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EXISTENCE OF ENERGY-MINIMAL DIFFEOMORPHISMS
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BETWEEN DOUBLY CONNECTED DOMAINS

TADEUSZ IWANIEC, NGIN-TEE KOH,
LEONID V. KOVALEV, AND JANI ONNINEN

ABSTRACT. The paper establishes the existence of homeomorphisms be-
tween two planar domains that minimize the Dirichlet energy.

Among all homeomorphisms f: ) e O* between bounded doubly
connected domains such that Mod Q < Mod Q* there exists, unique up
to conformal authomorphisms of ), an energy-minimal diffeomorphism.

No boundary conditions are imposed on f. Although any energy-
minimal diffeomorphism is harmonic, our results underline the major
difference between the existence of harmonic diffeomorphisms and the
existence of the energy-minimal diffeomorphisms. The existence of glob-
ally invertible energy-minimal mappings is of primary pursuit in the
mathematical models of nonlinear elasticity and is also of interest in
computer graphics.
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1. INTRODUCTION

Throughout this text 2 and 2* will be bounded domains in the complex
plane C. The Dirichlet energy of a diffeomorphism f: Q 2% Q* is defined
and denoted by

(L1) £1f] = /Q DfP =2 /Q (102 + 10fP2)

where |D f| is the Hilbert-Schmidt norm of the differential matrix of f. The
primary goal of this paper is to establish the existence of a diffeomorphism
f: Q28 Q* of smallest (finite) Dirichlet energy. The behavior of such an
energy-minimal diffeomorphism f resembles that of a conformal mapping.
Indeed, a change of variables in (1) yields

(1.2) Elf] :2/QJf(z)dz+4/Q]8f]2 > 2/07]

where J; stands for the Jacobian determinant and |2*| is the area of Q.
A conformal mapping of 2 onto 2*; that is, a homeomorphic solution of
the Cauchy-Riemann system df = 0, would be an obvious choice for the
minimizer of (L2]). Unfortunately, for generic multiply connected domains
there is no such mapping. The existence of an energy-minimal diffeomor-
phism f: Q 2% O* may be interpreted as saying that the Cauchy-Riemann
equation 0f = 0 admits a diffeomorphic solution in the least squares sense,
meaning that ||0f]| ;2 assumes its minimum. For this reason energy-minimal
diffeomorphisms are known under the name least squares conformal map-
pings in the computer graphics literature [27, [34]. They are also of great
interest in the theory of nonlinear elasticity due to the principle of nonin-
terpenetration of matter [4, [38].

An energy-minimal diffeomorphism may fail to exist when a minimizing
sequence collapses, at least partially, onto the boundary of 2*. This phenom-
enon was observed in the papers [2 [I8] for a pair of circular annuli. A related
phenomenon occurs in free boundary problems for minimal graphs, where it
is called edge-creeping [0, [13], 39]. Since the boundary of Q* plays a crucial
role in the minimization of energy among diffeomorphisms f: Q 228 Q* our
questions are essentially different from widely studied variational problems
for mappings between Riemannian manifolds where the target is usually as-
sumed to have no boundary [5l 22} 23] 26]. We do not prescribe boundary
values of f, nor do we suppose that it has a continuous boundary extension.

Any energy-minimal diffeomorphism satisfies Laplace’s equation, since
one can perform first variations while preserving the diffeomorphism prop-
erty. However, the existence of a harmonic diffeomorphism does not imply
the existence of an energy-minimal one, see Example This is why our
necessary condition for the existence of an energy-minimal diffeomorphism,
Theorem [2.4], is more restrictive than the corresponding result for harmonic
diffeomorphisms in [15].
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As we have already pointed out, energy-minimal diffeomorphisms for sim-
ply connected domains are obtained from the Riemann mapping theorem.
The doubly connected case, being next in the order of complexity, is the
subject of our main result.

Theorem 1.1. Suppose that Q and Q* are bounded doubly connected do-
mains i C such that Mod 2 < ModQ*. Then there exists an energy-
manimal diffeomorphism f: Q 228 Q*, which is unique up to a conformal
change of variables in €.

Hereafter Mod €2 stands for the conformal modulus of 2. Any bounded
doubly connected domain €2 C C is conformally equivalent to some circular
annulus {z: r < |z| < R} with 0 <7 < R < co. The ratio R/r, being inde-
pendent of the choice of conformal equivalence, defines Mod 2 := log R/r.
The conformal modulus is infinite precisely when the bounded component
of C\ 2 degenerates to a point. We call such domain a punctured domain.
Theorem [L1] has the following corollary.

Corollary 1.2. For any bounded doubly connected domain {2 and any punc-
tured domain Q* there exists an energy-minimal diffeomorphism f: Q 23
Q*, which is unique up to a conformal change of variables in Q.

In the converse direction we show (Theorem [2.4]) that there exists no
energy-minimal diffeomorphism when Mod Q* < ®(Mod 2). Here ®: (0,00) —
(0,00) is a certain function asymptotically equal the identity at infinity,
tliglo ®(t)/t = 1. It is in this asymptotic sense that Theorem [[.1]is sharp.

It is rather surprising that our existence result for energy-minimal diffeo-
morphisms relies only on the conformal modulus of the target. Indeed, the
energy minimization problem is invariant only with respect to a conformal
change of variable in the domain, not in the target.

Yet in other perspectives, the classical Teichmiiller theory is concerned
with the existence of quasiconformal mappings ¢g: Q* 2% Q with smallest
L*>-norm of the distortion function

Dg(w)|?
Kg(w) = %, a.e. w e Q.

Analogous questions about L!'-norm of K, lead to minimization of the
Dirichlet energy of the inverse mapping via the transformation formula

(1.3) | KgllLr ) = E[f]; where f =g~ Q 28 O

For rigorous statements let us recall that a homeomorphism g: Q* 2% Q of
Sobolev class W11(Q*) has integrable distortion if

(1.4) |Dg(w)|* < 2K (w) J,(w) a.e. in QF

for some K € L'(Q*). The smallest such K: Q* — [1,00), denoted by K,
is referred to as the distortion function of g.
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It turns out that the inverse of any mapping with integrable distortion
has finite Dirichlet energy and the identity (L.3)) holds. As a consequence of
Theorem [I.T] we obtain the following result.

Theorem 1.3. Let Q and Q* be bounded doubly conmected domains in C
such that Mod Q < Mod Q*. Among all homeomorphisms g: Q* 223 Q there
exists, unique up to a conformal automorphism of 1, mapping of smallest
L'-norm of the distortion.

We conclude this introduction with a strategy of the proof of Theorem [T11
The natural setting for our minimization problem is the Sobolev space
WH2(Q). In this paper functions in the Sobolev spaces are complex-valued.
Let us reserve the notation HY2(Q, Q*) for the set of all sense-preserving

W12-homeomorphisms h: Q 2% O*. When this set is nonempty, we define
(1.5) En(Q,Q) = inf{&E[h]: h € H'?(Q,Q")}.

By virtue of the density of diffeomorphisms in HY2(2,Q*), see [16], the
minimization of energy among sense-preserving diffeomorphisms leads to
the same value Eq(Q2,Q*). A homeomorphism h € H2(Q, Q) is energy-
minimal if it attains the infimum in ([3]). Let us emphasize that the set
HL2(Q, Q%) € WH2(Q) is unbounded. Even bounded subsets of H2(Q, Q%)
are lacking compactness, due to the loss of injectivity in passing to a limit
of homeomorphisms. One way out of this difficulty is to consider the weak
closure of H2(,Q*) N B where B is a sufficiently large ball in W12(Q)
whose size depends only on Ey(€2,*). This is the approach undertaken
in [I7, 24]. However, the presence of B creates problems of its own. For
instance, the resulting class of mappings is not closed under compositions
with self-diffeomorphisms of §2; inner variation of such mappings would be
inadmissible.

That is why we introduce the class of so-called deformations. These are
sense-preserving surjective mappings of the Sobolev class W12 that can be
approximated by homeomorphisms in a certain way. The precise definition
is given in §31 A deformation is not necessarily injective. In addition, an
energy-minimal deformation need not be harmonic, since one cannot perform
first variations f + ep within the class of deformations. This is why we rely
on inner variations, which yield that the Hopf differential (§6]) of an energy-
minimal deformation is holomorphic in 2 and real on its boundary. We gain
additional information about the Hopf differential from the Reich-Walczak-
type inequalities (§5]) which is where the conformal moduli of 2 and Q* enter
the stage.

The crucial idea of the proof of Theorem [[.1lis to consider a one-parameter
family of variational problems in which  changes continuously while Q*
remains fixed. We establish strict monotonicity of the minimal energy as
a function of the conformal modulus of Q (§7)). The proof of Theorem [I]
together with its more refined variant, Theorem 23] is completed in §8l
The proof of the nonexistence theorem, Theorem 2.4], is presented in §Ol
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The interested reader is invited to look upon the open questions collected

in §I11
2. STATEMENTS

A homeomorphism of a planar domain is either sense-preserving or sense-
reversing. For homeomorphisms of the Sobolev class Wlicl (€2) this implies
that the Jacobian determinant does not change sign: it is either nonnegative
or nonpositive at almost every point [3, Theorem 3.3.4], see also [12]. The
homeomorphisms considered in this paper are sense-preserving unless stated
otherwise.

