidean space R"
is denoted by |x — y|. The open m-dimensional ball of radius r centered at the point x is denoted
by B™(x,r).

The space of locally integrable functions is denoted by L110 .(82). For every measurable set Q C R"
with 0 < |@| < oo, and every non-negative measurable or integrable function f on @ we define the

integral average of f over () by
1
dw = — dw.
£ san = g [ sy

Let us give the definitions of Sobolev space WP(€2) and Hajlasz-Sobolev space MP().
Definition 2.1. We define the first order Sobolev space Wl’p(Q), 1 < p < o0, as the set
{ue LP(Q);Vu e LP(;R™) } .

Here Vu = (% e 6%;) is the weak (or distributional) gradient of a locally integrable function
u.

We equip W1P(Q) with the non-homogeneous norm:
ullwie@) = llullLe) + 11VUll| Le o)
for 1 < p < oo, and
[ullwro (@) = lu(2)l Lo (@) + IVu(2)l|l 2o @) -
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where || f||r(q) denotes the usual LP-norm for p € [1, oc].
For v € LP(Q2), we denote by Dp(u) the class of functions 0 < g € LP(Q) for which there exists
E C Q with |E| =0, so that

|u(z1) —u(z2)| < |21 — 22| (9(21) + g(22)), for 21,20 € Q\ E.
Definition 2.2. We define the Hajtasz-Sobolev space MP(Q), 1 < p < oo, as the set
{u € LP(Q), Dy(u) # 0} .
We equip M1P(Q) with the non-homogeneous norm:

P - i f .
1wl prie ) = 1wl e +geglp(u) 9l L)

for 1 < p < oo, and
,00 == o + i f (o) .
[ullartoe (@) = l[u(2)[l L= (0) L lg(2) Ml Lo (o)
3. MAXIMAL FUNCTIONS

We will define two maximal functions. The first, M7[f], will vary only the first component ¢,
and the second MX[f] will vary the z-component. For every z € B"~1(0,1(1)) set

Sy ={t e R;(t,x) € Qy}.

Let f: Q4 — R be measurable and let (t,z) € Q. We define the one-dimensional maximal function
in the direction of the first variable by setting

(3.1) M[f](t,2) = sup f F(s,2)|ds.
[a,b]>t J [a,b]NSy

The supremum is taken over all intervals [a, b] containing t.

On the other hand, the second maximal function will be defined for functions f: (0,2) x R*~1 —
R. For every point (t,z) € (0,2) x R*"!, we define the (n—1)-dimensional maximal function MX[f]
by setting

3.2 Wiy sl

Br—1(x/ r)ax

where we take the supremum over the (n—1)-dimensional balls for which z € B"~!(z/,7). The next
lemmas tell us that both M7™ and MX enjoy the usual LP-boundedness property.

Lemma 3.3. Let 1 < p < oco. Then for every f € LP(Qy), M"[f] is measurable and we have

(3.4) /Q MR dz<c [ IfE)P dz,

Qy

where the constant C' is independent of f.
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Proof. Since the maximal function comes out the same if we consider only segments with rational
endpoints, it preserves measurability. Fubini’s theorem implies that f(-,x) € LP(S,) for almost ev-
ery * € B"1(0,%(1)). By the LP-boundedness of the classical Hardy-Littlewood maximal function
on the interval .S, for such = we have

(3.5) /S P de < C /S Fta)P dt,

where the constant C' is independent of f and x. By combining the inequality (3.5) and Fubini’s
theorem together, we obtain

/ M) )P dedt = / ML)t @) dt da
Qz/, anl(oﬂp(l)) SI

< C \f(t,2)P dt dx
Br-1(0.4(1)) /S,

= C/Qw |f(t,z)P dxdt.

U
Lemma 3.6. Let 1 < p < co. Then for every f € LP((0,2) x R"1), MX[f] is measurable and we
have
@) | prierd<c S d,
(0,2) xRn—1 (0,2) xRn—1

where the constant C' is independent of f.

Proof. Again, the maximal function preserves measurability, as it comes out the same if we consider
only balls with rational centers and radii (a point is rational if all its coordinates are rational). By
Fubini’s theorem, f(t,-) € LP(R"!) for almost every ¢ € (0,2). By the LP-boundedness of the
Hardy-Littlewood maximal operator we have

/ MX[f](t )P de < C / D) de,
Rn—1 Rn—1

where the positive constant C' is independent of f and ¢. Then Fubini’s theorem gives

2
/(072)an1 IMX[f](2)]P dz = /0 /Rn1 \MX[£](t, 2)[P du dt

2
c/o /Rn_l|f(t,x)|p d dt
< ¢ S ds.

(0,2) xRn—1

IN

A\
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4. PROOF OF THE MAIN THEOREM

Let us begin by sketching a simple proof for Theorem 1.5 in the Euclidean plane R?, for 1 < p <
0o. In this case the maximal function MX[f], with respect to x-coordinate, can be replaced by

(4.1) MX[f](t,z) :== sup

][ |f(t,y)| dy,
[z,w]2z J {y€[z,w];(t,y)€Qy }

for every (t,z) € Qy. As in Lemma 3.3 we obtain

(1.2 [ wrnera<c [ e,
Q, Q,

By [4], there is a bounded inclusion ¢: M1P(y,) < W1P(€). To show that ¢ is an isomorphism, it
suffices to show that its inverse .71 is both densely defined and bounded on WP(Q). Let C1(Qy)
be the set of continuously differentiable functions. Since C'!(€2,) NW!P(€,) is dense in W1P(Qy),
it suffices to show that C*(€,) N WhP(Qy) € MYP(Qy,) and that for each u € C1(Qy) NWHP(Qy)
we have [[ul|pp,) S [lullwie@y)-

Fix u € C1(Qy) NWHP(Qy). Let 21 := (t1,21), 22 := (t2,22) € Qy be arbitrary. Without loss of
generality, we assume 0 < t; <ty < 2. From the definition of €, the point 2" = (t,x1) is also in
2y. Using the triangle inequality, we have

(4.3) u(21) — u(z2)] < fuz1) — u(2)| + Ju(z') — u(z)].

Since u € C1(Qy) N WP(Qy), the fundamental theorem of calculus implies

to
(4.4) u(21) — u(z')] < /t [Vu(s, z1)lds < 21 — 22| M7[|Vul](21)
and
(4.5) lu(z') — u(z2)| < /3’2 Vu(ts, y)ldy < |21 — 20| MX[|Vul] (22)

Combining inequalities (4.3), (4.4) and (4.5) together, we have

[u(z1) — u(z2)| < |21 — 22 (MT[|VU|](21) + MX[|VU|](Z2)) < [21 — 22/(g(21) + g(22)) ,
where
9(2) := MT[|Vul](2) + MX[|Vul](2).
By inequalities (3.4) and (4.2), we have
i lpa<c / CCIRE

which immediately gives that g € Dy(u), and [|ullpr1e(a,) < Cllullwisq,)-
In higher dimensions, we have to work harder. Let us fix some notation.
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Let n: R"™! — R be a smooth cut-off function such that n = 1 on B"~1(0,1) and n = 0 on the
complement of B"~1(0,2). Consider the standard extension operator Ef: WlP(B"~1(0, R)) —
WhP(R"1) given by

u(z), lz| <R,
Efu(z) = {0, || = R,
2 X
u(% )n(%), |z| > R.
Then
(4.6) HVERuHLP(Rn—l) < C||Vullppgn—1(0,R))

with C independent of u and R.
Let u € W1P(Qy) be arbitrary, 1 < p < co. Extend the function u to (0,2) x R"~! by setting

Denoting the gradient with respect to the x-variable by VX, from (1.1) we immediately obtain
(4.8) a(z1) — a(22)| < Cla1 — 2o (MX[|V*a]](21) + MX[[V¥l](22))

for a.e. t € (0,2) and a.e. 21, 22 € {t} x R"7L. It is easily seen, when u € C1(£y), that the function
@ and VX4 are measurable on (0,2) x R"™!. In fact, it could be shown that both of these would
be measurable even if u were just in W1P(€y).

Next, we prove the main estimate.

Lemma 4.9. Let 2y = (t1,21),22 = (t2,x2) € §y be two points with t; < to. Suppose that
u € WHP(Qy) N CYHQy) and that @ is its extension given by (4.7). Then we have

u(z1) —u(z)| < Clar — 2| (M7[|Vull(z1) + MT[MX[VXul]](21) +

(4.10) MT(|Vul](z2) + MTMX[[VXal]](22)) -

Proof. Similarly to the two-dimensional argument, we will compare the change in the function via
additional values (s, x;) for some s € (0,2). Without knowing exactly which s yields an optimal
estimate, we will instead average over a range of possible s with the hope that, on average, the
differences are better controlled. Indeed, let

to —t
T, = min{2,t2 +2 1},
to — 1
Ty =T, — = 5 L
Notice that to € [T1,T5] and [T1,T5] x {x1,22} C Qy. When we average over different possible
s € [T1, T3] and use the triangle inequality we obtain that

1 T 1 T>
T —T) / |u(t2’x2) - U(S,CEQ)‘ ds| + T, — T, / |U($,$2) — u(s,x1)| ds

|u(z2) —u(z1)] <

Ty T
1 11
1 &
4.11 —u(t ds| .
(a.11) e ACCEN B P

117
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First, we estimate the terms I and I11. Let i € {1,2}. If ¢; < s, by the fundamental theorem of
calculus we have

(4.12)  |u(ts, x;) — u(s,z;)| < ) IVu(r,z;)|dr < |t; — sIM"[|Vul|(z;) < 3(To — Th)M7[|Vul](z).

t;

Similarly, (4.12) holds also if ¢; > s. Integrating with respect to s we obtain

(4.13) I <3(To —T1)M™[|Vu|](22) < 2|za — 21| MT[|Vul](22)-
and
(414) II7 S 3(T2 - Tl)MTHVUH(Zl) S 2’22 - leMTHVUH(Zl)

Next, we apply (4.8) to the second term:

Clzy — 2| T

< (MX[[VXa|)(s, 21) + MX[[ VX (5, 22)) ds
T=T1 Jp
1 & X X & X X
< — M U M u
< Clon ol (g [ ORIV s o [ ORIl as)

(4.15) < Clay — 2| (MT[MX[|VXa]]](21) + MT[MX]| VX)) (22)) -

Finally, by combining inequalities (4.13), (4.14), (4.15) and (4.11), we obtain the desired inequal-
ity (4.10). O

Recall that a domain €2 is quasiconvex if there exists a C' > 1 such that, for every pair of points
x,y € €, there is a rectifiable curve v C 2 joining x to y so that len(vy) < C|z — y].

Proof of Theorem 1.5. Because (2, is quasiconvex for every 1, the case of p = 0o is a consequence
of [5, Theorem 7|. Thus, fix 1 < p < co. By [4], we know that there is a bounded inclusion
v MYP(Qy) < WP(Qy). To show that ¢ is an isomorphism it suffices to show that the dense
subspace C*(Qy) NWHP(Qy) of WHP(€,,) is contained in M1P(Q,), and that the restricted inverse
L’1|Cl(9wmwl,p(gw) is defined and bounded.

