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The Hopf-Laplace equation: harmonicity and regularity

JAN CRISTINA, TADEUSZ IWANIEC, LEONID V. KOVALEV AND JANI ONNINEN

Abstract. The central theme in this paper is the Hopf-Laplace equation, which
represents stationary solutions with respect to the inner variation of the Dirichlet
integral. Among such solutions are harmonic maps. Nevertheless, minimization
of the Dirichlet energy among homeomorphisms often leads to mappings which
are neither harmonic nor homeomorphisms. We prove that such mappings are
harmonic outside of a singular set with small image. On the singular set they are
locally Lipschitz, but not necessarily differentiable.
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1. Introduction

The Hopf-Laplace equation arises in the study of the Dirichlet energy integral

Ex[h] = //|Dh|2 :2// (lhz|2+ |h5|2) dz (1.1)
X X

for homeomorphisms /#: X — Y between two designated domains X and Y in the
complex plane C = {z = x| +ix: x1, x2 € R}. In the recent paper [20] we estab-
lished some sufficient, and necessary conditions for the minimum of energy to be
attained by a harmonic diffeomorphism. In general, minimization of x yields non-
harmonic, non-diffeomorphism, non-smooth solution of the Hopf-Laplace equa-
tion. The goal of this paper is to establish the regularity theory for such solutions.
Throughout this text we take advantage of the complex partial derivatives

oh 1 /0h  0h dh 1 /0h  0h
hy=—=-(——i—) and hi=—=-(—+i—|.
0z 2 0X1 ax7 0z 2 X1 R%)
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In fact complex notation will be indispensable for advancing this work, especially
when quadratic differentials will enter the stage. Let us commence with the vari-
ational formulation of the classical Dirichlet problem. One asks for the energy-
minimal mapping &: X — C of the Sobolev class i, + V/i’z(X — C) whose
boundary values are prescribed by means of a given mapping h, € #'2(X - C).
The first variation, h ~ h + €n, in which n € € (X — C) can be any test
function and € — 0, leads to the Laplace equation

3%h

Ah =4h;z; =4——=0. (1.2)

020z
However, this approach is invalid when one seeks to minimize Ex[4] among home-
omorphisms; the injectivity of 4 4 € 1 is usually lost. The difficulty is circumvented
by performing the inner variation

h~ho xe, ¥e: XX (1.3)

where x. are €°°-smooth automorphisms of X onto itself, defined for parameters
€ ~0,and x, = id: X 2% X. This is simply a change of the independent variable
in the domain of definition of /4. Here each x. may be the identity on 9X, but it
need not be. The latter situation is called slipping along the boundary. The first
derivative test igx[h o xe] = 0, at e = 0, yields what we call the Hopf-Laplace
equation

a%(hzh_g) =0, in the sense of distributions. (14)
The equation (1.4) appears in the literature under several names. See, e.g., the
analysis of “variation a)” in [8], Chapter 1 of [26] and the (more general) energy-
momentum equations in [39,41].

We shall investigate the Hopf-Laplace equation independently of its roots.
Nevertheless, because of its affiliation to the Dirichlet integral the natural domain of
definition, that we shall always assume here, sometimes implicitly, is the Sobolev
space #2(X). Thus the differential expression 4, h; will represent an integrable
function. By Weyl’s Lemma the equation reduces equivalently to the first order
nonlinear PDE,

h.hz = ¢, where ¢ is a holomorphic function in X. (1.5)
We view ¢ also as unknown quantity. In this formulation one can speak of gener-
alized solutions in the Sobolev space “//110; (X). But we shall study, predominantly,

the orientation preserving mappings, meaning that the Jacobian determinant is non-
negative almost everywhere

Jn(z) = J(z, h) = |hy|* — |z > 0.

Within the class of orientation preserving mappings we do not capture general-
ized solutions. Indeed, in this case |hz|?= |hz||hz| < |h;||hz| =|h, hz| = |¢| €
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.,S/”i’oi(X), thus £ is (locally) a gc-deformation in the sense of Ahlfors [1]. Since
the complex derivatives /i, and h; are intertwined by the Beurling-Ahlfors trans-
form, it follows that 4, € BM Ojoc(X). In particular, for all 1 < p < oo we have

h € Wll(;f (X), hence h € €7 (X) forall 0 < a < 1. The Lipschitz regular-
ity is much harder to handle; this is the intricate part of our paper. Note that the
gc-deformations of Ahlfors are not necessarily Lipschitz.

Returning to the variational approach to the Hopf-Laplace equation, if one ad-

mits slipping along the boundary, then the inner variations of the Dirichlet energy

onto

should include diffeomorphisms x.: X — X that are free on dX. Consequently,
supplementary equations on dX emerge, which are best stated in terms of the holo-
morphic quadratic differential.

¢(2) dz* = h:hz dz°, (1.6)

It is called the Hopf differential of h in recognition of the related work of H.
Hopf [19]. Stated informally, the additional boundary equations [26, Lemma 1.2.5]
say that ¢(z) dz? is real along 89X, see Definition 2.5. This additional boundary
equation will be satisfied by minimal deformations, see (1.16). Clearly, conformal

onto

automorphisms x: X — X do not change the energy. More generally, any con-
formal transformation of the domain X does not affect the Hopf-Laplace equation
(1.4). In fact, because of that, it is the shape of the target Y and its closure, called
deformed configuration, that will really matter in questions to follow.

Naturally, complex harmonic functions solve the Hopf-Laplace equation.
Worth noting, is that real-valued solutions in ‘flloc (X) must be harmonic. If A

is ¢2-smooth then the Hopf-Laplace equation yields
2

0
J(z,h) Ah =0, where A = 4a — is the complex Laplacian. (1.7)

20z

Thus %-solutions are harmonic in the region where the Jacobian determinant
J(z,h) # 0. There are other situations where the Hopf-Laplace equation im-
plies harmonicity, see Theorem 1.12. Nevertheless, nonharmonic solutions arise
naturally in global analysis of minimal surfaces [10, Ch. 2], [6] and in the calcu-
lus of variations [2, Ch. 21], [25]. In mechanics, in particular in elasticity theory,
the Hopf-Laplace equation appears under the name of the energy-momentum equa-
tions.

Let us look at some elementary though critical examples. One might expect
from (1.7) that all #1-2-solutions whose Jacobian determinant does not vanish (al-
most everywhere) are harmonic maps. This, however, is easily seen to be false, for
in the complex plane the piece-wise linear mapping

22+ 27, if Imz >0 _
h(z) = =h,h: =2, J(z,h) = +£3
© z4+2z, if Imz < 0; ¢ =z 2, k)

is not harmonic. Observe that the Jacobian determinant changes sign. More elabo-
rate examples are provided in Section 3, which reveal that:
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Example 1.1. For each 1 < p < oo there exists a generalized solution 4 : D —
C (in the unit disk D) to the Hopf-Laplace equation %, h; = 1 whose first deriva-
tives belong to the Marcinkiewicz weak space .2 \[:/eak (D), but not to .Z? (D).

The message from this example is that without supplementary conditions of
a topological nature the Hopf-Laplace equation will not guarantee any substantial
improvement of the regularity of the solutions. This is in marked contrast to the
case of elliptic PDE:s, like the Laplacian. Consequently, we focus on solutions in a
suitable closure of homeomorphisms. Mathematical models of nonlinear elasticity
motivate our calling such solutions Hopf deformations.

The obvious question to ask is what topological preconditions do we really
need? Partial answers are given in a few already known regularity results. Hélein
[16] proved that quasiconformal solutions are harmonic. This is actually true [21]
for any homeomorphic solution in the Sobolev space # "2(X — Y) . Even more,
injectivity is not necessary as long as the solution represents an open discrete map,
such are the mappings of integrable distortion [24]. In particular, % -?-solutions
(not necessarily injective) with Jacobian J(z, h) > const > 0 are also harmonic.
However, in Example 3.1, we give a Lipschitz solution with J(z, #) > 0, almost
everywhere in the unit disk 1D, which is not ¢'-smooth. Even more, this solu-
tion is a homeomorphism in D, except for a tiny crack along the radius which is
squeezed into a point. Such a failure of injectivity along the cracks (reminiscent of
elastic deformations) typically occurs when we pass to a weak limit of a minimizing
sequence of homeomorphisms. With the loss of injectivity the extremal mappings
will not be harmonic. The examples, like the one mentioned above, demonstrate
that the solutions can be Lipschitz at best. Our main results can be described as
follows

e Partial harmonicity (Theorem 1.12): Any Hopf deformation # restricts to a har-
monic diffeomorphism of #~!(Y) onto Y.

e Lipschitz regularity (Theorem 1.14): Any Hopf deformation is locally Lipschitz.

e Improved regularity (Theorem 1.15): If Y is a polygon-type domain, then any
%' -smooth minimal deformation is a harmonic diffeomorphism.

e Non-smoothness of minimizers (Corollary 1.17): minimizing deformations are
not ¢! in general.

In particular, our regularity results apply to the minimal deformations; that is, to
minimizers of the Dirichlet energy in the class of suitably generalized homeomor-
phisms. An explicit example of a nonharmonic minimal deformations is the follow-
ing [3]:

Example 1.2. Consider two annuli X = {z: r < |z] < R}and Y = {w: 1 <
|lw| < Ry} where0 <r <1 <R <ooand R, = %(R + R~ 1. The map

h) Ié_l , if r <|z] <1, squeezing to the unit cirle
) =

%(Z + %) , if 1< |z] < R, the Nitsche harmonic map

(1.8)
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takes X into Y . It satisfies the Hopf-Laplace equation
— -1

The quadratic differential ¢(z) dz? is real and positive along the boundary circles.

Figure 1.1. A nonharmonic minimal deformation.

The regularity theory of energy minimizing mappings has a long history. The
monographs [17,31] provide an overview of the subjects. Note that in [17] the
solutions of the Hopf-Laplace equation are called weakly Noether harmonic maps.
Numerous recent studies concern the Lipschitz continuity of energy minimizers in
the setting of metric spaces, where higher degrees of smoothness are not avail-
able [5,9,15,27-30,42]. However, in these studies minimization is performed
among all mappings that are either prescribed on the boundary or belong to a given
homotopy class. This minimization problem allows one to use the first variation.
Our approach is different in that we obtain the Lipschitz continuity using only the
inner variation. Thus we have in our disposal only the Hopf-Laplace equation in-
stead of the Laplacian.