Let  and Q* be bounded domains in C. To every mapping f: Q — Q*
we associate a boundary distance function d¢(z) = dist(f(z),0Q*) which is
set to 0 on the boundary of €.

The following concept, which interpolates between c-uniform (i.e., uniform
on compact subsets) and uniform convergence, proves to be effective.

Definition 2.1. A sequence of mappings h;: 2 — Q* is said to converge
cd-uniformly to h: Q — QF if

e h; — h uniformly on compact subsets of {2 and

® Op; — Op uniformly on Q.

We designate it as h; < h.

Definition 2.2. A mapping h: Q — Q* is called a deformation if
e h e WL2(Q);
e The Jacobian Jp, := det Dh is nonnegative a.e. in €2;
o [oJn <I;
e there exist sense-preserving homeomorphisms h;: a8 0% called
an approzimating sequence, such that h; <% h on Q.

The set of deformations h:  — Q* is denoted by D(£2, Q*).

The first thing to note is HY2(Q, Q%) C D(Q,Q*). Outside of some de-
generate cases, the set of deformations is nonempty by Lemma [B.15] and is
closed under weak limits in W2(2) by Lemma .13} Define

(2.1) E(Q, Q%) = inf{E[R]: h € D(Q, )}

where £[h] is as in (LLI). A deformation that attains the infimum in (2.I)) is
called energy-minimal. It is obvious that Ey (2, Q*) > E(Q, Q*), but whether
the equality holds is not clear. We are now in the position to state the
existence Theorem [[T] more precisely.

Theorem 2.3. Suppose that Q and Q* are bounded doubly connected do-
mains n C such that Mod ) < Mod Q*. There exists a diffeomorphism
h € HY2(Q, Q%) that minimizes the energy among all deformations; that is,
Elh] = E(Q,Q*) and hence, Ex(2,Q*) = E(Q,Q%). Moreover, h is unique
up to a conformal automorphism of €.
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In opposite direction, for every € > 0 there exists a pair of smooth bounded
doubly connected domains €2, Q2* with Mod Q* > logcosh Mod 2 — ¢, for
which there is no energy-minimal homeomorphism in H»2(Q, Q*). See [2]
Corollary 3] or Example More generally, we have the following counter-
part to Theorem 23]

Theorem 2.4. There is a nondecreasing function Y: (0,00) — (0,1) such
that li_>m Y(7) =1 and the following holds. Whenever two bounded doubly

connected domains Q and * in C admit an energy-minimal diffeomorphism
h: Q2% O* we have

(2.2) Mod 2 > (Mod €2) - Y(Mod ).
Specifically, one can take
2 2
Y (1) = exp <—7T—> A <coth W—) ) where
(2.3) 2T 2T
logt —log(1 + log t)
At) = , > 1.
2+logt

In §ITlwe conjecture that (2.2]) can be specified as Mod Q* > log cosh Mod €2,
which would be the sharp bound, known to be true for circular annuli [2].

3. BASIC PROPERTIES OF DEFORMATIONS

In this section we establish the essential properties of the class of deforma-
tions (€2, Q2*) introduced in Definition Among them is that ©(Q, Q%)
is sequentially weakly closed and its members satisfy a change of variable
formula (3.9)).

Deformations enjoy two distinct properties, both of which are commonly
known in literature as monotonicity. The topological monotonicity is the
subject of Lemma[B.7. To avoid confusion, in the following definition we use
the term oscillation property.

Definition 3.1. Let U be an open subset of C. A continuous function
f: U — Cissaid to have oscillation property if for every compact set K C U
we have

(3.1) diam f(K) = diam f(0K).
Note that for real-valued functions (B.I]) can be stated as

PR _ ‘
i =g f < = mg S

The relevance of this property to Sobolev mappings hinges on the fol-
lowing continuity estimate. If f € W12(U) has the oscillation property,
then

(3.2 F(e1) = £ < —CLonl DI
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with z1, 20 € D for a pair of concentric disks D C 2D C U. The constant C
is universal. See, e.g., Corollary 7.5.1 [19].

The oscillation property (B.I]) obviously holds for all homeomorphisms and
is preserved under c-uniform limits. Therefore, deformations satisfy (B.)
and consequently ([B.2): the local modulus of continuity of a deformation is
controlled by its energy.

Our approach to energy-minimal deformations involves the comparison of
energies of h and h o f, where f is a diffeomorphism or (more generally) a
quasiconformal homeomorphism [Il B, 25]. It is important to observe that
ho f is also a deformation.

Lemma 3.2. Let Q, Q* and Qo be bounded domains in C. If f: Qo 23 Q
is a quasiconformal mapping then for any h € D(Q,Q*) we have ho f €
D (02, %).

Proof. Since a K-quasiconformal mapping distorts the Dirichlet integral
only by a factor up to K, it follows that h o f € W12(Q). That the Ja-
cobian of h o f is nonnegative follows from the chain rule det D(h o f) =
(det Dh)(det Df). Finally, observe that if h; <> hin §, then hjof <% hof in
Q,; this purely topological fact only requires f to be a homeomorphism. [

Let us recall a change of variable formula for Sobolev mappings, found
in [3| Corollary 3.3.6], [19, Theorem 6.3.2] and [9].

Lemma 3.3. Let Q and Q* be bounded domains in C. Suppose that h: Q —
Q* is continuous and belongs to I/Vlf)CI(Q) Then for any measurable function
v: Q* = [0,00) we have

(3.3) /Qv(h(z)) \Jh(z)]dzé/{cv(w)Ng(h,w)dw.

where No(h,w) is the cardinality of the preimage h=(w). If, in addition, h
satisfies Lusin’s condition (N) then the equality holds in ([B.3]).

Lusin’s condition (N) means that |f(E)| = 0 whenever |E| = 0.

Hereafter degq(h,w) stands for the degree of a mapping h with respect
to a point w [28]. The degree is well-defined provided that h € C(Q2) and
w ¢ h(0N?). However, we work with mappings that are not necessarily
continuous up to the boundary. In that case degq(h,w) still makes sense
as long as the values of h near 92 are bounded away from w. Specifically,
deggq (h,w) := degg(h, w) where Q € Q is any compactly contained domain
such that inf|h —w| > 0.

Q

9\
Lemma 3.4. For any h € ©(Q,Q*) we have h(2) D Q*.

Proof. We will prove the stronger statement

(3.4) degq(h,w) =1 for all w € Q.
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Pick a point w € Q* and let § = dist(w, 9Q2*). Consider the open set
)
U:{zGQzéh(z)>Z}@Q.

Let {h;} be an approximating sequence for h. For sufficiently large j we have
|0n; — Onl < % in Q and |h — h;| < g in U. For all z € Q\U, 6,(z) <0/2,
hence

(3.5) |hj(z) —w| > g for z € Q\ U.

Since h; is a homeomorphism it attains the value w at some point z, in U.
Let U, be the component of z, in U. Clearly, degy_ (hj,w) = 1. On the
boundary 0U, we have |h; — h| < §/4, which together with (B.5]) imply

degyr (h,w) = degy_ (hj, w) = 1.

It remains to observe that h(z) # w for z € Q \ U,. Indeed, by (B3]
the preimage of the open disk D(w,d/2) under the homomorphism h; is a
connected subset of U, hence a subset of U,. It follows that

h2) —wl > () —wf = 9 =9 zeQ\L

as desired. O

Definition 3.5. A continuous mapping f: X — Y between metric spaces
X and Y is monotone if for each y € f(X) the set f~!(y) is compact and
connected.

Proposition 3.6. [40, VIII.2.2] If X is compact and f: X 2% Y is mono-
tone then f~1(C) is connected for every connected set C C Y.

See [31], B2, [40] for the background on monotone mappings. Deforma-
tions are closely related to monotone mappings of S? onto itself. Given two
k-connected bounded domains 2 and Q* in C, we choose and fix homeomor-
phisms

(3.6) x: Q2 SP\ P oand x*: QF 28 S§E\ P
where P C S? consists of k points referred to as punctures. A homeomor-
phism h: Q 2% O* induces unique homeomorphism h: S? 2% S2 such that

(3.7) Tioxzx*oh.

el
Note that h takes punctures into punctures in a one-to-one correspon-
dence, though it may permute the elements of P. We claim that if a se-
quence of homeomorphisms h;: €2 s O* converges cd-uniformly, then the

mappings Tij converge uniformly on S2. Indeed, fix a small € > 0 such that
the e-neighborhood of the punctures, denoted Nj(e), i = 1,...,k, are dis-
joint. The uniform convergence of {dy,,} allows us to choose o > 0 such that

each neighborhood N;(o) is mapped by Dl;j into the union J; N;(¢) when j
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is large. Being connected, the set Ej (Ni(o)) must be contained in Ny (e)
where 7 is a permutation of the set {1,...,k}, possibly dependent on j.
But in fact, 7 does not depend on j when j is large enough, due to uniform

convergence of Ej on the boundaries of N;(o).
>
Thus we conclude that the sequence {h;} converges uniformly to a sur-

jective mapping, denoted by 7;, which leaves the set P invariant but may

permute its elements. In a summary, for any deformation h € ©(€2, Q*) there
B

exists a unique mapping h: S? 2% S? satisfying (3.7). Being a uniform limit

of self-homeomorphisms of S2, this mapping is monotone [40, 1X.3.11]. The

>
monotonicity of h has direct implications for h, which we state as a lemma
for future references.

