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PLANAR MAPS OF SUB-EXPONENTIAL DISTORTION
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Abstract. Here we answer in the affirmative a conjecture of Iwaniec and Martin from [11]
on solutions to the Beltrami equation whose distortion function is sub-exponentially integrable.
Namely, we find the sharp Sobolev classes which these maps belong to, as well their area distortion
estimates. These methods imply all further integrability results in this logarithmic scale.

1. Introduction

A quasiregular mapping is a function f, chosen to be the continuous representative
of an element of W,2"(Q), Q a domain of R” which has uniformly bounded linear
distortion:

|Df(x)[" < KJ¢(z) for almost every = € €,

where | D f| is the operator norm of the differential matrix, Jy the Jacobian determi-
nant, and K € [1,00) a constant. In the past 20 years an extensive program (begun
essentially by [5], and collected in [10] for n dimensional maps and [3] which focuses
only in the plane) has extended the theory of these maps to include an unbounded
function K (z) which bounds the linear distortion in place of the uniform bound K.
These maps have come to be called maps of finite distortion. One is led to consider
possible controls for the function K (x) which will still allow the development of a
rich theory, for example, one robust enough to include existence theorems.

Definition 1. Amap f: 2 — R", Q a domain in R", is a map of finite distortion
if
(FD-1) f € WE ().
(FD-2) The Jacobian determinant of f, denoted J¢(x), is locally integrable.
(FD-3) With Df denoting the matrix of partial derivatives, and |Df| its operator
norm, there is a measurable function K: Q — [1,00), finite a.e., such that

|Df(x)[" < K(x)Js(x) almost everywhere in Q.

One can choose the function K so that equality holds in (FD-3). When we choose
this K, we will call it K¢, the distortion function of f.

In the plane C, to which we will confine ourselves for the remainder of this note,
injective quasiregular mappings are called quasiconformal. They satisfy the Beltrami
equation:

(1) 0f(2) = u(2)0f(2) for a.e. z €N

with p a measurable, complex valued function called the dilatation, ||u||x < 1. We
say a solution f is principal if f(z) = z 4 o(1) at co. We point out that |Df| =
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0f| +10f|, J; = |0f* — |0f|?, and K; = |Df|?/J;. The relationship between the
dilatation p and the distortion function K in the plane is

L+ ()
2 S - E)
We will often switch between referring to p and K for ease of exposition.

If we let the distortion function become unbounded, then ||p|loc = 1 (see [11]
chapter 4) and (1) becomes a differential equation without uniform elliptic bounds.
The first author to treat such degenerate maps in this modern setting was David [5],
who proved an existence and uniqueness result for solutions of (1) when the distortion
function K(z) is exponentially integrable, i.e. e?® € L (Q2) for some p > 0. More
generally, as shown in Chapter 20 of [3|, if . satisfies:

(1) o7 [1,00) — [0,00) is a smooth increasing function with <7 (1) = 0,

(2)
/OO (1) dt = o0,

t2

(3) ta?'(t) > 5 for large values of t,

then any Beltrami equation (1) with compactly supported u(z), and |u(z)| < 1 almost
everywhere with

") € L1, (C)

admits a unique principal solution f, with f in the Orlicz—Sobolev space Wﬁ)’cp(C)

where
2, 0<t<1,
P(t) = 2 >_ -
o/ —1(logt2)’ t>1.

Moreover, any solution h € I/Vli’CP(Q) to this Beltrami equation in a domain 2 C C
admits a factorization h = ¢ o f where ¢ is holomorphic in f(£2). This result comprises
the most general solution of the Beltrami equation known to the author. It is,
however, not fine enough to determine the sharp degrees of regularity these solutions
provide. For example, in the exponential case, where <7 (t) = pt — p for some p > 0,
this result only tells us that solutions f are in W27 (C) with P(t) = 2/ log(e+t). It is

loc

shown in [2], however, that solutions f are in W,"?(C) with Q(t) = 2/ (log(e +t))"*

loc

for all 3 < p. The purpose of this note is to give the fine degree of regularity when

t
3 p(t) = p—r—— —
) 0 = P~
for some p > 0. Maps solving (1) with e*»(5) € Ll are called maps of sub-exponential
distortion. This method will also allow us to find the sharp regularity when

t
Ay () = L —p

1+ log(t) log(log(e — 1 4 1)) - - -log(- - - (log(e¢” —1+1))---)
where the n denotes that the last logarithmic expression is an n-th iterated logarithm.
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2. An example