Before rigorous statements we need to review some notation and basic defini-
tions.

1.0.1. Domains

We shall be concerned with mappings /& : X — Y between bounded planar do-
mains of finite connectivity 1 < £ < oo. Thus each boundary X = 9X and
YT = dY consists of £ disjoint continua. We reserve the notation,

X1, X%, ..., Xy, for the components of X = X

1.10
Y1, Y2,...,Y¢, forthe components of YT = a3Y. ( )

1.0.2. Boundary correspondence

Every homeomorphism 4: X 25 Y gives rise to a one-to-one correspondence be-
tween boundary components of X and boundary components of Y. It will involve
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no loss of generality in assuming (by re-arranging the indices, if necessary) that the
correspondence is:

h:X,~7,, for v=1,2,..,4¢. (1.11)

This simply means that h(x) — Y, as x — X,. The above definition of the
onto

boundary correspondence is also pertinent to more general maps 4 : X = Y,
specifically to those which are proper and monotone in the sense defined below.

Definition 1.3. [33,36,43] 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. It is proper if for each compact set F C f(X) the set £~ (F) is also
compact.

1.0.3. cd—uniform convergence and the class 7q4(X, Y)

The idea of the cd-limit is a useful compromise between the concepts of c-uniform
and uniform convergence.

Definition 1.4. A sequence of mappings #; : X — Y, k = 1,2, ..., is said to
converge cd-uniformly to a mapping h : X — R? if

e hy — h c-uniformly (uniformly on compact subsets of X)
e dist(hg(x), 0Y) — dist(h(x), 0Y) uniformly in X.

We shall write it as i; <> h and denote the class of cd-limits of homeomorphisms
hi: X 28 Y satisfying (1.11) by 524 (X, Y).

We emphasize that the boundary points of Y may be in the range of h €
Fq (X, Y). This fact is crucial for several results that follow. Precisely, we have

YchX)cY, forevery he #qX,Y). (1.12)

If the range of a mapping h € #,4(X,Y) equals Y then & is both monotone and
proper. Actually, we have an even more precise statement.

Proposition 1.5 (The Youngs approximation). A continuous mapping h: X —
Y between bounded {-connected domains belongs to F4(X,Y) if and only if it
is monotone, proper and surjective.

Let us introduce the class MPS (X — Y) of continuous mappings #: X — Y
between bounded domains, which are monotone, proper and surjective. Note that
such mappings, as opposed to 7.4(X, Y), do not take values in dY . Our notation
is meant to emphasize this distinction. The following is the extension of our earlier
result [21] on approximation of homeomorphisms to the setting of monotone proper
mappings.

Theorem 1.6 (Approximation of MPS maps). Let h: X =5 Y be a continu-
ous, monotone and proper mapping of Sobolev class Wllécz(X) between bounded
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¢-connected domains X and Y. Then there exist diffeomorphisms hy: X =5 Y
such that

o hy —h e o, (X)
o lim [hx — k|l =0.
k—o00

Hereafter «7(X) = €(X) N #2(X— C) is the Royden algebra equipped with the
norm

I fllae) = I1fllex) + I1Dfll22x)- (1.13)

and o7, (X) = €. (X) N #'12(X— C) is a subalgebra obtained by completing the
space €' 2°(X) with respect to this norm.
The following corollary is immediate from Theorem 1.6.

Corollary 1.7. If h €¢ MPSX—Y) N “//11002 (X), then the Jacobian of h does not
change sign; that is, either J, > 0 a.e.or J, < 0a.e.

1.0.4. Deformation and the class D (X, Y)

The concept of deformation seems to differ only a little from the routinely used
# 12 _weak limit of homeomorphisms. However, when the topological features
of the minimal-energy solutions are of major concern the deformations become
better suited than the weak limits of homeomorphisms. For example, in [20] the
concept of deformations was critical in establishing existence of harmonic homeo-
morphisms between planar doubly connected domains. Before making the precise
definition let us look at some examples of both geometric and analytical nature.

A sequence of homeomorphisms converging weakly in % 2 actually con-
verges c-uniformly, so the limit is a continuous map. But that is all, in general,
what the weak limit of a minimizing sequence can receive from homeomorphisms.
Consider the classical example:

Example 1.8. Conformal automorphisms /4y : D 28 D of the unit disk, hg(z) =
]Z__Zaj_k, lax| — 1, are the minimal energy maps. They converge weakly in % 1-2(D)
and c-uniformly to a constant map. Such a trivial loss of topological distinctions is
due to the failure of cd-convergence.

On the other hand, when Sobolev mappings come into play, we find that a
onto

c-uniform limit of homeomorphisms #;: X — Y that are uniformly bounded in
#12(X—Y) satisfies the measure theoretical condition of non-overlapping

// IJ(z, h)|dz < Y], (1.14)
X

due to the .Z!-weak subconvergence of Jacobians [22, Theorem 8.4.2]. In nonlin-
ear elasticity theory this may be interpreted as saying that interpenetration of matter
does not occur. However, we will be forced to take into consideration more general
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minimizing sequences /i —%s h in which the mappings are neither homeomor-
phisms nor they have uniformly bounded energy. We still impose the nonoverlap-
ping condition (1.14). In view of Corollary 1.7 the Jacobian of # does not change
sign, and thus it entails no loss of generality to assume that J, > 0 a.e. These
observations drive us to the following

Definition 1.9 (Deformation). Let X and Y be bounded ¢-connected domains. A
deformation is a mapping h € %4 (X, Y) such that

o he W12(X->R?)
e The Jacobian determinant of / is nonnegative a.e. and satisfies the non-over-
lapping condition

// Iz hydz < |Y). (1.15)
X

The class of all deformations will be denoted by © (X, Y). Throughout what fol-
lows, if no confusion can arise, we shall freely assume without explicit mention that
the class (X, Y) is nonempty. We again strongly emphasize that a deformation
h € ®(X,Y) may take points of X into dY, a key point that will affect the forth-
coming arguments. The structure of the preimage 2~ (y,) of a point in y, € dY is
a delicate issue that we address in sections 5 and 8.

In [20] we have already established the essential properties of deformations. In
particular, the class D (X, Y) is sequentially weakly closed in %1 (X — R?), pro-
vided that X has 2 < £ < oo boundary components none of which are points [20,
Lemma 3.13]. Under these hypotheses we have the following.

Corollary 1.10.  The infimum energy of the Dirichlet energy within the class
DX, Y) is attained.

A mapping 4, € ®(X, Y) such that

/|Dho|2dx= min /|Dh(x)|2dx (1.16)
< re®X.Y) Jx

will be called a minimal deformation.

1.1. Hopf deformations

Definition 1.11. Let X and Y be bounded £¢-connected domains. A deformation
h € ©(X,Y) which satisfies the Hopf-Laplace equation

— (hehz) =0 (1.17)

is called a Hopf deformation.

Thus Hopf deformations are among stationary solutions (with respect to the
inner variation) of the Dirichlet energy integral. We shall prove:
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Theorem 1.12. Any Hopf deformation h € (X, Y) is a harmonic diffeomorphism
of 1 (Y) c Xonto Y.

Observe that in Example 1.2 the mapping # fails to be harmonic exactly in the
part of X that is squeezed into a boundary component of the target annulus Y. More
precisely, this particular component of dY is the inner boundary circle at which Y is
not convex. In particular, when the range of 4 is Y, we can combine Theorem 1.12
with Proposition 1.5 to obtain

onto

Corollary 1.13. Let X and Y be bounded {-connected domains and h: X — Y
a monotone and proper mapping of Sobolev class W '">(X — Y) that satisfies the
Hopf-Laplace equation (1.17). Then h is a harmonic diffeomorphism.

This corollary represents another advance on the Eells-Lemaire problem [11,
12]: under what conditions does the holomorphicity of the Hopf differential imply
that the mapping is harmonic?

1.2. Lipschitz regularity

The foremost interesting and much harder task is to determine the regularity of a
Hopf deformation when its image /(X) goes over the designated target Y; that is,
into its closure. There are minimal deformations, in particular Hopf deformations,
which are not ¢’'-smooth in X, see Corollary 1.17. Our main result in this paper is
the following best possible regularity of Hopf deformations.

Theorem 1.14. Every Hopf deformation h € (X, Y) is locally Lipschitz continu-
ous. In particular, a minimal deformation of planar £-connected domains is locally
Lipschitz continuous.

Theorem 1.15. Suppose that h € D (X, Y) is a minimal deformation and the non-
convex part of 3Y is at most countable. Then h is €' -smooth if and only if it is a
harmonic homeomorphism.

The term nonconvex part of dY refers to a set of points in Y where Y is not
convex in any neighborhood. Precisely,

Definition 1.16. We say that Y is convex at y, € 9Y if for some ¢ > 0 the set
{yeY :|y— yo| <e&}isconvex.

A natural example of a domain with finite nonconvex part of the boundary is
an £-connected polygonal domain.
According to [20, Theorem 2 .4] there exists a nondecreasing function

®: (0, 00) — (0, 00). fim 2@ _

T—>00 T

1

such that the following holds. Whenever two bounded doubly connected domains

onto

X and Y admit an energy minimizing diffeomorphism /: X — Y, we have

ModY > ®ModX) (1.18)
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where Mod stands for the conformal modulus. Now combining Theorem 1.15 with
the nonexistence of energy minimizing diffeomorphisms, we arrive at the following:

Corollary 1.17. Let X and Y be bounded doubly-connected domains such that the
nonconvex part of 0Y is at most countable and (1.18) fails. Then any minimal
deformation in D(X,Y) is not €' -smooth.

Figure 1.2. A minimal deformation fails to be €' -smooth.

We conclude this introduction with a brief outline of the proofs of the main results.
To prove the partial harmonicity of a Hopf deformation # we show that /4 has a
stronger energy minimization property in 2~ (Y) than in all of X, namely (6.1)
holds. The three main ingredients of this proof are: diffeomorphic approxima-
tion of monotone Sobolev mappings (Section 4), a Reich-Strebel-type inequality
(Lemma 6.4), and the structure of preimages of points under 4 (Section 5). The
partial harmonicity of £ is essential in the proof of its Lipschitz continuity, how-
ever a different approach is required for the set X \ 2~!(Y). To this end we use
a Bonnesen-type inequality, i.e., a stability result for the isoperimetric inequality
(Section 7). The proof of Theorem 1.15 invokes Besicovitch’s removability theo-
rem for holomorphic functions, further analysis of preimages of points under /, and
the boundary point lemma of E. Hopf.