Lemma 3.7. Let Q) and Q* be bounded k-connected domains in C, k =

1,2,... and h € ©(Q,Q%). Then h is monotone. Consequently, for any
connected set C C Q* the preimage h=1(C) is also connected. Moreover, for
every continuum C C Q* the set h=1(C)UT1U---UTY is a continuum, where
I'y,..., 'y are those selected components of 02 which intersect the closure

of h=1(C).

Concerning Lemma [B.7] we remark that h: Q — QF is not necessarily
monotone; however, the restriction of h to h=1(Q*) is.
Next we turn to analytic properties of deformations.

Lemma 3.8. Let Q and Q* be bounded domains in C. If h € D(,Q%),
then h satisfies Lusin’s condition (N) and Nq(h,w) = 1 for almost every
w € Q*. Also J, = 0 almost everywhere in Q\ h=1(Q*).

Proof. By Theorem A in [29] Lusin’s condition (/N) is true for all continuous
Wh2-mappings that satisfy the oscillation inequality (3.1]). Since the latter
holds for any deformation (Lemma [BI2]), the condition (N) is satisfied.

By the definition of a deformation,

/ Jn(z) dz < ||

Q

Invoking Lemmas B3] and B.4] we arrive at

38) |07 > / Tn(2) dz = / No(h,w)dw > | No(h,w)dw > |07].
Q C Q*

Therefore, equality holds throughout in ([8.8]). This yields Nq(h,w) =1 a.e.
in Q* and Jj, = 0 a.e. in Q\ h71(Q*), as claimed. O

Corollary 3.9. Let 2 and Q" be bounded domains in C. If h € D(©2,Q")
and v: Q* — [0, 00) is measurable, then

(3.9) /Qv(h(z))Jh(z) dz = /*U(w) dw.
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Proof. Let G = h=1(Q*). Combining Lemmas [3.3] and 3.8 we have

/Qv(h(z))Jh(z) dz:/Gv(h(z))Jh(z)dz:/v(w)Ng(h,w) dw

= /*fu(w) dw. ) O

In general, a deformation may take a part of Q into 9Q2*. This is the
subject of our next lemma.

Lemma 3.10. Suppose that h € D(Q, Q*) where Q and Q* are bounded dou-
bly connected domains. Let G = {z € Q: h(z) € Q*}. Then G is a domain
separating the boundary components of ). Precisely, the two components of
0 lie in different components of C\ G.

Proof. The set G is open by the continuity of h, and connected by Lemmal[3.71
Let 0;Q* and 0pQ* be the inner and outer components of the boundary of
Q*. The function

5() dist(h(z), 0rQ*)

(2) := dist(h(z), 9rQ*) + dist(h(z), Do Q*)’
extends continuously to C by setting the values 0 and 1 in the components
of C\ Q. The disjoint open sets {z € C: |0(z)| < 1/2} and {z € C: |4(2)| >
1/2} cover C\ G in such a way that each of them contains one and only one
boundary component of 2. Thus G separates the components of 0. O

z €9,

In order to prove that ©(2, Q%) is sequentially weakly closed, we need an
estimate near the boundary stated as Proposition B.11] below. For Sobolev
homeomorphisms a similar result was proved in [I7] in all dimensions. The
extension beyond homeomorphisms is deferred to 121

Proposition 3.11. Let Q and Q* be bounded k-connected domains, 2 <
k < oo. Denote their boundary components by I'; and I';, i = 1,...,k.
Assume that diamT'; > 0 for all 1 < i < k. Then there exist functions n;,
1 < i < k, continuous in C and vanishing on I';, such that the following
holds. If h: Q@ — QF is a continuous W2-mapping such that h(2) D Q*, h

is monotone on the set h~1(Q*), and

(3.10) dist(h(2),I7) = 0 as dist(z,I) =0, i=1,...,k,
then
(3.11) dist(h(2),T7) < mi(2) VEh], i=1,...,k.

Lemma 3.12. Let Q and Q* be bounded k-connected domains, 2 < k < oo.
Assume that the boundary components of € do not degenerate into points.
If a family of deformations F C D (2, Q%) is bounded in W12(Q) then it is
equicontinuous on compact subsets of Q and the family Ay := {6p: h € F}
is equicontinuous on Q.
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Proof. The equicontinuity of F on compact subsets of 2 is readily seen
from ([B.2]). It follows that Ar is equicontinuous on compact subsets as well.
To show that it is actually equicontinuous on it remains to prove that for
any € > 0 there is a compact set K C € such that §, < e on Q\ K for all
h € F. This is exactly what Proposition [B.TT] delivers. O

Lemma 3.13. Let 2 and Q* be bounded k-connected planar domains, 2 <
k < 0o. Assume that the boundary components of 0 do not degenerate into
points. If a sequence {h;} C D(Q,Q*) converges weakly in WH2(Q), then
its limit belongs to D (€2, Q*)

Proof. Let h be the weak limit of h; € ©(2,Q*). Its Jacobian determinant
J}, is nonnegative a.e. in Q due to L'-weak convergence of Jacobians under
Wh2weak limits [19, Theorem 8.4.2]. The weak convergence also implies
that fQ Jp < |2*|. It remains to show that h has an approximating sequence
of homeomorphisms. For this it is enough to prove that h; < hin Q.
Indeed, each h; being a cé-uniform limit of homeomorphisms, the diagonal
selection will produce the desired approximating sequence.

By Lemma the sequence {h;} is equicontinuous on any compact
subset of €). With the help of the Arzela-Ascoli theorem it is routine to
prove that h; — h c-uniformly. In particular, dp, — O pointwise. The
convergence is uniform because the functions d,,; are equicontinuous in Q by

virtue of Lemma [3.12] It follows that h; <2 h as claimed. O

Due to the weak lower semicontinuity of the Dirichlet energy, Lemma B.13]
has a useful corollary.

Corollary 3.14. Under the hypotheses of Lemma [3.13] there exists h €
D(Q, %) such that E[h] = E(Q2, Q*).

Note that Lemma[BI3]fails for £ = 1. Indeed, the M&bius transformations
fa(z) =

1—az

Z—a

converge weakly in W12 to a constant mapping (not a deformation) as
a — 1. We conclude this section with a promised remark on the existence
of homeomorphisms of class H'2(Q, Q).

Lemma 3.15. Let Q) and Q* be bounded doubly connected domains in C.
Then HY2(Q, Q%) is nonempty, except for one degenerate case when Mod §) =
oo and Mod Q* < co. In this case there is no homeomorphism h: § 28 Q*
of Sobolev class WH2(Q).

Proof. Suppose that the degenerate case takes place. Then Q = V' \ {z}
where V is a simply connected domain. Since isolated points are removable
for monotone W12 functions [I7, Theorem 3.1], the mapping h has a con-
tinuous extension to V. But then Q* = h(V) \ {h(z0)}, which contradicts
the finiteness of Mod 2*.
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Conversely, suppose that the degenerate case fails. If Mod 2 = Mod Q* =
00, then there exists a conformal mapping h: Q 2% Q* for which £[h] =
2|Q2*| < oo by virtue of (I.2). The remaining case is when both domains have
finite modulus. Then we map them conformally onto circular annuli A and
A* and compose them with a radial quasiconformal mapping 1: A 23 A*,

a1 ~ Mod Q"
YR =Ll a= 1ol
This creates an element in H%2(Q, Q). O

4. HARMONIC REPLACEMENT

Let 2 be a domain in C and U € 2 a bounded simply connected domain.
For any continuous function f: €2 — C there exists a unique continuous
function Py f: Q — C, called the Poisson modification of f, such that Py f
is harmonic in U and agrees with f on Q\ U. Indeed, the Dirichlet problem
with continuous boundary data has a continuous solution in any simply
connected domain, e.g., [33 Theorem 4.2.1] or [8, Ch.III]. Furthermore,
Py f € Wh2(Q) whenever f € WH2(Q). Although the latter fact is surely
known, we give an explanation. The function P f can be constructed by
the Wiener method [8, Theorem III.5.1] as a c-uniform limit

(4.1) Pyf = lim Py, f, Uielsée...

where {U,} is an exhaustion of U by smooth Jordan domains. Since the
difference Py, f — f vanishes on the smooth boundary 0U,, it extends by zero
to a function in W12(Q). Adding f to it, we conclude that Py, f € Wh2(€),
with a uniform bound on the W%-norm thanks to Dirichlet’s principle.
Thus, {Py, f} contains a subsequence that converges weakly in W12(0).
Its limit must be Py f since Py, f — Py f uniformly.

The following lemma generalizes the well-known Raddé-Kneser-Choquet
Theorem on the univalence of harmonic extensions. The added generality is
in that the domain U is not required to be Jordan.

