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1. Introduction

A large portion of this paper is from the Masters thesis of the first author,
written under the direction of the second author. It is presented here, not as original
work, but as a systematic introduction to the topic at hand. We attempt to present
a fairly self-contained paper from which an interested reader could learn many of
the aspects needed to understand the background necessary in the statement and
proof of the Fundamental Theorem of Quasiconformal Surgery.

This paper will introduce a special kind of complex homeomorphism called a
quasiconformal map. Quasiconformal maps have many applications in areas of heat
conduction, electrostatic potential, and fluid flow. They are also a valuable tool in
the field of complex dynamics. We follow [3] in that we will limit our discussion
to the context of the extended complex plane. The study of quasiconformal maps,
however, may be extended to higher dimensions.

Quasiconformal maps are generalizations of the well known conformal maps
(and it will be shown that every conformal map is a quasiconformal map). Confor-
mal maps impose a very strong condition on the differential (approximating linear
map), whereas quasiconformal maps relax this condition considerably. However,
quasiconformal maps still retain many aspects (or parallel aspects) of conformal
maps. As such these maps become a more flexible tool for such procedures as we
will see in the proof of the Fundamental Theorem of Quasiconformal Surgery. This
theorem will allow one to glue together, in some sense, two different analytic maps
— something prohibited, in the usual sense, by the Identity Theorem (Principle of
Analytic Continuation).

The reader is assumed to have a basic understanding of general topology, com-
plex analytic functions, measure theory, and integration theory. Wherever there
is an exception, there will be detailed explanation and proof, along with precise
references for those results whose proofs are “beyond the scope” of the paper.

The authors would like to thank Xiaosheng Li for his helpful suggestions, as
well as for his help in creating the figures in this paper.

2. Notation

We follow Lehto and Virtanen [3] and state that throughout this paper the
plane will be taken to mean the extended complex plane, denoted by C, which is
homeomorphic to the Riemann Sphere. And we will call the usual Euclidean plane
the finite plane and denote this by C. We call a subset of the plane a domain if it
is both open and connected. Also, all functions will be taken to be complex valued
unless otherwise indicated.

We will use the following notation: A(z,r) is the Euclidean disk of radius r and
center z, C(z,r) is the Euclidean circle of radius » and center z, Ann(zp;7, R) =
{z 17 < |z — 20| < R}, 0Q and Q refer to the boundary and closure, respectively,
of the set  taken in the topology of C.

Let U be an open subset of the plane. We will say a complex valued function
on U given by f = u+iv where u = Re (f) and v = Im (f) is in the class C1(U) if
the partial derivatives f, = u,+iv, and f, = uy+iv, both exist and are continuous
on U. Also, when the necessary derivatives of f exist, we will set

(1) Of=fo=g(f—ify) and Of=fe= S (ftify).
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For this paper we will be using a “little-o” notation. So we will make the
following definition.

DEFINITION 2.1. Let f and g be compler valued functions defined in a neigh-
borhood U of zy with g(z) # 0 for all z € U\ {z0}. We say f = o(g) as z — zg

if lim 1) — . If no confusion can arise, the “ z — zo” will be omitted when the
2z 9(2)

choice of zg is clear.

The following are properties that will be used in what follows.

LEMMA 2.2. Consider functions f, fi, fa, g, h, and hy, defined in a neighbor-
hood of zg.

a) If f1 = o(g) and fy = o(g), then fi + f2 = o(g).
b) If fi = o(g) and f2 = o(g), then f1f2 = o(g?).

¢) Suppose
i) f = f1+o(g) with limsup |f(z)| < +oo,

zZ—2z0

ii) h = hy + o(g) with limsup |hy(2)] < +o0.
Z—2Z0
Then fh = fihi + o(g).

d) Suppose
Z) f=nh +O(g)7
it) h = hy + o(g) with both h(z) # 0 and h1(z) # 0 for all z # 2o,
iii) lim sup le” < 400, limsup |f(z)| < +00, and limsup |g(2)| < +o0.

zZ—20 zZ—20 2—20

Then % = }J% + o(g).

e) If f = o(g), then

i) [ =o(9);

i) [f| = o(g);

iii) f = o(|g|); and
w) f=o0(g)

PRrOOF. Parts (a), (b), and (e) follow immediately from the definition. Part
(c) follows from the following equalities:

f(2)h(z) = fi(2)ha(2) FRNZ) = [(2)h(2) + F(2)h(2) = fi(z)M(2)

lim

= lim

2=20 9(2) 220 9(2)
= ZlerZlo f(Z)W + 211_{1210 hq (Z)W =0,

which shows that fh — fih; = o(g) and thus fh = fih; + o(g).
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Part (d) is shown as follows:

lm%%ﬂﬁﬁmﬂmu M) (2)
STl T GG
FEME) = () + i) () = b))

= lim
A, B ()g(2)
g L ) = A 4 lim fi(z)  h(z) —h(z) —0,
#=z0 h(2) 9(2) ==20 h(z)ha(2) 9(2)
and thus hEZ; ﬁgz)) +o(g).
Note that we justify that lim h(S}(LZ)( 3 hl(z)( )h(z) = 0 from the following
z—20 1(# z
argument. Since f = f1 + o(g), % — 0 as z — zp by definition. But
we have that limsup [g(z)] < 400 and so f(z) — fi(z) — 0 as z — zp. But
z— 20
since limsup |f(z)| < 400, we must also have that limsup |f1(2)| < +oo. We can
zZ—20 zZ—20
similarly show lim sup m < +oo from the hypotheses lim sup “L(l—z)‘ < 400 and
zZ—20 zZ—20
h = hy + o(g). O

3. Differentiability in the Real Sense
In what follows we will sometimes substitute without mention the two-dimensional
real vector z = z for z = x + iy.

DEFINITION 3.1. Let f: Q1 — Q9 be a function between finite plane domains.
We say that f is differentiable in the real sense (also called R-differentiable or
real differentiable) at zp = ( zo > when there exists a matrix [ ?; ? ], where
0
a, 3,7,0 € R are such that

e=re+ | 2 T (520 ) vee

v 0 Y — Yo
for all z € Q1 and the function E(z) satisfies ||f_(2|| — 0 as z — 2z, i.e., E(z) =
o(z — zp).

Let f be given as in Definition 3.1. Then using i simply as a place holder, we
get

(3.1)  f(2) = f(20) + a(x — x0) + B(y — yo) +iv(x — o) +i6(y — yo) + E(2).
By definition then, we have

f(x +1iyo) — f(wo +iyo)

Tr—x0 €T _xo
= lim f(zo +iyo) + alx — x0) + Blyo — yo) + iv(x — x0) + 16(yo — yo) + E(x + iyo) — f(xo + iyo)
r—Xo Iixo
E .

T—To Tr — X

Note that lim w = 0 since it is lim Zfz) = 0, letting 2z approach zj
r—xg z—20 0

along the line z = x + iyo.
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Similarly, fy(20) = 8+ id and so by (3.1) we see
(32) f(2) = f(z0) + fa(20)(z — @0) + fy(20)(y — o) + E(2).
Note that writing f = u 4 iv where ©u = Re f and v = Im f, we then have
uz(20) =, uy(z0) =0, vz(20) =1, and  wy(z) = 0.

Now, using the fact that if z = z + iy, then

z;rz and y:z—z

€r =
we see from (3.1) that:

D) =fe0) + 5 (42—~ T) + &z =2~ 20+ %)
+z%(z+2—zo—70)+;—i(z—2—zo+%)+E(z)

teo+ (54 o+ T rg) ot (-2 T -3) -+ BE)

=f(20) +0f(20)(2 — 20) + 0f (20)(z = %) + E(z) by (2.1).

We have thus demonstrated the following theorem.

THEOREM 3.2. If a function f is R-differentiable at zy, then it has partial
derivatives at zy and can be written in the form

(3-3) f(z) = f(z0) + Az — 20) + B(2 — %) + E(2)

where A = 0f(zy) (the z-coefficient) and B = 0f(z) (the z-coefficient) are both
complez and E(z) = o(z — 2p).

The following theorem is a well known result indicating conditions which imply
a function is R-differentiable.

THEOREM 3.3 ([5], p. 100). Suppose that a function f = u+ v is defined in
an open subset U of the finite plane and that the partial derivatives uy, uy, v,, and
vy exist everywhere in U. If each of these partial derivatives is continuous at the
point zg of U, then fis differentiable in the real sense at zg.

Equation (3.3) says that a function f(z) that is differentiable in the real sense
at zg can be well approrimated near zy by a linear function of the form

L(z) = f(z0) + A(z — 20) + B(Z — 7).

Note that L is just a translation (z — z—z), followed by L(z) = Az+ Bz, followed
by another translation (z — z+ f(zp)). Thus in order to analyze L(z) (and hence
locally analyze any real-differentiable function) we first consider L(z) = Az 4+ BZ.
If we let Ay, A be the real and imaginary parts of A and By, By be the real and
imaginary parts of B we get

(3.4) L(z) =(A; +iA2)(x + iy) + (By +iBs)(x — iy)
(3.5) =(A1 4+ By)z + (B2 — Ag)y +1 [(AQ + Bo)x + (Al — Bl)y] .
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We note that in matrix form we see from equation (3.5) that z — L(z) is
written

(3 6) < xT ) s |: A1 +Bl B2_A2 :| < xT >
' Yy As+ By A1 — By y )
Hence we immediately see that if a map f has form (3.3) with E(z) = o(z — zo),

then f is real differentiable at zy (as given in Definition 3.1) with [ i g } =

A1+ B1 By — A
As+By A — B;
given by

]. We also note that the Jacobian of the map f at zg is then

B gy =der| 3 | <147 18P = sl - 05l

We now discuss the concept of a total differential of a function f. The reader may
reference [6], p.55-59 for the details of this matter. For a function f differentiable
in the real sense at 2o, the total differential is given by df., (z) = 0f(20)z +0f(20)Z.
Thus df.,(z) is a linear function. When we write df,,(z) # 0 we mean that the
function is not identically the zero function, i.e., not both df(z) and 9f(z) are
zZero.

DEFINITION 3.4 ([3], p. 9). A (not necessarily differentiable) homeomorphism
Q1 — Qo between arbitrary point sets in the plane is sense-preserving if f

preserves the orientation of the boundary of every Jordan domain D such that D C
Q.

REMARK 3.5. If a function f is sense-preserving, then its inverse f~! is sense-
preserving. Also if both f and g are sense-preserving, then f o g is also sense-
PTESETVING.

We refer the reader to the Orientation Theorem and subsequent discussion
in [3], p. 9-10 which gives the following. Let f : 27 — 2 be a homeomorphism
between domains in C. If J;(29) > 0 at some 2 € 1, then f is sense-preserving.
Conversely, if J;(zp) < 0 at some zy € 4, then f is sense-reversing. Thus we see
that a sense-preserving map must satisfy J¢(z) > 0 for all z € Q;. We note that it
is possible to have J¢(z9) = 0 at some z( for a sense-preserving map, as is the case
for 29 € R with the map (z,y) — (x,y>) defined on all of C.

Note: When df,(z) # 0 and f is sense-preserving we must have [0f(zo)[ > 0
and [0f(z0)| = |9f(20)|-

Returning to our analysis of R-differentiable functions and hence functions of
the form L(z) = Az + BZ, we can use basic linear algebra and (3.7) to obtain the
following.