One method of proving Lipschitz continuity of 4 proceeds through the subhar-
monicity of the energy density |Dh|?, as in [15] and [5]. This method relies on
the first variation of &, which is not available to us. Although the Hopf-Laplace
equation appears to imply the subharmonicity of |Dh|? on the formal level, our
Example 1.1 shows that this is not the case.

2. Preliminaries

The uniform limit of self-homeomorphisms of the sphere S? is a monotone surjec-
tive mapping [43, IX.3.11]. In the converse direction, a monotone mapping of S?
onto itself can be refined in some Jordan subdomains of S? in which it becomes a
homeomorphism.
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2.1. The Youngs refinement

Let X and Y be £-connected domains and f € MPS(X—Y). Recall that D € Y
is a Jordan domain if it is the interior of a homeomorphic image of the closed unit
disk.

Proposition 2.1. For every Jordan domain D € Y and f € MPSX — Y) the
preimage U = f~1(D) € X is a simply connected domain in X. Furthermore,
there is fp € MPS(X—Y), the Youngs refinement, such that

o fp=finX\U.

e fp restricted to U is a homeomorphism of U onto 1.

Proof. This is a consequence of the Youngs modification theorem [44, Theorem

onto

10.1] or [36, I1.1.47] about continuous monotone mappings F: S* &5 S2. It says
that to every Jordan domain A C S? there corresponds a continuous monotone

mapping Fa: S 2% S? such that

e Fa=FinS*\ F~1(A)
e F maps F~!(A) homeomorphically onto A.

We prove Proposition 2.1 by applying the Youngs theorem to the £-point compact-
ifications of X and Y. Indeed, both X and Y are homeomorphic to the sphere
S? with ¢ punctures, say via the maps ®: X — S\ {x1,...,x}and ¥: Y —
S?\ {y1, ..., ye} where the punctures are enumerated in the same way as the bound-
ary components (1.10). For any mapping f € MPS(X — Y) the composition
WU o f o ®~! extends to a continuous mapping

F: 28§, with F(®(x)) =¥(n), v=1,...,¢L @.1)

Any simply connected domain D C Y is mapped via W onto a simply connected
domain A = W(D) c S? which stays away from the punctures. By the
Youngs theorem F~!(A) is a simply connected domain in S?. It follows that
f~1(D) is a simply connected domain compactly contained in X. The homeo-
morphism Fa: F~1(A) 25 A (the Youngs refinement) yields a homeomorphism
fo: 71D = D. O

2.2. The Youngs approximation, proof of Proposition 1.5

into onto

Proof. First, suppose that f: X — Y is a cd-limit of homeomorphisms f;: X —
Y. Therefore, f(X) = Y, by (1.12). The preimage of a compact set in Y, under
f,1is closed and stays away from dX because f satisfies (1.11). Thus f is proper.
To show monotonicity we appeal to the induced mappings Fj: S &5 S?, Fy =
o fi o ® ! asin (2.1). These are homeomorphisms of S? onto itself converging
uniformly to F = Wo fo &~ Thus F is monotone [44, Theorem 11.1]. Since

onto

f: X = Y we see that f is monotone as well.
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In the converse direction we must show that every mapping f € MPSX —
Y) belongs to .7.4(X, Y). In the proof of Proposition 1.5 we shall appeal to the
classical Youngs approximation theorem [44, Theorem 11.1] (or [36, I1.1.57]). It
asserts that

onto

A continuous mapping f: S* =3 S? is monotone if and only if it is a uniform
limit of homeomorphisms of S* onto S?.

Let us compactify X and Y as in the proof of Proposition 2.1, via the homeo-
morphisms ®: X 25 S2\ {x1,...,x} and U: Y &% S2\ {y,..., y}. For any
f € MPS(X—Y) the induced mapping F: S* 2% S?, being monotone, can be

onto

uniformly approximated by homeomorphisms Fy: S 25 S?. By altering F; near
punctures we can ensure that Fy(x,) = y, forv =1, ..., £. We then return to the
domains X and Y via ® and W to define homeomorphisms

fi=VloFod: X2 Y (22)
and observe that f; N f by construction. O

The Youngs refinement provides a homeomorphic replacement of a monotone
mapping. The following proposition shows that such a replacement can be chosen
to be harmonic. It combines classical results of potential theory [13,37] with a
recent extension of the Rad6-Kneser-Choquet theorem.

Proposition 2.2. Let X C C be a domain. To every bounded simply connected
domain U € X there corresponds a unique linear operator

Py: €¢(X) - €X)
such that for every f € €(X):

@) Puf=rfinX\U;
(ii) Py f is harmonic in U.

Such an operator has the additional properties [20]:
(iii) Py f € f + #'L2(U), whenever f € €(X) N W}éf(X—) C). Moreover,
EulPufl < &ulfl,  provided Eylf] < oo;

(iv) Suppose that the restriction fi, of f € € (X) is a homeomorphism of U onto
a convex domain D C C, then Py f: USS D is a harmonic diffeomorphism.

We call Py f the harmonic replacement of f.
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2.3. Prerequisites from holomorphic quadratic differentials

In this section we recall some basic facts about holomorphic quadratic differentials.
The general reference for these topics is [40].

Let X will be a bounded £-connected domain and ¢: X — C a holomorphic
function with isolated zeros, called critical points. Denote X, = X \ {zeros of ¢}.
In a neighborhood of every point ¢ € X, one can introduce a local conformal
mapping w = ®P(z) = f J¢(z) dz, called a natural parameter near a. Through
every regular point there pass two € °°-smooth orthogonal arcs, called horizontal
and vertical arcs. A vertical arc is a €°°-smooth curve y: t — y(t),a <t < b,
along which

[y O1Pe(y®) <0, a<t<b.

A horizontal arc is a €°°-smooth curve 8: t — B(t),c <t < d, along which

[BOPe(B1) >0, c<t<b.

We emphasize that this yields, in particular, that such arcs only contain regular
points of ¢. A vertical trajectory of ¢ in X is a maximal vertical arc; that is, not
properly contained in any other vertical arc. Hereafter, with the customary abuse
of notation, the same symbol y will be used for both the parametrization y = y (¢)
and its range. Similarly, a horizontal trajectory is a maximal horizontal arc in X.
Through every regular point of ¢ there passes a unique vertical (horizontal) trajec-
tory. A trajectory whose closure contains a critical point of ¢ is called a critical
trajectory. There are at most a countable number of critical trajectories, so they
cover a set in X of measure zero. We will be largely concerned with noncritical
trajectories.

Definition 2.3. (¢p-rectangle) A g-rectangle of a quadratic differential ¢(z) dz? is
any simply connected domain R C X, on which the natural parameter w = ®(z) =
J V¢(z) dz has a univalent branch which takes R onto a Euclidean rectangle

PER) ={w=1r+it:0<t<T and a <71 <b}.

Note that YR contains no zeros of ¢. We will be concerned with ¢-rectangles which
are compactly contained in X,, so ® defines a diffeomorphism of a neighborhood
of $R onto a neighborhood of ®($R). Then we define the horizontal edges of R,
a = &1 (0, T] x {a}) and B = ®~' ([0, T] x {b}) and similar for the vertical
edges.

Every noncritical vertical trajectory y C Q in a simply connected domain 2
is a cross cut, see Theorem 15.1 in [40]. Thus in the maximal intervala < t < b
of the existence of y = y (¢) both limit sets at the end-points of y, denoted by y {a}
and y{b}, lie in 92. Let y, C y be any closed vertical subarc of y, defined by
Yo(t) = y(t) fora, <t < b, where a < a, < b, < b. Then the ¢-length of
Yo 1s equal or smaller than ¢-length of any rectifiable curve § C €2 which connects
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A, = y(ao) with B, = y(b,). This means that

o]V 1dz] < /ﬁ 9]V dz] 23)
Yo

see [40, Theorem 16.1]. Note that y \ y, consists of two components (two disjoint
vertical arcs). Inequality (2.3) can be slightly generalized; it is not necessary to
assume that the end-points of 8 coincide with the endpoints of y,.

Lemma 24. Let B C Q be a locally rectifiable arc in a simply connected region
whose closure intersects both components of y \ ., then

o2 |dz| < /ﬂm”z |dz]. (2.4)
yo

Proof. Let A, B € y be points in different components of y \ y, that are approach-
able through the arc §; that is,

A= lim A, and B = lim B,, where A,, B, € B.
n—oo n—oo

Let [A, B], denote subarc of y that connects A and B. We certainly have y, C
[A, B],,so

ol"/2 |dz] </ lol"/2 |dz).
Yo [A,Bly

Similarly, we denote by [B,, A,]g C B the closed (rectifiable) subarc of 8 which
connects B, and A,. Since A, - A€y C Qand B, - B € y C Q for
sufficiently large n the straight segments [A, A,] and [B,, B] lie in 2. We now
have a rectifiable curve [A, A,] U [A,, B,lg U [B,, B] in Q which connects the
end-points of [A, B], . Therefore, we have

|¢|l/2</ |<p|1/2</ |¢|1/2+/ |<p|1/2+f ]2
Yo [A,B], [An,Bnly [A,A,] [By,B]

1/2
< //3|¢|‘/2+<|An — Al+ 1By — BD l¢ll ey — /ﬁw,

as desired. O

The next lemma deals with a holomorphic quadratic differential ¢ dz> which
is real on the boundary of a ¢’'-smooth domain X, no single points as components
of aX.

Definition 2.5. A quadratic differential ¢ dz? is said to be real on the boundary of
a ¢"'-smooth ¢-connected domain X if ¢ is smooth up to 8X and each component
of dX is either a horizontal or a vertical trajectory of ¢ dz>.



THE HOPF-LAPLACE EQUATION 1159

Lemma 2.6. Let X be a finitely connected domain with € -smooth boundary. Let
@ dz? be a holomorphic quadratic differential in X which is real on 3X. Suppose
that T is a vertical trajectory of ¢ dz* with both ends approaching the same bound-
ary component of X. Then the components of X \ T are not simply connected.