Lemma 4.1 (Modification Lemma). Let U and D be bounded simply con-
nected domains in C with D convexr. Suppose that f is a homeomorphism
from U onto D with continuous extension f: U — D. Then there exists a
unique harmonic homeomorphism h: U 228 D which agrees with f on the

boundary. Specifically, h has a continuous extension to U which coincides
with f on OU.

Proof. The existence and uniqueness of a continuous harmonic extension
h of f ! oy are well known. Also h(U) D D by a straightforward degree
argument and h(U) C D by the maximum principle. Thus the essence of
the lemma is injectivity of h.

Let {D,} be an exhaustion of D by convex domains and define U, =
f~Y(Dy,), which is a Jordan domain. By the Radé-Kneser-Choquet Theo-
rem [7, p. 29] the mapping h,, := Py, f is harmonic homeomorphism of U,
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onto D,,. Asn — oo, hy, — Py f =: h c-uniformly on U, see [8, Ch.ITI]. The
convergence of harmonic functions implies the convergence of their deriva-
tives. Therefore J,, — Jj pointwise, in particular J; > 0. This means that
the holomorphic functions h, and h; satisfy the inequality |hz| < |h.|. This
is only possible when either |hz| < |h,| in U or |hz| = |h,| in U. The sec-
ond case cannot occur, for it would yield J, = 0, contradicting h(D) D U.
Therefore J, > 0, so the mapping h is a local diffeomorphism. Being also a
c-uniform limit of homeomorphisms, h is a diffeomorphism of U. O

We are now in the position to apply the Poisson modification to deforma-
tions.

Lemma 4.2. Let Q and Q* be bounded k-connected domains, 1 < k < oo.
Suppose that h € D(Q, Q*) satisfies h(2) = Q*. Let D be a convex domain
such that D C Q*. Denote U = h=Y(D) and g = Pyh. Then

(i) g € D(Q, )

(ii) The restriction of g to U is a harmonic diffeomorphism onto D.

(111) Elg] < E[h] with equality if and only if g = h.

Proof. We use the notation of ([3.6) and [B.7)). By Lemma [3.7] the induced

mapping . S? o 2 g monotone, so we can apply Theorem I1.1.47 in [32].
According to which there exists a monotone mapping f: S? 28 S? which
takes x(U) homeomorphically onto x*(D) and agrees with h on S? \ x(U).
This allows us to apply the Modification Lemma 4Tl to h. Thus the Poisson
modification ¢ = Pyh performs a harmonic diffeomorphism of U onto D.
Clearly, §: S 28 S? is monotone. Any such mapping can be uniformly
approximated by homeomorphisms [32, Theorem II.1.57]. We can actually
alter slightly these homeomorphisms so as to obtain a sequence of homeo-
morphisms g;: S M8 §2 that agree with § at the punctures P C S?, and
still g; — ¢ uniformly on S?. Every such homeomorphism g;: S? oty §2
is represented by a homeomorphism h;: ot O* by the rule g = 7;]-,
where 7;]- is determined from the equation (B.7)); ﬁj ox = X*oh;. The
uniform convergence of g; implies that h; < g in Q. Thus we conclude
that g € ©(22,Q*). The inequality E[Pyh] < E[h] is merely a restatement
of Dirichlet’s principle. O

5. REICH-WALCZAK-TYPE INEQUALITIES

The Reich-Walczak inequalities [35] provide the upper and lower bounds
for the conformal modulus of the image of a circular annulus under a qua-
siconformal homeomorphism. Propositions (.1l and provide such bounds
for deformations, which are in general neither quasiconformal nor homeo-
morphisms. We also treat Sobolev homeomorphisms in I/Vlicl , for which simi-
lar inequalities were established in [30] in the context of self-homeomorphisms
of a disk that agree with the identity mapping on the boundary. However,



14 IWANIEC, KOH, KOVALEV, AND ONNINEN

we work with doubly connected domains and do not prescribe boundary
values.

Let us introduce notation for several quantities associated with the deriva-
tives of a mapping f. We make use of polar coordinates p and 6 and the
associated normal and tangential derivatives

fv=tp and =2

In these terms the Wirtinger derivatives f, and f; are expressed as

e—i@ ei@

fo== (fn —ifr) fz= T(fN‘FZ'fT)
Also, the Jacobian determinant of f is

Jr = |f* = | = Im Fu fr-

Except for the origin, where polar coordinates collapse, we may define the
normal and tangential distortion of f as follows.

o ’fz‘i‘ §f2‘2 _ |fN|2

5.1 Kl .=

(5:1) N J Ty
\f-= 257 |fr)?

5.2 K .= z _

(5:2) 4 J Ty

By convention these quotients are understood as 0 whenever the numerator
vanishes. Naturally, they assume the value 4o0 if the Jacobian vanishes but
the numerator does not. For a mapping f € VVlicl the quantities fn, fr,
and J; are finite a.e., and therefore K ]]:, and K% are unambiguously defined
at almost every point of the domain of definition of f.

Proposition 5.1. Let Q and Q* be bounded doubly connected domains such
that Q) separates 0 and co. Suppose that either
(a) [ €D(2,9%) or
(b) f: Q28 Q* is a sense-preserving homeomorphism of class VVJ)CI(Q, 0*).
Then
d

(5.3) 27 Mod Q* < / KL=

Q =]
Proof. There is nothing to prove if the integral in (5.3]) is infinite, so we as-

sume K]]:, < 00 a.e. There exists a conformal mapping ®: Q* — A(r,, 1) =:
A* where 0 < r, < 1 is such that Mod Q* = log1/r,. Let G = {z €
Q: f(z) € Q*} and define g: G — A* by g = ® o f. Note that G = Q if we
are in the case (b).

Fix € > 0. We claim that

d 1
(5.4) / lon] dz 227Tlogj.
G lgl+ e |7] e t€
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Let by = {pe’? € G: p > 0}, 6 € [0,27]. For almost every 6 € [0,27] the
mapping g is locally absolutely continuous on #y. The image of £y under g is a
union of curves in A* which approach the boundary of A* in both directions.
At least one of them connects two boundary components of A* because GG
separates the boundary components of by Lemma [B.I0. Therefore the
function |g| attains all values between r, and 1 when restricted to some
connected component of £y N G. It follows that

1
/ lgn | > log L€
gemg‘g’-i-e Ty + €

Integration with respect to 6 yields (5.4]). Using the normal distortion in-
equality |gnv]? < K %, Jy and the Cauchy-Schwarz inequality we obtain

2 g 1/2 2
</ 9| d_) . /(KNJg> dz g/ Jo Q/K}qu_zz
G lgl +€ 2] ¢ lgl+e 7 ¢ (lgl+e? Jo 77

J, dz
< | —F= /Kg .
/G(!g\+6)2 o NVl

Since @ is conformal, K3, = K ]]:, Thus we infer from (54]) that

1+e)> _ 1 / ; dz / J,
5.5 log ——— < Ky —= — 9
(5:5) <0g7"*+6> 2m)2 Jo N2 Jao (gl +€)?
From Lemmas 3.3] and 3.8 we obtain
J, d 1
(5.6) / 792 < / 7202 < 27 log + ‘.
a (lgl +€) A (Jw] +€) Ti t+ €

It follows from (B.5]) and (5.6]) that

1 1 d
log +€<—/K]]:,—Z.
ret+e 27 Jo |2]2

Letting € — 0 completes the proof. O

Unlike Proposition .1l our lower bound for the modulus of the image
under a deformation depends on the rectifiability of the boundary of Q*.
We do not know if this assumption is redundant.

Proposition 5.2. Let A = A(r, R) be a circular annulus, 0 < r < R < oo,
and Q* a bounded doubly connected domain with finite modulus. Suppose
that either

(a) f€D(A,Q*) and QO* is bounded by rectifiable Jordan curves, or

on * - . . 1,1 *
(b) f: A3 QF is a sense-preserving homeomorphism of class W, (A, Q).
Then

dz (Mod A)?
5.7 KL= > 2mr—
(5:7) /A T 22 ""Mod O
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Before proving Proposition we collect some results concerning the
Hardy space H'(A) on a circular annulus A = A(r,R), 0 <r < R < 0o. In
what follows T, = {z € C: |z| = p}, p > 0. By definition, a holomorphic
function 1: A — C belongs to H'(A) if the integrals pr\w] are uniformly
bounded for r < p < R. Such a function ¢ has nontangential limits a.e. on
OA [306] p.6], and ¥ # 0 a.e. on OA unless ¢ = 0 [36], pp.10-12]. The relation
between H'(A) and domains with rectifiable boundaries is summarized in
the following proposition which is a version of classical theorems due to
F. and M. Riesz and V. I. Smirnov. Below H' denotes the one-dimensional
Hausdorff measure, not to be confused with the Hardy space.

Proposition 5.3. Let Q) be a doubly connected domain bounded by rectifiable
Jordan curves and let U: A = A(r, R) — §Q be conformal. Then

(i) ¥’ € H'(A)

(i1) for any Borel set E C OA we have H'(¥(E)) = [,|¥'|
(iii) HY (W (E)) = 0 if and only if H'(E) = 0.