THEOREM 3.6. The function f/(z) = Az + Bz from the finite plane to itself
is bijective if and only if |A| # |B|. Furthermore, if |A| # |B|, then L is sense-
preserving if and only if |A| > |B].

Let us take a closer look at the maps of the form E(z) by first considering, for
0<p<1,themaps L,(2) =2+ pz =z +iy + pr —ipy = (1 + p)z +i(1 — p)y.
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We see that there is an expansion in the z-direction and a compression in the y-

direction under L,. We see then that a circle of radius r centered at the origin

given by (z,y) = (rcosf,rsinf) maps to an ellipse centered at the origin since

(x,y) = (rcosf,rsinf) — (Z,7) = ((1 + u)rcosé, ( w)rsin@). Thus the image
2

of the circle is given by [(1 er ] ] + [(1 y ] ] =1, an ellipse with major axis
w)r —u)r

r(1+ p) and minor axis r(1 — p).
Our main interest is in sense preserving maps and so let us now consider more
general maps of the form L(z) = Az + Bz with |4 > [B|. Writing p = £,

= |Ale’, u = |ule’” and z = re’?, we have
. B . , . ,
(33) £(:) =A (2 32) = Al (re + ulere )
(3.9) —|Alei(at5) (Te i(0-5) 4 |prei(0 %)) ,

~ Thus if we let g(z) = |4] e(et2) . 2 and h(z) = e~1% . 2, we then have that
L =goL,oh. But g and h are simply rotations and therefore

(3.10) i:goLwoh
also maps circles to ellipses (see Figure 1) for which the ratio of the major to minor
axis is 1+|\Z|\'
arg = « + =
QMW = JA[(1+ |pl)r
[AI(L = [ul

FIGURE 1

Next we consider a general R—differ_entiable function f : Q; — Q9 which is
expressed f(2z) = f(z0)+0f(20)(2—20)+0f(20)(2—%0)+E(2) with E(z) = o(z—20).
REMARK 3.7. Since a function f which is real differentiable at zo is well approz-
imated near zo by the linear function L(z) = f(z0)+0f(20)(2 —20) +0f(20)(Z —Z0)
we say that if |0f(z0)| > |0f(20)|, then f maps infinitesimal circles centered at zg

to infinitesimal ellipses centered at f(zg). We also note that the ratio of the major
azxis to the minor axis of the infinitesimal ellipse is

K] —
A 1”87“ _ o1+ s
L= lul ~ 12122 10f1 - oS

This ratio is, of course, intimately connected with the directional derivative,
which we state now.
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DEFINITION 3.8. The directional derivative of f at zg in the direction of 0 is

90 f(20) = }13% f(zo +rei?) — f(Zo).

r

By examining the stretching a R-differentiable map exhibits locally, as in Fig-
ure 1, the following lemma is clear. Nevertheless, a formal proof will follow.

LEMMA 3.9. Let Q, and Qs be domains in C. If f : Q1 — Qs is sense preserving
and real differentiable at zy, then

max [0y f(z0)| = [0 (20)| + [0f (20)| and min|dyf(z0)| = [0 (20)| - [0f (z0)].
PROOF. Letting z = 2y + re?? we see that

f(20) + 0 (20)(re™®) + 0f (20)(re=*) + E(z) — f(20)

r

= 0f(20)e” + 0f (20)e + lim 126)

z—z0 |2 — 2o

Let y = 5% where a = arg(af(z(l))) an(i v = arg(0f(2)). Then one can
easily show that max 100 f(20)| = |0f (z0)e? + df (20)e~ 0| = |0f(20)| + |0f (20)]-

Similarly, if we set 6; = =5, we get r%in 100 f(20)| = |0f (20)e? +f (20)e 1|

= |0f(20)|—19f(20)|, noting that |0f(z0)| > |0f(20)| since f is sense-preserving. O

0o f(20) = limy

= 0f(20)€" + 0f (z0)e” ™.

4. Tentative Definition of Quasiconformal Maps

We now wish to give a “tentative” definition for quasiconformal maps. This
definition relates to the local stretching displayed by quasiconformal maps. For a
differentiable map to be quasiconformal, there must be a bound to this stretching
in one direction versus any other direction. First we must make a preliminary
definition.

DEFINITION 4.1. Let f be a function that is real-differentiable at zo such that
0f(z0) # 0. We call the ratio

the complex dilatation of f at zg.

DEFINITION 4.2. Let f be a sense-preserving function that is real-differentiable
at zy such that J¢(z9) # 0 (thus |pus(z0)| #1). We set

(e — o)l _ 105 Go)l £ 105 (o)l 10 o)
! L —|ps(z0)]  |0f(20)] —10f (20)] moin 00 o)l

According to the discussion at the end of the last section K #(20) is the ratio of
the maximum stretch to the minimum stretch of an infinitesimal circle around zg

under f.

DEFINITION 4.3. [Tentative Definition] Let f : Q1 — Qo be a real-differentiable
sense-preserving bijection between plane domains with Jr > 0 on 4. For any

K > 1, we say f is K-quasiconformal if f(f = sup Igf(z) <K.
z€M



6. GEOMETRIC DEFINITION OF QUASICONFORMAL MAPS 11

REMARK 4.4. Definition 4.3 requires f to be real-differentiable everywhere in
Qq, but in the following pages we will not impose such a strict requirement. It is
for this reason that Definition 4.8 is our “tentative” definition.

5. Conformal Maps

In this paper we will rely on many facts from the theory of conformal mappings
of the complex plane. Let us now recall the definition of a conformal map.

DEFINITION 5.1. Let Q1 and Qy be open subsets of the plane C. We call a
function f: Q1 — Qo conformal if f is bijective and analytic.

Remark: Other sources may define a map to be conformal on its domain when
the complex derivative both exists and is nonzero at each point of its domain. This
amounts to f being analytic and locally bijective. For example, the map f(z) = e*
defined on the finite plane C is such a map, but it is not conformal by Definition 5.1.

Note that f is complex differentiable at zp € C with f(z¢) € C, exactly when
(see [5], p. 63) we can express f(z) = f(z0)+f (20)(z — 20) +0(z — ). Thus, if f is
conformal at zp, we then have that f is R-differentiable with 0f(z) = 0,0f(z) =
£ (20) # 0 and f(20) = 0. Here we say conformal f: Q; — Qy maps infinitesimal
circles centered at zg to infinitesimal circles centered at f(zg), since f would be well
approximated near zo by L(z) = f(z0) + f (20)(z — ) which maps such circles to
such circles. It is clear then that a conformal map f is 1-quasiconformal according
to our Tentative Defintion 4.3 since Kf(z) = 1.

REMARK 5.2. When f is injective and real-differentiable in a domain Q0 with
0f(z) never vanishing and ps(z) = 0, then 0f(z) = 0. Therefore f would be
conformal onto its range and Of = f'.

6. Geometric Definition of Quasiconformal Maps

In this section we will introduce the notion a quadrilateral in the plane C and
introduce the concept of a “conformal module” of a quadrilateral. This will help
give us a precise definition of a quasiconformal map. The geometric definition will
be more flexible than the “tentative” definition in Definition 4.3 since it will not
require differentiability. However, as we will see in Section 8, such quasiconformal
maps will turn out to be real-differentiable almost everywhere.

DEFINITION 6.1. A quadrilateral Q(z1, 29, 23, 24) is a Jordan domain in C with
four distinct points on 0Q), the boundary of Q, with a positive cyclic order. We will
call these four points the vertices of Q. We will also denote a quadrilateral more
briefly by @ (2), where z = (21, 22,23,24), or simply by Q when the boundary
points are either unimportant or understood.

DEFINITION 6.2. Fora > 0, define R(a) = Q(0,a,a+1i,i) where Q is a rectangle
with vertices in the usual sense at 0, a, a + 1, and 1.

THEOREM 6.3. Let Q(z1, 29,23, 24) be a quadrilateral in the plane C. Then
there exists a unique real number a > 0 and a conformal map f mapping @ onto
R(a) such that the map f, (extended to 0Q as given by the Caratheodory-Osgood
Theorem), satisfies f(z1) = 0, f(z2) = a, f(z3) = a+14, and f(z4) = 1. We may
sometimes denote this correspondence of vertices by f(z1, 22,23, 24) = (0,a,a+1,1).
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PRrOOF. By the Riemann Mapping Theorem there exists a conformal map w :
Q(z1, 22, 23,24) — {z : Imz > 0}. By the Caratheodory-Osgood Theorem we can
extend w to a homeomorphism from @ to {z : Im z > 0} U {oo} such that, without
loss of generality, w(z1, 22, 23, 24) = (o, 8,7,00). Now we can apply the Schwarz-
Christoffel Formula ([6], p. 236) which guarantees the existence of a conformal map
g:{z:Im 2z > 0} — R where R is some rectangle in the plane such that «, 3, v,
and oo are mapped to the vertices of R. Now we can use a map h which simply
rotates, translates, and dilates (hence h is conformal) R to some R(a). Therefore
hogow(Q(z1, 22, 23,24)) = R(a) and thus existence has been shown.

To show uniqueness, suppose that f; : Q — R(a') and fo : @ — R(a) are as in
the statement of the theorem. Then the map fo o i : R(a’) — R(a) is conformal
and fixes ¢ and 0. So we can repeatedly apply the Schwarz Reflection Principle to
extend fo o fi': R(a') — R(a) to be conformal from the finite plane C to itself.
Therefore fo o f;! must have the form fy o fi '(2) = ¢z + d where ¢ and d are
complex number with ¢ # 0 (see [5], p. 388). But since fp o f; ' fixes i and 0, we
must have that f5 o fl_1 is the identity map. Hence a = a. O

DEFINITION 6.4. We define the conformal module of a quadrilateral Q(z1, 22, 23, 24)
to be M (Q(#1, 22, 23, 24)) = a where a > 0 is as in Theorem 6.3.

REMARK 6.5. If R is a rectangle with vertices (in the usual sense) z1, z2, 23,

and z4, then a = M (R(z1, 22, 23,24)) = ti:ii}, i.e., the ratio of (oriented) side

lengths of R. This holds since a linear map (rotation, dilation, translation) can
conformally map R onto R(a) while preserving this ratio.

The next lemma will display the effect on the modulus of a quadrilateral after
having the vertices reordered or having the quadrilateral transformed by a confor-
mal map.