Let u € C1(Qy) N WHP(Qy) be arbitrary, and define @ as in (4.7). Set
(4.16) 9(z) = MT[|Vull(z) + MX[|[VXal](z) + MT[M*[|[VXal]](2)
By (4.8) and Lemma 4.9, for every 21,22 € Qy, we get the estimate
u(z1) — u(z2)| < Clz1 — 22[(3(21) + 9(22)) -
Hence (1.2) holds for g := Cg for a suitable constant C' > 1. The triangle inequality gives

/ g(=)Pdz < C (/ M| Vul) ()P d= + / MX[|[VXa||(2)P da +/ MM VX (2)? dz) .
Qw Qw Qw Qw
Lemmata 3.3 and 3.6 and (4.6) lead to the estimates

/ MVl dz < C [ [Vu(z)Pdz
Qy Qy
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and
/ IMTIMXVXal(z)Pdz < C | MX[[VXal(z)Pdz < © / VXa(2) [P d=
2y Qy (0,2)xRn—1
2 2
< C// IVXa(t,x>|”dxdt§C// \VXu(t, z)|P dz dt
0 JRe 0 JB(0,%(1))
<

C’/ |Vu(2)|P dz,
y

which imply that g € Dy(u) and that [[ullyr1e(a,) < Cllullwisq,). That is, L’1|01(Qw)ﬂW1,p(Qw) is
both well-defined and bounded.
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SINGULARITIES IN #P-QUASIDISKS

TADEUSZ IWANIEC, JANI ONNINEN, AND ZHENG ZHU

ABSTRACT. We study planar domains with exemplary boundary
singularities of the form of cusps. A natural question is how much
elastic energy is needed to flatten these cusps; that is, to remove
singularities. We give, in a connection of quasidisks, a sharp inte-
grability condition for the distortion function to answer this ques-
tion.

1. INTRODUCTION AND OVERVIEW

The subject matter emerge most clearly when the setting is more gen-
eral than we actually present it here. Thus we suggest, as a possibility,
to consider two planar sets X, Y C C of the same global topological
configuration, meaning that there is a sense preserving homeomorphism
f: C == C which takes X onto Y. Clearly f: C\X =% C\Y. We
choose two examples; one from naturally occurring Geometric Function
Theory (GFT) and the other from mathematical models of Nonlin-
ear Elasticity (NE). The first one deals with quasiconformal mappings
f: C == C and the associated concept of a quasidisk, whereas the un-
explored perspectives come from NE. From these perspectives we look
at the ambient space C as made of a material whose elastic properties
are characterized by a stored energy function E: C x C x R?*? - R,
and f:C = C as a deformation of finite energy,

(1.1) E[f] & /CE(z, £.Df)dz < oo.

Hereafter the differential matrix Df(z) € R?*? is referred to as de-
formation gradient. A Sobolev homeomorphism f : C 2% C of finite
energy is understood as a hyper-elastic deformation of C. Our concept
of finite energy, suited to the purpose of the present paper, is clearly
inspired by mappings of finite distortion [3, 10, 12], including quasi-
conformal mappings. Therefore, omitting necessary details, the stored

2010 Mathematics Subject Classification. Primary 30C60; Secondary 30C62.
Key words and phrases. Cusp, mappings of integrable distortion, quasiconfor-
mal, quasidisc.
T. Iwaniec was supported by the NSF grant DMS-1802107. J. Onninen was
supported by the NSF grant DMS-1700274.
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2 T. IWANIEC, J. ONNINEN, AND Z. ZHU

energy function will take the form E(z, f, Df) = E(z,|Df[*/detDf).
We adopt interpretations from NE where a great part of our paper is
highly motivated. Let us take a quick look at such mappings.

1.1. Mappings of finite distortion. Throughout this paper the do-
main of definition of such mappings consists of sense preserving home-
omorphisms f : C 2% C of Sobolev class #;.:'(C,C).

Definition 1.1. A homeomorphism f € #;.'(C,C) is said to have
finite distortion if there is a measurable function K : C — [1,00) such
that

(1.2) IDf(2)]* < K(2)Js(2), for almost every z € C.

Hereafter |Df(z)| stands for the operator norm of the differential
matrix Df(z) € R**? | and J;(z) for its determinant. The smallest
function K (z) > 1 for which (1.2) holds is called the distortion of f,
denoted by Ky = K¢(x). In terms of d’Alembert complex derivatives,
we have |Df(2)] = |f.] + |f:] and J;(2) = |f.|* — |f:|*. Thus f can
be viewed as a very weak solution to the Beltrami equation:

af _ of _ Ky(z) -1
(1.3) 95 = 1(2) 5, where |u(2)| = i)+l <1
Df(z)
- L
D A
/]
L max{|Df(z)£]; |£|=1}
7 T Ki(z) =

/ min{|Df(z)¢|: [¢|=1}

FIGURE 1. The ratio L/l, which measures the infinites-
imal distortion of the material structure at the point z,
is allowed to be arbitrarily large. Nevertheless, L/l has
to be finite almost everywhere.

The distortion inequality (1.2) asks that Df(z) = 0 € R?**? at the
points where the Jacobian J¢(z) = det D f(z) vanishes.
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Definition 1.2. A homeomorphism f : C =% C of Sobolev class
#;2H(C,C) is said to be quasiconformal if K; € Z®(C). Tt is K-

quasiconformal (1 < K < oo) if 1 < Kf(z) < K everywhere.

1.2. Quasi-equivalence. It should be pointed out that the inverse
map f!:C 2% C is also K -quasiconformal and a composition fog
of K; and Kj-quasiconformal mappings is K - K5 -quasiconformal.
These special features of quasiconformal mappings furnish an equiva-
lence relation between subsets of C that is reflexive, symmetric and
transitive.

Definition 1.3. We say that X C C is quasi-equivalent to Y C C,

quasi

and write X

f.C 2 C.

Y, if Y = f(X) for some quasiconformal mapping

1.3. Quasidisks. One exclusive class of quasi-equivalent subsets is
represented by the open unit disk D C C. Thus we introduce the
following;:

Definition 1.4. A domain X C C is called quasidisk if it admits a

quasiconformal mapping f : C = C which takes X onto . In
quasi
D.

symbols, we have X

Quasidisks have been studied intensively for many years because of
their exceptional functional theoretical properties, relationships with
Teichmiiller theory and Kleinian groups and interesting applications in
complex dynamics, see [6] for an elegant survey. Perhaps the best know
geometric characterization for a quasidisk is the Ahifors’ condition [1].

Theorem 1.5 (Ahlfors). Let X be a (simply connected) Jordan domain
in the plane. Then X is a quasidisk if and only if there is a constant
1 < v < oo, such that for each pair of distinct points a,b € 0X we
have

(1.4) diamI" < v |a — b

where T is the component of X\ {a,b} with smallest diameter.
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cC—f—>C

F1GURE 2. Koch snowflake reveals complexity of a quasidisk.

One should infer from the Ahlfors’ condition (1.4) that:

‘Quasidisks do not allow for cusps in the boundary.‘

That is to say, unfortunately, the point-wise inequality K;(z) < K <
oo precludes f from smoothing even basic singularities. It is therefore
of interest to look for more general deformations f : C % C. We shall
see, and it will become intuitively clear, that the act of deviating from
conformality should be measured by integral-mean distortions rather
than point-wise distortions. More general class of mappings, for which
one might hope to build a viable theory, consists of homeomorphisms
with locally Z?-integrable distortion, 1 < p < co.

Definition 1.6. The term mapping of ZP -distortion, 1 < p < o0,
refers to a homeomorphism f: C — C of class #,>! (C,C) with K ;€
glgc (C)

Now, we generalize the notion of quasidisks; simply, replacing the
assumption Ky € £>(C) by Ky e ZF, (C).

Definition 1.7. A domain X C C is called an Z?-quasidisk if it
admits a homeomorphism f: C — C of ZP-distortion such that
fX)=D.

Clearly, .£P-quasidisks are Jordan domains. Surprisingly, the £} .-
integrability of the distortion seems not to cause any geometric con-
straint on X. We confirm this observation for domains with rectifiable
boundary.
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Theorem 1.8. Simply-connected Jordan domains with rectifiable bound-
ary are L -quasidisks.

Nevertheless, the £ P-quasidisks with p > 1 can be characterized by
model singularities at their boundaries. The most specific singularities,
which fail to satisfy the Ahlfors’ condition (1.4), are cusps. Let us con-
sider the power-type inward and outward cusp domains, see Figure 3.
For 8 > 1 we consider a disk with inward cusp defined by

DF =B(1—B,rs)\{z=a+iycC: x>0,y <2’}, rg =/ +1.
Whereas a disk with outer cusp will be defined by
D ={z=2+iycC:0<z <1yl <a’}UB(l+B,rs).

Here, 15 = /(% + 1.

Y
o & A 4
>\(1,1)
N
\
\
2 3 4_>.w
-2 R
ik
/
i
Q’_l)
\4
Yy =—x3

FIGURE 3. The inner and outer power cusps in the disks
D7 and Dj , with Bz%.

Note, all of these domains fail to satisfy the Alhfors’ condition (1.4).
However, replacing |a — b| in (1.4) by |a — b|* we obtain:

Definition 1.9. A Jordan domain X C C is a-Ahlfors reqular, with
a € (0,1], if there is a constant 1 < v < oo such that for each pair
of distinct points a,b € 90X we have

(1.5) diam ' < 7y |a — b|*
where I' is the component of 0X \ {a,b} with smallest diameter.

Theorem 1.10. Let X be either Dj or Dy and 1 < p < co. Then X
1s a ZLP-quasidisk if and only if 5 < ;%‘I’; equivalently, p < %
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This simply means that X is %—Ahlfors regular. Theorem 1.10 tells
us how much the distortion of a homeomorphism f: C — C is needed
to flatten (or smoothen) the power type cusp t°. It turns out that a
lot more distortion is needed to create a cusp than to smooth it back.
Indeed, in a series of papers [14, 15, 16], Koskela and Takkinen raised
such an inverse question. For which cusps does there exist a homeo-
morphism h: C — C of finite distortion 1 < K}, < oo which takes D

onto D5 7 A necessary condition turns out to be that e*» ¢ £ (C)
with p > % However, if p < % there is such a homeomorphism.
Especially, each power-type cusp domain can be obtained as the image
of open disk by a homeomorphism h: C — C with K, € £ (C) for all
p < 0o. Combining this with Theorem 1.10 boils down to the following

postulate:

Creating singularities takes almost no efforts (just allow for a little
distortion) while tidying them up is a whole new story.

1.4. The energy for .Z?-distortion. We need to pullback to C the
Euclidean area element do(¢) of S* C R? by stereographic projection
IT:S° == C, where

SO e = (wt):weC,-1<t<1, |wf+t2=1}CCxR~R?,
The image point z = II¢ is defined by the rule II(w,t) = ;. For the
inverse projection II7! : C 2% S° we have:

2|2 —1
1+ |2)? and = Iz||2+1'
Denote by dz = dxdy the area element in C, z = x +iy. The
general formula of integration by change of variables reads as follows:

4dz 4G(2)dz
do(§) = TE+12 hence /<C(|Z’2+1)2 = /O G(I1g) do (&)

Now, one might consider mappings of .Z? -distortion which have finite

ZLP -energy:
aof [ [Kf(2)]Pdz »
(1.6) E[f] = 4/@ (|2f|27+1)2 = /O[Kf(f)] do(§) < oo,

where Kr : S° — [1,00) stands for the distortion function of the
mapping F = foll : §° 2% C. For the energy formula (1.6), we
invoke the equality Kr(§) = K (II) which is due to the fact that
IT is conformal. This formula makes it clear that K -quasiconformal
mappings f: C =% C have finite .£?-energy and E[f] < 47 KP.