Proof. Part ({l) is proved in exactly the same way as the corresponding result
for the disk [8, p. 200]. Since ¥/ € H', the continuous extension of ¥ to A
is absolutely continuous, i.e., () holds. Part (i) follows from (i) because
U’ £ 0 a.e. on JA. O

Proof of Proposition [5.2l There is nothing to prove if the integral in (5.3]) is
infinite, so we assume KCJ; < ooa.e. Let G={z € A: f(z) € Q*}. Note that
G coincides with A if we are in the case (b). On the set A \ G the Jacobian
Jy vanishes by Lemma [3.10l Since K:J; is finite a.e., it follows that fy = 0
a.e. on A\ G. There exists a conformal mapping ®: Q* — A(r,, 1) =: A*,
where 0 < 7, < 11is determined by Mod Q* = log 1/r,. In case (a) ® extends
to a homeomorphism ®: Q* — A*. In either case (a) or (b) we can define
g=®o f: A — A*

We claim that

lgr| dz
¢ lgl Izl
Indeed, for almost every circle T, C A the mapping f is absolutely contin-
uous on T, and

(5.8) > 27 Mod A.

(5.9) fo=0 ae onT,\G.

For any such p we are going to prove the inequality

(5.10) / lorl o,
T,NG |91

from which (5.8]) will follow by integration.

In the case (b) the inequality (5.10)) is a direct consequence of the fact
that the curve g(T,) separates the boundary components of A*; indeed, the
length of any such curve in the logarithmic metric |dz|/|z| is at least 2.
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We now turn to the case (a). Let w, be an interior point of the bounded
component of C\Q*. Choose an approximating sequence {h;}jen C H"?(2, Q%)
that converges to f. Note that for each j the multivalued function arg(h;(z)—
w,) increases by 2m on T,. Letting j — oo we obtain the same for f; in
particular, f(T,) separates w, from oco. Since ®: Q* — A* is a homeomor-
phism, g(T,) is a closed curve in A* which separates 0 from oo. Therefore, its
length in the logarithmic metric |dz|/|z] is at least 27. By virtue of (5.9]) the
intersection of f(T,) with 0Q* has zero length. By part (iil) of Theorem [5.3]
we have H'(g(T,) NOA*) = 0. Hence, the part of g(T,) that is contained in
A* has logarithmic length at least 2. This is exactly what (5.10) claimed.

Now that (5.8) is at our disposal, we proceed as in the proof of Proposi-
tion [B.Jl The Cauchy-Schwarz inequality yields

(L < (L) < [ [ x
iy Meld F) S e Bl F) S JolaP b

27Tlog— /Kj‘l| B —27TMOdQ*/K§]«| T

where the second to last inequality follows from (5.0). It remains to com-

bine (5.8]) and (G.11). O
6. HOPF DIFFERENTIALS

We call a deformation h € ©(Q2,Q*) stationary if

d .
(6.1) o tZOS[h o¢p, =0
for every family of diffeomorphisms ¢;: 2 — € which depend smoothly on
the parameter ¢ € R and satisfy ¢y = id. It should be emphasized that
apart from ¢g, the diffeomorphisms ¢; need not agree with the identity on
the boundary. The derivative in (6.I)) exists for any h € Wh2(Q), see [37,
p. 158]. Every energy-minimal deformation is stationary. Indeed, h o ¢; !
belongs to ©(,Q*) by virtue of Lemma The minimal property of h
implies E[h o ¢; '] > £[h], from where (G1]) follows.

The key property of the stationary mapping in (6.1]) is that:

e The function ¢ := h,hz, a priori in L*(Q), is actually holomorphic.
e If 90 is C'-smooth then ¢ extends continuously to , and the qua-
dratic differential ¢ dz? is real on each boundary curve of €.

See [23, Lemma 1.2.5] for the proof of the above facts and [21], Chapter I1]]
for the background on quadratic differentials and their trajectories. Let us
consider the special case = A(r, R) with 0 < 7 < R < oco. Since ¢ dz?
is real on each boundary circle, the function z2p(2) is real on Q. By the
maximum principle

(6.2) 22p(2) = ceR.

We state this as a lemma for the ease of future references.
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Lemma 6.1. Let Q = A(r, R) be a circular annulus, 0 < r < R < o0, and
Q* a bounded doubly connected domain. If h € D(Q,Q*) is a stationary
deformation, then
— ¢

6.3 h.hs = — m Q.
(6.3) Mz =73 m
where ¢ € R is a constant. Furthermore,

hvl? < Jn,

(6.4) oy ‘2 oo

’hT‘ < Jh7 Zf
Proof. The validity of (6.3]) with some ¢ € R was already recognized in (6.2]).
Separating the real and imaginary parts in (6.3]) we arrive at two equations

(65 = hrf? =

(6.6) Re(hyhr) = 0.

Recall that Jj, = Im hxyhr > 0, which in view of (6.6) reads as

(6.7) Jn = |hn||hr|

Combining this with ([G.5]) the claim (6.4)) follows. O

Lemmal6.T]together with Propositions[5.Iland 5.2 give the following corol-
lary.

Corollary 6.2. Under the hypotheses of Lemma [6.1] we have

e if Mod Q) < Mod Q*, then ¢ >0
e if Mod 2 > Mod 2* and 2* is bounded by rectifiable Jordan curves,
then ¢ < 0.

7. MONOTONICITY OF THE MINIMUM ENERGY FUNCTION

Due to the conformal invariance of the Dirichlet integral and of the
class of deformations (Lemma [3.2), the minimal energy level E(Q2, Q*), de-
fined by (2.1)), depends only on the conformal type of  as long as
is bounded and Q* is fixed. This leads us to consider a one-parameter
family of extremal problems for homeomorphisms A(7) 2% Q* of annuli
A(T) = A(1,€7), 0 < 7 < oo. In this section we are concerned with the quan-
tity E(7,Q*) := E(A(7), Q") as a function of 7, called the minimum energy
function. When Q* has finite conformal modulus, E(7, Q*) attains its mini-
mum at 7 = Mod Q*. Indeed, by (I.2)) for every 7 we have E(7, Q*) > 2|Q*|,
with equality if and only if €2 and * are conformally equivalent; that is, for
7 = Mod Q) = Mod Q*. The following monotonicity result, which extends
this observation, will be of crucial importance in the proof of Theorem 2.3l

Proposition 7.1. Let Q* be a bounded doubly connected domain. The func-
tion T — E(7,Q%) is strictly decreasing for 0 < 7 < Mod Q*. If, in addition,
Q* is bounded by rectifiable Jordan curves, then E(T,Q*) is strictly increasing
for T > Mod Q*.
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The proof of Proposition [[1] requires auxiliary results concerning the
normal and tangential energies

Exlh] = /Q vl Erln] = /Q hr 2

Clearly E[h] = En[h] + Er[h]. Unlike £[R], both quantities En[h] and Er[h)
transform in a straighforward way under composition with the power stretch
mapping

(7.1) VYal2) = |2|%7 L2, 0<a<oo.
Specifically,
(7.2) Exlhod] = abnlhl,  Erlhov] = éé’T[h].

The direct verification of (.2)) is left to the reader. We only note that the
domain of definition of A here is irrelevant as the computation is local.

Lemma 7.2. Let Q* be a bounded doubly connected domain, 17, € (0,00).
Suppose that h° € D(A(7,),Q*) is an energy-minimal deformation. Then
for all 0 < T < 0o we have

(7.3) E(r, Q") < =2 En[h°] + = Erle).
Proof. Let @ = = and note that 1), defined by (ZI)) is a quasiconformal

mapping of A(7) onto A(7,). By Lemma[3.2] the composition h° o1, belongs
to D(A(7),Q*) and by (7.2]) we have

1
E(T,Q*) Sg[hoolba] :agN[ho] —l—agT[ho]. O
Let us apply Lemma with 7, = Mod Q*. In this case h°: Q 2283 Q* is
conformal so Ex[h°] = Er[h°] = |Q*|. We obtain a simple upper bound for
the minimal energy function,
Mod 2* T
4 E(7,Q%) < QF .
(7.4) (1,0%) ( +Mon*>| l, 0<7<o0

Corollary 7.3. The function E(7, ") is locally Lipschitz for 0 < 7 < oc.

Indeed the existence of h° in Lemma is assured by Corollary B.14]
From Lemma for arbitrary 0 < 7,7 < 0o we have

E(r, Q%) — E(s, ) < §5N[h°] + TlgT[hO] — &n[h°] — Er[1°]
(7.5) oo o
(r—7) {5T[h | Enlh ]}

To T

from where the local Lipschitz property is readily seen.
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Proof of Proposition [[1l. Since E(7,Q*) is locally Lipschitz, its derivative
exists for almost every 7 € (0,00). Fix such a point of differentiablity, say
0 < 7o < ModQ*. Let h° € D(A(7o), 2*) be an energy-minimal deformation.
By Lemma

4
W2 = |hS 1 + ﬁ, hence upon integration Ex[h°] = Er[h°] + 8cno.

Now, for any 7 € (0,00) the estimate (7.5)) takes the form
(7.6) E(r,Q%) — E(75,Q%) < (7 — 7o) {—8671' + (To_l — T_l)é’N[ho]}

Therefore
d
7 T:TOE(T, ") = —8re.
Corollary completes the proof. O

8. EXISTENCE: THEOREM 23]

Proposition 8.1. Let €2 and Q* be bounded doubly connected domains. Sup-
pose that h € D(Q, Q%) satisfies E[h] = E(Q,Q*). Let G = {z € Q: h(z) €
Q*}. Then G is a doubly connected domain that separates the boundary
components of Q. The restriction of h to G is a harmonic diffeomorphism
onto *.