LEMMA 6.6. Let Q(z1, 22, 23, 24) be a quadrilateral in the plane. Then:

1
M (Q (21, 22, 23, 24))

b) M is conformally invariant. That is, if fis conformal on a domain containing

@7 then M(f(Q)(f(Zla 22, %3, 24))) - M(Q(zh 225 %3 24))

PROOF. a) Let f; be the conformal map, as in Theorem 6.3, that defines the
conformal module a of Q. Set fy(z) = —iz + ia and f3(z) = 2. Then, since
the composition of conformal maps is conformal (see Figure 2 below), we see that

fao fao fi: Q(22,23,24,21) — R (%) satisfies Theorem 6.3 above, thus showing
M(Q (22,2’3,2’4,21)) = é = m.

b) Let f : Q5 — Qs be a conformal map with Q@ C Q. Let a denote the
conformal module of @ and let g : @ — R(a) be the corresponding conformal map
as in Theorem 6.3. The composition go f~!: f(Q) — R(a) satisfies Theorem 6.3
and shows M (f(Q)(f(z1, 22, 23, 24))) = a. Thus M is conformally invariant. O

a) M (Q (22,23, 24,21)) = , and

We will now set the stage to develop another useful way of computing and
estimating the conformal module of a quadrilateral. The vertices of a quadrilateral
Q(z1, 22, 23, z4) divide its boundary into four Jordan arcs (see Figure 3). We will
denote these Jordan arcs (z122), (2223), (2324), and (z421).
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2z 2!

fi(za) =1 fi(zs) =a+i
o
% = fi(z1) =0 fi(z2) =a
I fz
fzof2ofi

| ai 1+ ai
) v
1

s
0= fs(fz(fl(zz))) f3(f2(f1(23)))

0= fa(fi(22)) 1= fo(fi(23))

FIGURE 2

Z1
Z2

24

z3
FIGURE 3

Let T'(Q)= {locally rectifiable Jordan arcs in @ which join (z122) to (2524)},
and let A(Q)= {Borel measurable p : Q@ — [0,00) such that [ p(z)|dz| > 1 for

5
all ~y e I'(Q )} We will call such p € A(Q) admissible (for Q). We will also let
f p(2)|dz| and call this the p-length of v. When p = 1 we simply write

Ly ), the usual Euclidean length. We call A,( f [ p*(z)dzdy the p-area of Q.
When p =1 we write A(Q) (or area(Q)), the usual Euchdean area.

DEFINITION 6.7. We define M, (Q (?)) = pelitl(fQ) [[ p?(z)dzdy.

LEMMA 6.8. The function M is conformally invariant, i.e.,
My (f(Q)(f(21, 22, 23, 24))) = M1(Q(21, 22, 23, 24)) for any quadrilateral Q and any

conformal f defined on a domain which contains Q.
PrOOF. Let f : Q1 — Q2 be conformal. Take ps € A(Q2). Set p1(z) =

p2 o f(2)|f (2)] for z € Q. Choose any 7, € I'(Q1) and set 42 = f o~;. Note that
v2 € I'(Q2). Then, letting ’yg be a curve parametrlzed over the interval [b, c] we

have that 1 < [ pa(2)|dz| = bfpz Y2 (1)) e (t)]dt = fpz{f Y OB S b ON (8)]dt

Y2
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= fpl Y ()] ()| dt = f p1(z)|dz|. Therefore p; € A(Q1). We recall that J; =

|f! \2 from equation (3.7) and so we apply the change of variable formula (see [5], p.
427) to get My (Q1) < 4,,(Q1) ff pi(2)dzdy = ff{ﬂz 2P21f () Pdady =

C{f[m(W)]Qdudv = Ap,(Q2).

Therefore, taking infimum over the right hand side, we get M;(Q1) < M1(Q2).
By the same argument using f~! we obtain M;(Q1) > M;(Q2). Therefore equality
holds. O

THEOREM 6.9. For every quadrilateral @ in the plane M1(Q) = M(Q).

PROOF. We will first show that M;(R(a)) = a = M(R(a)). Let p € A(R(a)).
Then for fixed 0 < z < a, invoking the Cauchy-Schwarz inequality (see Appendix
3

I) we have 1 < £,( fp x +iy)dy < [fp T+ zy)dy] where 7 is the vertical

al

path y(y) = z + iy for 0 < y < 1. Then a = f12dac [ [ p*(z + iy)dydx =
0
R

0 0
[[ p*(z + iy)dydx = A,(R(a)). So, taking infimum, a < M;(R(a)). But if p = 1,
R(a)
which can easily seen to be admissible, then M;(R(a)) < area(R(a)) = a. Thus
Mi(R(a)) = a = M(R(a)) for the rectangle R(a).
Since every quadrilateral @ is mapped conformally onto some R(a), the general
case follows from conformal invariance of both M and M;. O

THEOREM 6.10. [Rengel’s Inequality] Consider the Jordan arcs (z1z2) and
(2324) for a quadrilateral Q(z1,z29,%23,24) such that @ C C. Let s be the Eu-
clidean distance between (z1z2) and (z324),i.e., s = inf |w — z| where w € (z122)
and z € (z324), and let t be the Fuclidean distance between (z2z3) and (z4z1). Then

t2 Q
m < M(Q(z1, 22, 23, 24)) < %2()-

Also, equality holds if and only if Q is a rectangle.

24
23

Z1 29

FIGURE 4



6. GEOMETRIC DEFINITION OF QUASICONFORMAL MAPS 15

> 0 for every v € I'(Q). Now take p(z) = 1/s

Proor. Notice that £(v) > s
1 for every v € I'(Q). Thus p is admissible and so
1

and note that £,(y) = ) >

S

M, (Q (2)) < éf p?(z)dzdy = % cfgf drdy = 2 (areaQ).

By reordering the vertices and setting Q = Q(z2, 23, 24, 21) We see then that

M(IQ) =M(Q) < ‘"%Q = arfSQ, which gives the lower bound on M (Q).
Furthermore, if @) is a rectangle, then equality holds by the Remark 6.5. For
the converse, when equality holds, we refer the reader to ([3], pp. 23) for the proof

that @ must be a rectangle. O

We are now able to state the geometric definition of quasiconformal maps,
which we will take to be our main definition.

DEFINITION 6.11. Let f : Q1 — f(21) be a sense-preserving homeomorphism
of a plane domain and let K > 1. We say [ is K-quasiconformal on Q1 (or f €

K —-Q0C) if
M (f(Q))
Ky := sup ———~—
" e, M@
where QQ denotes the closure of quadrilateral Q in the plane C. We call Ky the

mazimal dilatation of f. A map is called quasiconformal if it is K-quasiconformal
for some K.

<K,

LEMMA 6.12. Let f: Qp — f() ~be K-quasiconformal. Suppose that quadri-
lateral Q (21, 22, 23, 24) C QC M. Let Q = Q(22,23,7,21) and
f(Q) = f(Q)(f(22), f(23), [(24), f(21)) denote a new cyclic order on Q and f(Q)

respectively. Then M(f(Q)) > +M(Q).

PROOF. By Lemma 6.6 part (a), we see that M(f(Q)) = m since this

is merely a new cyclic order on the same quadrilateral. Also, M(Q) = ﬁ, and

SO M(Q) = M(lQ) < KM(fl(Q)), which follows from f being K-quasiconformal.
Therefore %M(Q) < M(f(@)) O

THEOREM 6.13. Let f : Q1 — Qo be K-quasiconformal and let quadrilateral
Q(21, 22, 23, 24) C Q1 with Q C Qy. Then,

a) £M(Q) < M(f(Q)) < K- M(Q).

b) f~1: Q9 — Qy is K-quasiconformal.

c) If g : Qo — Qg is Ko-quasiconformal, then go f : Q1 — Qs is at least Ko - K -
quasiconformal, that is, Kgoy < KoK.

REMARK 6.14. By Theorem 6.13 (a) we see that a 1-QC map f on Q satisfies
M(f(Q)) = M(Q) for all quadrilaterals Q with Q C Q.

PROOF. a) By the geometric definition of quasiconformal maps we get that

M]\(/[f((QQ))) < K. Therefore M(f(Q)) < K - M(Q). The remaining inequality follows

directly from Lemma 6.12. o
b) Let quadrilateral Q2 C Q2 C Q9 and set Q; = f~1(Q2) C Q;. Then

z(&}g(%Z)) = M]z[f((QQll))) < K, by the first inequality in part (a). Thus f~! is

c) Since g € Ko — QC, we get that for any quadrilateral Q with Q@ C Q; we
have M(g(f(Q))) < KoM (f(Q)) < KoK - M(Q), since f €K-QC. 0
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THEOREM 6.15. Let f : Q1 — Qs be a function between plane domains. Then
fis 1-quasiconformal if and only if f is conformal.

PRrROOF. “ <" Since we have shown that the conformal module is conformally
invariant we see that M]y((g))) =1 for all quadrilaterals @ C Q; with Q C Q.

“ =7 Since f is 1-quasiconformal, it is therefore bijective. So we need only
show that f: Q; — Qo is analytic. Let 2o € Q2 and let quadrilateral Q C Q C O
be such that zy € Q. Let f1 : Q — R(a) and f5 : f(Q) — R(a’) be conformal maps
as in Theorem 6.3. Let g = fo o fo f*. By Theorem 6.13(c) and the fact that
fi:Q — R(a) and f, : f(Q) — R(a’) are both conformal (and hence 1-QC), we
see that g is also 1-quasiconformal.

We will show that the function g must be the identity function. This proves
that f is conformal on @ since f = f5 Lo f1 is a composition of conformal maps.
Since quadrilateral ) was arbitrary in Q;, we get that f is analytic on all of €.

l i

FIGURE 5

Since f € 1 — QC, we see by Remark 6.14 that a = M(Q) = M(f(Q)) = a.
Take (o € R(a). Let R; = R(a)N{z|Rez < Re(p} and Ry = R(a)N{z|Rez > Re(p}.
Let ¢, = g(¢o) and R, = g(Ry,) for n = 1, 2. Then, since g is 1-QC, we may use
continuity of the module ([3], p. 26 and 30) to obtain M(R,) = M(R,) for n
= 1, 2 even though the rectangles R, are not compactly inside the domain of
g. Now Rengel’s Inequality, with s = 1, tells us that M(R,) < area(R,). So,
a =d = area(R(a)) > area(R)) + area(R,) > M(R)) + M(R,) = M(R;) +
M(R3) = Re(p + (a — Re(p) = a. Therefore, equality must hold at each step and
so M (Rln) = area(R;) for n = 1, 2. Then the equality of Rengel’s Inequality tells
us that R, are rectangles for n = 1, 2. But since M(R,) = M(R,,) forn = 1, 2,
we must have that R, = R;I for n = 1, 2. In particular, Re (; = Re C(/).

Similarly, we obtain that Im (y = Im C('). Thus ¢ is the identity map, which
completes the proof. O

We now state and prove several chain rules that will be used to prove two
important properties of quasiconformal maps.

LEMMA 6.16. [Chain rule for ® and 0] Let f be real-differentiable at zy and let
g be real-differentiable at wo = f(20). Then f and go f are also real-differentiable
at zo. Further, the following hold at 2o,

a) Of =0f and O f = Of;

b) 0(go f)=1[(0g) flof +[(

c)0(go f)=1[(0g) o flof +(

) o f1Of;

9g) o fl0f;
dg) o flof.
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PRrROOF. (a) We consider f(z) = f(z0) + A(z — 20) + B(Z —Zo) + o(z — 20)
as in equation (4). Then, noting that o(z — 29) = o(z — 2p), we see that f(z) =
f(z0) + A(Z — %) + B(z — 2) + o(z — 20), which shows that f is R-differentiable.
We examine the z and Z coefficients to then conclude that df(z) = B = df and
0f(z)=A=0f.

To prove (b) and (c) we first note that since f and g are real-differentiable
functions they can be written in the form

(6.1) f(2) =f(20) + A1(z — 20) + B1(Z — Z0) + a(2)
(6.2) g(w) =g(wo) + Az(w — wo) + Bz(w — wp) + B(w)

where a(z) = o(z — 20), B(w) = o(w — wp) and wy = f(z0).