In the spirit of extremal quasiconformal mappings in Teichmiiller

spaces, one might be interested in studying homeomorphisms f : C *%

E=11""'2 = (w,t), where w=
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C of smallest .Z?-energy, subject to the condition f(X) =Y. Here
the given pair X,Y of subsets in C is assumed to admit at least
one such homeomorphism of finite energy. To look at a more specific
situation, take for X an Z?-quasidisk from Theorem 1.10, and the
unit disk D for Y. What is then the energy-minimal map [ : C ==
C? Polyconvexity of the integrand will certainly help us find what
conditions are needed for the existence of energy-minimal mappings.
We shall not enter these topics here, but refer to [2, 13, 19] for related
results.

1.5. The main result. Since a simply connected Jordan domain is
conformally equivalent with the unit disk, it is natural to consider
special ZP-quasidisks; namely, the domains X which can be mapped
onto an open disk under a homeomorphism f: C — C with p-integrable
distortion and to be quasiconformal when restricted to X.

The answer to this question can be inferred from our main result
which also generalizes Theorem 1.10.

Theorem 1.11 (Main Theorem). Consider power-type inward cusp
domains X = DF with 8 > 1. Given a pair (q,p) of exponents 1 <
q< oo (for X)and 1 < p < oo (for the complement of X ), define
the so-called critical power of inward cusps

%, ifl<p<ooandqg< oo
(1.7) Bcrg %—kl, if p=o00 and ¢ < oo
%, ifl<p<oo andqg=o00

Then there exists a Sobolev homeomorphism f: C — C which takes X
onto D such that

o K; e Z9X)
and

o K; € ZP(Br\X) for every R > 2,
if and only if B < Ber.

Here and what follows Br = {z € C: |z| < R} for R > 0. Applying
the standard inversion of unit disk, Theorem 1.11 extends to the power-
type outer cusp domains as well. In this case the roles of p and ¢
are interchanged. The reader interested in learning more about the
conformal case f: DF % D is refer to [22].

Our proof of Theorem 1.11 is self-contained. The “only if” part of
Theorem 1.11 relies on a regularity estimate of a reflection in D7
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Kye 29X)

FIGURE 4. An Z9P -quasidisk

Such a reflection is defined and examined in the boundary of an arbi-
trary £P-quasidisk. In this connection we recall a classical result of
Kiithnau [18] which tells us that a Jordan domain is a qusidisk if and
only if it admits a qusiconformal reflection in its boundary. Before go-
ing into details about the boundary reflection proceeders (Section 3)
we need some preliminaries.

2. PRELIMINARIES

First we recall a well-known theorem of Gehring and Lehto [9] which
asserts that a planar open mapping with finite partial derivatives at
almost every point is differentiable at almost every point. For homeo-
morphisms the result was earlier established by Menchoff [20].

Lemma 2.1. Suppose that f: C — C is a homeomorphism in the class
W, oM (C,C). Then f is differentiable almost everywhere.

loc

It is easy to see, at least formally, applying a change of variables
that the integral of distortion function equals the Dirichlet integral
of inverse mapping. This observation is the key to the fundamental
identity which we state next, see [10, 11, 21].

Lemma 2.2. Suppose that a homeomorphism f: C % C of Sobolev
class 5 (C,C). Then f is a mapping of L -distortion if and only
if the inverse h Lot f~' e WL2(C,C). Furthermore, then for every

loc

bounded domain U C (C we ha’ue
/f (U)| (y)|” dy U (@)

and Jp(x) >0 a.e.
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At least formally the identity (ho f)(x) = z, after differentiation,
implies that Dh(f(x))Df(x) = I. The validity of such identity under
minimal regularity assumptions on the mappings is the essence of the
following lemma, see [10, Lemma A.29].

Lemma 2.3. Let f: X — Y be a homeomorphism which is differen-
tiable at x € X with Jr(x) > 0. Let h: Y — X be the inverse of f.
Then h is differentiable at f(x) and Dh(f(x)) = (Df(z))™ .

Next we state a crucial version of the area formula for us.

Lemma 2.4. Let X,Y C C be domains and g: X **% Y a homeomor-
phism. Suppose that V C X be a measurable set and g is differentiable
at every point of V. If n is a nonnegative Borel measurable function,
then
2.1) [ ntg@)y@lde < [ nty)dy.

\ g(V)

This follows from [5, Theorem 3.1.8] together with the area formula
for Lipschitz mappings.

The circle is uniquely characterized by the property that among all
closed Jordan curves of given length L, the circle of circumference L
encloses maximum area. This property is expressed in the well-known
isoperimetric inequality.

Lemma 2.5. Suppose U is a bounded Jordan domain with rectifiable
boundary OU. Then

1 2
—leou)

where |U] is the area of U and £(OU) is the length of OU.

(2.2) Ul <

3. REFLECTION

We denote the one point compactification of the complex plane by
C <L Cc U {oo}.

Definition 3.1. A domain Q C C admits a reflection in its boundary
0f) if there exists a homeomorphism ¢ of C such that

e g(Q)=C\Q, and

o g(z) =z for z € 0.

A domain Q c C is a Jordan domain if and only if it admits a
reflection in its boundary, see [7]. In this section we raise a question
what else can we say about the reflection if the domain is an Z7-
quasidisk. A classical result of Kiihnau [18] tells us that Q c C is
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a qusidisk if and only if it admits a qusiconformal reflection in 0.

Let X C C be an ZP-quasidisk. Then there exists a homeomorphism

f: C = C such that f(X) = D. We extend f by setting f(oc0) = o0

and still denote the extended mapping by f. This way we obtain a

homeomorphism f: C 2 C. We also denote its inverse by h: C 2 C.
The circle inversion map W: C 2oy (C

W(Z)d:ef{lzjz if 2 £ 0

00 if z=0

is anticonformal, which means that at every point it preserves angles
and reverses orientation. The circle inversion defines a reflection in 0X
by the rule

(3.1) g C2sC  gla) L hoWo f(z).
Theorem 3.2. Let X be an ZLP-quasidisk and g the reflection in 0X

given by (3.1). Then for a bounded domain U C C such that h(0) ¢ U
we have g € #11(U,C) and

(3.2) /Umdx < </g(m K% (x) dx)é _ (/U K2(x) dx)% .

Proof. Let U be a bounded domain in C such that h(0) ¢ U. For z € U
we denote

We write
V &L {2 € U: f is differentiable at = and Jr(z) > 0}.

Then by Lemma 2.1 and Lemma 2.2 we obtain [V] = [U].

Fix x € V. Then f is differentiable at . Furthermore, h is differ-
entiable at f(z), see Lemma 2.3. Therefore, for z € V the chain rule
gives

(33)  |Dg(x)| < IDR(f(@)|IDf(2)] and Jy(z) = Ju(f(2))Jf().
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Hence, applying Holder’s inequality we have

Loy i

\Dh(f
(2
(

V| Jn(f

< ( IDA(fDIT
L Iu(fla)p

According to Lemma 2.4 we obtain

Dh(f(x))[* Dh(y)[*
V| Jn(f ()t ooy [Tn(y)lp
Applying Lemma 2.4 again this time for h, we have
| Dh(y) > / 2
- ————Jp(y)dy < Dh(f(x))]*[J¢(x)]P da .
S Trtgr @ < [ D7) 1)
This together with Lemma 2.3 gives

[, TS away < [ () ) da.

RAC

The familiar Cramer’s rule implies

g(V)

D@

3o) [ (ose T perar= [

Combining the estimate (3.5) with (3.6) we have

[DA(f ()|

37) Y )P

Jz(2)|dr < K2(z)dx.
iolds < [ | K3e)

11

Estimating the second term on the right hand side of (3.4) we simply

note that |[DW(2)|> = J(z,¥) for 2 € C\ {0} and so

(3.9) / 'f,f O 4 = [ Kp@)de < [ K9) s

The claim follows from (3.4), (3.7) and (3.8).
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4. PROOF OF THEOREM 1.8

The proof is based on a Sobolev variant of the Jordan-Schonflies
theorem.

Lemma 4.1. Let X and Y be bounded simply connected Jordan do-
mains, Y being rectifiable. A boundary homeomorphism ¢: OX =%
0Y satisfying

(41) || Doglo™(€) = o™ )| laglln| < oo

admits a homeomorphic extension h: C — C of Sobolev class #,5%(C, C).

This result is from [17, Theorem 1.6]. Note that if one asks the ex-
istence of homeomorphic extension h: X % Y (on one side of 9X)
in the Sobolev class # (X, C). First, applying the Riemann Map-
ping Theorem we may assume that X = ID. Second, a necessary con-
dition is that the mapping ¢ is the Sobolev trace of some (possibly
non-homeomorphic) mapping in #2(X,C). The class of boundary
functions which admit a harmonic extension with finite Dirichlet en-
ergy was characterized by Douglas [4]. The Douglas condition for a
function ¢: 9D == JY reads as

(4.2) /am) /aD

In [2] it was shown that for ‘51 smooth Y the Douglas condition (4.2)
can be equivalently given in terms of the inverse mapping ¢~!: 9Y 2%

oD by (4.1). Beyond the ¢'-smooth domains, if Y is a Lipschitz reg-
ular, then a boundary homeomorphism ¢: 9D == e dY admits a home-
omorphic extension h: D 2% Y in #12?(D, C) if and only if ¢ satisfies
the Douglas condition. There is, however, an inner chordarc domain
Y and a homeomorphism ¢: 0D =% oo Y satisfying the Douglas condi-
tion which does not admit a homeomorphic extension h: D 2% Y with
finite Dirichlet energy. Recall that Y is an inner chordarc domain if
there exists a homeomorphism Y: Y 2% D which is ¢!-diffeomorphic
in Y with bounded gradient matrices DY and (DY)~!. These and more
about Sobolev homeomorphic extension results we refer to [17].

Proof of Theorem 1.8. Let X C C be a simply connected Jordan do-
main, 0X being rectifiable. According to Lemma 2.2, X is an Z!-
quasidisk if and only if there exists a homeomorphism h: C % C in
#,2%(C, C) such that h(D) = X. Therefore, by Lemma 4.1 it suffices to
construct a boundary homeomorphism ¢: 8]D) % 90X which satisfies

L[ oglo™(©) = 67 ()| dg]dn] < oo

|dn| < oc.
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Let &, € OX be arbitrary. We denote by ¢, the subcurve of X,
connecting § and 7. The curve v, is parametrized counterclockwise.
Setting z¢ = 1. For arbitrary z € JD let z;z C 0D be the circular arc
starting from z¢ ending at z. The arc is parametrized counterclockwise.
For n € 0X, there exists a unique z, € JD with

() )
00X)  L(0D)
Now, we define the boundary homeomorphism ¢ : 0D — 0X by setting

P(2y) = n.