Proof. The fact that G is a domain separating the boundary components of
Q was established in Lemma B.10l Each point z € G has a neighborhood in
which h is a harmonic diffeomorphism. Indeed, otherwise we would be able
to find a deformation with strictly smaller energy by means of Lemma
Thus, h: G 28 O* is a local diffeomorphism. On the other hand, for each
w € QF the preimage h™!(w) is connected by Lemma B.71 It follows that
h: G 228 O* is a diffeomorphism. Being a diffeomorphic image of Q*, the
domain GG must be doubly connected. O

Proof of Theorem 2.3l If Mod Q = Mod Q*, then the domains are confor-
mally equivalent. As observed in I, a conformal mapping minimizes the
Dirichlet energy. Thus we only need to consider the case Mod Q2 < Mod Q*.
In particular Mod 2 < oo.

Let h and G be as in Proposition[B.Il The existence of such h is guaranteed
by Corollary [3.14l Since G separates the boundary components of €, we
have Mod G < Mod €2 with equality if and only if G =  [25] Lemma 6.3].
If Mod G < Mod §2, then by Proposition [7.1]

/|Dh|2 > E(Mod G, Q) > E(Mod Q, Q%) :/|Dh|2
G Q

which is absurd. Thus G = 2. By Proposition B1] the mapping h:  — Q*
is a harmonic diffeomorphism. The uniqueness statement will follow from
Proposition [10.2] O
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Proof of Theorem 3. Suppose Mod Q < Mod Q* and let fo: Q 2% O* be
an energy-minimal diffeomorphism provided to us by Theorem 23l For
every homeomorphism g: Q* 228 O with integrable distortion the inverse
map f = ¢g~': Q 28 OF belongs to the Sobolev class W12(Q) and we
have [10, [1T] 20]

w)dw = 222/ 0222: w)aw
80 [ Kdo= [IDf@P e [DREPE= | K

where g, = f-'. The latter identity is legitimate because f, is a diffeomor-
phism. Thus g, is also a C*°-smooth diffeomorphism. It has the smallest
possible L'-norm of the distortion. If equality holds in (81 then, by The-
orem 23] the mapping f; ! o f is conformal. U

9. NONEXISTENCE: THEOREM [2.4]

Before proceeding to the proof of Theorem 2.4] we recollect basic facts of
potential theory in the plane which can be found in [33]. A domain 2 has
Green’s function Gg whenever C \ € contains a nondegenerate continuum.
Our normalization is Go(z,() = —log|z — (| + O(1) as z — (. In particular,
Ga(z,¢) > 0. Green’s function for the unit disk D is

1—zg7
z—C

If f: Q@ — QF is a holomorphic function, then the subordination principle
holds:

(9.1) Ga(z,¢) < Gax(f(2), f(Q))-

Proof of Theorem 2.4l If Q is degenerate, so is Q* because a point is a remov-
able singularity for W1 2-homeomorphisms [I7, Theorem 3.1]. Therefore we
may assume, by a conformal change of variables in €, that Q = A(R™!, R),
R > 1. By Lemma [6.1]

gID)(za C) = 10g

(9.2) h.hz in €.

_c
=2
where cis real. If ¢ > 0, then (6.4)) yields |hr|? < Ji, hence Mod Q* > Mod Q2
by Proposition It remains to consider the case ¢ < 0. Let us write
c = —b%, b € R. Introduce the so-called second complex dilatation

|

(9.3) v=

S

which is a holomorphic function from € into the unit disk D [7, p. 5].
Equation ([©.2]) implies that v does not vanish and
—b?
- 22h2
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Therefore, v has a single-valued square root, namely

b
9.4 = .
(9.4) Y=
From (@.3]) and (@.4) we have
" -
(9.5) ho =2 and  hs= -2
W

Now we integrate the differential form dh = h, dz+ hz dz over the unit circle

dz  wdz 1 d
(9.6) Oz/dh:ib/<—Z—w—z>:ib/<—+w>—z.
T T \ RW z T \W z

The image of T under the map z +— |L°j—| is an arc I' C T. This arc cannot be
contained in any open half-circle, for then the values of the function w™! +
@ =w(1+ |w|™!) on T would lie in an open halfplane, contradicting (2.6)).
Thus there exist points 21, z9 € T such that

w(z1)
w(z2)
We write w; = w(z;), j = 1,2, and invoke a simple lower bound for the
Green function of Q, derived in [I5] (3.9)]:

2
(9.8) Ga(z1, z2) = log coth 412?, 21,29 € T.

By the subordination principle (@),
(9.9) Galz1,22) < Gp(wr, ws).
Because of symmetry we may assume |wq| < |wz|. The right hand side
of ([@.9) is estimated from above using (Q.7):
1+ |wiwy| < log LT |y |2
jwi] + Jwa| 2|w|
Combining (0.8))-(@.I0) we obtain an upper bound for |w| on T,
2
S8log R’

Introduce an auxiliary mapping g = ¢oh, where ¢ is an affine transformation
chosen so that g becomes conformal at z;; that is, gz(z1) = 0. It was proved
in ([I5], estimates (3.11) and (3.13)) that

(9.7) <0.

(9.10) Gp (w1, wz) = log

(9.11) lw(z1)| < tanh

2 logt — log(1 + log t)
M Q) > ModQ- A h— |, A@t)= , t> 1.
od g(9Q) od (cot 2T> (t) 5+ log!
From (@.I1]) we have
1 —|w(z1)] w2
Mod h(2) > ——————= Mod g(Q2) = — Mod g(£2).
od h(£2) T e 9() = exp Toa it ) MO 9()

Combining the last two lines yields (2.3)). O
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We complement Theorem 2.4] with an explicit example of two doubly
connected domains and a harmonic homeomorphism between them, which
do not admit an energy-minimal homeomorphism.

Example 9.1. Consider the annulus Q@ = A(1,R), R > 1. Fix0 < § < 1 and
let * be the image of the annulus A* = A(1, (R + R~1)) under the affine
mapping ¢(z) = z+6z. Then there exists no energy-minimal diffeomorphism
h: Q228 O though there exists a harmonic one.

Proof. The annulus A* is the image of ) under the extremal Nitsche mapping

h*(z) = % <z—|— %)

which is not only harmonic but also energy-minimal in HY2(Q, A*) [2) Corol-
lary 2]. The uniqueness part of Theorem 1.1 in [I4] states that h* is the
unique harmonic homeomorphism from 2 onto A*, up to a conformal au-
tomorphism of the annulus 2, rotation or/and inversion. It follows that
g := ¢ o h* is the unique harmonic diffeomorphism of 2 onto Q*, up to
a conformal automorphism of Q. Thus if H2(Q,Q*) admitted an energy
minimizer the mapping g would be one of them. Explicitly,

1 0 _ 1
g(z)—§<z—|—;+5z—|—§>.

On the other hand, the Hopf differential of g takes the form

_ 1 1) 1 c
9292—1<1—;> <5—;>§é;

By Lemma [6.1] we see that g cannot be stationary in the annulus 2. Conse-
quently, there is no energy-minimal homeomorphism in H%2(Q, Q*). O

10. CONVEXITY OF THE MINIMUM ENERGY FUNCTION

In §7 we proved that for any bounded doubly connected domain Q* the
function E(7,Q*) is decreasing for 0 < 7 < Mod 2*. The minimum of this
function is attained at 7 = Mod %, i.e., in the case of conformal equivalence.
In this section we prove:

Theorem 10.1. Let Q* be a bounded doubly connected domain. The func-
tion T — E(7,Q%) is strictly convex for 0 < 7 < Mod Q*.

The main part of the proof of this theorem needs to be stated separately.
As a by-product it establishes the uniqueness part of Theorem [I.1]

Proposition 10.2. Let Q* be a bounded doubly connected domain. Suppose
that h € D(A(15), ") is an energy-minimal deformation. In particular, by
Lemma [6.1],

(10.1) hhs = in A(T,).
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Then for any diffeomorphism g: A(T) — Q* we have
(10.2) Elg] — E[h] = 8me(ro — 7).

If, in addition, h is a diffeomorphism, then equality holds in (I02) if and
only if T =7, and g~' o h is a conformal mapping of A(1,) onto itself.

Proof. First we dispose of the easy case ¢ = 0. In this case h is conformal,
which implies £[h] = 2|Q2*|. On the other hand, £[g] > 2|Q*| with equality
if and only if g is conformal, see (L.2)).