Proof. Suppose that the set X \ I" has a simply connected component G. There
are no closed trajectories in G, for such a trajectory must enclose a pole of ¢. The
global structure of trajectories of a holomorphic quadratic differential with finite
norm [40] is inconsistent with 3G being a union of a vertical trajectory and another
(vertical or horizontal) trajectory. O

Lemma 2.7 (Fubini-like integration formula). Ler ¢(z) dz?> be a holomorphic
quadratic differential in a simply connected domain Q C C, ¢ # 0. Suppose
that F and G are measurable functions in Q such that

//Qlfp(Z)IIF(Z)I dxdy < oo and //Qlfp(Z)IIG(Z)I dxdy < oo. (2.5)

Then for almost every vertical trajectory y of ¢(z) dz> we have

/|<p<z)|”2|F(z>||dz| <oo and /|¢(Z)|1/2|G(Z)||dz| < oo0. (2.6)
Y Y
If, in addition,
/ lo(2)|2F (z) |dz| = / l9(2)|2G (2) |dz], Q.7
Y Y
then
/ /Q l9(2)|F(z) dxdy = / /Q l9(2)|G (z) dxdy. 2.8)

Proof. According to [40, Section 19.2] @ can be covered, up to a set of mea-
sure zero, by a countable number of disjoint ¢-strips. These are open connected
subsets of €2 with no critical points, such that a locally defined analytic function
®(z) = [ /¢(2) dz is actually a univalent conformal mapping of the ¢-strip onto a
Euclidean vertical strip S in the w-plane, w = ®(z).

S={w=t+it:0<t<T, a@)<t<pB@)

where —oo < «(t) < B(t) < +o00 are measurable functions. Making a substitution
z = @ !(w) the problem reduces equivalently to the usual Fubini’s theorem in
Euclidean vertical strip, for functions F(w) = |¢(2)|F (z) and G(w) = |¢(2)|G(2).

O

Corollary 2.8. Assume, instead of condition (2.7) in Lemma 2.7 that

/|¢|'/2|F| < f|<p|‘/2|G|
Y Y
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for almost every noncritical vertical trajectory of ¢ dz*. Then

J[ener< [[ oo

Proof. Replace F and G in Lemma 2.7, with | F(z)| and u(2)|G(z)|, where

Sl F|
0< @)= ———<1 forallzey. O
/112G

Given a quadratic holomorphic differential ¢ dz> we define two partial differential
operators, called the horizontal and vertical derivatives

0 0 0 0
H:——i—ﬂ—_ and BV:——i—_.
az || 0z dz || 0z

If h satisfies the Hopf-Laplace equation h,hz = ¢, then the horizontal and vertical
trajectories of ¢ dz” are the lines of maximal and minimal stretch for /. Precisely,
the following identities hold.

041 = |ho| + lhzl, 18 k1 = [|he] — |hz| 2.9)
19,01 - 18y = 1Jnl,  184h1* —18,h1* = 4lg] (2.10)

As a consequence
|8, h* < 1nl < 19k, (2.11)

3. Examples
Mappings in Example 1.1.  Actually such solutions can be defined in the entire

plane. First we define 4 in the upper half plane, Im z > 0, where one can settle the
analytic branches of power functions and the logarithm.

Z]—O[ Zl+0{ 2
+ , where o = — #1
hz =11« 1+a p G.1)
z .
log z —1—5, if p=2.
We have
2
h,=z 7, which belongs to £” . (D) but not to £7 (D)
N 2
h; =z7 | which belongs to £ (D) c .£? (D).

Thus the Hopf-Laplace equation /;h; = 1 holds in the upper half plane. Then we
extend £ to the lower half of the plane by setting h(z) = h(Z) forImz < 0. Itis a
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Figure 3.1. A non-Lipschitz #!2-solution to the Hopf-Laplace equation.

general fact, and easy to see, that such an extension gives a Sobolev function in the
entire plane. The Hopf-Laplace equation remains true in the lower half of the plane
as well.

Figure 3.1 illustrates the case p = 4. Thus h(z) = 2: + 2/323/2 belongs to
WD) ¢ # 12(D) for every 2 < s < 4, but is not locally Lipschitz contin-
uous. O

Example 3.1. We use the polar coordinates for z in the closed unit disk D,z =
pel? 0 < p<land0 <6 <2r.Defineh: D— C

h(pe'®) = 2p [/psinC0) +isin@] =z — 7 —i [13/2 - 23/2] .
This mapping is Lipschitz continuous, since it has bounded derivatives

hy=1—=3%hiyz,  h:=—14+3%ivz. (32)

Moreover, its Hopf differential is holomorphic, h,h; = —1/, (44 9z). Thus h
solves the Hopf-Laplace equation 3% (hzh_g) =0.

Formulas (3.2) show that % fails to be €’!-smooth in any neighborhood of the
ray [ = {z: Imz = 0and 0 < Rez < 1}. Concerning topological behavior, / turns
out to be a harmonic diffeomorphism of D \ I onto the butterfly domain Y c C.
Figure 3.2 shows the grid of horizontal and vertical trajectories in X as well as their
images in Y.

Figure 3.2. A non-%¢"' Hopf deformation.
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The radius I is squeezed into the origin, which is a boundary point of Y. Figure 3.2
illustrates that [ is an arc of a critical vertical trajectory of the quadratic differential
@ dz?. Let us notice that the functions || and |hz| are actually continuous. Indeed,
we have

.0 . 0
el = 1+%p +3ypsin,  |hzl* =1+%p =3 /psin .

In particular, the Jacobian determinant and the energy density function are also
continuous

)
Jn = |he|? = |hz)* = 6 /psin 5> Which is positive expect for z € L.
DR =2 (1he? + 1hel?) = 4 + 9.

It is easy to see that 4 is a cd-limit of homeomorphisms of D onto Y. Thus 4 is a
Hopf deformation. In section 8 we demonstrate through nonexplicit examples, that
even minimal deformations need not be ¢! -smooth.

4. Approximation of monotone mappings

Let us begin by recalling the following approximation of homeomorphisms, estab-
lished in [21].

onto

Proposition 4.1. Let H: X— Y be a homeomorphism of Sobolev class 7/]1 (;CZ(X—>
Y). Then there exist diffeomorphisms Hy : X MY, k=1,2,...,such that

o Hy — H ¢ o/, (X);
o |Hy — Hl|lzex)y = 0ask — oo.

In view of this result we need only construct, for every € > 0, a homeomorphism
H: X 28 Y such that

(i) H—-h e &,(X);
(i) 1H = hllox) < 6€.

The construction of H proceeds in three steps. We construct MPS (X — Y) map-
pings H, = h, Hy € Hy + (X)), Hy € Hi + o/,(X) and H3 € H, + @7,(X),
in which H3 will turn out to be a desired homeomorphism of X onto Y. In each
step we make suitable harmonic replacements to gain more points of injectivity.
Moreover, estimate (4) will follow from:

|Hy — Hollorx) < 2¢, |[H2— Hillwx) <2 and  [[H3 — Ho|l o (x) < 2e.

We shall go into the construction of H in detail in Step 1. For H, we follow the
construction from Step 1, but with Hj in place of 4. In much the same way H3
will be obtained as a refinement of the mapping H». Before passing to the actual
construction of H; we need some geometric considerations.
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4.1. Proof of Theorem 1.6
An open dyadic square in R? is the set

Q;’} ={@a,b): 2" <a <2"(@+1) and 2"j <b <2"(j+ D}
Hereafter, the number 2™ is the size of the square. Note that:

(1) Two different squares of the same size are disjoint.
(2) Each square of size 2" is contained in exactly one square of size 2!, namely

nCopt!, where i—1<2i<i and j—1<2j<

m+1 .
We refer to Q; ;o as the dyadic square next to Q?}
(3) Every two dyadic squares are either disjoint or one contains the other.

A dyadic mesh in R? is a family M of open dyadic squares. Let Y be a bounded
domain. We will be interested only in those dyadic squares which are compactly
contained in Y. Call such a dyadic square Q € Y maximal if the next dyadic
square to Q is not compactly contained in Y. Denote by M(Y) the family of
maximal dyadic squares in Y. Clearly M(Y) is a disjoint family and

Y= [(J o
Qe M(Y)

Claim 1. Every compact subset ¥ C Y intersects at most a finite number of closed

squares Q, where Q € M(Y).

Proof. For, if not, we would find an arbitrarily small square Q0 € M(Y) whose
closure intersects IF, because one can accommodate only a finite number of large
squares in Y. But then the next dyadic square, being small enough, would be com-
pactly contained in Y. This contradicts maximality of Q € M(Y). O

In what follows we shall subdivide each Q € M(Y) into 4" congruent dyadic
subsquares, later referred to as fine squares. The numbers n = np will be chosen
and fixed according to the needs for the construction of H;. In the meantime, let us
reserve a notation and point out basic features of fine squares.

QaCQ7 05:1,2,.--,4”, n=ng.

These are disjoint open dyadic squares of size 2™ ~", where 2™ is the size of Q. For
each Q € M(Y) we have

4n
Q:UQ(X, n=ng.
a=l
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Once a subdivision of each O € M(Y) is made the family of fine squares will be
denoted by

FXY)={0q: Q0 e M(Y), QuCQ, a=1,....4", n=ng}

This is a disjoint family of squares whose closures cover the entire domain Y. As
in Claim 1, we have:

Claim 2. Every compact set F C Y intersects at most a finite number of closed fine
squares.
We now proceed to the construction of the mapping Hj .

Step 1. Let Q € Y be a generic square in M(Y),and Q, C Q,a = 1,...,4",

the corresponding fine squares, with n = ngp to be determined later. Since i €
MPSX—Y), by Proposition 2.1, each preimage

Uy =h ' (0,) €X, a=1,2,..., 4"

is a simply connected domain compactly contained in X. We refer to Uy as cells in
X. Caveat lector—the closed cell Uy can be substantially smaller than h=1(Q,); it
may even lie in the interior of 271 (Q,). The Youngs refinement, Proposition 2.1,

tells us that h: U, =5 Q, admits a homeomorphism 4 ¢, : Uy =5 Q4 with con-

tinuous extension to X. The extended mapping, still denoted by Ao, : X Y,
coincides with 4 on X'\ U, and belongs to MPS(X — Y). However, the Youngs

refinement does not guarantee that /1, belongs to 7/11062 (X' — Y). At this point,
since h € 7/11(;02(X — Y), the Poisson operator in Proposition 2.2 comes to the

onto

rescue. We simply replace each g, : Uy — Q4 with a harmonic diffeomorphism
ho =Py (ho,): Uy &5 Qa,  he € h+ 5(Uy)

and extend to X by setting 4, = h on X \ Uy . This yields a mapping
4n
hy:U™S O, defined by hyy =h+ Y [hy —hlo
a=1

where [y — ], stands for the function in X that equals 4, — & in U, and vanishes
outside Ug. The energy of each &, does not exceed that of &, namely Ey, [ha] <
Eu, [h]. Outside of the cells U, the mapping h’b coincides with £, thus has the same
energy as h. Therefore:

1. h"Q —h e o, (U);

2. Eulhy] < Eulhl.

We also have

Wy —h < max |hg —h < max diam =2""diam Q.
Iho = hllew < 1<a<4"” « —hllew < DX, Qu Q
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When # increases to oo the mappings h”Q converge uniformly to 4 on U. Further-

more, they are bounded in "//1’2([[}). Thus h"Q converge weakly to % in Wl’z(U).
By weak lower semicontinuity, we have

Eulh] < lim inf&U[h”Q] < &ulh]
n—oo

SO SU[h”Q] — Eulh]. We now recall the well known fact that if functions in .Z%(U)
converge weakly and their norms converge to the norm of the weak limit then such
functions actually converge strongly.