Zn
22,
n
¢
25 —
Ten
3
First, we observe that |¢'(z)| = % for every z € 0D. Furthermore

since the length of the shorter circular arc between two points in JD is
comparable to their Euclidean distance the change of variables formula
gives

| Jogle™(© = o7 )l ldn| < € [ Jiogle™ () = 67 (m)l||do ™ ()

27
< C’/ llogt|dt < oo.
0

5. PROOF OoF THEOREM 1.11

Before jumping into the proof we fix a few notation and prove two
auxiliary results. Fix a power-type inward cusp domain ]DD;. For 0 <

t < 1 we write

L& {t+iyeC:0< |yl <t}

and
U L fztiyeC:0<z<tand0< |y <z}
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The area of Uy is given by
t psP 2tﬁ+1
ul=[ [ tayds=2—.
‘ t‘ 0 J—sP yes /8+1

Suppose the cusp domain ]D); is an Z*-quasidisk for 1 < s < oc.
Note that according to Theorem 1.8 the domain ID)E is always an

Z'-quasidisk for every 3. Therefore, there exists a homeomorphism
f: C =% C of £'-distortion such that f(D3) =D. We denote the in-
verse of f by h: C 2 C. After first extending the homeomorphisms f
and h by f(00) = 0o = h(co) we define a homeomorphism ¢: C 22 C
by the formula (3.1). The mapping g gives a reflection in the boundary
of DF; that is,

e 9(DF) = C\ Dy,

¢ g(C\DF) = D5 and

¢ g(x) = x for v € IDF.
Lemma 5.1. Let e, = 27" for n € N. Then there exists a subsequence
{€n,} of {en} such that for every k € N we have either

o lo(U.,,)| <&, or

Nk

¢ l9(Ue, ) < 5lg(Ue,, .| and |g(Ue,, )| > €,

Proof. Assume to the contrary that the claim is not true, then there
exists n, € N such that for every i > n,, we have |g(U,)| > € and
l9(Ue,) (Ue,,,)|- Hence we have

19(Ue,, )| > 519Uy, 4:)1 > o > 59Uy )| > oo

which implies that for every n € N, we have

5.) o> (5) 4

Letting n — oo the term on the right hand side of (5.1) converges to
oo which contradicts with [g(U,, )| < |D5]| < oo. O

The key observation to show that D7, 8 > 1, is not an .Z*-quasidisk

for sufficiently large s > 1 is to compare the length of curves g(I;) and
L.

Lemma 5.2. Suppose that D is an £°-quasidisk for 1 < s < oc.
Then for almost every 0 <t < 1 we have

52 )< ([ ,!]Df’ ) (1ot ar)

—1
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44(

D

Proof. The second estimate in (5.2) follows immediately from Holder’s
inequality

—1
525 dx

1)< [ 1Po(@)de < [ I

(15 ()

s—1

Now, we are ready to prove our main result Theorem 1.11.

5.1. The nonexistence part. Recall that critical power of inward
cusps [ is given by the formula (1.7). Here we prove that if 5 > S,
then there is no homeomorphism f: C — C of finite distortion with
f(D5) =D and Ky € Z7(Bg \ DF) N .Z9(D5) for every R > 2. For
that suppose that there exists such a homeomorphism. Write

5 &t min{p,q} > 1.

We will split our argument into two parts. According to Lemma 5.1
(we denote J = {n, € N: k € N}) there exists a set J C N and a
decreasing sequence €; such that €; — 0 as j — oo and for every j € J
we have either

(1) 19(Ue,)| < € or
(ii) |9(U,,)| < 5lg(Ue,.,)l, 19(Ue)| > € and € = 2¢;41.

We simplify the notation a little bit and write U; = U,. In both cases
we will integrate the inequality (5.2) with respect to the variable ¢ and
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then bound the right hand side by the following basic estimate.

(/Uj de)g < 5 1J, ()] dx)

2(s—1)

(5:3) Cile) [U;| 7 - \Q(U{N% when ¢,p < oo
< Cale) Uy 'Jlg(Uj) KB when p = oo
Cg(Ej) |IUJ'|T . |9<UJ)| when q = o0

Here the functions Ci(¢;), Ca(€;) and Cs(e;) converge to 0 as j — oo.

Proof of (5.3). Since f is a mapping of .Z*-distortion and h(0) =
/71(0) € U; applying Theorem 3.2 we have

(5.4) /Uj mdx < <L(Uj)K;(x) dx)é , (/U K3() dx>5 .

Especially, Theorem 3.2 tells us that g € #,/(C,C). Therefore,
Lemma 2.1 and Lemma 2.4 give

(55) | s dz < 1g(U))]
This together with Holder’s inequality implies
(5.6) ot de < [0;12g(U;) 1

Combining (5.4) and (5.6) we conclude that

() () o)

([, mi@ar [ Kjwa ) (1051 - lg(U;))

Recall that 1 < s = min{p, ¢} < co. Now the claimed inequality (5.3)
follows from the estimate (5.7) after applying Holder’s inequality with

2(s—1)

(5.7)

1

def
Ci(ej) = (9(U;))

def
(5.8) Ca(ej) = !|Kf||$°°(w WK ¢l zagu;))

def
Cs(e;) = ||Kf||$p(mj)||Kf||$°°(9(UJ))
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5.1.1. Case (i). Recall that in this case we assume that |g(U;)| < €.

The homeomorphism f is a mapping of .Z*-distortion, Lemma 5.2 im-
plies that for almost every 0 < t < 1 we have

59 )< ([ ,!]Df )(/ o)

Since the curve g(I;) connects the points (¢,t°) and (¢, —t?) staying in
D7, the length of g(I;) is at least 2¢. Therefore,

(5.10) 2t < (/ﬂthxf(Lug(x)'édz)tl

Integrating this estimate from 0 to €; with respect to the variable ¢ and
applying Holder’s inequality we obtain

(5.11) €?<</U] “f(g ) </ 1, (« ]2dx)

After squaring this and applying the basic estimate (5.3) we conclude
that

—1

—1

Ci(e)) U] % - [g(U )!7 when ¢, p < 00
6 < Caley) U] - 9|+ when p = oo
Cy(e) U7 - lg(Uy)] when ¢ = o0
9+l
Now, since |U;| = B{H < ej "and |g(U,)| < €2 we have
(B=Ber) (Pa—q)
Cilej)e; ™ when ¢,p < oo
1< {Cy(e) € B—Per when p = oo
1=Ben)p=1)
Cs(ej)e; 7 when ¢ = oo

Note that C(¢;), Ca2(¢;) and Cs(¢;) converge to 0 as j — co. Therefore,
B < Ber, this finishes the proof of Theorem 1.11 in Case (i).

5.1.2. Case (ii). Asin the previous case applying Lemma 5.2 for almost
every 0 <t <1 we have

(5.12)  L(g(L)) < (/H ,!]D(g ) (/ 1yl > |

Now, we first note that 2/¢(g(L;)) > E(@g(TUt)) and then apply the
isoperimetric inequality, Lemma 2.5 we get

619 gt < ([ I8 0)" (] oiar)”

—1

—1




18 T. IWANIEC, J. ONNINEN, AND Z. ZHU

Integrating from €, to €; with respect to ¢ we obtain

<ej—ej+1>|g<wj+l>|%<(/mf)f) )(/ ol '““)

Since by the assumptions of Case (ii), |g(U;)| < 5|g(U;j41)| and €; =
2¢€;41 we have

olac@t <o ([ LPA0] ) (f e

Combining this with (5.3) we obtain

—1

p=1 a1
Cile;) [Us] 7 - [g(Uy)] when ¢, p < o0
q—1
€19(U;)] <100 - Ca(e;) [Uy] - [g(Uy)] @ when p = oo
p—1
03(6]‘) |[UJ| P |g([Uj)| when q = o0
Therefore,
p=1 _1
Ci(e) |U;] 7 - ]g(Ujl)\ a when ¢,p < oo
& <1004 Cafey) U] - g(U)| 7 when p = oo
Cs(€5) |U;| 7 when ¢ = o
;BH B+1 2
This time [U;| = 55 <¢; 7 and |g(Uj;)| > €. Therefore,
(B—Bcr)(pa—a)
Cilej)e; ™ when ¢,p < o
1 <100 - 4 Cy(e) f Pes when p = oo
(B=Ber)(p—1)
Cs(ej)e; 7 when ¢ = o0

Therefore § < f[e. This finishes the proof of nonexistence part of
Therorem 1.11.

5.2. The existence part. In this section, we construct a homeomor-
phism of finite distortion f: C — C with f(D7) = D and K; €
ZLP(Br \ DF) N ZL9D5) for every R > 2, whenever 1 < 8 < .
Simplifying the construction we will replace the unit disk D by Df.
This causes no loss of generality because D7 is Lipschitz regular. In-
deed, for every Lipschitz domain €2 there exists a global bi-Lipschitz
change of variables ®: C — C for which ®(Q2) is the unit disk. There-
fore, the domains DT and D are bi-Lipschitz equivalent. Especially,
DT is a quasidisk. Hence we may also assume the strict inequality
1 < B < B¢ in the construction.
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In addition to these we will construct a self-homeomorphism of the
unit disk onto itself which coincide with identity on the boundary.
Note that this causes no loss of generality since 1 £ € D and there-
fore extending the constructed homeomorphism as the identity map
to the complement of unit disk. In summary, it suffices to construct
a homeomorphism f: D *% D, f(z) = 2z on dD, f(Dj) = Df and
Ky € 27D\ D7) N Z4D5). We will use the polar coordinates

(r,0) and write f: D — D in the form f(r,0) = (7(r),0(0,r)). Here
7:[0,1] == [0, 1] is a strictly increasing function defined by

— when ¢ < oo
(5.14) 7(r) 2t ] en((1)7) K
r when ¢ = .

The value 74 is chosen so that

{max{ﬁ(p_l)p_(pm,O} <y < % when p < oo

(5.15)
vp=0-1 when p = 0.

For every 0 < r < 1 we choose a,, b, € S(0,7)NID} such that Im a, > 0
and Im b, < 0. Here and what follows we write S(0,r) = dD(0,r). Re-
spectively, we choose @), B,:(T) € S(0,7(r))NOD7T such that Im @z,y > 0
and Im l;;(r) < 0. We define the argument function 6(r, 0) so that it
satisfies the following three properties

(1) f(a,) = sy and f(by) = bry).

2) f maps the circular arc S(0,7)NID7 onto the circular arc S(0,7(r))N
B

DT linearly as a function of 6. o
(3) f maps the circular arc S(0,7)N (ID \ DE) onto the circular arc

S(0,7(r)) N (]D) \ ]])Tf) linearly as a function of 6.

ar

‘

h ~
b(r)

D3 A

We have

DND; = {(r,#) eC:0<r <1 and arctant’' <6 < 27 — arctant’~'}
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and
D\ D5 = {(T,G) €C:0<r<1 and —arctant’ ! <@ < arctantﬁ_l} .

Here ¢t > 0 and solves the equation ¢? + t?% = r2. We also have

DﬂD*z{(f,@)E(C 0<7<1 and Z<9~ ZT}

and
D\W:{(f,é)e(c:()<f<1 and _TW<9~<£}
Using the polar coordinates we have
37l s 3rarctantf—1 <
8(6,r) = i(rarctant? 1) T (5 - sragentsy)  when (1,0) € D;
# when (7, )e]D\D;.

For (r,0) € D, the differential matrix of f reads as

_ ,%7“(7“) 0
Df(r.0) = ( Fr)20(r,0)  TD24(r ) )

7'89

Computing the derivative of radial part 7(r) we have

1.
(5.16) gf(?) =7 <%)W+ (r) when ¢ < oc
or 1 when ¢ = oo

5.2.1. Proof of Ky € Z%(ID5). For (r,0) € DF, we have

P(r)5:0(r.0) = 7 (r) 5 L(ﬂ_‘q’tatﬁ) +(n- M)}

and

gé(r 0) = (r) 3w

r r 4(7r arctan t#— 1) ’

Since ¢t > 0 solves the equation ¢? + 2% = r2, for 0 < r < 1, we have
% ~ 1 and 0 < arctant’?~! < 7. Here and what follows the notation
A =~ B is a shorter form of two inequalities A < ¢B and B < cA for
some positive constant c¢. Therefore, there exists a constant C' > 1

independent of r and 6, such that

~ 1\ v+ ~
If('r)ge(r, ) < C- ()" #(r)  when g < oo

and

") 05 gy {7 whena<oo
1 when g = oo
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Now, we have

Ky(r,0) < C- {T 7 wheng<oc
1 when ¢ = .
for some constant C' > 0.
Since 73 is chosen so that 0 < y3 < % for ¢ < oo, we have K; €
Z9(D5). Also if ¢ = oo, then the distortion function K; € .£>(Dj),
as claimed.