We begin our discussion with an example from [11] which is extremal and suggests
the right conditions for our theorem.
Let f: D — D, where D is the unit disc in C, be defined by

f(re®y = <log log (e?e))_Q et

for ¢ > 0. Using the formulas found in Chapter 11 of [10] we compute:

: 1
IDf(re)| = —
r (log log (7))
i q
Ji(re?) = ;
T 210 () (loglog ()
and
) 2 e e
Kg(re') = = log (e_) log log (e_) :
q r r
Hence
Kf 2 e’
— =—11 1)1 — 0t.
1+ log K¢ q[ +o(1) Og(r> wre
Hence exp (Hllj—ngJ is in L (C) for any p < ¢. Also, if ¢ > 1 then
[DfI?
—_dz < 0
/D log(e + D f])
and

/ Jrloglog(e® + Jy) dz < oo.
D

This example suggests the correct integrability scales for our solutions, we state these
in Theorem 1.

3. Main theorem and proof

We will now prove a general theorem which shows the example above is extremal.

Theorem 1. Suppose the distortion function K of a Beltrami equation satisfies
(4) s € [P(D)

for some p > 0 and is equal to 1 outside D. Then, for all 0 < 3 < p, the unique
principal solution of the Beltrami equation, f, has the following regularity properties:

Jr (loglog (e° + J;))” € LY(D)
and ,
|Df| - c LI(D>
log (e + [Df]) (loglog (e¢ + [Df]))

This result is sharp in the sense that there exist functions f as above for which 3
cannot be taken to be equal to p.
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We note that because of the factorization implied in the discussion in the intro-
duction: all W,2"(Q) solutions of the Beltrami equation (1) with

loc
t2
~ log (e +t)loglog (e® +t)

P(1)

can be factored into the principal solution followed by a conformal map, the inte-
grability of the differential and the Jacobian in Theorem 1 apply to all W27 (Q)
solutions. Before we are able to prove this theorem, we will need to use two prelim-
inary results. The first is the sharp regularity of maps of exponentially integrable

distortion found in [2]:

Theorem A. Let 2 C C be a domain. Suppose the distortion function K¢(z)
of a mapping of finite distortion f € W,>1(Q) satisfies

(5) efr e LP  for some p > 0.

loc

Then we have for every 0 < (3 < p,
Jr (log (e + J))’ € L

loc

and
DI,
(log (e + [Df)™" ~
In addition, if f is a principle solution to the Beltrami equation (1) with associated

distortion function K satisfying (5) and Ky = 1 outside D, then for any 0 < 8 < p
we have

1 -8
lf(E) <C <log (e + E)) , for measurable E C D.

With the constant C' depending on f3,p and ||e*/|| 1o(p).

We will also use the following result on the inverses of homeomorphisms of the
type in Theorem A found in [8]:

Theorem B. Suppose f: 2 — C is a homeomorphism of finite distortion sat-
isfying the Beltrami equation (1) with associated K satisfying (5). Then f~! is
also a map of finite distortion with associated distortion K1 € LY (f(Q)) for all
0<pB<p.

We briefly discuss the method of proof of Theorem 1. We first solve the Beltrami
equation in a specific manner via a factorization that depends on Theorem B. Then
the results in [3] discussed in Section 1 show that any solution has the same properties
of a principle solution, modulo a conformal mapping, and so Theorem 1 applies to
the solutions, not just the ones we make. This specific manner in which we factorize
and solve will allow us to conduct an analysis of the area distortion using Theorem A.
Then we use the general relationship between area distortion and the integrability of
the Jacobian found in Lemma C below.