It is at this stage that we choose and fix number n = ng, which will also
depend on €, to be large enough to satisfy

11 — hllgw) <270 diam @ <

10| €2

Eulhy —hl < ——.
vl 0 ] Y]

Finally, we conjoin all mappings A7, : U — Q,with Q €e M(Y)and n = ng(e).
We obtain the desired mapping H;: X 23 Y,

H =h+ Z [hy — hlo € o(X).
QeM(Y)

Clearly, we have
IHy —hllgx) = sup |lhy —hllgw) <€
Qe M(Y)

01 _

ExlHy —hl= ) &ulhy—h1<e® Y. =

QeM(Y) QeM(Y)

Hence the estimate,
|Hi — hllorx) < 2e.

What we gained, as compared to /, is that the mapping H;: X 23 Y is a harmonic
diffeomorphism on every cell

Uy =h'(Qe) CX, QeMY), a=12,...,np.

Thus
Hl_l(y) is a singleton if y € U Oq. 4.1)
OueF (Y)

For other preimages, we have

H'y=hr"'( ifye |J 090 (42)
QqeF(Y)
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In either case the preimage of a point in Y is connected. Thus H; is a monotone
mapping. Similarly we argue that H| is a proper mapping. Indeed, let IF be compact
in Y. There are only finite number of closed fine squares in F(Y) which intersect IF'.
Therefore the preimage of IF under H; is contained in the union of a finite number
of closed cells in X and in 2~ (F). Thus H L(F) stays away from 0X and, being
relatively closed in X, is indeed compact. Step 1 is completed.

onto

Steps 2 and 3. In Step 1 the construction of Hy: X — Y started with a mesh
M of dyadic squares in R?; let us now redenote this mesh as M;. Such a mesh
actually depends on the choice of the orthogonal coordinates for R?. Translating
the origin of the coordinate system leads to new meshes. These meshes would work
for the constructions of Hj just as M. It would, however, lead us to different
dyadic squares in Y, different family F(Y), and different cells in X. We shall
take advantage of this observation by considering three incommensurate meshes in
RZ. One way to construct incommensurate meshes is by shifting the squares in M
through a vector with irrational coordinates, say v = (v/2, +/2) € R2. Specifically,
let

M =M, Moy ={0+v: Qe M}, Mz ={0Q —v: Q e M}.

The key observation is that no three squares from different meshes have a common
boundary point; that is,
00' N3’ naQ’ = (4.3)

whenever Q! € M, 0% € M» and Q3 € M;.

Recall the corresponding families of open fine squares 1 (Y) ¢ M, F>(Y) C
My and F3(Y) C Mas. In each family the closures of fine squares cover the entire
domain Y. But the essential feature of these families is that the open fine squares
all together cover Y, in symbols

Y=JAwmulJRmw ulJFm.

We are now ready for the construction of H, and H3. Following the construction of
H; in Step 1, but with H; in place of & and with mesh M in place of M , we obtain

onto

a mapping H: X 2% Y which is continuous monotone and proper. Moreover,
Hy— Hi € @o(X) and |Hy— Hillax) < 2e.

Then, in the same fashion, we refine H, by using the mesh M3. We arrive at the
desired mapping Hs: X 2 Y such that |H; — Ha|| #x) < 2¢€. To see that H3
is a homeomorphism we need only verify injectivity. Let y € Y = UQe Fa(Y) [9)
and suppose, to the contrary, that Hy ! (y) € Xis not a singleton. This means that
y ¢ UQE?S(Y) Q so y lies in the boundary of some square Q° € F3(Y) C M;.
Recall that for such a boundary point we have H; 1(y) = H, 1(y). This in turn
means that y ¢ UQe £ vy @, 80 y lies in the boundary of a square Q* e /KY) C
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M. For such a point we have Hz_l(y) = Hl_l (). As before, this means that

y ¢ UQE?I(Y) 0, so y lies in the boundary of a square Q! € F;(Y) Cc M. In

conclusion, y belongs to Q' N Q% N d Q3. This contradicts (4.3). The proof of

Theorem 1.6 is complete. O
Next we apply this theorem to harmonic MPS mappings.

Proposition 4.2. Any harmonic mapping of class h € MPS(X —Y) is a diffeo-
morphism.

Proof. Indeed, suppose J;, = |h;|> — |hz|*> > 0, where we note that 4, and hz
are holomorphic functions. Since # is surjective, J;, # 0, which means that &,
admits only isolated zeros. Then we obtain a meromorphic function v := hzh,
which is bounded by 1. The zeros of &, are removable singularities. The maximum
principle yields |v(z)| < 1 in X because it cannot be that |[v(z)| = 1. Thus J, > 0
everywhere in X and, therefore, % is a local diffeomorphism. The monotonicity
implies that /4 is actually injective. O

4.2. Deformations of X into Y
Such deformations can now be completely characterized as follows:
Theorem 4.3. Let f: X % Y be a continuous mapping between (-connected

bounded domains in the Sobolev class Wl’z(X — Y) with nonnegative Jacobian.
Then the following seven statements are equivalent:

@ f is monotone proper and surjective.

® f is a uniform and strong W -2 —limit of homeomorphisms fi: X =5 Y, in
which fr € f + W1 2X=Y), forall k=1,2, ....

® f is a uniform and strong W "2 —limit of € —diffeomorphisms fi: X =3 Y,
inwhich fy € f + W1 2(X=Y),forall k=1,2, ...

@ f is a uniform and weak W \* —limit of € —diffeomorphisms fi: X 23 Y, in
which fy € f+ W 2X=Y), forall k=1,2,....

® f is a uniform and weak W “2—limit of homeomorphisms fi: X =5 Y, in
which fi € f+ W VXX =Y), forall k=1,2,....

® f is a weak W V2 —limit of homeomorphisms fi: X 3 Y, in which fi €
f+W2XSY), forall k=1,2, ...

@ f is a deformation.

The assumption J; > 0 a.e. does not impose an essential restriction on the mapping
f, by virtue of Corollary 1.7.

Proof. The implications @ = @ = @ are just a restatement of Theorem 1.6. The
implications @ = @ = & = © are obvious.
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For the proof of ® = @ we argue as follows. Since f;: X &3 Y are orienta-
tion preserving homeomorphisms of Sobolev class f + 7/!;2(X — Y) converging
weakly in 7 2(X—Y) to f, it follows that

// dex=// Jpodx =1Y].
X X

Hence there is a compact subset ' C X such that

1
// Jrdx > Z|Y].
F 2

By weak .#"!-convergence of nonnegative Jacobians [22, Theorem 8.4.2] we have
[ Jrdx =1lim [ [ J 7, dx. Therefore,

1
A // Jpodx > §|Y|, for sufficiently large k.
F

It then follows that there is € > 0, such that
sup (fi(x), dY) > e, k=1,2,....

xelF
Let x; € T be a point for which y; = fi(xx) has distance at least € from 9Y. We
may assume, by passing to a subsequence if necessary, that

Xy —> x, €F and Yk —> Yo € Y.

onto onto

Let &;: X = X and ¥;: Y = Y be local perturbations (arbitrarily small) of the
identity mapping near x, and y,, respectively, to satisfy,

Dy (x0) = x and Wi (k) = Yo.

Now the homeomorphisms F; = Wyo fro®;: X 25 Y take x, into y,. We consider
Fy as a mapping of the punctured domain X, = X\ {x,} onto Y, = Y \ {y.}, each
of which has £ + 1 > 2 boundary components. These mappings coincide with fi
outside a compact subset of X. At this point we appeal to the following uniform
estimate of the distance to 0Y,, [23, Theorem 1.1].

dist (F (1), 0Yo) < n(0) IDFellgngeys k=12, (44)

where n(x) = ny_,_(x) is a continuous function in X, vanishing on 0X,. We
emphasize that this function depends only on the domains X, and Y,. Since Fj, =
fx near aX the estimate (4.4) yields, for each f,

dist (fx(x), 9Y) < n(x) M

where M is controlled from above by the energy of f, so is independent of k. Fi-
nally, since fy — f c-uniformly we conclude that dist( f(x), 0Y) — dist(f (x), Y)
uniformly in X. This shows that f is a deformation.

The implication @ = (@ is a part of Proposition 1.5. O
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Remark 4.4. The observant reader may notice that the conditions @—® tell us

something about the boundary behavior of a deformation with range Y. In a way ev-
onto onto

ery deformation f: X = Y must agree on X with a homeomorphism f;: X —
Y. This is understood in the sense of Sobolev boundary data f € f; + Wi’z(X —
Y).

5. Preimage of a point under generalized solutions

Let #: X — R? be a continuous mapping. The multiplicity function of & defined
by M (y) = #{h~ ()}, y € R?, is measurable, so one can speak of the essential
supremum of N}, (y). We are concerned with mappings such that

esssup NV, (y) < oo. (5.1
yeR2

Note that Hopf deformations enjoy the property [20, Lemma 3.8]

esssup N, (y) = 1. (5.2)
yeR?

The following proposition deals with more general solutions to the Hopf equation.

Proposition 5.1. Let h: X — C be a continuous Wllocl (X)-solution to the Hopf-
Laplace equation

hohz=¢ #£0 almost everywhere in X,

where ¢ is a holomorphic function in a domain X C C. Assume that the multiplicity
function Njy(y) = #{h~1(y)} is essentially bounded (5.1). Then for each y, € R?
the union of all vertical trajectories of the quadratic differential ¢(z) dz? in X that
intersect h~1( Yo) has zero measure.