It remains to deal with ¢ # 0. The composition

f=gloh: A(To) 2% A(7)

lies in I/Vlif (A(75)) and is not homotopic to a constant mapping. Moreover,
the restriction of f to the domain G := {z € A(7,): h(z) € Q*} is a harmonic
diffeomorphism onto A(7), by virtue of Proposition 8l Thus, f possesses a
right inverse f~1: A(7) 2% G which is also a diffeomorphism. We estimate
Elg] — €[h] in several steps. The first step is to apply the chain rule to the
derivatives of g = ho f~1(w) at w = f(2).

@ o hzﬁ B héﬁ

ow Jf
10.3
(10:3) g _ hzf. —h:fz
ow Jf

Then by change of variables the Dirichlet energy of ¢g in A(7) reduces to an
integral over G.

Elg) =2 / (Igul? + g0]?) du
A()
T K _f |2 _ _ 2
G Jr

Next, subtract [|Dh[? from E[g], use the inequality |h.|*+ |hz|* = 2|h;hz],
and recall (I0I]) to obtain

2 12) [ £212 — L

Iy
2hzh5 22—2R thZ
(100 24/ |h-hz| |f] e [hhefof]
G Iy
—of-]? 5
= 4]6[/ [z ofsl 1 ﬁ, where 0 = 0(z2) = £
G Iy |22 ||z

We must also account for the integral of |[Dh|? over A(7,) \ G. On this set
Jp = 0 a.e. by Lemma 310, which in view of (I0.I]) implies
2|c|

el + |hsl? = 2| ]? = LR
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Hence

d
(10.5) / Dh|? = 4\(3\/ iy
A(ro)\G AN\ |71
Combining (I0.4) and (I0.5]) we arrive at

—ofs 2
elo) - el > el | T e [
— 4le |/ e ol Ufz’z d'z -

J2I?

(10.6)

At this stage the sign of ¢ comes into play. Note that
|fo—of:l* _[Kf ife>0
J¢ Kf if ¢ < 0.
Lemma [3.10] tells us that the Jacobian J; vanishes almost everywhere on
A(15) \ G. This together with (6.4]) imply that one of directional derivatives
of h must vanish a.e. on A(7,)\G: hy =0if ¢ > 0or hy =0if ¢ < 0. Since
f = g~ ! o h, the same alternative applies to the directional derivatives fr
and fy. In summary, the last integral in (I0.6) may as well be taken over
A(T,) instead of G.
d
4ycy/ K ’ ‘22 8|, if e >0
(10.7) Elgl — E[h] =
f dz .
4]6[/ Ky e 8n|c|to if ¢ < 0.
z

In the case ¢ > 0 we apply Prop051t10n to f and obtain the estimate
d

(10.8) / KL > on
A(7o) ’Z‘

which together with (I0.7)) yield

= |o\]m

(10.9) E&lg] — Eln] = 8#0?( —7) = 8me(1o — 1), 0< 7,7 < o00.

If ¢ < 0, then Proposition 5.1 (b) applies to the restriction of f to G,
yielding

(10.10) / K1 d—’; > 2n7
G |2

which together with (I0.6]) imply (10.2]).

It remains to prove the equality statement. Since h is a sense-preserving
diffeomorphism, we have G = A(7,) and |h,| > |hz| everywhere in A(7,).
If equality holds in (I0.2]), then it also holds in (I0.4]). The latter is only
possible if f; = 0in A(7,). Thus f: A(7,) 2% A(7) is a conformal mapping.
This implies 7, = 7, as desired. O
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Proof of Theorem [I0.1l Pick 7, € (0, Mod Q*). By Theorem [2.4] there exists
h € HY2(A(7,), %) such that £[h] = E(7o, Q*). Consequently, (I0.I]) holds.
That ¢ > 0 follows from Corollary We now claim that

(10.11) E(7, Q%) — E(70, Q%) > —8me(r — 7o), 7€ (0,Mod "), T# 7o
Indeed, by Theorem 2.4 there exists g € HY2(A(7),Q*) such that £[g] =
E(7,Q*). Proposition is exactly what we need for (I0.IT]).

Inequality (I0.IT)) tells us that E(7, Q%) is strictly convex. Together with (7.5])
it yields the existence of the derivative

d

dr T=To

E(r,Q%) = -8,

Incidentally or not, this shows that ¢ depends only on 7, and Q*, but not on
h. Every convex function, once differentiable everywhere, is automatically
C'-smooth; the theorem is fully established. O

The strict convexity part of Theorem [0 fails for 7 > Mod Q*. We
demonstrate this with an example based on the results of [2]. Although
the paper [2] is concerned with the minimization of energy in a somewhat
different class of Sobolev mappings, its approach carries over to our setting
with no changes.

Example 10.3. Let Q* = A(1, R.) where 1 < R, < co. The function 7
E(r, %) is C%-smooth on (0, 00), strictly convex for 0 < 7 < log cosh Mod Q*
and affine for 7 > log cosh Mod Q2*.

Proof. Let Q = A(1,R) where R = ¢”. We begin with the case 0 < 7 <
log cosh Mod 2*. In terms of R this condition reads as

1 1
(10.12) R, > 3 <R + —) , equivalently, R < R, ++/R?—1.

R
Let A € (—1,1] be determined by the equation
1 A . R(R— R,)
(10.13) R 1+)\<R+R> that is, A RE 1

By [2, Corollary 2] the infimum of energy E(€2, Q2*) is achieved by the map-
ping
1 A
A _ _
(10.14) o) =1y <z+ Z) :
for which we compute
(R? —1)(R%? + \?)

(10.15) EWM =27 TRV

which yields
R?+ 1)[(R? +1) — 4RR,]
RZ—-1 ’

(10.16) E(log R, Q") = 277(
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A straightforward computation reveals that the righthand side of (I0.10]) is a
convex function of log R in the range given by (I0.12]). Indeed, its derivative
with respect to log R is equal to

d $tR(R— R.)(RR, — 1
(10.17) R-LE(og R, ") = T (7 _)(1)2 )

dR
Differentiating (I0.I7) once again, we find

rL <RiE(1og R, Q*)>

(10.18) R d];r .

The right hand side of (I0.I8)) has the same sign as (2RR. — R? — 1), which
proves the claim. For future reference we note that at the transition point

R = R.++/R2 — 1 the equations (I0.I7)) and (I0.I8)) yield one-sided deriva-

tives of E(7,Q*), namely

d . d? .
(10.19) —E(1, Q%) =2~ —E(7, Q") = 0.
dr dr?

It remains to consider the case 7 > logcosh Mod Q*. Now it is more
convenient to work with Q = A(r, R) where R = R, + /R?2 — 1 and r < 1.
By [I8, Theorem 1.8] the infimum E(£2,*) is realized by a non-injective
deformation h: Q 2% %,

o 5 for r < |2| <1
s(z4+1) for1<|z|<R
Here the radial projection z — z/|z| hammers A(r,1) onto the unit circle

while the Nitsche mapping % (z + %) takes A(1, R) homeomorphically onto
Q*. The contribution of the radial projection to the energy of h is equal to

1
(10.20) 27 log o= 27t (1 — log cosh Mod Q).

This is an affine function of log R whose first derivative equals 27 and the
second derivative vanishes. This result remains in agreement with formu-

las (I0.19). Thus E(7,Q*) is a C%-smooth function. O

11. OPEN QUESTIONS AND CONJECTURES

In (L) and (ZI) we defined two infima of energy; the one denoted
En(€Q, Q%) runs over homeomorphisms and the other, E(£2,Q*), over de-
formations in the sense of Definition 22]). Clearly Ex(£2,Q*) > E(Q, Q*).
Under the hypotheses of Theorem 23] Ey (€2, Q%) = E(Q, %).

Question 11.1. For k£ > 2, is E4(2, Q%) = E(Q,Q*) for all k-connected
bounded domains 2 and 2* in C?
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This question has the affirmative answer in the case k = 1 thanks to the
Riemann mapping theorem. Indeed, due to Corollary the formula (L.2)
remains valid for all deformations. Therefore, the conformal mapping mini-
mizes the energy.

Theorem [I0.1] and Example [I0.3] motivate the following conjecture.

Conjecture 11.2. The function T — E(7,Q*) is convex for 0 < 7 < co.

Note that it would follow from the positive answer to Question [T.1], by
means of Proposition [10.2]
We expect that Theorem 2.4] can be given the following sharp form.

Conjecture 11.3. If two bounded doubly connected domains €2 and Q* in
C admit an energy-minimal diffeomorphism h: Q 223 Q*, then

Mod Q* > log cosh Mod §2.
Moreover, if both sides are finite and equal, then Q* is a circular annulus.

Concerning the existence of energy-minimal diffeomorphisms between do-
mains of higher connectivity, we propose a generalization of Theorem [I.1]

Conjecture 11.4. Let Q and Q* be bounded k-connected domains in C,
where k > 2. Suppose that Q C Q* where the inclusion is a homotopy
equivalence. Then there exists an energy-minimal diffeomorphism of 2 onto
Q.

For k = 2 Conjecture 1.4l is true, by virtue of Theorem [Tl In the
converse direction, we propose a qualitative version of Theorem [2.4] for k-
connected domains.