Now set L1(z) = A1(z — 20) + B1(Z — %) and L1(2) = df.,(2) = A1z + B1Z =
Ly(z+ ). Similarly set Ly(2) = Ag(w —wp) + Ba(W—w5) and La(w) = dgu, (w) =
Asw + Bow = Lo(w + wo). } ) 3 )

Note that Ll(Zl + 22) = Ll(Zl) + Ll(ZQ) and Lg(wl —|—w2) = Lg(wl) + Lg(wg).
Thus

But
Lo(L1(z = 20)) =As[Ai1 (2 — 20) + B1(Z — %)] + B2[A1(z — %) + Bi(z — 20)]
Z(AgAl + B2E)(Z — Zo) + (A2B1 + BQE)(E — %)

We then examine the z and Z coefficients to get that

(6.3) (g o f)(20) = A2 By + Ba Ay
and
(64) 6(9 o f)(Zo) = AQAl + BQE,

provided that both Ly(a(z)) = o(z — z0) and B(f(2)) = o(z — z), which we will
now show.

As z — zy we see that
Thus Ly(a(z)) = o(z — 20).
We next consider ﬁZ(Jii(ZZO)) as z — z9. When f(z) = wop, we have that 3(f(z)) =

B(wp) = 0 and so we only need to consider those z tending to z such that f(z) # wo.
For such z we have

Loa(z) _ Aza(z) | Ba@a(z)

— 0 since @ = o(z — zp).
Z—Z0 zZ—2Z0

Bif(=) _ BU()  fz) —wo

(6.5) Z— 20 :f(z)—wo Z— 2o
However
f(z) —wo _ f(z0) + A1(z — 20) + B1(Z — Zo) + a(2) — wo _ A1+B1z_%+ a(z)

zZ— 20 Z— 20 Z—Z)0 RZ—ZX
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is bounded by |A1| + |B1] as z — 2. Also 8 = o(w —wy), and so using w = f(z) —

wo as z — zp we see that % — 0. Therefore, by examining Equation (6.5) we

may conclude that B(f(z)) = o(z — 20)-
Note equations (6.1) and (6.2) where we see that Ay = dg(wp) = (0g o f)(z0),

Ay = 9f(2), B2 = dg(wo) = (g © f)(20), and By = 0f(20) = 0f(20) by part (a).
Parts (b) and (c) now follow from (6.3) and (6.4). O

REMARK 6.17 (Chain rule for differentials). The proof of (b) and (c) above
shows that the linear approximation of a composition is the composition of the
respective linear approrimations, as one would expect. In terms of differentials we
may express this as d(g o f)., = dgg(z,) © dfz,-

LEMMA 6.18 (Chain rule for complex dilatations). We have the following:

a) Let py and pp be complex dilatations for function f : Q1 — Qo and h :
Qg — Qg which are real-differentiable at z and f(z), respectively, such that 0f(z),
Oh(f(2)), and d(ho f)(2) are all nonzero. Then

pr(2) + pa(f(2)) - 553
L+ un(f(2)) - (=) - 353

0f(2)
0f(2)

when 0f(z) # 0, and

(i) pnop(2) =

(i) pnos(2) =pn o f(2)-

b) Let py be the complex dilatation for homeomorphism f : Q1 — (o that
is real-differentiable at z such that Of(z) is nonzero and |0f(2)| # [0f(2)| (i.e.
J(2) #0). Then, assuming f~' is real-differentiable at f(z), we have that

21(:)
o7(2)

pi-1(f(2)) = —py(2) -

c) Let puy and pp, be complex dilatations for homeomorphisms f : Q1 — Qo
and h : Q1 — Qg that are real-differentiable at z such that 9f(z), Oh(z), and
A(h o f~1)(f(2)) are all nonzero and |0f(2)| # |0f(2)|. Then, if f~1 is real-
differentiable at f(z), we have

_ () —pp(z)  Of(2)
fhop—1(f(2)) = L—pn(2) - Tp(2) af(z)

REMARK 6.19. When a real-differentiable homeomorphism f satisfies J¢(zo) #
0, then it can be shown that f=* must be real-differentiable at f(zo). So the hy-
potheses in (b) and (c) on the differentiability of f~' is not necessary. However, for
our applications to quasiconformal maps, differentiability of f~! will follow from
Lemma 8.3, and so the above weaker result will suffice for our purposes.
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PROOF. (a) By applying Lemma 6.16 in the case when df # 0, we have

ey 000 f) _ [(0h) 0 f10F + (@) o 107
0o ) T [(@h) e 11 +[@h) ° floT B
(0h) o f9f +[@h) o 1] oft@men _ M tenoS G
(@h) o f10f +(@h) 10T arcmery Lt o f 2

_ mptmofgr pptmof 3

af of af
Ltpnof 5535 Tdppof pp- 3

When 9f = 0 we obtain the second formula in part (a) also from the above work.

(b) Consider the analytic function fo f~!(z) = z. By Lemma 6.16 (b) and (c)
we obtain (at f(2))

L=8(fo f)=@f o f )@f )+ @f o fTH)(OfY)
=0(fof )= (0f o fT@F )+ (@f o fTHOFT).
We will let A =0fof !, B=09f", C=0dfof ', and D = df~1. Then,

by Lemma 6.16 (a) we have that 1 = AB + CD and 0 = AD + CB. Using
the conjugate of the second equation We solve for B and D in terms of A and C
obtaining B = W and D = W Note that here we use the hypothesis
that |A| = |0f(%)] # |8f( )] = |C|. Therefore, again using Lemma 6. 16 (a), we get
that py-1(f(2)) = g}c T = g = *% = *% = 7,sz(Z)g;, since p1p = W =<,

(c) Now we use (a) and (b) to compute the following when C' = df(z) # 0 (and
hence D # 0).

k,,

pi-(f(2) + w0 f7H(F(2) - G
Lo fHF(2) e (F(2) - 25

Mhof—l(f(z)) =

of -t
RO A+ o)
_1—uh(z)uf( )8fg o 1-m(e(2)55
_ @ FmE)E ae) +m)g
1— (s (2)4EG 1 - m(@()
_ bn(2) —pp(z)  Of

L—un(z) - 7i7(z) Of

When C = df(z) = 0 (and hence D = 0) we see that us(z) = 0 and so our desired
formula in (c) readily follows from formula (ii) in (a). O

COROLLARY 6.20. Let f : Q1 — Qo and h : Qo — Q3 be real-differentiable
functions with complex dilatations pyrand py, respectively. Then we have
a) If h is conformal, then pnor = .

b) If f is conformal, then ppor = (up © f)

=
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ProOOF. Both (a) and (b) follow directly from Lemma 6.18 (a) noting that
wp, = 0 when h is conformal and noting that df(z) = 0 and 9f(z) = f'(z) when f
is conformal. O

REMARK 6.21. By Corollary 6.20 we see that the modulus of the complex di-
latation is preserved by pre and post compositions with conformal maps. Hence, K
is similarly preserved.

We will now investigate how p is related to K ¢ for certain maps. We begin
with an obvious lemma.

LEMMA 6.22. Let f : Q1 — Qg be a sense-preserving function between plane
domains that is differentiable in the real sense at zg € 1 and let K > 1. Then the
statements

(1) |ur(zo0)] < g;i and (i4) R'f(ZO) _ |0f (z0)] + |3f(zz;

|0 (20)| — |0f (2

o

are equivalent.

PROOF. Note that if in either statement K = 1 holds, then u(z9) = 0 and thus
df(z0) = 0. So we only need to consider the case where K > 1. Assuming the first
inequality, we find

‘5’f(20) K—1:>K+1‘3f(2fo)

K[0f(20)| + [0f (20)] _ B o
= Ko o) =10 f (o) = K107 (@)l +10(20)] = K[0f (z0)] = 0 (z0)]
101 (20)] + |9 (20))|

= [0f(20)| + [0f(20)] < K (|0f(20)| — [0f (20)]) = 10f(20)| — [0f (20)]

noting that the denominator in the last inequality is nonzero since |pf(29)| < 1. We
then unravel the implications in reverse order to see the reverse implication. (I

<1

= lpp(20)] <

<K

)

THEOREM 6.23. Let f: Qy — Qs be a K-QC function between plane domains.
Suppose that f is differentiable in the real sense at zo € Oy and df.,(z) #0. Then

- 0 o) . K -1
Ky(z) = :3;82; i_ :3;522;: < K, or equivalently, |us(z0)| < TNk

PrOOF. Under the assumptions of the theorem we want to show that |17 (z)| <
Ilg—j&. Since translations are conformal and pre and post composition with conformal
maps preserves the modulus of complex dilatation (Corollary 6.20), we can, without
loss of generality, assume that f(z9) = 0 = 2¢. Since f is real-differentiable at zg
we can then write f(z) = Az + BZ + o(z). Therefore |us(0)| = % = |pr(0)| where
L(z) = Az+ BZ. Recall that equation 3.10 allows us to write L = go L, o h where
h(z) = e7i% - 2, g(2) = |A| €@+ . 2 and Ly, (2) = z + |u| Z, where pu = s (0).

Consider H = g~ o foh™!. Since h and ¢ are just rotations we have that
dh=!' = h7!, dg~! = g~ ! and, recalling Remark 6.17, we have that dH = dg~! o
df odh™' =g~ 'oLoh™! = L;,|. This shows that H(z) = z+ |u|Z+ o(z). This last
expression of H together with the fact that H = g~ 1o foh™! € K-QC (since g~*
and h~! are conformal) will allow us below to show that [us(0)] = [um(0)| < %
which will finish the proof of the theorem.
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o= (1408 51+ lul) +i(1 = )5

FIGURE 6. Illustration of mapping H(z)

For § > 0 consider the oriented square Q((—1+1)d, (—1 —4)d, (1 — )9, (144)).
Then H((144)d) = d(1+|p|)+i(1—|p|)d+o0(d) (see Figure 6). By Rengel’s inequality
area(H(Q)) _ [M&(A—|u)+o(6?)] _ [4(0—|ul®)+o(1)]6* _

we have that M(H(Q)) < F=55 = Sstfve@p = ROAWroPs =

4(1—|u|*)+o(1 1- . .
[221+\|Z\|)])2—:o((1)) = 1+I‘ZI‘ +0(1) as we let & — 0 (using Lemma 2.2 (d) in the last
step). Also, by Theorem 6.13 (a), noting that the conformal module of the square

Q is 1, we have & = M(Q) <M(H(Q)) < LI‘ZI + o(1). Letting 6 — 0 we see that

1+|‘u|‘ < K. Therefore gﬁ > ‘;U'H(ZO)L as desired. -

THEOREM 6.24. Let f : Q; — Qo be a C* sense—preserving bijection between
plane domains with Jr > 0 on Q1. If sup |pus(z)| < K+1 (equivalently K; < K)
z€Q

for some K, then fis K-quasiconformal.

REMARK 6.25. Theorem 6.24 shows that a C' function that is K—QC under the
tentative definition in Definition 4.3 is quasiconformal under our main geometric
definition in Definition 6.11. However, not all quasiconformal maps are C' (or
even everywhere real differentiable) and so these definitions are not equivalent.

REMARK 6.26. The complex dilatation py for a real-differentiable function f
measures the deviation from conformality. So for a function to be quasiconformal,
there must be a bound on . Likewise, the closer iy is to zero, the closer f is to
being conformal.