Proof. To simplify writing we assume that y, = 0 € R?. Let V denote the family
of all vertical trajectories of ¢(z) dz> in X. These are disjoint open & *°-smooth
curves without self-intersections whose union covers X, = X\ {zeros of ¢}. Every
point in X, has a neighborhood in which a single valued branch of the analytic
function ®(z) = f J¢(z) dz can be chosen. This is a local conformal mapping
which takes the arcs of vertical trajectories into open vertical intervals in the w-
plane, w = ®(z). In general it may not be possible to perform analytic continuation
of ® along the entire trajectory; the local branches of | /¢ may not coincide if
their domains of definition are overlapping. This difficulty is usually overcome by
performing analytic continuation of the inverse ®~! along the straight vertical lines
in the w-plane, see [40, Section 1.3.2] for a thorough discussion. Such a procedure
leads to the concept of a vertical strip. A vertical strip in the w-plane associated
with ¢ dz? is a simply connected domain of the form

S={w=t+it:0<t<T, a@)<t<pB@®)}
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where —oo < a(t) < B(t) < oo are measurable functions in ¢ € (0, 7). Moreover,

there is a single valued analytic function W: S =5 X which takes every vertical
interval vy = {t +it: a(t) < T < B(t)} onto a complete vertical trajectory in X.
This mapping W is locally conformal and its inverse, locally defined, is a branch of
® = [ /¢(z) dz. Thus the image W(S) C X is an open subset of X. Each vertical
trajectory in X either lies entirely in W(S) or otherwise is disjoint from W(S). The
point is that the whole domain X, can be covered by a countable number of domains
such as ¥(S).

Denote V, C V the family of vertical trajectories in X which intersect the
set 1~ 1(0) and assume, to derive a contradiction, that the union (J Vs has positive
measure. We shall confine ourselves to one particular subdomain ¥(S) C X and
trajectories selected from V, that lie in W(S). With a suitable choice of W(S) we
ensure that the union of the selected trajectories still has positive measure. Rather
than discuss this subdomain, let us assume that X = W(S). Further simplification
comes by considering the mapping f = h o W: S — C. This simplifies not
only the domain of definition but also the Hopf-Laplace equation translates into the
somewhat easier form

fofo =1, forallw=r+it eS. (5.3)

Let I' = {¥:}o<r<T denote the family of all vertical intervals in S these are vertical
trajectories of f dw?,

y={t+it:a@) <t < pB@)}, O0<rt<T.

Among them there are intervals that pass through the set £ ~!(0) which we designate
by
Fo={yel':0€ f(y)}.

In this way we are reduced, equivalently, to showing that the union (J I'; has posi-
tive measure. That this is indeed an equivalent problem follows from the observa-
tion that W, being a local diffeomorphism, takes a null family of vertical intervals
in S into a null family of vertical trajectories in W(S). Furthermore, the strip S,
possible infinite, can be exhausted with an increasing sequence of vertical strips
compactly contained in S,

SiESHE S e-eS=[]S.
n=1

Let the family I'”? consist of those vertical intervals in S, which pass through the
set £1(0). Clearly, we have i~ ; (UT?) = |UTs; the latter is a subset of S with
positive measure. Thus for some large n we still have

ur:

> 0.
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Therefore, we may and do assume, instead of introducing new notation that S is

onto

bounded and W S = W(S) extends as a local conformal mapping to a neighbor-
hood of S. In particular, |S| < oo and the multiplicity function of ¥: & — ¥ (S)
is also bounded.

Lemma 5.2. For almost every t € (0, T) such that y; € T, we have
diam f(y;) > 0.

Proof. Let C C (0, T) denote the set of parameters ¢ such that diam f(y;) = 0 and
¥r € I'. This means that f is a constant mapping on each interval y;, for ¢ € C.
Since 0 € f(y;) we conclude that f = 0 on |, ;. On the other hand, in view of
the Hopf-Laplace equation (5.3), f cannot vanish on a set of positive measure, so
|U,€C y,| = 0. Hence C has zero linear measure, as claimed. O

We now choose and denote by £ C (0, T') a set of positive linear measure such that

diam f(y;) = 2p, forallt € E 64

where p is a sufficiently small positive number. Consider a sequence of concentric
annuli centered at O,

Ap={y:2"p <yl <2'7"p}, m=1,2,...
It follows from (5.4) that f(y;), witht € E, is a connected set which joins 0 with a

point outside the outer boundary of A,,. Elementary geometric arguments give an
estimate of 1-dimensional Hausdorff measure of the set A,, N f(y,) C C, namely

H' (f () N Ay) =27"p.

For almost every t € E, the function f is absolutely continuous on y;, because
f e #1(S). Consider a subset K = 3, N f~1(A,,) of the interval y, C T'o. We

/ f
K

ot
where we used the inclusion f(K) D f(y)NA,,. Integrating with respectto ¢ € E,
by Fubini’s theorem, we obtain

M, L5 L0
H-1(Am) E \Jynf=1(An)

aT
Next we apply Holder’s inequality

4 RAER < 1 (A f/
H=1(Am)

>H (FE) =H (fFNAy =27"p

af
0T

) =27"p|E|

af |2
ot

(5.5)
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It is at this point that we shall appeal to the Hopf-Laplace equation (5.3) and for-
mula (2.11), which gives us a pointwise inequality in terms of the Jacobian deter-
minant of f,

af |

= <\J a.e.inS.

ool <l aed

Now recall that the multiplicity function of 4 is essentially bounded and ¥: § —
W (S) has finite multiplicity. Therefore, the function N\ N =HweS: f(w) =
y} is essentially bounded as well, say N7 (y) < N for almost every y € R2. We

’ 1( m)

ot
where the second inequality follows from [22, Theorem 6.3.2]. Substituting into
(5.5) yields |E 12 < 3NN AR)]. Finally we add these inequalities for m =
1,2, ...,£ to obtain

2
< /f ¢l < N |Ap| = 37p°4™"N
£ b

CIEP < 3n/\/|f—1( Cj Am>‘ <3N S|
m=1

where £ can be any positive number we wish. Thus |E| = 0, completing the proof
of Proposition 5.1. U

Corollary 5.3. Under the assumptions of Proposition 5.1, suppose w € Y and
h~Y(w) does not contain any critical points of ¢(z) dz>. Then h~"(w) is a closed
vertical arc.

Proof. By Lemma 3.7 in [20] the set ' (w) C X is connected and compact. Then
the union of vertical trajectories which intersect 2~ ! (w) is connected and, by Propo-
sition 5.1, has zero measure. This is possible only when Rl (w) is contained in
exactly one vertical trajectory. U

6. Partial harmonicity, proof of Theorem 1.12

The outline of the proof is as follows. We may assume that the Hopf differential of /
does not vanish identically, for otherwise /4 is holomorphic in X. Using the notation
of Theorem 1.12 let ID be an open disk compactly contained in Y and U = A~ (D).
We will prove that & is harmonic in U by showing that the energy of & does not
exceed the energy of H,

Eulh] < EulH] (6.1)

where H is the Poisson refinement of /4 in U. Indeed, (6.1) shows that s = H in U

and therefore 4 is harmonic diffeomorphism of U onto ID. Since # is also monotone,

it is a global diffeomorphism. Thus (6.1) is all we need to prove Theorem 1.12.
The first step toward proving (6.1) is the following computation.
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Lemma 6.1. Let U and D be bounded simply connected domains. Suppose that
h: U %8 D, of Sobolev class # 2(U, D), is monotone and proper and has a
continuous extension to U. Furthermore, let H: U 3 I be a € *®-diffeomorphism
of Sobolev class W 12(U) which extends continuously to U with H(z) = h(2) for
2€dU.Thenfor x =H ' oh: U3 D and ¢(z) = h hz we have

EulH] — &ulh] > lo@y/lo(x(2)ldz

||§0||j1([U) [

— 4// .
U
(’)l is understood as

Here we assume that ¢ is continuous, ¢ % 0, and the term Tol
equal to zero whenever ¢ vanishes.

] (6.2)

onto

Proof. First assume, in addition to the above hypotheses that #: U — D is a dif-
feomorphism.
The chain rule can be applied to the composition H =ho x ~': U8 U

oH -1 dx~!
a(“’) h.(z ) +h:(2)
w
9 H (w) x ! x~!

D —h() +h()

where w = x(z). The partial derivatives of X_l : U — U at w can be expressed in
terms x and x: at z = x ~!(w) by the rules

' k@ ax~! xz(2)
= ——— and — = —
dw J(z, x) dw J(z, x)
where the Jacobian determinant J(z, x) is strictly positive. This yields
3_H _ h:x; — hzxz an 8_H _ hzx: —hz Xz
w J(z, %) ow J(z, x)

Let U’ € U be a compactly contained subdomain of U. We compute the energy of
H over the set x (U’) by substitution w = x(z),

EvlH] > &y H] = 2// (10 + 1Hg ) du
x (W)

_ 2/ |ho Xz — hZX_Z|2 + lhzx; — thZ|2
v Ixz1% = Ixz1?

dz.

On the other hand, the energy of & over the set U is

Ewlh] = 2//{U (1n<P + 1h:P) d
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Subtract these two integral expressions to obtain

hol? + 1hz?) - |z — 2Re [hohz gz xz
EulH] — Eulh] > 4 (1Al + 1hzl) - 1zl [h:hzxzxz] i
x> = |xzI?
! z — z

// 2lhzhz| - 1xzI? 2Re[hzh_zx—z><z]d

z 6.3
x> = |xz1? -
~ 2
// 1% a(z)Xz2| — 1| |hhz|dz
i |XZ |XZ|

o) {hzh_zmzh_zrl if hoh # 0

where

0 otherwise.

Using Holder’s inequality we continue the above chain of estimates as follows

[fo’IXz o xz| VThzhz1,/1¥ (x (2)) Idz _4/ .