5.2.2. Proof of Ky € XP(D\]])T;). For (r,0) € D\ DF, we have

f(?")%é(ﬁ 0) = ?:(’)”)% (4arctgf1tﬁfl)
and
7(r) Qé(?”, 0) _ 7(r) ™

r 00 r 4darctantP—1°
Recall that since ¢ > 0 solves the equation t? + % =12, for 0 < r < 1,
we have % ~ 1. In this case, —arctant’~! < § < arctant’~!, therefore
there exists a constant C' > 0 such that

17(r) 20(r,0)] < C (1) 7 (r).

Since
lir&%ff—lzlandt<r<2t,
ts
we have
s 7(r)  7(r)
darctantP—1 5 7 B -
Therefore,
C -
Kf(?”,@) < m When (7’,9) ED\DE

For p = oo, since 75 = 3 — 1, we have Ky € Z*>(D\ Dj). For p < oo,
B is chosen so that 1 < 8 < .. When g < oo, 3 is chosen so that

—1)— 1
max{ﬁ(p )—(p+1)
p
and when ¢ = 00, 75 is set to be 0. Since |5+ 1 — ] < 1% we have

2 1 1
P
b\Bs Ki(r)dr < /0 /0 T drdf < co.

0}< <2
) ’7 )
g q
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Sobolev extensions via reflections

Pekka Koskela and Zheng Zhu *

Abstract

We show that the extension results by Maz’ya and Poborchi for polynomial
cusps can be realized via composition operators generated by reflections. We
also study the case of the complementary domains.

1 Introduction

A domain Q C R” is called a (p, q)-extension domain, 1 < ¢ < p < oo, if every
u € WHP(2) has an extension Eu € W29(R") with [Eullyromma) < Cllullwie@)-
A Lipschitz domain €2 is a (p, p)-extension domain for all 1 < p < oo by results due
to Calderén and Stein [30]. Jones generalized this result to a much larger class of
domains, so-called (e, §)-domains, but general domains are not necessarily extension
domains for any p, ¢. For example, in [23, 24, 25], Maz’ya and Poborchi investigated
in detail a typical case where the above extension property fails: the case of a domain
with an outward peak, also see [22, 28] for related results. Once a polynomial degree
of the peak was fixed, they found the optimal p, ¢ for the (p, ¢)-extendability.

The idea of using reflections to construct extension operators is implicit in the
results for Lipschitz domains. Gol’dshtein, Latfullin and Vodop’yanov initiated the
systematic use of reflections for constructing extension operators in the Euclidean
plane R? in [7, 10]. In [8], Gol'dshtein and Sitnikov showed that the Sobolev ex-
tendability for planar outward and inward cuspidal domains of polynomial order
can be achieved by a bounded linear extension operator induced by reflections.
Very recently, Koskela, Pankka and Zhang [21] proved that for every planar Jordan
(p, p)-extension domain with 1 < p < oo, there exists a reflection over the boundary
09 which induces a bounded linear extension operator from W1P(Q) to W'r(R?).

In this paper, we study the Sobolev extension via reflections on outward cuspidal
domains in the Euclidean space R™ with n > 3. From now on, we alway assume
n > 3.

*The research of both authors has been supported by the Academy of Finland Grant number
323960. Zheng Zhu was also support by the CSC grant CSC201506020103 from China.
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We distinguish a horizontal coordinate axis in R,
R'=RxR"'={z:=(t,x):teRand x = (21, -+ ,2, 1) E R"'}.

Let us consider the model case of €2°, the outward cuspidal domain with the degree
1 < s < 00, defined by setting

(1.1) Q= {(t,7) ERx R =R":0<t <1,z <t} UB((2,0),V2).

See Figure 1. For the case of this model domain, the results due to Maz’'ya and
Poborchi state that there exists a bounded linear extension operator E; from WP (Q?)
to W14(R"), whenever w <p<oandl<gqg< ﬁ,
another bounded linear extension operator Fy from Wh?(Q*) to Wh4(R"), whenever

and there exists

1+(n—1)s +(n—1)s _ 14(n—1)s
TH(n—2)s <P <X and 1 < ¢ < m. For p = ———>=, one has
np B p+(n—1)sp

=n—1.

I+(n—1)s 1+n—1)s+(s—1)p

Hence both E; and Es extend functions in W5 (QS) to W4(R™), whenever
1 < ¢ < n—1. However, surprisingly, Maz'ya and Poborchi also constructed a

bounded linear extension operator Es from WI’M(QS) to WhHr—H(R™). All
these results are sharp, see [22] and references therein. For a detailed exposition of
these results, see [22]. Interestingly, the given extension operators for the domain
* above are linear and the formulas defining the operators do not depend on p once

s and the range of p are fixed. Our main result explains this phenomenon.

Theorem 1.1. Let ° C R" be an outward cuspidal domain with the degree s > 1.

Then
(1) : There exists a reflection Ry : R®* — R over 0Q2° which induces a bounded
linear extension opemtor from WLP(Q#) to W4(R"), whenever M

and 1 < g <

<p< oo

1+(n 1)s”
(2) : There exists another reflection Ry : R* — R™ over 092° which induces a bounded
1+(n—1)s
24+(n—2)s

linear extension operator from W1P(Q?%) to WhH4(R"), whenever

(A+(n—1)s)p
1+(n—1)s+(s—1)p"

<p<oo
and 1 < g <

Theorem 1.1 implies that both reflections R; and Rs induce a bounded linear
extension operator from Wl’M(QS) to Wh4(R™), whenever 1 < ¢ <n — 1.
We would like to know if there exists a further reflection Rs which induces a bounded
linear extension operator from Wlw(ﬂs) to WhHr=1(R").

In general, we say that a reflection R : R" — R" over 092, for a bounded domain
) (whose boundary has volume zero) induces a bounded linear extension operator



from WHP(Q) to WH4(R™) if there is an open set U containing 92 so that, for every
u € WH(Q), the function v defined by setting v = uw on QN U and v = uo R on
U\ Q has a representative that belongs to W4(U) with

(1.2) Hval,q(U) S CHUHWI,P(UQQ),

for some positive constant C' independent of u. Similarly, we say that the reflection
R induces a bounded linear extension operator from W1hP(R™ \ Q) to Wh(R"), if
for every u € W'P(R" \ Q) the function ¥ defined by setting o = u on U \ Q and
0 =wuoR on UNK has a representative that belongs to W4 (U) with

(1.3) [ollwraw) < Cllullwro@nay:

Here the introduction of the open set U is a convenient way to overcome the non-
essential difficulty that functions in W1?(G) do not necessarily belong to W14(G)
when 1 < ¢ < p < oo and G has infinite volume. It follows from the assumption (1.2)
(or (1.3)) via the use of a suitable cut-off function that Q (or R™\ Q, respectively) is
a (p, q)—extension domain with a bounded linear extension operator. For this, see
Section 2.

The crucial point behind Theorem 1.1 is that we obtain Sobolev estimates on
u o R in terms of the data on u. There is a rather long history of such results, for
example see [9, 11, 15, 31] and references therein. In the setting of our problem, the
most relevant reference is the paper [31] by Ukhlov. What we find surprising in our
situation is that a single R; induces the best bounded linear extension operator for

all values w < p < oo and another single Ry induces the best bounded

linear extension operator for all values % <p< wy*%, but neither R,

. . . —1 —~1)2
nor Ry can induce a best linear extension operator for p = W In the case
of compositions from W'? to W' the relevant estimate is

(1.4) |DR(2)" < C[Jr(2)]

almost everywhere, which for p = n is the pointwise condition of quasiconformality.
Mappings satisfying (1.4) with p # n apparently appeared for the first time in the
works of Gehring [6] and of Maz'ya [26], independently. With some work one can
show that (1.4) implies the corresponding inequality with p replaced by ¢ when
either ¢ > p >mnor 1 < ¢ < p < n, but not in other cases. On the other hand, for
n—1< p < oo, aresult in [8] shows that (1.4) together with W!P-regularity of R
implies the dual estimate

(1.5) IDR™(z)|7i= < C'|Jr-1(2)].

This kind of duality actually also holds for compositions from WP to W14 with
q < p, see [31]. Also see [16, 31, 34] for general results on the regularity of R~
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From the argument above, one could also expect that the reflections R and R,
induce a bounded linear extension operator from WP(R™\ Q%) to WH(R"), for
some 1 < ¢ < p < co. As one can easily check, for every 1 < s < oo, R™ \ Q5 is
a so-called (€, d)-domain and hence a (p, p)-extension domain for every 1 < p < oo

due to Jones [19]. Our next theorem relates this to our reflections.

Theorem 1.2. For every 1 < s < oo, R"\ Q¢ is a (p, p)-extension domain, for
every 1 < p < oo. The reflection Ry over 02° in Theorem 1.1 induces a bounded
linear extension operator from W1P(R™\ Qs) to WHP(R™), whenever 1 <p <n— 1.
Moreover, for each n —1 < p < 0o, no reflection over 02° can induce a bounded
linear extension operator from WLP(R™\ Qs) to WHP(R™).

What then about the case p = oco? We say that a domain 2 C R" is uniformly
locally quasiconvex if there exist constants C' > 0 and R > 0 such that for every pair
of points z,y € Q with d(x,y) < R, there is a rectifiable curve  connecting = and
y in Q such that the length of 7 is bounded from above by Cd(z,y). If the above
holds without the distance restriction, €2 is said to be quasiconvex. Recall that €2 is
an (0o, 00)-extension domain if and only if it is uniformly locally quasiconvex, see
[12] by Hajlasz, Koskela and Tuominen. One can easily check that both €2* and
R™ \ Q¢ are uniformly locally quasiconvex, equivalently, they are (0o, co)-extension
domains. We close this introduction with the following analog of Theorem 1.2.

Theorem 1.3. Given 1 < s < oo, both Q° and R™ \ Q¢ are (0o, c0)-extension
domains. The reflection Ry over 02° in Theorem 1.1 induces a bounded linear
extension operator from Wh*°(Q®) to Wh*(R™). On the other hand, no reflection

over 9 can induce a bounded linear extension operator from W1H®(R™ \ Q%) to
Wl’OO(Rn).



2 Preliminaries

In this paper, R .= R U {00} is the one-point compactification of R™. Next,
2= (t,z) € RxR"! = R" means a point in the n-dimensional Euclidean space R".
We write C' = C(ay, ag, ..., a,) to indicate a constant C' that depends only on the
parameters aq, as, ..., a,; the notation A < B means there exists a finite constant ¢
with A < ¢B , and A ~. B means %A < B < cA for a constant ¢ > 1. Typically
¢, C, ... will be constants that depend on various parameters and may differ even on
the same line of inequalities. The Euclidean distance between given points 21, 25 in
Euclidean space R" is denoted by d(z1, z2) or |z; — 23|. Then the distance between
two sets A, B C R" is denoted by

d(A, B) .= inf{d(z1,22) : 21 € A, 2, € B}.

The open ball of radius r centered at the point z is denoted by B(z,7). In what fol-
lows, Q0 C R™ is always a domain, and 0f is the boundary of 2. The r-neighborhood
of 2 is

B(Q,r):={z€R":d(2,Q) <r}.

Given a Lebesgue measurable set A C R™, | A| refers to the n-dimensional Lebesgue
measure. The interior of a set A C R" is denoted by A. For a locally integrable
function v and a measurable set A C R" with 0 < |A| < oo, we define the integral
average of u over A by setting

fAu(z)dz = ﬁ/Au(Z)dZ

The Sobolev space W?(Q) for p € [1,00] is the collection of all functions u €
LP(€2) whose norm

[ullwre) = |lullLr@) + |[Dull| e @)

is finite. Here Du = (g1, g2, .., gn) is the distributional gradient of u, where g; is
the weak partial derivative of u with respect to x;. A mapping f = (f1, fo, -, fm) :
Q — ' is said to be in the class WP (Q, ), if every component f; is in the Sobolev
space WhP(Q).