PROOF. (Theorem 6.24) Let quadrilateral Q@ C Q C Q. Let f; : Q — R(a)
and fo : f(Q) — R(a') be as in Theorem 6.3. Quasiconformality of f is shown if
we can show that @ < Ka. Set g = fo 0 fofit:R(a)— R(a/).

Since f is a C! bijection between plane domains with J¢ > 0 and fi, fo are
both conformal, g is also a C' bijection between plane domains with with J, > 0
(since J, is the product of J(fa), J(f) and J(f; ') evaluated at corresponding points
according to the chain rule). Therefore the partial derivative % exists and is con-
tinuous in R(a). By considering Figure 7 we see that, fixing 0 < yp < 1,lwe have

/ a 2 3
a <lgla+iyo) —g(i $+2y0)’d$§ {f {%(ﬂﬂriyo)} dl’} -az,
0
where the last inequahty follows from the Cauchy-Schwarz inequality (see Appendix

I). Since sup |ps(2)] < K+1 and f; !, f2 are both conformal, by Corollary 6.20 (a)
2€Q
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R(a) R(a’)
FIGURE 7

and (b), we see that beus%) g (2)] < g—;} But Lemma 6.22 lets us alternatively as-
2€M

sume for all z € R(a) that 10021 H09)| < ¢ wwhich implies that M
199 (2)|-19g(2)| — 199(2)~19g(=)1* —
K. But Jy(2) = 109(2)[* = [9g(2)|* and | 2 (2)| = 99(2) +Bg(2)] < |0g(2)| + Dy 2)]
o2
yields ’@’ < Jg- K. We use this fact in the following list of inequalities. We have
(z +iy)dedy = a [[

@)= f( >2dy<aff
0 R(a)

<a [[K-J,(x+iy)dedy = aK [[ ldzdy = aKa'. Thus o' < Ka as desired. O
R(a) R(a)

a—q a—g‘ x + ty)dxdy

We now discuss two basic examples of quasiconformal maps.

EXAMPLE 6.27. a) Let g map the plane onto itself by g(z) = Az + BZ for some

complex numbers A and B such that |A| > |B| > 0. Then, by Theorem 6.24, g is
_ |A|+]B]
— |Al=IBl” B

b) Let f(z) = kx + iy where k > 1 and z = x +iy. Then f(z) = k (2%) +
S (2—Z\ _ (k E 1\ = of (2)|+|0f ()| _ EH4EL
i(57) = (G+3)2+(5-2)7 So }@fézil_%fgzgl = mr_rr = k. Therefore f
is k-quasiconformal by Theorem 6.24. If 0 < k < 1, then f is %-QC by a similar
calculation.

K-quasiconformal with K

Essentially, for a function f to be quasiconformal there must be a bound,
locally, on how much f can stretch in any direction compared to any other direction.
However this is not a global bound. For example, there are conformal maps f :
{z:]z| <1} — {z : Re 2 > 0}. So here there is an unbounded stretch in the global
sense even though conformality implies no stretch in one direction more than any
other locally.
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7. Metric Definition of Quasiconformal Maps

Recall from the introduction that there are several equivalent definitions of
quasiconformal maps. One of these is the metric definition. We previously men-
tioned the complex dilatation of f at zy. But for the metric definition we will now
introduce the notion of circular dilatation at zg.

DEFINITION 7.1. Let f : Q1 — Qg be a function between plane domains. For
sup| f (zo+re*®)— f(20)]
2o € Q1, we define Hy(zp) = limsup iZf|f(z0+rei9)—f(zo)\ to be the circular dilatation
r—0 [2

of f at zg.

REMARK 7.2. Intuitively, Hy measures the local ratio of the mazimum stretch

.o > maxg |0,
to the minimum stretch of f. Thus, we expect H¢(2o) to equal K¢(zo) = #“35;“,
as calculated in Section 4, when f is real-differentiable at zy. However, we also note

that Hy(zo) exists whether or not f is differentiable at z.

LEMMA 7.3. If f : Q1 — Qs between plane domains is differentiable in the
|0 (20)|+[0f (20)| _ maxp [0 f| _
10f (z0)| =10 f (20)] ming [Op f|

real sense at zp, and Jg(zo) > 0, then Hy¢(z) =

(o)l
iy (z0)] — 157(20)-

The proof follows the same line of calculation as the proof of Lemma 3.9 and
so will be omitted.

We will now state two theorems without proof. The reader may refer to [3],
p. 177 for the first theorem and [3], p. 178 for the second. We will simply quote
these theorems as needed.

THEOREM 7.4. Suppose f : Q1 — Qs is K-quasiconformal. Then,
a) for every zo € (1, we have Hy(zo) < A(K) for some positive number A(K); and
b) we have ||Hyl| < K.

THEOREM 7.5. Suppose f : Q1 — s is a sense-preserving homeomorphism
such that Hy(z) < 400 at each point of Q1 and H¢(z) < K almost everywhere in
Q1. Then fis K-quasiconformal.

REMARK 7.6. It is actually sufficient, in Theorem7.5, to replace the assumption
that that Hy(z) < 4+00 everywhere on £y by the assumption that Hy(z) < +o0o off
a set of o-finite linear measure ([3], p. 178). However, once f is shown to be K-
quasiconformal, we see, by Theorem 7.4, that Hy(z) must be bounded everywhere.

COROLLARY 7.7. If f : Q1 — Qs is K-quasiconformal and has circular dilata-
tion of 1 almost everywhere, then f is conformal.

PRrROOF. By Theorem 7.4 we have that Hy(zp) < A(K) for all zy € 2. Also
|Hf(2)||, = 1. So by Theorem 7.5 f is 1-quasiconformal. Hence by Theorem 6.15
we see that f is conformal. O

Caution — If a homeomorphism f has circular dilatation equal to 1 almost
everywhere, but is not known to be quasiconformal, it is not necessarily true that
f is conformal. A counterexample for this is the function f(z) = z + ig(x) defined
on the unit square where g(z) is the Cantor function and = = Rez.
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8. Analytic Characterization

In this section we address the connections between differentiability conditions
and quasiconformality. Since the details are not provided, the reader may wish to
refer the discussion beginning on page 162 in [3] for further examination. We begin
with a definition.

DEFINITION 8.1. We say that a complex valued continuous map f(x,y) on a
domain 2 C C is absolutely continuous on lines if in every rectangle R = {x + iy :
a<x<bc<y<d}y, with RC Q\ {co,f 1(c0)}, the map f(x,-) is absolutely
continuous for almost all a < x < b and the map f(-,y) is absolutely continuous
for almost all c < y < d.

Clearly any map satisfying Definition 8.1 has both partial derivatives f, and
fy existing a.e. in Q. But it is well known that a function with partial derivatives
defined at a point zp is not necessarily real differentiable at zy. However, we do
have the following somewhat surprising result whose proof we omit.

_ THEOREM 8.2 ([3], p- 128 and 130). A continuous open map f on a domain
in C having finite partial derivatives a.e. in 2 is real differentiable a.e. in §2.

By showing that a quasiconformal map f is indeed absolutely continuous on
lines we can conclude a.e. real differentiability and, indeed, in the manner of the
proof of Theorem 6.23 obtain a bound on gy, which in turn implies conditions on
Jy and df. The details can be found in [3] starting in p. 162. We summarize these
results as follows.

LEMMA 8.3. Let f : Q1 — Qo be K-quasiconformal between plane domains.
Then we have all of the following

a) [ is absolutely continuous on lines;

b) f is differentiable in the real sense almost everywhere;

c) |10f(2)| #0 a.e. and | py(2) |< Ié—j& almost everywhere.

d) J¢(z) > 0 a.e.

e) df., #0 a.e.

It turns out that conditions (a) and (c) are enough to ensure that a map f is
quasiconformal. This leads us to the so-called analytic definition of quasiconfor-
mality which we now state as a lemma.

LEMMA 8.4. (18], p. 168) Suppose a homeomorphism f : Q1 — Qo between do-
mains in C is absolutely continuous on lines and |z (z)| < % almost everywhere.

Then f is K-quasiconformal.

THEOREM 8.5. Suppose f : Q1 — Qb is quasiconformal with py(z) =0 almost
everywhere in Q1. Then f is conformal.

PRrROOF. Since f is quasiconformal, we see by Lemma 8.3 that f is absolutely
continuous on lines. Since p¢(z) = 0 almost everywhere, Lemma 8.4 applies with
K =1. Thus f is 1-quasiconformal and hence is conformal. (]

Caution — If a homeomorphism f has complex dilatation ¢ equal to 0 almost
everywhere, but is not known to be quasiconformal, it is not necessarily true that
f is conformal. A counterexample for this is the function f(z) = z + ig(x) defined
on the unit square where g(z) is the Cantor function and = = Rez.
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9. Beltrami Equations

Lemma 8.3 shows us that a quasiconformal map f satisfies ||uf|[cc < 1 on
its domain. We will now ask, and answer (see Theorem 9.8) the question: Given
a complex valued function p with [|p|lec < 1 on an open set 2, can we find a
quasiconformal map f such that pp = p.

We begin with a definition.

DEFINITION 9.1. We call a complex valued function u on a domain 2 a Beltrami
coefficient if j1 is Lebesgue measurable and ||u| , < 1.

REMARK 9.2. Given Beltrami coefficients p and v on an open set €y, we will
often write = v to mean p = v almost everywhere since in what follows it is only
important that equality holds almost everywhere.

REMARK 9.3. By Lemma 8.3, a K-quasiconformal map f has py defined and
satisfying |pg| < Ilg—jr} almost everywhere. Thus iy s a Beltrami coefficient.

LEMMA 9.4. If py and py are Beltrami coefficients for quasiconformal maps f
and h, then,

91 (2)
we(z) + pno f(z)- ~
a) phot(2) = 1) ) 8’1( ) where [ :Qy — Qo and h : Qs — Q3;

4o f(2) - puy(z) -

pn(z) —pp(z)  9f(2)
b of— z)) = . —=—= where f: Q) — Qo,h: O — Q3.
):uhf l(f( )) lflLLh(Z),LLf(Z) 8f(2,’) f 1 2 1 3
REMARK 9.5. Note that when 0f(z) = 0 we have us(z) = 0 and so we regard
the formula in (a) as collapsing to the formula in Lemma 6.18 (a)(ii) despite the

fact that the term %8 s not formally defined.

PRrROOF. Noting that since all maps involved are quasiconformal, Lemma 8.3
shows that Lemma 6.18 may be applied, from which (a) and (b) readily follow.
However, it should be noted that we inherently used the fact (see [3], p. 165) that
the image of a null set under a quasiconformal map is a null set, and so one can safely
assume in (a), for example, that the set of points zg where both f is R-differentiable
at zo and g is R-differentiable at f(zg) is of full measure in ;. Indeed, this set is
01\ ({2 : f is not differentiable} U {f~1(w) : g is not differentiable at w}). O

COROLLARY 9.6. Let f : Q1 — Q9, g : Q1 — Qs, and h : Qy — Q4 be
quasiconformal maps. Then,

a) We have that iy = p1y almost everywhere if and only if fog™

b) If h is conformal, then ppor = py almost everywhere;

L 4s conformal;

¢) If f is conformal, then ppor = (up © f);—: almost everywhere.