[y TG0 (x ()] dz

(6.4)

where ¥ : U — C can be any continuous function, provided v # 0 on x (U").
The denominator in (6.4) is uniformly bounded from above

[[, 7 owena= [ i< ([
[ 12— o el Vi@l (x@)1dz] o
—_— w‘
U/

Slulv @) dz

This inequality can now be generalized by an approximation argument. By Theo-

onto

rem 1.6, we have a sequence of diffeomorphisms 2/ : U 3 D, converging to /4 uni-
formly and strongly in #-2(U, D). Moreover, each h/ € h+ o/, (U, D), so h’ ex-
tends continuously to U with 4/ (z) = h(z) on dU. We may and do assume, by pass-
ing to a subsequence if necessary, that hg and hg converge almost everywhere to h;

Hence

EulH] — Ewlh] = 4

and hs, respectively. Let ¢/ = h! hg . Since the sequence x/ = H 'oh/: U8 U
of self-diffeomorphisms of U is converging to x uniformly and strongly in %/ -2
on subdomains U" € U, it follows that

L [x

—crfxZ VIgI @1 /1 (x(2)) Idz / ol
@
U/

EulH] - Ey[h!] > 4
ulH]—=&ulh’] T @ldz
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Passing to the limit as j — oo yields

[ e = o el Vo |w(x<z))|dz]2

EulH] — Eylh] > 4
UlH] =[] [olv @l dz (6.5)

—4/ lol.
v

To see this we simply note that
W =l | Indhd] > e —oxel Vie@I in 2

while \/|1//(Xj(z))| — \/|I/I(X (2))| everywhere.

Here we recall that ¢ is assumed to be continuous, so we can take ¥ = ¢
in (6.5). Finally, since U’ was an arbitrary compact subset of U, we conclude
from (6.5) with the desired estimate, completing the proof of Lemma 6.1. O

For the proof of (6.1) it remains to show that the right hand side of (6.2) is
nonnegative. This requires a careful analysis of the boundary behavior of x, as this
mapping is not necessarily continuous up to dU. We need a definition and a lemma.

Definition 6.2. Let X C C be a domain and U be a simply connected domain
compactly contained in X. Let ¢: X — C be a holomorphic function such that
¢ # 0. We say that a mapping x : U — U is compatible with ¢ if the following
holds for any vertical arc y of ¢ dz? that intersects U and has endpoints in X \ U.
Let y, be a maximal subarc of y contained in U, and denote its endpoints by a and
b. The connected components of y \ y, are naturally denoted as y, and y,. The
condition we impose on y is

x{a} Cyva and x{b} Cw
where x{a} and x {b} are cluster sets [7].

Lemma 6.3. The mapping x in Lemma 6.1 is compatible with ¢ provided that
h=1(8D) contains no zeros of ¢.

Proof. We use the notation of Definition 6.2. According to Corollary 5.3, the sets
h=Y(h(a)) and h=' (h(D)) are vertical arcs, hence subarcs of y . The continuity of
h and H implies that x {a} is a subset of h=Y(h(a)), and similarly for x{b}. The
claim follows. Ll

The restriction concerning zeros of ¢ in Lemma 6.3 is easily fulfilled by choos-
ing a generic radius for the disk ID. We are finally ready to handle the expression
in (6.2), thus completing the proof of Theorem 1.12. The following result is related
to the Reich-Strebel inequality [38], see also [32] for a recent extension. However,
in our Lemma 6.4 the assumptions on x are different from those in [32,38].
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Lemma 6.4. Let X C C be a domain and U a simply connected domain compactly
contained in X. Let ¢ : X — C be a holomorphic function such that [[x|¢| < co.

Suppose that x € Wl 2(U, U) is continuous proper and compatible with ¢. Then

loc

Xz

WWWomh>/|w (6.6)

Proof. For almost every vertical noncritical trajectory y the mapping x is locally
absolutely continuous on y. Let y, be a maximal subarc of y in U. Denote by a
and b the endpoints of y,. By the compatibility condition the curve 8 = x o ¥,
connects two different components of y \ y,. By Lemma 2.4 we have

1
|wh<AwW= lpo x| (6.7)
yo

@
— =Xz
Yo ol

because i Xz‘ is the magnitude of directional derivative of x along y. In

el
view of Corollary 2.8 inequality (6.6) follows. O

Combining (6.6) with (6.2) yields (6.1), completing the proof of Theorem 1.12.

7. Lipschitz continuity, proof of Theorem 1.14

In this section X and Y are bounded ¢-connected domains. Suppose & € D(X,Y)
is a Hopf deformation, that is,

@ := hzhz (7.1)

is a holomorphic function in X. We shall actually prove the following explicit bound
Dh

\Dh(a)| < 72 Eﬁst(l—”i% for almost every a € X. (72)

Let ||l = [/xl¢| and note the pointwise inequality

el

< .. s
RIS e a0

(7.3)

which is a consequence of the subharmonicity of |¢]| in X.
Since the Jacobian J;, = |h,|> — |hz|? is nonnegative, it follows from (7.3) that
hz is locally bounded, specifically

) el
] < Vi@l < =g

The boundedness of Az implies that |/, is locally in BM O, and consequently /1 €

1/2
(74)

"//]1(;5 (X) forevery 1 < p < oo. A similar argument was carried out in [34] in a
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somewhat different context. However, it does not yield the Lipschitz continuity of
h, which we will prove by an entirely different method.

The proof of Theorem 1.14 is preceded by several lemmas. We denote the av-
erage value of a function by an integral sign with a dash. The normal and tangential
derivatives of & are defined as

hy ﬁ(zh .+ zhz) hr = ﬁ(Zh zhz). (7.5)

Lemma 7.1. Suppose that 0 € X and h(0) = 0. Let R = dist(0, 0X). Then the
circular mean

S(p) = / ][ 0O<p<R (7.6)
27p T, T,
is a locally Lipschitz function of p. Specifically we have
R K S @)
V(R — p)
As a consequence,
2pllel'?
SIS —=———, 0<p<R. (7.8)
V(R = p)

Proof. Note that S is an absolutely continuous function of p, even more S €
Wl 2(O, R). Therefore, we can differentiate with respect to p for a.e. p € (0, R) to

loc
obtain

y@):f hN:ff-sz+M9. (79)
T, T, P

Combining (7.9) and the identity

][1
T, P

—(zh; — zhz) = —i ][ hr =0,
o T,

2
][ hy = —][ Zhs. (7.10)
T, pJ T,

This together with (7.4) implies (7.7) and the integration yields (7.8). ]

yields

Lemma 7.2. Suppose 0 € X. For almost every p, 0 < p < dist(0, 9X), we have

1
|hN|2=/ |hT|2=—/ DA 711
T, T, 2 Jr,
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Proof. Using the identities (7.5) we find that
by ? + |hr|? = |DhI? (7.12)

and
2 2 4 2, 7T
P = lhrl? = 5 Re(@heha). (7.13)

Integration of (7.13) over T, shows that

4
/(|hN|2—|hT|2>|dz|=—Re/ 220(2) |dz|
T, T

2
z
|4| ’ (7.14)
= —1Im z9(z)dz = 0.
|z T,
From (7.12) and (7.14) we obtain (7.11). ]

Lemma 7.3. Suppose h € D(X,Y) and w € Y. If the set h~'(w) intersects some
domain Q € X, then it also intersects 02.

Proof. Let Q € X be a domain such that 2~ (w) N Q contains a point a. Consider
a cd-convergent sequence of homeomorphisms /; — h. For each j

rgsiznlhj —w| < |hj(a) —wl|, becausew & h;(£2).

Since the convergence is uniform on compact sets, letting j — 0o, we conclude
Igl}znlh—uﬂ < |h(a) —w| =0. [

Next we require a Fourier series lemma that can be viewed as a Bonnesen-type
inequality [35].

Lemma 74. Let f: T — C be a function in # 12(T). Expand it into the Fourier
series f(e'%) = 3" ¢, e If

nez
max| f — cg| = 2min|f — ¢, (7.15)
T T
then
2 99 2(. 12
D nlenl® <2y nPlenl’. (7.16)
100
nez nez

Indeed, inequality (7.16) is apart from the better factor %/,q, a form of isoperimetric
inequality in the plane. We gain this better factor because of the assumption (7.15)
which can be interpreted as saying that the image of f is far from being a circle
centered at cg.
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Proof. We may assume that f is nonconstant. Normalize f so that ¢cp = 0 and
mq?x| f —col = 1. Clearly,

lenl < 1. (7.17)

We need a lower bound for |c,| as well. To this end, consider
g(”) = fe?) —c1e
and observe that

1 1
= - = —(1 — mi = — 7.18
max |g| > max |If] = le1l| > 5(1 = min| /1) > (7.18)

by virtue of (7.15). On the other hand,

max g (Zlcn> (T )(Zrter) <3 wter

n#l n#l n#l n#l
which together with (7.18) yield

an|c,1|2 (7.19)
n#l

Using (7.17) and (7.19) we arrive at (7.16) as follows.

99 , 12 9,
Z(n 00" >|n| 100|1| +Z< 00" >|n|

nez
1 49 1

S ——— —x0
100 100 48 =

Let the “good” part of X be G = h~!(Y) and the “bad” part be B = X \ G. By
Theorem 1.12 the restriction of / to G is a harmonic diffeomorphism onto Y. Thus
the case G = X is trivial. From now on we assume that B is nonempty. This is only
possible if ¢ #£ 0.

Proposition 7.5. Suppose that 0 € X and h(0) =0 € dY. Then fora.e.0 < p <
dist(0, 0X), we have

99
f/ Iy < — 5/ lhr? +4nlcol?,  where co =][ h. (720)
5, 100 2 Jr, T,

Proof. Fix p such that the restriction of / to T, is in WI'Z(TP). Let M = rrjlrax|h —
P
co|. The change of variables formula (5.2) implies

f/ Jn < TM>. (721)
By
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Thus we may assume M > 2|cg|; otherwise (7.20) is immediate from (7.21). By
Lemma 7.3 the mapping & assumes the value O on T, hence

. M
min |h — co| < |co| < —.
T, 2

Thus, Lemma 7 4 applies to the restriction of /2 onto T,. The estimate (7.16) reads

as 9
P
/ / Jn < / |hr|?
5 1002
o Ty
which implies (7.20). O

Proof of Theorem 1.14. We will show that for every pointa € X

16000
lim sup ][7[ |Dh> < ———— / / |D (7.22)
AN By(a) 7 dist”(a, 9X)

We may assume a = 0 = h(a). Let R = dist(0, 0X).