The outward cuspidal domain 2° has a boundary singularity but it is still rather
nice. For example, both the outward cuspidal domain £° and its complement R™\
satisfy the segment condition.

Definition 2.1. We say that a domain 2 C R" satisfies the segment condition if
every x € OS2 has a neighborhood U, and a nonzero vector y, such that if z € QNU,,
then z +ty, € Q2 for 0 <t < 1.

For a domain satisfying the segment condition, we have the following lemma. See
[1, Theorem 3.22].
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Lemma 2.1. If the domain 2 C R™ satisfies the segment condition, then the set of
restrictions to Q of functions in C°(R") is dense in W'(Q) for 1 < p < co. In
short, C°(R™) N WHP(Q) is dense in WIP(Q) for 1 < p < oco.

Let us give the definition of Sobolev extension domains.

Definition 2.2. Let 1 < g < p < co. We say that a domain Q C R" is a (p, q)-
extension domain, if for every u € WP(Q), there exists a function Eu € VVI I(R™)
with Eu‘Q =u and

[Eullyio@may < Cllullwir@
with a constant C' independent of u.

Lipschitz domains are typical examples of Sobolev extension domains. By the re-
sults due to Calderén and Stein [30], Lipschitz domains are (p, p)-extension domains
for 1 < p < oco. For the definition of Lipschitz domains, please see [4, Definition
4.4]. As a generalization of the extension result for Lipschitz domains, Jones [19]
proved that (e, d)-domains are also (p, p)-extension domains.

Definition 2.3. We say Q@ C R™ is an (e,9)-domain for some positive constant
0 <e<1andd >0 if whenever z1,z2 € Q with |2y — 22| < 0, there is a rectifiable
arc v C ) joining x to y and satisfying

1
() < Zlea = 2|

and
€|lz1 — z||z2 — 2|

d(z,Q°) >

for all z ony.
|21 — 2]
Definition 2.4. Let Q C R" be a_domain. A self-homeomorphism R : R — R s
called a reflection over OS2, sz(R”\Q) Q, R = R» \ Q and for every z € 09,
R(z) = z.

The following technical lemma justifies our terminology.

Proposition 2.1. Let & C R" be a bounded domain with [0Q = 0 and R :
R — R" be a reflection over 0S). If R induces a bounded linear extension operator
from WHP(Q) to WH4(R™) in the sense of (1.2) (from WYP(R™\ Q) to WH4(R"),
respectively) for 1 < q < p < oo, then Q (R™\ Q, respectively) is a (p, q)-extension
domain with a linear extension operator.

Proof. We only consider the case of 2, since the case of R" \ Q is analogous. Let
U C R" be the corresponding open set which contains 9f2. For a given function
u € WHP(Q), we define a function Fx(u) by setting

u(R(2)), for z € U\ Q,
(2.1) Er(u)(z) :== 140, for z € 091,
u(z), for z € Q.



Then Er(u) has a representative that belongs to Wh4(U) with

| ER (W) lwraw) < Clluflwrsg-

Let v : R®™ — R be a Lipschitz function such that w‘ﬁ = 1, ¢|Rn\U = 0 and

0 < 9¥(z) < 1 for every 2 € R*. For every function u € WH(Q), we define a
function on R™ by setting

(2.2) Er(u) == v - Ex(u).

Since v is Lipschitz with 0 < ¢ < 1, ER(U) has a representative that belongs to
WhP(R™). Now

RJ%wwwwsAW@kaAWMw@wZ

< ( /Q lu(2)Pdz + /Q |Du(z)|sz)g,

|DEg(u)|%dz < C / |ER (u)Dy|dz + C / WV Ex (u)|%dz
Rn U U

and

+C/ |Dul?dz
Q

gc(/ |u|pdz+/ |vuypdz>p.
Q Q

By combining these two inequalities, we obtain that Exg (u) € WH4(R") with Fr (u) | 0=
u and i

||ER<“)HW1>‘1(R") < CHUHWLP(Q)-
Hence, we defined a bounded linear extension operator from W1P(Q) to W14(R")
in (2.2). &

By Proposition 2.1, in order to prove that a reflection R over 0€2° can induce a
bounded linear extension operator from W1?(Q) to W4(R") for some 1 < ¢ <p <
oo, it suffices to prove that for every u € WHP(Q), the function Eg(u) defined in
(2.1) satisfies the inequality

| Er(u)|lwra@y < Cllullwir@)

with a constant C' independent of w.
Let f: Q2 — Q' be a homeomorphism. If for every z € U there is an open set
containing z and a constant C' > 1 such that for every =,y € U, we have

%u—méLﬂ@—f@HSCW—y%
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we call it a locally bi-Lipschitz homeomorphism.
By combining results in [31, 32, 33, 35], we obtain following two lemmas.

Lemma 2.2. Suppose that f : Q — Q' is a homeomorphism in the class VV1 (Q ).
Fix 1 <p < o0o. Then the following assertions are equivalent:
(1) : for every locally Lipschitz function u, the inequality

[1pwe nepa: < [ puepas

holds for a positive constant C independent of u;
(2) : the inequality
|Df(2)]P < C(p)|Js(2)]

holds almost everywhere in Q.

Lemma 2.3. Let 1 < ¢ < p < co. Suppose that f: Q — Q' is a homeomorphism in
the class Wh(Q, Q). Then the following assertions are equivalent:

(1) : for every locally Lipschitz function u, the inequality

(/Q \Duo f(z)|qczz>‘1’ <C (/Q \Du(z)\pdz);

holds for a positive constant C' independent of u;
(2) : y
D p—q
%dz < 00.
a |[Jp(z)[r=
The following lemma is a special case of [34, Theorem 3.

Lemma 2.4. Let 2, Q C R™ be domains, and let f :  — Q' be a homeomorphism
in the class WP (Q, Q) for a fitedn —1 <p < oco. If

loc
(2.3) [Df(2)[" < Cp)|J¢(2)]
holds for almost every z € Q, then the inverse homeomorphism f=1 : Q' — Q belongs
to the class W, 7H" " (Y, Q) with

(2.4) IDfY(z)|7 = < C(p)] Iy (2)]

for almost every z € €.

3 Main Results

In this section, we show that the Sobolev extension results for outward cuspidal

domain Q° C R"™ from [23, 24, 25] can be achieved by bounded linear extension

1+(n 1)s
(€2°)

operators induced by reflections, except possibly for the case from W
to WLn=1(R"). Let us begin by introducing two reflections.



3.1 Reflection R; over 0f)°

In order to introduce the reflection R : R — R over 09)*, we define a domain
A C R" by setting

—1 1 1

See Figure 2. To begin, we divide A \ Q¢ into three parts A, B, C' by setting
A={(t,z) eRx R, <t <0,z <|t]},
B:={(t,z) e RxR" 2 <t <Lt <|z] <L}

and

C:={(t,z) eRxR*"50<t <1t <|z] <t}

Figure 2: The domain A

We define a subdomain 2] C 2° by setting

1
(3.2) Qf = {(t,m)EQS;O<t<§,|x|<ts}.
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We w_ill construct a reflection Ry which maps A \ Qs onto Q3. We define R; on
A\ ©# by setting

(—t, &|t]" '), if (t,z) €A,
(3.3) Ralt,z) = { (2l glel e + glaf~"a) it (t,2) € B,

(t ts 1

s tQSfl T .
) 2(ts 1 1)33 + (t m) m) ; if (t,fL') e C.

We extend R to 02 as the identity. Since both A and 9(2%\ %) are bi-Lipschitz
equivalent to the unit sphere, it is easy to check that we can construct a reflection
R : R" — R" over 99° such that R1 is defined as above on A\ Q°, and R, is
bi-Lipschitz on B(€2°,1) \ A.

For (t,z) € A, the resulting differential matrix of Ry is

-1 0 0 0
Sl LA 2 1 L4 S { 0
(3.4) DRi(t,z)=| Mtz 0 gt 0
: : : . 0
%|t|872$n—1 0 e 0 %|t|s*1
Hence, for every (t,z) € A, we have
(3.5) DRy (t,2)] S 1 and |Jg, (¢, 2)] ~ [t|*DED,
For (t,x) € B, the resulting differential matrix Ry is
O L1 x2 Tn—1
] |] ||
Sl Ajltx) Ayt a) Ay (t,x)
(3.6) DRy (t,z)=| Zlel>? At,x)  Aj(t o) Ay ()
Tn 1’$|s 2 A" 1(’ ) Anfl(t $) AP l(t :E)

where, for every i,j € {1,2,--- ,n— 1}, we set

x? 1 a2 P .
it z) o= 4 Gl 4 5l + (s =D + i) 1=
’ %(S - 2) ‘x‘llfs Sgl |;U|Z?fcjsa lf ) ;é j

Since [t| < |z| < 3, a simple computation gives

(3.7)  |DRi(t,2)] <1 and |Jg, (¢, x)| ~e Z% T AL ~e DT,
i#k
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For (t,z) € C, the resulting differential matrix of R is

1 0
At1 (tv l’) A%(t, 3’)) A%(t7 33) o A}z—l(ta ‘T)
ANt e) AT () Ayt e) e ARTI(L @)
where, for every i,j € {1,2,--- ,n — 1}, we have
Aty ST (¢ - m=ts) (=) i i=
)= { TN O o
(m—t)w, lfz%].

and

i oy (=D (s 1)
Aj(t, x) = (2<ts—1 —1) 201 — 1)2)

L o (25 — 1)t%52 N (s — 1)3s3
— | st"T — :
|| 271 = 1) 25t —1)?

Since t* < |z| < t, a simple computation gives

(3.9) DR (t,2)| <1 and |Jr, (t, )] ~e tDED.

Finally, since R, is bi-Lipschitz on B(Q%, 1)\ A, there exists a positive constant
C > 1 such that for almost every (t,z) € B(Q*,1) \ A, we have

1 1
& SIDRy(t)] < C and & < |Jr, ()] < C.

It is easy to see that the restriction of Ry to B(2°,1) \ (©2* U {0}) is locally
bi-Lipschitz.

3.2 Reflection Ry over 0f)°

In order to introduce the reflection Ry : R — R over 09)°, we define a domain
A’ C R™ by setting

-1 1 1\°
(310) A/ = {(t,ﬁlf) S R x Rn_l =R": 7 <t < §,|1'| < (5) }UQS

See Figure 3. We divide A’ \ * into two parts D, E by setting
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Figure 3: The domain A’

1
D= {(t,x)eRxR”‘lzR”:7<t§0>|$’§|t‘5}7

and

—1 1 1\°
IDRE {(t,l’)gRXRn_lan7<t<§,‘t|s<|x’< (5) }

We will construct a reflection Ry over 9Q° which maps A’ \ Q¢ onto Q5. We define
the reflection Ry on A’ \ 2% by setting

(—t, %[L’) y 1f <t7$> € D’
(3.11) Ra(t,x) := ( if + %x) , if (t,x) € E.

We extend R on 092° as the identity. Since both A’ and 9(£2°\ 2}) are bi-Lipschitz
equivalent to the unit sphere, we can construct a reflection R, which is defined on
A’\ Q¢ as in (3.11) and is bi-Lipschitz on B(2°,1)\ A”.