PROOF. a) “ =" As a composition of quasiconformal maps it follows that
fog ! is K-quasiconformal where K = K; - K,. Now by the previous lemma,

Pfog-1 = ff;f’% : g:j. But g1y = pg almost everywhere implies, then, ppo,-1 =
% : g:i = 0 almost everywhere. Hence, by Theorem 8.5 we get that fo g~ is

conformal.

“ <" Assuming f o g7 is conformal, we have that ps,,—1 = 0 which by
Lemma 9.4 (b) is true only when py — g = 0 (since 0f # 0 a.e. by Lemma 8.3(c)).
Therefore p1y = pg.

1
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Parts (b) and (c) are direct consequences of Lemma 9.4 (a). O

THEOREM 9.7. Let u be a Beltrami coefficient on the plane C. Let 2y, 2o, and
z3 be distinct points in the plane and let wy, we, and ws also be distinct points in
the plane. Then there exists a unique quasiconformal map f from the plane to itself
such that Of =y - Of almost everywhere and f(z,) = wy, forn = 1, 2, 3.

PROOF. — We will only show uniqueness. The reader may refer to ([3], p. 194)
for existence. Suppose that both f1, fo satisfy the statement of the theorem. Then
T = f2_1 o f1 fixes 21, 22, and z3. But since py, = p = py,, we know that 7' is
conformal. Thus T is a Mobius map that fixes 3 distinct points and therefore is
the identity map. Hence f1 = fs. O

We will state the following theorem without proof. The reader may refer to
([3], p- 194) for the proof of this important theorem.

THEOREM 9.8 (Eiistence Theorem). Let p be a Beltrami coefficient on an open
subset U of the plane C. Then there exists a quasiconformal map f on U with puy = p
almost everywhere in U.

10. Riemann Surface Structures

In order to understand and prove the Fundamental Theorem of Quasiconformal
Surgery it will be useful to understand Riemann Surfaces. In particular, we will
focus on domains in C that have a “conformal structure” induced by Beltrami
coefficients. Much like the way the topology on a set determines which functions
are continuous, we will see that the conformal structure on a set determines which
functions are analytic. We now develop the necessary ideas.

DEFINITION 10.1. A manifold of dimension n is a connected Hausdorff space X
for which every point has a neighborhood U that is homeomorphic to an open subset
V of R™. Such a homeomorphism f:U — V 1is called a chart.

DEFINITION 10.2. A two-dimensional manifold is called a surface.

DEFINITION 10.3. Two charts fo : Uy — C and fg : Ug — C, whose domains
intersect, are called compatible if the maps fgo fu': fa(Us NUg) — f3(Us NUp)
and fq 0 fﬁ_l : f3(Ua NUB) — fo(Ua NUg) are holomorphic (i.e., analytic). If A
is a collection of compatible charts and if any x in X is in the domain of some [ in
A, then we say that A is an atlas. When we endow X with an atlas A, we say that
(X, A) is a Riemann surface. See Figure below.

DEFINITION 10.4. Let U and V be Riemann Surfaces and ®(U) and ®(V') be
their respective atlases. We say that f : U — V is analytic between Riemann
surfaces if for any ¢ € ®(U) and b € ®(V) such that f(U) meets the domain of 1
we have ¥ o f o =1 is analytic (in the usual sense) on its domain. See Figure 9.

We will be using the following notation when talking about Riemann surfaces
whose underlying set is an open subset of the plane C. Let U be an open subset
of the plane, and let u be a Beltrami coefficient on U. Then Ulu], sometimes called
U with the conformal structure p, denotes the Riemann Surface U with atlas
A(p) = {¢ : U — C | ¢ is quasiconformal with p, = p almost everywhere}, where
C denotes the plane. The set A(u), also called the set of all u-conformal maps on
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U, is nonempty by the Existence Theorem 9.8. Also, for any two such maps ¢ and
1, we see that ¢ o ¢~1 is conformal by Corollary 9.6 (a) and so A(yu) is indeed an
atlas. We denote the Riemann surface with the atlas A(0) of all conformal maps
on U by UJ[0], which we will often simply write as U.

REMARK 10.5. When checking to see if f : Uln] — V[v] is analytic between
Riemann surfaces, we note that it suffices to use only a single element from each
atlas, instead of checking all charts. Indeed, if o1 € ®(U) and ¢y € ®(V) are
such that 1y o f o @' is analytic, then for any p2 € ®(U) and ¢y € ©(V) we
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must have that ¥ o f o %_1 is also analytic. This follows since s o f o <p2_1 =
(o 0py ) o (1o fowprt)o(prowyt) is a composition of analytic (in the usual
sense) maps.

LEMMA 10.6. Let U and V be domains in the plane C. Let v be a Beltrami
coefficient on V. If a : U — V s quasiconformal with dilatation p,, then we can
find a unique Beltrami coefficient n on U such that the map « : Uln] — V[v] is
analytic between Riemann surfaces. Here we call n the “pull back” of v by o and
we denote this pull back by n = o*v.

PRrROOF. Let ¢ € A(v). Since both «, ¢ are quasiconformal, their composi-
tion ¢ o a is quasiconformal. We set 1 = fi 0o Which is a Beltrami coefficient by
Remark 9.3. Now to show analyticity between Riemann surfaces we must choose
Y € A(n). Since ¥, o a € A(n), we see that ¢ o a0 9~! is conformal. Hence
a : Uln] — V[v] between Riemann surfaces is analytic.

The uniqueness follows from Corollary 9.6 (a). O

REMARK 10.7. We note that when we pull back a Beltrami coefficient by a
quasiconformal map we still get a Beltrami coefficient.

We will use this “pull back” method often throughout the rest of this paper.
This method lets us put a structure on a set so that we have the correct dilatation
to insure analyticity of a given map. We will next show that we can “pull back”
conformal structures by not only quasiconformal maps, but also by analytic (in
the usual sense) and quasiregular maps as well. In order to show this we need the
following result.

THEOREM 10.8. Let f : Ulu] — V[v] and g : V[v] — W]n| each be analytic
between Riemann surfaces. Then go f: Ulu] — Wn| is analytic.

PROOF. Choose ¢ € A(u), ¢ € A(v), and 8 € A(n) arbitrarily. Since f is
analytic between Riemann surfaces, we have that ¢ o f o o1 is analytic. Similarly
Bogop~!is analytic. Therefore fogo fop ! =(Bogoyp™)o (Yo fopt)is
analytic. Hence go f : U[u] — W{n] is analytic between Riemann surfaces. O

LEMMA 10.9. ([1], p. 182) Let n and v be Beltrami coefficients on domains of
the plane U and V respectively. Let g : U — V' be analytic and nonconstant. Then
the following are equivalent:

a) g :Uln] — V] is analytic.

b) v(g(z)) = g/EZ;n(z) almost everywhere in U.
g (z
Proor. First, let ¢ be v-conformal on V, i.e., iy = v, and note that pyoy =

p1 where pp(z) = Z:Ej;y(g(z)) almost everywhere by Corollary 9.6 (c¢), since the

analytic map ¢ is locally conformal away from the discrete (in U) set E of points
where the multiplicity of g is strictly greater than one.

“(a) =(b)” Let » € A(n). By (a), the map (1 og)op~! is analytic and therefore
conformal away from a discrete set in ¢(U). Thus, by applying Corollary 9.6 (a)

locally to (¢ 0 g) o o1, we have 1(2) = py(2) = flpog(2) = ?Ezgu(g(z)) almost
everywhere in U. Therefore (b) holds.
“(b) =(a)” Let ¢ € A(n). Now (b) implies that 1 o g is n-conformal in a

neighborhood of each z in U \ E. Thus we see that (¢ og)o (¢~ 1) : p(U\ E) — C is
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locally conformal. Since (¢ og)o (1) is continuous on all of p(U) and E is a set of
isolated points (in U), Riemann’s Theorem on removable singularities implies that
(Yo g)o(p~t) from p(U) into (V) is analytic. Thus g : U[y] — V[v] is analytic
between Riemann Surfaces. |

COROLLARY 10.10. Let U and V be domains in C and let g : U — V be
surjective and analytic. Let v be a Beltrami coefficient on V. Then there exists a
unique Beltrami coefficient 1) on U such that g : Uln] — V[v] is analytic. We denote
such n by n = g*v and call it the pull back of v by g.

PROOF. Set n(z) = Z:Egy(g(z)) where ¢'(z) # 0, which is almost everywhere.
But by Lemma 10.9, this is equivalent to saying that g : U[n] — V[v] is analytic
provided that n is Beltrami, which holds since ||n(z)||., = [[¥(9(2))|l,, < 1, using
the fact that v is a Beltrami coefficient. Again, the uniqueness follows from applying

Corollary 9.6 (a) locally on the set U \ {z: ¢ () = 0}. O

REMARK 10.11. We see here that when we pull back a Beltrami coefficient by
an analytic map the infinity norm of the Beltrami coefficient does not increase.

LEMMA 10.12. Let R be a rational map from the plane C to itself, and let @,

mapping the plane to itself, be p-conformal for some Beltrami coefficient p. Then
© Rﬁﬂ_l m .
R'(2)

plane. Furthermore, when this is true, we have deg R = deg ¢ Rp™!.

is rational if and only if u(R(z)) = wu(z) almost everywhere in the

PROOF. “=" Suppose @Ry~ from the plane to itself is rational. Then pRp~*
must be analytic in the usual sense because it is a rational map from the plane
to itself. Therefore, by definition of a function being analytic between Riemann
surfaces, noting that ¢ is p-conformal, we see R : C[u] — Clu] is analytic. So by

Lemma 10.9, we see that p(R(z)) = Z—Ez; - u(z) almost everywhere in the plane C.
“ «<” Now suppose that p(R(z)) = ;EZ; - p(z) almost everywhere in the plane.
By Lemma 10.9 we have that R : C[u] — C|[u] is analytic. But analyticity between

Riemann surfaces implies that @Ry ~! is analytic between the plane and itself since

¢ € A(p). However, the only analytic maps from the plane to itself are rational
maps (see [5], p. 358).

As to the deg Ry ™!, we know that ¢ and ¢! are injective since they are
quasiconformal. Therefore deg R = deg pRp~!. ]

1

DEFINITION 10.13. A quasi-reqular map is a composite map f o @ where ¢ is
quasiconformal on the plane and f is rational.

LEMMA 10.14. Let g be a quasi-regular map. If g : U — V is surjective, and v
is a Beltrami coefficient on V, then there exists a unique Beltrami coefficient n on
U such that g : Un] — V[v] is analytic. We denote n = g*v and call n the “pull
back” of v by g.

PrOOF. Let g = f o ¢ where ¢ is quasiconformal on the plane and f is ratio-
nal. Using Lemma 10.6 and Corollary 10.10, we set n = ¢*(f*r). Thus we have
Ule*(f*v)] 2 o(U)[f*V] EN V[v] and note that g = f o ¢ : U[n] — V[v] is analytic
by Theorem 10.8.

Uniqueness follows as in the proofs of Lemma 10.6 and Corollary 10.10. O
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REMARK 10.15. We summarize Lemma 10.6, Corollary 10.10 and Lemma 10.14
by stating that for Beltrami coefficients n and v on domains U and V', respectively,
a function f : Uln|l — V[v] is analytic if and only if n = pyog for any ¥ € A(v) if
and only if n = f*v (almost everywhere), whether f : U — V is quasiconformal,
analytic, or quasi-reqular. We will use this fact in the following arguments without
mention.