Proof of Theorem 1. Let pand K be given as in Theorem 1 and choose 0 < 3 < p.
Let

K
K =—
YT 1 flog K’
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so K; > 1 and enjoys the property e?X1 € L*(D). Let h(z) = w be the principal
Beltrami solution with distortion K and dilatation given by

()= (FE L) o

Ki(z)+1
Now set
o) ) —(z) (0n
(6) frg(w) : 1 —,u(z),uh—(z) (|ah|> '

Let Ky(w) =1+ log K(z). One can show that
If we can find a principal solution g to the Beltrami equation
dg(w) = py(w)dg(w) for a.e. w e C

then the composition g o h has dilitation p by (6) and the composition formula for
complex dilatations. And the distortion function of go h is K as K(z) = Ky(h(2)) -
K;(z). This change of variables and composition formula is somewhat non-trivial.
The fact that p, is well defined everywhere is the consequence of h and h~! obeying
Lusin’s condition .4", which is confirmed in [2].

We must show such a g exists and find what class of distortion it has, which is
non-trivial because the distortion by the homeomorphism A makes the integrability
class for K5 in the w-plane non-obvious. We must examine this. Let N > 1 be given.
Then

N C
Hw: Ky >1+1og N} = {w: Kp-1(w) > 1+logN}|§ — 5
<1+logN>

for any § < (8; < p. This follows from the way that K; and K5 depend on K, from
the fact that the distortion of the inverse is pointwise the same as the distortion at the
preimage, and using Chebyshev’s inequality on the distortion of A~! with Theorem
B applied for 3; < p. The constant here depends on 3,p and [|eX!|| »(D), but we
may change it from line to line in what follows as it will prove insignificant for our
analysis. Setting n =14 log N we have

\{w Ky > TL}‘ < (enc;ﬂl — (g Pintlogn < Cle(Bi—e)n < CeP2m.
Where ¢ > 0 is chosen so that § < (6, < 81 — e < 31 < p. This inequality says
precisely that e2(®) ¢ LA (h(D)) for 8 < B3 < B.. Hence the distortion in the
w-plane is in the exponential class. So both g and h exist as Beltrami solution
homeomorphisms of exponentially integrable distortion.
It now remains to show that the composition g o h lies in an appropriate Sobolev
space. We start with approximate solutions for g. Take the principal solutions to

fgn = bg N (1 — %) and note that g is the locally uniformly convergent limit of a

subsequence of solutions g, in the Sobolev space VVli)Cl(C) (see [2] for an example of
this construction). Then we may now see the desired f = goh as the localy uniformly

convergent limit of g, o h in the space VVlif(C) we use the distortion inequality,
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inequality (9), and then the Bieberbach area theorem [6] to have a uniform bound on
the P-sum of the differentials of g,, o h and assure convergence to g o h in VVl(l);:P(C).

We now use Theorem A in the composition g o h. The part of Theorem A we
wish to apply now is the area distortion. We will ignore the specific value of our
multiplicative constant in the area distortion. We apply Theorem A directly to h
and ¢ to describe their area distortion. As the image of the closed unit disk under
h is compact, and the sharp modulus of continuity result presented in Chapter 7 of
[10], the image of the unit disk under A is contained in a disk of radius R about the
origin where R depends on ||e®||;»p). As there is nothing special about the unit
disk in Theorem A, we use a version of it for the function g on the disk of radius R.
So now g and h both distort area as (log(e + 1/|E|))~" for any 8y < 33, we choose
B4 > ( and find that for f:=goh

F(B)| < ¢

<1og log (ee + %))m |

Note that our example in Section 2 implies that this result may only be improved
upon by getting the exponent in the loglog term to be p. In general, area distortion
results imply higher Jacobian integrability. One way to see this connection lies in the
following lemma, due to Hardy and Littlewood (the approach taken here is inspired
by Theorem 9.2 in [9]):

Lemma C. Let (X, u) be a finite measure space without atoms. Suppose for a
nonnegative function g € L*(X) we have

LQWS¢W@D

for all measurable E C X, where ¢ is concave, increasing, and ¢(0) = 0. Then for
all increasing convex 1, with 1¥(0) = 0 we have

w(X)
(7) Awwmsl B (1)) dt.