Conjecture 11.5. Let Q and Q* be bounded k-connected domains in C,
where k > 2. If € > 0 is sufficiently small (depending on both Q@ and Q*),
then there is no energy-minimal homeomorphism of Q onto ¢(QL*), where
o(r + 1y) = ex + iy.

In other words, if we flatten 2* too much in one direction the injectivity
of energy-minimal deformations f € ©(€, Q*) will be lost.

12. APPENDIX: MONOTONE SOBOLEV MAPPINGS

Throughout this section X will be a bounded domain in C whose comple-
ment consists of £ mutually disjoint closed connected sets denoted by

C\X=XU--UX =X, k>2

It then follows that to every X; there corresponds one and only one compo-
nent of 0X, precisely equal to 9X;,

OX=0X=0X1U---U0X.
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Among those components there is exactly one unbounded. Similarly to X,
we consider a bounded domain in Y C C whose complement consists of
k-mutually disjoint closed connected sets denoted by

C\Y:Tlu---UTk:ZT.

We make one standing assumption on X; namely, none of the components

X1,..., X degenerates to a single point.
(12.1) min diamX; =d >0
1<i<k

Similar assumption on Y will not be required. Let us denote

(12.2) py = ;I;é% dist(Yq, Tg) > 0.

We shall examine the class Fy(X) of mappings h: X — C such that
(i) he OX )ﬂW1’2(X);
(i) A(X) >
(iii) h{0X; } C 0Y;,i=1,...,k, in the sense of cluster sets;
(iv) the restriction of h to h 1(Y) is monotone.

It follows from () that h~'(T") is compact for any compact set I' C Y.
If in addition T is connected, then A~!(T) is connected by Proposition

Lemma 12.1. There is a constant ¢ = ¢(X,Y) > 0 such that
(12.3) Elh] =z «(X)Y), for every h € Fy(X).

In fact, we have the following explicit bound.

Dh 2 Y
/’ "> ~ diam X’

Proof. Choose a bounded component X;. Let a line segment I with the
end-points in X; represent the diameter of X;; thus |/| = diam X;. Through
every point ¢ € I there passes a straight line L; perpendicular to I. One of
the components of X N L;, say an open interval v, connects 0X; with 0%,
for some a # 4. Thus, by condition (i),

| b= [100 > dis(ro %) = 0,
XﬂLt Y

This is true for almost every t € I, as long as h is locally absolutely contin-
uous on X N L;. By Holder’s inequality

1 2 p2
/XﬁLt DA XN L) \Uxnr, DA dlam X’

Integrating with respect to t € I, by Fubini’s theorem, we conclude that

di i 2d
/|Dh|2 > / (/ |Dh|2> dt > dl.am% pg{ > ‘pY
X 1 \JxNL, iam X diam X

as desired. O
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Theorem 12.2. For each i = 1,...,k there exists a continuous function
ni =1, ,(2) on C, vanishing on X;, such that for every h € Fy(X) we have

(12.4) dist (h(2), Yi) < mi(2)vE[N], zeX

Proof. 1t suffices to construct for each i = 1,...,k, a function n; = n;(2) in
X which is bounded and satisfies the conditions lin% ni(z) = 0 and (I24)
Z— X

for all h € Fy(X). Continuity of 7; can easily be accomplished by taking a
continuous majorant. The obvious choice for »; is:

dist (h(2), T;
125) m)= sy SEEEY)
heF(X,Y) E[h]
. diam Y : : .
By Lemma [[2.] we see that 7;(z) < JeEy Fix an index ¢ and suppose,

to the contrary, that lin% ni(z) # 0. Then 7;(z,) > € > 0 for some sequence
2= X

{z,} C X converging to a point z, € X;. This means that there is a sequence
{h,} of functions in Fy(X) such that

(12.6) dist (hy(20), Ti) = e/ E[h] = e /e(X,Y),

by Lemma [I21]1 Obviously, we have
(12.7) Elh] < <dlam > .

€
Choose and fix a doubly connected domain G C Y so that one of the con-
nected components of C \ G is T;. The following lemma provides us with
what we call a potential function for ;.

=1,2,...

Claim A. There exists a Cl-smooth function U: C — [0,1] such that
UYH0} = Y; and U1} is precisely the other connected component of
C\ G. Moreover, for each 0 <t < 1 the set I'y = U~ {t} is a Jordan curve
separating the boundary components of G.

Proof. Let ®: G — A(r, R) be a conformal mapping of G onto a circular an-
nulus A(r, R) or a punctured disk. The function |®| has the desired structure
of level sets but may lack smoothness on the boundary. The latter is reme-
died with the help of a smooth strictly increasing function ¢: (r, R) — (0,1)
such that 1)’ — 0 sufficiently fast at the points r and R. We define U as the
composition 1 (|®|), extended by 0 and 1 to the entire plane C. O

For h € Fy(X) we consider the continuous function

U(h(z)) if zeX
(12.8) V(z) =Vi(z) =<0 if zeX;
1 if z ¢ XUZX;.

The continuity of V follows from the condition (i) after taking into account
that U(Y;) = {0} while U(Y,) = {1} for a # 1.
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Recall the constant d that was defined in (I2I) as the smallest of the
numbers diam X;, i = 1,... k.

Claim B. For any h € Fy(X) and 0 < t < 1 the level set V; {t} is a
continuum of diameter at least d.

Proof. That Vh_l{t} is a continuum follows from the monotonicity assump-
tion (ivl). Choose « such that: o =i if X; is bounded and « # i otherwise.
In either case the component X, is bounded. Consider a straight line L
passing through two points a,b € 90X, such that |a — b| = diam X,,. The set
L\ (a,b) consists of two closed half-lines L, and L;. We will show that on
each of them V}, attains the value ¢, which yields

diam V, *{t} > |a — b| = diam X,, > d.
The half-line L, meets a bounded component X, at the point a, and must
also intersect the unbounded component of C\ X. Considering our choice of
a we find that L, meets both X; and some other component of C\ X. Thus

V, attains the values 0 and 1 on L,. Being continuous, it also attains the
value t. Similarly we argue with the half-line L. O

Claim C. We have V € W1’2((C). Moreover, V' has the oscillation property

loc
on every open disk B C C of diameter not greater than d = min diam X,.

<a<
Proof. First note that V € W12(X) and we have the pointwise estimate
IVV(2)| < IVUllpoe o) |DR(2)],  z€X.

Recall that V' is continuous on C and is constant on each component of C\X.
The classical Sobolev theory tells us that such function belongs to VV&K? (©)
with the energy bound

(12.9) /vaz)mz < HVU”OO/\DW.
C X

We now proceed to check the oscillation property of V on a disk B C C.
For this we choose a compact set F C B. Consider an arbitrary component
of F, denoted F,. Note that diamF, < diamB < d. The set V(F,) is a
compact subinterval of [0, 1] which we denote by [a, b]. We will show that

(12.10) [a,b] C V(IF,).

This is obvious when a = b, for then V is constant on F,. When a < b,
the inclusion (I2.10) will follow once we prove (a,b) C V(9F,) since the
latter set is compact.

Suppose that ¢t € (a,b) but t ¢ V(9F,). Then

VHt} € (IntF,) U (C\ F,)

where IntF, stands for the interior of F,. By Claim B the set V~1{t}
is a continuum of diameter at least d and therefore cannot be a subset
of IntF,. Hence V~1{t} C C\F,, but this contradicts the assumption
t € (a,b) C V(F,). Completing the proof of (IZ.10).
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From OF, C JF it follows that V(F,) C V(9F,) C V(9F). Since F, was
an arbitrary component of F, the lemma is proved. O

We now return to the sequence {h,} C Fy(X) defined in (I2Z.6]) and the
associated functions

(12.11) Vi(2) = Vi, (2)  in C(C)NW,2(C).

In view of (IZ9) and (I27)) we have the uniform bound on the Dirichlet
integrals

diam” Y
J R e e
C

Since V,, have the oscillation property on every disk B of diameter d, the
estimate (3.2)) applies, yielding
2 C||VU ||oo diam? Y

V(a) = Vo (b)]° <
¢?log (e + —2\ad—b\)

whenever a,b € C and |a — b| < 3d.

This shows that the functions V,, are equicontinuous on C. By the Arzela-
Ascoli theorem there is a subsequence, again denoted {V,}, that converges
uniformly on C to a continuous function V' = V(z). In particular,

(12.12) Vi(z) = V(zy) — 0 as v — oo.

Also note that V,, =0 on X; so V =0 on X as well. On the other hand, it
follows from the definition of V, that V;,(z,) = U(h.(z)), and from ([2.0])
we know that h,(z,) stay away from Y;, precisely

dist (hy(20), Ti) = e \/E[h] = e /e(X,Y).

Hence there is t, > 0 such that V,,(z,) = U(h,(2,)) > to forallv =1,2,....
Passing to the limit in (IZ12) as z, — 2, € X;, we obtain a contradiction

to =to — V(20) < Vli_)nolo Vi(z) = V()] =0

thus completing the proof of Theorem O
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