LEMMA 10.16. Suppose surjective g : C — C is continuous and locally quasi-
conformal away from a finite set of points K (but not necessarily a global homeo-
morphism). If [|ug|l ., <1, then g is quasi-regular.

PROOF. Let ¢ : C — C be quasiconformal with p, = 4, which is guaranteed
by the Existence Theorem. Set A = go p~!. Then away from p(K) we see that A
is locally quasiconformal. Now since p, = g, we have that A is locally conformal
away from ¢(K). Also A is continuous at each point in ¢(K) since both ¢~ and
g are continuous. Thus by Riemann’s Theorem on removable singularities, A is
analytic on the entire plane, and hence A is rational. Therefore the map g = Ao
is quasi-regular. O

REMARK 10.17. Lemma 10.16 shows that quasi-reqular maps are those which
are globally continuous, but locally quasiconformal away from a finite set of points —
just like rational maps are those which are globally continuous, but locally conformal
away from a finite set of points.

11. Fundamental Theorem of Quasiconformal Surgery

Shishikura developed the idea of quasiconformal surgery “to create from given
rational functions a new one preserving their dynamics (in some sense)” ([7], p.
7). The Identity Theorem (Principle of Analytic Continuation) ([5], p. 307) often
restricts one from “gluing” analytic functions together to form a globally analytic
map. Considering a conjugation by quasiconformal maps, however, the “gluing”
process is a possibility ([7], p. 7). In this section we present this result (the Funda-
mental Theorem of Quasiconformal Surgery) along with an important application.

THEOREM 11.1 (Fundamental Theorem of Quasiconformal Surgery). Let the
map g : C — C be quasi-reqular. Suppose, for i = 1,...,m, there are disjoint open
subsets E; of the plane C, quasiconformal maps ®; : E; — E; and an integer N > 0
satisfying the following conditions:

i) g(E) C E where E=Ey U ...U E,;

i) ®ogod; ' B — UL E; is analytic where ® : E — C is defined by

iii) Og = 0 almost everywhere on C\ g~V (E) where g~ (E) is inverse image
of E under gV, the N*" iterate of g.

Then there exists a quasiconformal mapping ¢ of the plane C such that pogop™!
is rational. Moreover, gooq)i_l s conformal in E; and 0p(z) = 0 almost everywhere
on C\ Up>09 " (E).
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PROOF. Our goal is to define a Beltrami coefficient o on the plane for which
g*oc = o. Then the Existence Theorem guarantees that there is quasiconformal
map ¢ which is a solution to the Beltrami equation ¢ = o - Op. As we shall see,
this ¢ will be the quasiconformal map we seek to prove the theorem.

We begin by defining, on E;, 0 = ®oy where we define oy = 0 on E;, ie.,
o = pig, on E;. This says that ®; is a chart on E;[o]. So by definition of the “pull
back” we see that ®; : E;[o] — E;[0¢] is analytic. In this way o is defined on all of
E=U"E;.

Next we will show that g*c = o on E, i.e., g : E[o] — E[o] is analytic. Without
loss of generality, we will assume that E; and E; are components of £ and that
g(E;) C Ej. Recall that it is enough to check analyticity with respect to one chart
from each atlas. Since ®; is a chart on F; and ®; is a chart on Ej, we have, by
assumption (i) that ®;0go ®; ! : B — EJ/ is analytic. Therefore we have shown
that g : E;[o] — Ej[o] is analytic and, in general, g : E[o] — E[o] is analytic.

We will now define o on U,>19~"(E) by successively pulling back by g. Note
that the set U,>197"(E) is the set of points that are mapped into £ under some
iterate of g. Consider a component W; of E. We endow g~ (W7) with the conformal
structure g*o. We note that for any zo € g~ (W1)NE we have o(z0) = g*o(20) from
above. Thus we may extend o to g~ *(W1) U E by setting ¢ = g*c on g~ (W;) \ E.
Performing this procedure on each component of E, we extend o to all of g~1(E) by
g*o. With o now defined on all of g~ (E), we can similarly extend o to all of g=2(E)
by defining o|y-2(g) = g*(o]g-1(g)). In this manner, we can inductively define o
such that g*o = ¢ on Up>0g~ "(E) and so g : Up>09~ " (E)[o] — Upn>09~ "(E)[o] is
analytic.

Now we set o = 0 on the rest of C.

We now have o defined everywhere, but we must now show that o is a Beltrami
coefficient. Note that o is clearly Lebesgue measurable. So we must show that
o]l < 1. We know that on E, o is a Beltrami coefficient. On g~'(E), since we
pulled back by a quasi-regular map, o is again Beltrami. We continue this up to
g~V (F) and since we pulled back a finite number of times, we still have o Beltrami
here. However, we claim that for n > N we have Ha |9’"(E)Hoo = Ha |g—N(E)HOO.
Indeed, for any z € g~ WV+V(E) \ ¢~ N(F) condition (iii) gives dg(z) = 0. Since
0(2) = pypog(2) for any ¢ € A(o |4-~(py), we then see by Lemma 6.18(a)(ii) that
lo(2)| = |o(g(2))| and thus the pullback by g of o |4~ (g) to 0 [;-v+1)(g) does not
increase in norm. The claim for general n > N now follows by induction. Hence,
noting that o = 0 off of U,>09 " (E), we see that o is a Beltrami coefficient with

[7lloe = max lolyxmllg = llo gy [l < T

Now the Existence Theorem provides a quasiconformal map ¢ on the plane
such that ¢ is a solution to dp = o - ¢ on the plane, i.e., 0 = ¢*o( on the plane
where o9 = 0.

We will now show that ¢ ogop~!: C[0] — C[0] is analytic and hence rational.
As in Remark 10.15, it suffices to show that ji,00 = ptp, = 0 a.e. in C. Indeed, on
Un>09~"(E), this equality holds since g*o = o there. For z ¢ U,,>0g9 " (E) we see
that g(2) ¢ Un>09 " (E) and also z ¢ g~V (E), which by (iii), implies dg(z) = 0

for almost all such z. By Lemma 6.18 we then have p,04(2) = uw(g(z))gggg =
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a(g(2)) gzgzg =0 = o(z) for almost all z ¢ U,,>0¢9 " (E). Hence we have shown that
@pogop!is rational.

Now since ¢ and ®; are both o-conformal on FE;, we have that ¢ o <I>;1 is
conformal on E; Lastly we note that dp = 0 on C \ Un>09~ " (E) as 0 = 0 there.

The proof of the theorem is now complete. O

DEFINITION 11.2. A function f : U — V between domains in C is called proper
if for any compact K C 'V we have that f~1(K) is compact in U.

The following characterization of proper maps will be useful later. The proof
is left to the reader.

LEMMA 11.3. Let f : U — V be a map between domains in C. Then f is proper
if and only if f(z,) — OV as z, — OU.

Note that z, — OU means that given any compact K C U we have that z,, ¢ K
for all sufficiently large n.

DEFINITION 11.4. Let Uy and Uy be simply connected bounded domains of the
finite plane C such that OU; = v and OUs = 75 are analytic (see Appendix II Def-
inition 13.1 for definition) simple closed curves and Uy C Uy. We call f : Uy — Us
polynomial-like of degree d if

i) [ is proper,

i) f has degree d, i.e., every point in Uy is taken d times counting multiplicity
by points in Uy under f,

i11) f is analytic.

REMARK 11.5. By Lemma 13.12 in Appendiz 11, a polynomial-like map f ex-
tends analytically to domain U; O Uy and this extension maps y1 onto 2 precisely
d times.

In the proof of the next theorem we will require the following fact.

Fact: Let d be a positive integer. For any C*°-smooth curve I'(¢) for 0 <t <1
with T'(t) € C(0, R%), there exists a C°°-smooth curve v(t) with v(t) € C(0, R) such
that [y(t)]? = T'(t). Such can easily be accomplished by noting that locally (%)
will be given by h(T'(t)) where h is a suitably chosen branch of z ~— z'/¢. Note that
if I'(¢) traverses C(0, R%) exactly d times, then v(¢) will traverse C(0, R) exactly
once.

THEOREM 11.6. If f : Uy — Uy s polynomial-like of degree d, then there exists
a quasiconformal map of the plane ¢ such that f = @ o Po ™! on U, where P is
a polynomial of degree d.

PrOOF. Fix r > 1. Let ®; map C\ Uz conformally onto C\ A(0,7%) such that
®1(00) = oo. The existence of this map is guaranteed by the Riemann Mapping
Theorem. Now by the Caratheodory-Osgood Theorem we extend ®; to 0Us so
that ®;(0Uy) = 9(A(0,7%)), and by Corollary 13.6 in Appendix II, ®; extends
analytically to a domain containing C \ Us.
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Next we define a map ®5 on 9U; = 1 as follows. We note that f(z) will d times
traverse 7y, as z traverses 1 once. Setting I'(t) = ®1(f(71(¢))), which is C*° smooth
and d times traverses the circle C(0,7r%), we see by the Fact given just before the
statement of this theorem, that there exists a C° smooth parametrization ~y(¢) of
C(0,7) such that [y(t)]¢ = ['(t). We then define ®3 on 7; by ®2(v1(t)) = v(t) and
note that ®, is C> smooth here. Thus [®5(2)]? = ®1(f(2)) on 71 = OU;. Setting
®, equal to @1 on v, we may then extend ®5, in a C'°° smooth way, such that
Dy : Uy \U; — A(0,7%)\ A(0,7) as in Theorem 13.9 from Appendix II. We note
that on Uy \ U; the map @, is K-QC for some K by Remark 13.10 from Appendix
II. We now sew ®; and &5 together to obtain a map ® on @\ U, defined by & = &,
on C\ Uy and ® = &3 on Uy \ U;. By Lemma 13.13, the map ® is K — QC on
C\Th.

We now define a map g(z) on C and show that it is quasiregular. Set

B f(2) for z € U
g(z) = { O7[(®(2))9] for z€ C\Uy.

On Uy, g is analytic and so conformal away from the finite set {z : f/(z) = 0}.
Therefore ||py]|, =0 on Uy. On C\ U; we see that g is a composition of K-QC @,
followed by analytic z — 2? (which is locally conformal), followed by conformal
&' (on C\ A(0,7%)). Hence [yl < llpall, < 1 on C\ U;. (Upon closer
inspection we can actually see that p, = 0 on C\ Uy.) We now show that g is
locally quasiconformal away from the set {z : f (z) = 0}U{oc}. On U; and C\ Ty,
this is clear. For zg € 1, we see g defined on A(z,¢€) for a sufficiently small € is
K — QC since g is the map created when the conformal map f and the K — QC
map ®1[(®(2))9] are sewn together (see Lemma 13.13 in Appendix IT). We may
now apply Lemma 10.16 to see that g is quasi-regular.

One can see that the Fundamental Theorem of Quasiconformal Surgery 11.1 can
be applied, with £ = C\U; and N = 1, to see that there exists a quasiconformal ¢
such that P = pogop™! is rational. But since only co maps to co with multiplicity
d we see that P is actually a polynomial of degree d. (Il
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REMARK 11.7. We have, in a sense, glued g\@\E = fly, to dlozlo @\@\Uz

which is z — 2%, at least up to conjugation by a conformal map. Now pasting them
together did not make a polynomial. However, when we conjugated this “pasting”
by a quasiconformal map, we then have a true polynomial.