For z = (t,x) € D, the resulting differential matrix of R, is

10 0 0
0 10 0
0 1 0

(3.12) DRy(t,z)=| 0
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Hence,
(3.13) |IDRs|(t,x) =1 and |Jg,(t,x)| = T
For z = (t,x) € E, the resulting matrix of Ry is
1 2 . Tn—1
sfaf*~ slaf* = sfaf2
s Al Alen) oo Al
(3.14)  DRs(t,z)= | gor  Ailte)  Ata) - AL (Gw)
ot ATe) AT e ARS(Ea)
where, for every ¢,7 € {1,2,--- ,n — 1}, we have
2(2— ‘"”?1)+§ if 0=
(3.15) A;(t,l’) =4 ) \?F slz|*ts 4’ ’
—tit if i

1
4s|a:|2+§ ’

After a simple computation, for every (¢,z) € E we have

n—1 2

1 ,
(3.16) IDRo(t,2)| S —=r and |Jg,(t,2)| ~ 3 — b T Al =~ 1.

2|5 — dslz]?

Finally, since R, is bi-Lipschitz on B(Q%, 1)\ 4/, there exists a positive constant
C > 1 such that for almost every (¢,z) € B(Q°,1) \ A, we have

1 1
(3.17) ol < |DRy(t,z)] < C and ol < |Jgr,(t,x)| < C.

It is easy to see that the restriction of Ry to B(2°,1) \ (2°U{0}) is locally bi-
Lipschitz.

3.3 Proof of Theorem 1.1

We prove Theorem 1.1 in two parts, considering the two reflections separately.

Theorem 3.1. Let Q* C R" be an_outward cuspidal domain with the degree s > 1.
Then the reflection Ry : R* — R™ over 0€)° induces a bounded linear extension

operator from W1P(Q®) to WH4(R™), whenever w <p<ooandl <q<
1+(Zzil)s'
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Proof. Since Q* satisfies the segment condition, by Lemma 2.1, C°(R™) N WP (02*)
is dense in WP(Q*). Let u € C°(R™)NW1P(Q?) be arbitrary. We define a function
Ex,(u) as in (2.1) and another function w by setting

w(z) = {“°R1(Z), if ze B(Q5,1)\ %,

(3.18) u(z), if ze€ Qs

Since u € C°(R*)NWHP(Q*) and R, is locally Lipschitz on B(Q*,1)\ (Q2U{0}), the
function w is locally Lipchitz on B(Q°, 1)\ {0}. We claim that w € Wh4(B(Q%, 1))
with
lwllwrasee) < Cllullwises)

for a constant C' > 1 independent of u. These claims follow if we prove the above
norm estimate with B(2° 1) replaced by B(Q°, 1) \ {0}. Next, since w is locally
Lipschitz and |092°| = 0, it suffices to estimate the norm over the union of Q* and
B(Q2,1)\ Q. Since w = u € WP(Q®) on Q°, our domain ©° has finite measure and
q < p, we are reduced to estimating the norm over the second set in question. On
this set, w = u o R, almost everywhere and hence it suffices to prove the inequality

(3.19) ( / lu o Rl(z)\qdz>q <C ( |u(z)|pdz) ’
B(Qs, )\ Qs

and the inequality

(3.20) ( /B - ID(uo Rl)(z)wz)3 <C ( 5 |Du(z)\sz); .

It is easy to see that
B(Q, 1)\ @ = (B2, 1) \ A) U (A\ @)
and A\ Q* = AUBUC. Since
|0A| = |0A| = |0B| = |0C| = 0,

we have

(3.21) / u oRl(z)]qdz:/ 0 R (2)|7d
B(Qs )\OF

B(Qs1)\A

+(/A+/B+/C> [uoRi(z)|"d.

Since R is bi-Lipschitz on B(Q°,1)\ A and |Q*| < oo, by the Holder inequality, we
have

q
P

(3.22) / w0 Ra(2)|%dz < C ( |u(z)\pdz)
B(Q \A s



By the Holder inequality and a change of variable, we have

9dz uwo R1(2)|P|Jr, (2 z%~ q;z
Jweri@lrdz < ( [ e Riap1m, (2)10:) /AEW(Z”d

(3.23) g( A |u(z)]pdz)g- /A mdz

By (3.5), we have

1
/ —1 dz < C / D=5 g < oo,
| TR, (2)[7~ 0

1+(n 1)s

whenever <p<ocoand 1 <g< Hence, we have

1+(n Ds*

(3.24) /A w0 Ry (2)|7dz < C ( 5 |u(z)|pdz) '

Next, via (3.7) and (3.9), we obtain the estimates

1
2 (n—1)(s—1)
/\J dz<C/ 2|V || < oo
Rl q

1
1 3 (ne1)_ (n=D(s=1g
/—qdz§0/ xi T dry < oo,
¢ [Jr, (2)[7= 0

1+(n—1)s
n

and

T

<p<ooand1§q<m.
leading to (3.24), we obtain the following desired analogs of (3.24):

whenever

(3.25) /B w0 Ry (2)|7dz < C ( A |u(z)|pdz) '

and

(3.26) /é]u o Ry (2)|%dz < C ( 5 |u(z)]pdz>g ,

1+(n 1)s

whenever <p<ooand 1<g¢g< ﬁ Hence, (3.19) follows.

To prove mequahty (3.20), by Lemma 2.2, it suffices to show that

D et
/ %dz < 00.
B )\ |Jr, (2)|7

15

By repeating the argument
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Clearly
D P—aq D D =
[DREIE, RO, DRI,
B \® | Jr, (2)]|7—4 B@eaNa |Jr, (2)]777 AF |Jr, (2)|7
First, by inequality (3.17), we have

D P—q
/ %dz < Q.
B \B |Jr, (2)[7

Since A\ Q, = AUBUC and |0A| = |0B| = |0C| = 0, we have

/ [DRy(2)|7=1 |w (/ / /)!DRl Ipqd
z
A\QS JRl Pq ’JRl p—q

By (3.5), (3.7) and (3.9), we obtain

1
‘D,Rfl( ) p qu C/z t(nfl)*i(niz)g;l)th < 00,
A g, (2)]7 0

1

DR p—q 2 nlslq
0

IN

B |‘]R1( )|
and
|DRy(2)]7 3 ()=l
‘J 1(>qu§0/ Ty P d$1<OO,
Ri\R)| P71 0
whenever —H(n D p<ocand 1 <g< Trogs- In conclusion, we have proved

that w € Wh q(B(QS, 1)) with the bound

”wHWl’q(B(Qs,l)) < C”UHWLP(QS)

1+(7;—1)s Since Eg,(u) = w almost

whenever <p<ooand 1 < gq < 1+( s
everywhere, the above also holds with w replaced by Ex, (u).

For an arbitrary u € W'?(Q#), by the density of C>°(R™) NWP(Q2*), we can find
a sequence of functions {u;}2, C C°(R™) N W'P(Q*) and a subset N C Q° with

|N| = 0 such that

(3.27) lim |Ju; — ullwrrs) =0,
1— 00

and for every z € Q° \ N,

(3.28) lim |u;(z) —u(z)] = 0.

i—00
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By the argument above, for every u; € C°(R™) N WhP(Q?), we have Ex,(u;) €
Whe(B(Q°,1)) and

(3.29) | Er, (ui) [lwracs@s,1y < Clluillwieqs)

with a constant C independent of u;. Since R, is locally bi-Lipschitz on B(€*,1)\Qs,
we have Ri(N) C B(Q%,1) \ Q¢ with |Ri(N)| = 0. By the definition of Ex, (u;)
in (2.1), the sequence {Eg, (u;)}2, has a limit at every point z € B(Q°, 1) \ (N U
R1(N)). Define

o(z) = {limHoo Er, (u)(z) if ze€ B(Q2%,1)\ (NURL(N)),

(3.30) =0, it ze NURL(N).

Since {u;}2, is a Cauchy sequence in W1P(Q®), the inequalities (3.27) and (3.29)
yields that {Er, (u;)}52, is also a Cauchy sequence in Wh4(B(Q°,1)). Hence v €
Wha(B(Q*,1)) with

[ollwrasesy) < Cllullwir@s).-
By definition, we conclude that Ex,(u)(z) = v(z) for every z € B(£2%,1) \ (N U
Ri(N)). Since [N UR{(N)| =0, we have Ex, (u) € WH(B(Q%, 1)) with

| B, (w)|[wras@s 1)) = |v[lwras@s)) < Cllullwieqs).
L]

Theorem 3.2. Let 0* C R" be an_outward cuspidal domain with the degree s > 1.

Then the reflection Ry : R* — R™ over 0€)° induces a bounded linear extension

operator from W1P(Q®) to WH4(R™), whenever ;igZ:;;z <p<ooandl < q<
(I+(n=1)s)p

1+(n—1)s+(s—1)p"

Proof. Let u € C(R™) N WHP(Q*) be arbitrary. We define a function Eg,(u) as in

(2.1) and another function w by setting

(3.31) w(z) = {Z(Zfz(z), ii ziggs,l)\gs,

We claim that w € WH(B(Q*,1)) with

|w|lwia@s,) < Cllullwir@s

for a constant C' > 1 independent of u. As in the proof of Theorem 3.1, it suffices to
estimate the norm over the union of Q* and B(Q*,1) \ Q° and we are again reduced
to estimating the norm over the second set in question. On this set, w = u o Ry
almost everywhere and hence it suffices to prove the inequality

(3.32) ( / o Rg(z)\qdz>q <c ( \u(z)ypdz) '
B(Qs \OF s
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and the inequality

(3.33) ( /B PO Rg)(z)\qdz>; <c ( /Q \Du(z)‘sz) "

Now

B, 1)\ @ = (B(Q°, 1) \ A) U (A"\ )
and A\ Q* = DU E. Since

[0A'] = 0D| = |9E| = 0,

we have

(3.34) / o Ra(2)[7d / 0 Ra(2)|7d
B(Qs,1)\Q® B(Qs,1)\A/

([ + ) woratepa

Since R is bi-Lipschitz on B(Q*,1) \ A’ and [Q*| < oo, by the Hélder inequality,
we have

q

(3.35) / w0 Ro(2)|4dz < C ( |u(z)|pdz> "
B(Qs,1)\A/ Qs

Since |Jr,(t,z)| ~ 1 on EU D, by (3.13) and (3.16), we conclude by computing as
in (3.23) that

(3.36) / luoRa(z)|%dz < C ( |u(z)|pdz) :
EUD Qs
whenever ;EZ:;E <p<oocand1l<g< %. By combining inequalities

(3.34)-(3.36), we obtain inequality (3.32).
To prove inequality (3.33), by Lemma 2.2, it suffices to show that

/ %dz < 00.
B\ |Jr,(2)[770

Trivially,

pq rq
—q —9q

/ [DRs(2)[ dz:/ |DR2(z)|z:—qu+/ DR
B \& | Jr,(2)]70 B@IN\K | Jr,(2)[7- ang® | Jg, (2)] 7=
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Since Ry is bi-Lipschitz on B(Q?,1) \ A/, we have

rq

D D
/ DR )
B )N |Jr,(2)[7=4

Since A’\ Qs = DU E, |0D| = |0F| = 0, inequalities (3.13), (3.16) give

(3.37) /A -

‘DR2(Z);(1 dZS ‘DRQ(Z);(I dZ+ ’DR2<Z)‘127¢1 dz
IR, (2|77 D [Jr,(z)|77 B |Jry(2)
% (%)S s—1)pq
<C / / 2| D=5 d||dt + C
0 ts

1
2 (s—1)
< C/ D52 4 O < oo,
0

q
pP—q

whenever 775 < p < 00 and 1 < ¢ < gty

proved that w € W4(B(Q*,1)) with the bound

In conclusion, we have

|lw]lwras@s1)) < Cllullwieqs

1+(n—1 1+(n—1 .
2+5272;Z <p<oxand 1 < g < %, Since Er,(u) = w

almost everywhere, the above also holds with w replaced by Ex,(u). Hence, we may
complete the proof by following the argument of the proof of Theorem 3.1.

whenever

]

3.4 Proof of Theorem 1.2

We begin with a useful observation.