Case 1.0 € 9Y. The first step is to rewrite (7.20) as a differential inequality for the

function
2 R
E(p) := |Dh|”, 0<p<—.
B, 2

Here we restrict ourselves to 0 < p < R/, which yields dist(z, dX) > R/, forz € B,.
Since | Dh|? = 2J;, + 4|hz|?, applying the inequality (7.4) we obtain

E(p) < 2// 5+ ol _» // L ”‘p”. (7.23)
B, (%/2) B,

Next, the integral on the right is estimated using (7.20), (7.8) and Lemma 7.2:

128020l
2 J \— hr|* +8 2< / Dh* + L PR (724
/fB "< 1o / Il + 87 lcol” < oo | IDAP + =5 (7124)

Combining (7.23) and (7.24) we obtain

1442
E(p) < —p E/(p) + L 191

R
200 72 forae.0 < p < 7 (7.25)

For notational simplicity we introduce the constant g = 2%/4. Inequality (7.25)
yields

e PE(p) —qE(p) _ 1444 l¢|
d,O( E( )) pq+1 > Rqufl :

(7.26)
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Integrate (7.26) over the interval (p, ®/,) to obtain

144 q ol
(@ —2)R?pa~2

14400 [|e||

24
— R _—
= RaECH+

1E <2qER 2
,0_‘1 (P)\ﬁ (®/2) + (7.27)

Finally, multiply (7.27) by p?~2 and rewrite it as

261 q—2 14400
][7[ \Dh? < p // \Dh|? + "¢|| . (7.28)
Br2

We further simplify (7.28) using the pointwise inequality 4|¢| < |Dh|?.

Dh)> < (29 (% 3600 | — Dh|?. 7.29
1D ( (%) "+ );uez [ 1D3 (7.29)

This yields (7.22) even with a better constant.

Case 2.0 € Y; thatis,0 € G = h~'(Y). Let r = dist(0, 3G) < dist(0, 9X) =
Since 4 is harmonic in G, the subharmonicity of | Dh|? yields

1
ono) < ff 1oue < [ [ 1on. (730)
B, r X

If R < 60r,then (7.30) already implies (7.22). Otherwise pick ¢ € X\ G such that

|¢| = r. Clearly
|Dh|2<4]6[ |Dh|? (731)
B, BZr({)

and the righthand side of (7.31) can be estimated by applying (7.29) to By-(¢).
Since dist(¢, 0X) > R —r > 59r, we may apply inequality (7.29) with p = 2r
and R — r in place of R. This gives the estimate

60/_ )2
]ﬁf P < (24 1t +3600) & (/*” / \DhJ?
BZr(C)
4000 ,
/ \DhP2.

Combining (7.30), (7.31), and (7.32) gives the inequality (7.22).
This estimate yields the pointwise inequality (7.2) at the Lebesgue points of
|Dh|?, completing the proof of Theorem 1.14. O

(7.32)

8. ¢'-smoothness of minimal deformations, proof of Theorem 1.15

Throughout this section the following standing assumptions are made on the map-
pings under considerations: Xand Y are £-connected bounded domains and 4 : X —
Y is a €'-smooth Hopf deformation, 4 € D (X, Y); that is,

hoh; =@ #£0 in X
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where ¢ is a holomorphic function. Recall that the convex part of the boundary of
a domain Y is

.Y ={w e dY: B,(w)NY is convex for some r > 0}. (8.1)
We designate the domain of regular points of the quadratic differential ¢(z) dz> by
Xo = X\ {zeros of ¢}.

Additional assumptions on /# will be explicitly stated when needed. The proof of
Theorem 1.15 proceeds by a number of claims and Lemma 8.1.

Claim 1. Let 0 € h(X), then each horizontal arc « C & C X, contains at most a
finite number of zeros of h.

Proof. By virtue of (2.10) we have a lower bound for the horizontal derivative

[0,h] = 24/ 1] > 0 forall z € @. 8.2)

If h: @ — C had an infinite number of zeros there would be an accumulation point
of zeros. Since # is €’'-smooth along @, its horizontal derivative would vanish at
the accumulation point of zeros, in contradiction with (8.2). O

Claim 2. Suppose 0 € 3Y. Then the preimage h='(0) is covered by a countable
number of vertical trajectories and critical points.

Proof. The domain X, can be expressed as countable union of ¢-rectangles com-
pactly contained in X, see Section 2.3 for the definition and consideration of ¢-
rectangles. Let % be one such ¢-rectangle. It suffices to show that the set =1 (0)NR
can be covered by a countable number of vertical trajectories. Let « and 8 denote
the horizontal edges of . These are horizontal arcs of ¢ dz> compactly contained
in X,. In view of Claim 1, we may and do assume that 4 does not vanish on
the horizontal edges of R, for otherwise we can replace ‘R by a finite number of
parallel subrectangles of R; simply cut PR along vertical trajectories crossing the
horizontal edges o and B8 at the zeros of A. With this assumption the proof of
Claim 2 will be completed by showing that inside of R there are no zeros of 4.
Indeed, suppose otherwise. Then, by Lemma 7.3, the set h! (0) intersects at least
one of two vertical edges of the rectangle 3. By the same reasoning 4~ (0) inter-
sects one of two vertical edges of any subrectangle obtained by continuously com-
pressing R with vertical trajectories. This procedure results in a family of vertical
arcs intersecting 2~ !(0) whose union has positive measure, in contradiction with
Lemma 5.1. O

It should be mentioned that a result similar to Claim 2 was proved in [30] for energy-
minimizing mappings between closed surfaces that are smooth except for isolated
singularities.
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Recall that Theorem 1.15 deals with minimal deformations. These are special
mappings for which the Hopf differential k> dz? is real along dX, provided 9X is
%' -smooth. It involves no loss of generality in the proof of Theorem 1.15 to assume
that 8X is indeed 6! -smooth. For, if necessary, we could transform X conformally
onto, say, a circular Schottky domain. Our next lemma tells us that no point in X
can be mapped into a convex part 3.Y of dY, see (8.1) and Figure 1.2.

Lemma 8.1. Suppose 3X is €' -smooth and ¢(z) dz? is real on the boundary of X,
see Definition 2.5 in Section 2.3. Assume that h is €' -smooth in X. Then

rX)NnoY =g. (8.3)
Proof. Assume, to the contrary, that the set
B.:=h'3.Y) # 2. (8.4)

Consider the “good” subdomain G = h=1(Y) ¢ X. It is indeed connected by
Theorem 1.12. Let E be the set of points z € dG N X for which there is a disk
D = D, C G such that z € 3D. Note that E is dense in 3G N X. Our first step is
to prove that

Step 1. We have
h(E)YNoY =@. (8.5)

Hence, more generally,

h@GNX)NaY = . (8.6)

Proof. Suppose to the contrary that w = h(z) € 9.Y for some z € X. Since Y is
convex at w the function u := Re(e'?h), for some constant 0 < 6 < 277, attains a
local maximum at z, which yields

Vu(z) =0. (8.7

On the other hand, there is a disk D C G such that z € dD, h(D) C h(G) C Y
and u(z) > u(¢) for all ¢ € D. The Hopf boundary point lemma ( [14, Lemma
3.4],[18]) implies that the inner normal derivative of u at z € d D is strictly negative.
This contradicts (8.7). Finally, since 9.Y is open in Y and E is dense in dG N X,
the claim (8.6) follows. ]

Step 2. The set B, = h~1(3.Y) C X is open.

Proof. By virtue of (8.6) the set B, is contained in the interior of X'\ h=1(Y). Since
9. Y is open in 3Y, it follows that B, is open in X. O

Step 3. Every noncritical vertical trajectory T that intersects B, is a connected
component of h~'(w) for some w € 3, Y.
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Proof. The intersection of I' with B, is open in I'. On the other hand the vertical
derivative 0, s vanishes a.e. on X\h_1 (Y). Indeed, by [20, Lemma 3.8] Jj; vanishes
a.e. on X\ 2~ 1(Y) and by (2.11) the vertical derivative satisfies [oyh| < A/1Jn] =0.
Therefore, / is constant along I, say equal to w € 9.Y. On the other hand, by Claim
2, the preimage h~!(w) is covered by a countable union of vertical trajectories
anc} critical points. We find that I" is indeed one of the connected components of
h= " (w). ]

Step 4. A noncritical vertical trajectory T that intersects B, approaches two differ-
ent boundary components of X.

Proof. Recall from the introduction, Section 1.0.1, the components X1, ..., X; of
X = 9X. Suppose otherwise, that both ends of I approach the same boundary
component, say X;. By Lemma 2.6 the vertical trajectory I" separates two other
boundary components of X, say X, and X3. Let C C Y be a continuum connecting
the components Y, and T3 of 3Y, in accordance with the correspondence in (1.11).
Then h~1(C) is a continuum [20, Lemma 3.7] that connects X, and X3 in X\ I, a
contradiction. O

Now we have the required contradiction that proves Lemma 8.1. Indeed I', being
a connected component of 2~ (w) € 3Y, cannot approach different components
of X otherwise its image A (I") would approach different components of Y by
virtue of (1.11). O

To complete the proof of Theorem 1.15 we need one more lemma.

Lemma 8.2. If X\ h~'(Y) has o -finite 1-dimensional Hausdorff measure, then the
set X\ h=Y(Y) is empty and h is a diffeomorphism of X onto Y.

Proof. The function £, is continuous in X and holomorphic in 2~ !(Y). By a the-
orem of Besicovitch [4, Theorem 2] sets of o -finite 1-dimensional Hausdorff mea-
sure are removable for holomorphic continuous functions. Therefore, 4 is holo-
morphic in X. It follows that £ is harmonic in X, which by Proposition 4.2 implies
that 4 is a diffeomorphism. O

Proof of Theorem 1.15. Combining Lemmas 8.1 and 8.2 we find that the set X \
h~1(Y) has o-finite 1-dimensional measure and therefore / is a diffeomorphism by
Lemma 8.2. O

9. Open questions

The Hopf-deformations in Example 3.1 are slightly better than Lipschitz regular.
Namely, their energy functions are continuous. This raises the following question.
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Question 9.1. Suppose that % is an energy-minimal deformation. Is | Dh| continu-

ous?

The reader may notice that the domain Y in Theorem 1.15 cannot be %’!-

smooth. Also, the butterfly domain Y of Example 3.1 has nonsmooth boundary.
These observations lead to the following question.

Question 9.2. Are energy-minimal deformations &'-smooth when the boundary
of Y is smooth?

In Example 1.2 the energy-minimal deformation A belongs to €1 (X) but not

to €?(X). Thus one may expect the &' -regularity to hold in Question 9.2.
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