12. Appendix I

Here we present the Cauchy-Schwarz inequality.
If f and g are real-valued functions that are Lebesgue Measurable over the

interval [c, d], then jl |f(w)g()| dy < {f [f(y)de} {f [g(y)]zdy} :

(& C
Furthermore, equality holds if and only if there exist constants « and 3 (not both
zero) such that a |f|* = 8|g])* almost everywhere.

13. Appendix II

DEFINITION 13.1 ([4], p. 186). We say that a curve v(t) = x(t) +iy(t) from the
interval [0,1] into C is analytic if for each to € (0,1) we have that both the real
part x(t) and the imaginary part y(t) can be represented by a power series centered
at to; we further assume that x'(t) and y'(t) do not vanish at the same time.

REMARK 13.2. We note that analytic curves are C*°-smooth.

REMARK 13.3. We note that an open analytic curve v defined on the open
interval (0,1) in R is the restriction of an analytic function f, and thus the set of
image points of this curve (which, by an abuse of notation, we also call v when no
confusion will arise) is the image of an open interval under a complex analytic map.
To see this we first fiz a point to of (0,1). We may express x(t) = > .~ an(t —to)"
and y(t) = 3207 o bu(t — to)™ by convergent power series in some real neighborhood
of to. Thus the power series f(z) = >~ (an +1iby)(z — to)™ is then convergent in
some complex neighborhood of to and therefore defines an analytic function there.
Also note that f'(tog) = a'(to) +iy'(to) # 0. Doing this at each point in (0,1) clearly
defines an analytic map f in a complex neighborhood of (0,1).

The Schwarz reflection principle then allows one to extend analytic maps across
analytic curves as well. The details can be seen in the cited reference of the follow-
ing.

LeEMmMA 13.4. [[4], p. 18] Let U and V be domains in C and let g: U — V be
an analytic function. Suppose OU includes an open analytic arc a, OV includes an
open analytic arc B, and that g extends continuously to U U a where g(z) € (8 for
all z € a. Then g analytically extends across a, i.e., g can be extended analytically
in a neighborhood U' which contains c.

REMARK 13.5. By considering the details of the proof one can see that in
Lemma 13.4 we have that g’ # 0 on «.

COROLLARY 13.6. If f : D1 — D5 is a conformal map between simply or mul-
tiply connected domains in C each with boundaries that consist of a finite number
of analytic curves, then f analytically extends to a domain containing D1. Further-
more, =1 analytically extends to a domain containing D-.
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PROOF. Suppose that D; has analytic boundary arcs 7i,...,v, and Dy has
analytic boundary arcs I'1,...,I[,;. Then by applying the techniques used in the
proof of Theorem 4.7 in [5] (which is used in the proof of the Carathéodory-Osgood
Theorem), we see that f continuously extends to each v;, mapping it into some I'.
We then apply Lemma 13.4 to show the existence of an analytic extension across
each 7; and thus to a domain containing D;.

We note that we may apply the same argument to f~! to conclude that f~!
analytically extends to a domain containing Ds. (Il

We note that we get the following similar result if our boundary curves are
merely C'*°-smooth instead of analytic.

THEOREM 13.7 ([2], p. 23 and 24). If f : D1 — D5 is a conformal map between
simply or multiply connected domains in C each with C*°-smooth boundaries, then
f and all of its derivatives extend continuously to Dy. Furthermore, f~' and all of
its derivatives have continuous extensions to Ds.

By employing the same techniques as the proof of Lemma 13.4 and using the
harmonic reflection principle stated on p. 234 in [5], we see that harmonic functions
can also be reflected over analytic curves. Specifically we have the following;:

LEMMA 13.8. Let U be a domain in C and let g : U — R be a harmonic function.
Suppose U includes an open analytic arc « such that g extends continuously to
UUa where g(z) =0 for all z € a. Then g harmonically extends across «, i.e., g
can be extended harmonically in a neighborhood U' which contains «.

THEOREM 13.9. Let Uy and Us be simply connected domains in C bounded by
closed analytic Jordan curves v, and vy, respectively. Suppose further that Uy, C Us,.
Given C*°-smooth homeomorphisms g; : v; — C(0,7;), for j = 1,2 and r1 < 1,
each which preserves orientation, there exists a C'°°-smooth homeomorphism G from
Us \ Uy onto the closed true annulus Ann(0;11,r2) which extends both g1 and go.
Furthermore, G and all of its derivatives extend continuously to Uy \ Uy. We also
note that there exists n > 0 (which depends on r1,79, g1, g2, U1 and Us) such that
the Jacobian Jg(z) > n for all z € Uy \ Uy.

REMARK 13.10. We note that the map G in Theorem 13.9 satisfies |||l < 1
on Uy \ Uy and is therefore quasiconformal on Uy \ Uy. Since |0G(2)|? — |0G(2)|? =
Ja(z) > n >0, we have that |0G(z)| > \/n > 0. Using these two facts then allows
us to note that |pe(z)| = |0G(2)/0G(z)| is bounded above by 1 and continuous on
the compact set Us \ Ur. Thus it follows that ||uc|lec < 1.

LeEMMA 13.11 ([4], p. 333). Every doubly connected domain A in C whose
boundary components each contain more than one point can be mapped conformally

onto a true annulus Ann(0;1, R) for some 0 < R < co. We call log R the modulus
of A.

PROOF OF THEOREM 13.9. We begin by first proving Theorem 13.9 in the spe-
cial case that 3 = C(0,71) and 5 = C(0,r2). Under the given assumptions on ¢;
and g, we may now express g; (r1€??) = r1et/1) and go(rye?) = r9e'72(?) where for
7 =1,2 we have
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(i) f; maps R into R and is a C*°-smooth increasing function of 6 (since g; is
C*°-smooth and orientation preserving), and

(ii) f;(0 4 2m) = f;(0) + 27 (since g, is a homeomorphism of a circle, f; must
map any interval of length 27 onto an interval of length 27).

We now define f : [r1, 73] x R — R to be an interpolation of f; and fy given by

T —T9

f(r,0)

Ao+ (1= 22 720)

r —Tr2 r —Tr2

Note that for fixed r, the map f(r, ) is a C°*°-smooth function which is increasing in
0 (by (i)) and f(r,0+27) = f(r,0)+27 (by (ii)). We now see that G(re'?) = ret/ (19
will satisfy the conclusion of our theorem.

Now we return to considering the general case without the assumptions on 1
and 7 given above. By Lemma 13.11 there exists a conformal map h from Us \ Uy
onto an annulus of the form Ann(0;1, R), which by Corollary 13.6 extends C°-
smoothly to all of Uy \ U;. Note also that Corollary 13.6 allows one to conclude

that h=! is also a C°°-smooth homeomorphism on Ann(0;1, R).

Now consider the C*°-smooth homeomorphic mapping k from Ann(0;ry,r2)
onto Ann(0;1, R) given by re — [[I=L(r — 1) + 1]e’, which merely stretches
radially. Hence we see that the maps g1 o h~! o k and go 0o h~! o k are C*°-smooth
homeomorphisms from C(0, r1) and C(0, r2) into themselves, respectively. This case
was already handled above, and so we let G be the C*°-smooth homeomorphism
from Ann(0;7y,72) to itself, which extends the maps g oh~t ok and gooh~!ok.
We then see that G = G o k=! o h has the required properties.

Finally, we conclude the proof by noting that since each map G,k and h has
Jacobian bounded below by some positive constant (which can be shown through
direct calculation), so does G since Jg(z0) = Jg (k™! (h(20))Jk-1(h(20))Jn(20) for
any Z()GUQ\Ul. O

LEMMA 13.12. Let f : U — V be a proper analytic map of degree d where U
and V' are simply connected domains in C bounded by closed analytic Jordan curves
~v1 and 2, respectively. Then f can be extended analytically to a map f : U — C
such that domain U’ D U and f(U') contains V.. We also note that this extension
of f then maps y1 onto s precisely d times.

PROOF. We first consider the case where U = V = A(0,1). Fix a point
zo € OA(0,1). Since f is proper, there exists a small disk A = A(zg, d) such that
f(z) # 0 on AN A(0,1). Consider the harmonic function h(z) = log|f(z)| =
Re Logf(z) defined on A N A(0,1), where Log(z) denotes the principal logarithm.
Since |f(z)| — 1 as |z| — 1 (f is proper), we see that h(z) — 0 as |z| — 1. Thus we
may reflect h(z) across |z| = 1 to extend h(z) to be harmonic on all of A (Theorem
3.4 in [5] states this reflection principle for real line segments, but it also holds for
arcs of circles by a simple application of a Mobius transformation). Letting v(z) be
a harmonic conjugate of h(z) in A, which on ANA(0, 1) must equal Im Logf(z)+c¢
for some real constant ¢, we see that the analytic function e(*)+1(v(2)=¢) defined
on all of A must equal f(z) on AN A(0,1). Thus extending f in this way in a
disk about each point in JA(0,1) we see that f can be extended to a domain U’
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containing A(0,1). Clearly, since f is an open continuous map, we must then have
that f(U’) contains the compact set f(A) = A(0,1).

Note that by using the Argument Principle and the hypothesis that f maps
U onto V in a d-to-1 fashion, we see that as the curve (t) traverses C(0,1) once,
f(y(t)) traverses C(0, 1) exactly d times.

Now we address the general case. Let ¢ : U — A(0,1) and ¢ : V — A(0,1)
be Riemann maps. Since QU and 0V are analytic curves we can see by Corol-
lary 13.6 that ¢,1, ¢!, and ¢! all analytically extend across the boundary of
their respective domains. Note that we may assume that these extensions are also
conformal, even on these extended domains. From the special case above, we see
that g = o foe~!:A(0,1) — A(0,1) extends across the boundary, and so one
can easily show that 1y ~togo¢ (using the extensions of each of these maps) extends
f to a domain containing U. O

The following lemma expresses the fact that we may sometimes “sew” quasi-
conformal maps together along a common boundary arc (where the maps agree)
and obtain a resulting map which is also quasiconformal.

LEMMA 13.13. Let A be an open disk which is met by an analytic arc vy such that
there are two components D1 and Do of A\~y. Suppose f1 and fo are quasiconformal
in Dy and Dy, respectively, such that f1(D1) and fo(D2) are disjoint and such that
each map extends continuously and injectively to AN~ on which f1 = fa. Then the
map F(z) defined by f1 on Dy and fa on Dy and fi = fo on AN~y is quasiconformal
on all of A.

PROOF. Since f; and f5 are each absolutely continuous on lines, one can easily
show, by continuity and the fact that f; = fo on A N+, that so is F'. Since F'is a
continuous injective map of an open set A, it is a homeomorphism (see [3], p. 6).
Since v has measure zero, it is easy to see that by using Lemma 8.3 we have that
|pr| is bounded almost everywhere by ﬁ—: where K = max{Ky,, Ky,}. Hence by
Lemma 8.4 the map F' is K-quasiconformal. ([

REMARK 13.14. One could also apply Theorem 1.8.3 in [3] to obtain the above
result.
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