Lemma 3.1. Let 1 < s < o0 and 1 < p < oo. If there is a reflection R : @lj Rn
over 9Q° which induces a bounded linear extension operator from W'P(R™ \ Q#) to
WP(R™), then R € WtP(G N Q2 R™) and

[DR(2)[" < C[Jr(2)]
for almost every z € G NQ°, where G is a bounded open set containing 0§2°.

Proof. Let R : R" — R" be a reflection over 92* which induces a bounded linear
extension operator from WHP(R™ \ Q%) to WP(R"). Then there exists a bounded
open set U containing 0€2° so that the function

uoR(z), for z € UNQ?’,
(3.38) Er(u)(z) =1 0, for z € 00°,
u(z), for z € U\ Q°
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belongs to WH?(U) and satisfies
| Er (u)l[wir@y < Cllullwie@as

for a positive constant C' independent of u. It follows that R € I/Vlif(U NQ* R™). We
employ an idea from [18] and pick a Lipschitz domain G so that Q* C G and 9G C U.
Since G is Lipschitz and contains the closure of Q%) the geometry of 2® easily yields
that G'\ Q¢ is an (e, §)-domain for some positive €, 5. Since u— Uc\as € Whe(G\ Q)
and (e, 0)-domains are (p, p)-extension domains, we find a function v € WP (R™\ Q)
such that v = u — uggs on G\ Q° and

(3.39) ||U||W1>p(Rn\§) < Cllu— UG5 llwir(G\05)

Next, since G\ Q¢ is a bounded (¢, §)-domain, we have

Pdz < C |Du(z)Pdz,
C\OF

(3.40) / Ju(?) - uor
C\OF
see [3, 29]. By our assumption, (3.39) and (3.40), we have

[vo RHWLP(GHQS) <|lvo RHWLP(Usz)

<Cllu = ug\w oo < CllDull 1o onom)-

It is easy to check that v o R = Er(v) on G N Q° and that Du = Dv almost
everywhere on G \ %. Hence, we have

/ |IDER(v)(2)[Pdz < C/ |Du(z)Pdz.
anos felod

Since u € WHP(Q?) is arbitrary, Lemma 2.2 gives the asserted inequality. ]
We are now ready to prove Theorem 1.2.

Proof of Theorem 1.2. Fix 1 < s < oo. It is easy to check that R" \ Q¢ is an
(¢, 0)-domain, for some positive constants ¢ and §. Hence, by [19], R™ \ Q° is a
(p, p)-extension domain, for every p € [1,00).

We begin by showing that the reflection Ry induces a bounded linear extension
operator from W1P(R™\ Q) to W'P(R"), whenever 1 < p < n — 1. Define the
domain A as in (3.1) and the domain € as in (3.2). By (3.3), the formula of the
reflection R; on 7 is

(—t, 2%), it 0< |2 < Lo,
12 . s s
Ba)  Ralta) =4 (FE-3005). i b < el < 4
3(t —t) 3 S T . 1
ta ots x + (5 — %) m) s if gts S ’x| < t5.
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For every (t,x) € Qf with 0 < |z| < 1¢*, the resulting differential matrix of Ry is

-1 0O 0 --- 0
u—ggl ra 2 e 0
Dg,(to)=| =% 0 Fx - 0
o : : P
(I—s)™=L 0 0 - 3%
After a simple computation, for every (¢, z) € Qf with 0 < |z| < §t*, we have
6 6 n—1
(3.42) |DRy(t, )| = ) and |Jg, (t,z)| = pr, .
For every (t,x) € Qf with $t° < |z| < 3¢, the resulting differential matrix is
120-s)lz| _ g 122 1275 . 122,
s |I|ts_1 |Z|ts_1 |:E|ts_1
% A%(t,:ﬂ) Aé(t,x) U A}z—l(tax)
S Ao Ay(he) - At

where, for every ¢,7 € {1,2,--- ,n — 1}, we have

t txz . ..
__|x|z37 if =17

Alt,z) = =
it ) { *ixil’j if i # 7.

|33|3 Y

After a simple computation, for every (¢,z) € Qf with %ts < x| < %ts, we have

(3.43) |IDR4(t,x)| < pray and |Jg, (t,z)| ~¢ <t5—1) )

For every (t,x) € Qf with $° < |z| < ¢*, the resulting differential matrix is

0 0 . 0
Aitr) At ) Ay(tr) - A ()

DRl(t, SE) = A?( ,1’) A%(t,l‘) A%(tv l’) Ai—l(tax) s
AT ) AT ) AT () ApTi(t, @)

where, for every 7,7 € {1,2,--- ,n — 1}, we have

Ai’(t $) = (% - 27;371) - (% o %) (\% - |z|3> s if Z':j7
- ‘(ﬁ‘ﬁ)ﬁ?’ if ;.

2 2
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and

; 3x; 3 5,1\ T
Ai(t,z) == (s — 1)§ + (§ — 51& 1) T

After a simple computation, for every (¢,z) € Qf with $t* < |z| < ¢*, we have

C 1 \"*!
(3.44) |IDRA(t, )| < 71 and | Jr, (t, 7)] ~c (tsl) :

By combining (3.42), (3.43) and (3.44), we conclude that
(3.45) [DR1(2)[" < ClJr, (2)]

for almost every z € ANQ*. By the same inequalities, since Ry is locally bi-Lipschitz
on B(2%,1)\ A, for every u € C®(R™) N WLP(R™\ Q5), we have

(3.46) / |uoR1(z)|pdz§C/ |u o R1(2)|P|Jr, (2)|dz
R1(B(Q#,1)\F) R1(B(Q,1)\Q%)

g/ lu(z)Pdz.
B(25,1)\Q

Moreover, by Lemma 2.2 and (3.45), we have

(3.47) / |D(uoRqy)(2)Pdz < / | Du(z)[Pdz.
B(Qs,1)\Q5 R7\QS

Since R™\ Q¢ satisfies the segment condition, (3.46) and (3.47) allow us to repeat the
argument in the proof of Theorem 3.1 so as to conclude that R, induces a bounded
linear extension operator from W1P(R™\ Qs) to WHP(R™), whenever 1 < p <n—1.

Next, we show that there is no reflection over 9€2* which can induce a bounded
linear extension operator from WP(R™\ Q%) to WLP(R"), for any n — 1 < p < o0.
Let n — 1 < p < oo be fixed. Suppose that there exists a reflection R : R" - R»
over O92°, which induces a bounded linear extension operator from WP(R"\ Q¢) to
WHP(R™). By Lemma 3.1, there exists an open set G which contains Q% such that
for almost every z € G N °, we have

|IDR(z|P < ClJr(2)].
Then, by Lemma 2.4, for almost every (¢,z) € R (G NQ*), we have
(3.48) [DR(2)|7# 5 < C|Jr(2)].

Let u € C*(R") N WHP(Q®) be arbitrary. By definition, Ex(u) is bounded and
continuous on G. Pick a Lipschitz domain G so that Q¢ C G and G C G. By
Lemma 2.2, we have

(3.49) IDER W b= &) < ClIDUll o .-



23

We conclude that Ex(u) € W51 (G). Since G is a Lipschitz domain, [18, Lemma
4.1] implies

(3.50) /é]ER(u)(z) — uge| 7 dz < O(G, Qs)/é]DER(u)(z)|p+1pndz_

Hence, we have

(3.51) 1ER ()], ot ) < C (IDER, ot g+ Nl ot ) -
By combining inequalities (3.49) and (3.51), we obtain

(3.52) HER(U)HWLM%@) < ||u||W1,p+1L_n(QS).

Since C°(R™) N W=7 (%) is dense in W 577 (Q*), for every function u €
W L5 (%), there exists a sequence of functions u; € C>®(R™)N WL (Q%) such
that

(3.53) Il = ull s g =0,

and for almost every z € Q°,

lim |u;(2) —u(z)| = 0.

1—00

By (3.49) and (3.53), {Er(u;:)}%, is a Cauchy sequence in W'5#=7 (G). By the

completeness of W' #1=7 (G, there exits a function w € Wl (é) with

L

and w(z) = u(z) for almost every z € Q. We define Er(u)(z) := w(z) on G. By
(3.49) and (3.53) again, we have

[ Ew (u)]

wh = (@) < CHunl’ﬁ(Qs)‘
Hence, €2° is a Sobolev (p o 5 +11’_n)—extension domain. This contradicts the clas-

sical result that 2° is not a (g, ¢)-extension domain, for any 1 < ¢ < oo, see [22] and
references therein. ]

3.5 Proof of Theorem 1.3

Proof of Theorem 1.8. Fix 1 < s < oo. It is easy to see both Q° and R" \ Q¢ are
uniformly locally quasiconvex. By [12], they are (0o, 00)-extension domains.
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To begin, we show that the reflection R; induces a bounded linear extension
operator from W1(Q*) to Wh>(R"). Since ° is uniformly quasiconvex, every
function in W1°°(02%) has a Lipschitz representative. Without loss of generality, we
assume every function in Wh*°(QF) is Lipschitz. Let u € WH®(Q*) be arbitrary.
Define the extension Eg, (u) on B(2%,1) as in (2.1). Since u € W1*(Q*) is Lipschitz
and R, is locally Lipschitz on B(Q*,1)\(Q°U{0}), we have Fg, (u) € W,oH(B(9%,1)\

Q). By (3.5), (3.7), (3.9) and the fact that Ry is bi-Lipschitz on B(€°,1) \ A, for
almost every z € B(Q2%,1) \ Q°, we have

[DER, (u)(2)] < C|Du(Ra(2))]-

This implies that
[ ERy (w)]lwoeBos 1)) < Cllullwros s

as desired.

Next, we show that there does not exist a reflection over 0£2° which can induce
a bounded linear extension operator from W1h>=(R™ \ Q%) to W1>(R"). Define a
function u € WH°(R" \ Qf) by setting

1, if (t,z) eR*\Qfandt>1,
t, if (t,z) eR*"\Qsand 0 <t <1,
0, if (t,z) € R*\ Qs and t <0.

(3.54) u(t,x) =

For every t € (0, 1) fixed, we define a 2-dimensional disk D, C * by setting
D, :={(t,z) e R"; |z| < t°}

and define
Sy = {(t,x) € R"; |x| = 2t°}.

Suppose to the contrary that there exists a reflection R : R" — R™ over 99° which
induces a bounded linear extension operator from W1H®(R™ \ Qs) to WL (R").
Define the function Ex(u) on B(Q°,1) as in (2.1). By the geometry of 2 and
the fact that R is continuous and R(z) = z whenever z € 09°, there exists a
small enough ¢, € (0,1) such that for every t € (0,t,), there exists (t,z;) € D,
with Fr(u)((t,x;)) = 0 and there exists (¢,x}) € S; with Er(u)((t,z})) = t and
d((t,zy), (t,21)) < 2t°. Hence for every 0 < t < t,, we have

|Br(u)((t,21)) = Br(u)((t,2))| > t > Cd™ ((t, @), (t,27)).

This contradicts the assumption that Fr(u) € Wh°(B(£,,1)) : since B(Q%,1) is
uniformly locally quasiconvex, a function in W (B(Q*,1)) must have a Lipschitz
representative. O
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