Proof. We prove the lemma in three steps. First, let ¢ € (0, u(X)). There exists
a set £ C X such that u(E) = ¢ and [, gdu = fg g*(s)ds, where g* is the right
continuous decreasing function on (0, (X)) with the same distribution as g (this is
Lemma 2.5 on page 46 of [4], where g* and the distribution function’s properties are
described in detail).

Second, we note from the hypothesis of the Lemma that

[aeis= [ gansow= [ s

holds for all ¢ € (0, u(X)).
Third, we let 0 < a < oo be given. Choose t > 0 such that ¢*(t—) > a > ¢*(t),
where t— denotes the left limit. Then, with [¢g — a|t = max{g — a,0}, we have

/Ou(X)[g* — ]t ds = /Ot(g*(s) —a)ds = /Ot g(s)ds — at < /Ot #()ds — at
- [l o< [l -a < [T -ara

for measurable £ C D
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where the first inequality comes from the relation between g* and ¢’ above. So
fO”(X) lg* —a]Tds < fOH(X)[qS’ —a]tds for all « € R. Now assume that ¢/(0) = 0 as
the linear case of the lemma is evident. So as ¥(0) = 0, is increasing, and ¢’'(0) = 0,
we can write

U(s) = /0 V' (y) dy = /05(5 —y)dy'(y) = /Ooo[s —ylt ' (y).

Using Fubini’s theorem

[ vaan= [ vgonas= [ as [T - as
[T [ "l o)~ ds < | avw [ " (s) - g ds

w(X)
_ / B () ds.

And the lemma is proved. O
With ¢ = (loglog (e¢ + 1/t))_ﬂ4, we must find a “maximal” v so that

/ B(# () dt < oo,
0
This integral will be finite when
»(t) = t (loglog (e° + 1))’
as long as 34 > (8 as we have chosen it to be. Hence
Jr (loglog (¢¢ + J;))’ € LY(D).

We turn our attention to the differential |D f|. The general theory for functions <7
satisfying assumptions (1), (2), and (3) discussed in Section 1 above will show that
any map f: 2 — C with distortion 7, for any p > 0 (see (3)) will have

log (e + |D f])loglog (ec + |D f|)
We will present a direct proof of this which will be adaptable towards finding the

correct integrability exponents for the differential for specific p. As |Df|* < J;K;
almost everywhere, (8) will be immediate if for a,b > 0

() ab
log(e + ab) loglog (e® + ab)

c L'(Q).

b
S 3a + el-&-logb7

by setting a = %Jf and b = pK.
We now set to prove (9). If b < 1, then the left hand side is less than a, so (9)
holds. Now set b > 1. Using

ab
log(e + ab) loglog (e® + ab)

< ab,

as long as

b
ab S a + € 1+loghb
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the inequality will hold. So for

QTILgb
a <
—b-1
b
our inequality (9) holds. For a > elg_lolgb we note that
ab ab

< .
log(e + Clb) log lOg (ee + &b) N log <€ + bel+1bogb) log lOg <ee + belJrlngb>
b—1 b—1

The quantity
b

b b _
log (e + bellj_lolgb ) log log (ee + bellj_lof’b )

b
e 1+logbd
b—1

is bounded, by say 3, for all b > 1. Hence for a >

ab
log(e 4 ab) loglog (e® + ab)

< 3a.

So (9) is true for all positive a and b. We now show a modified version of this
inequality which provides the degree of integrability of | D f| needed for Theorem 1.
We claim for 7 > 0

ab (loglog (e° + ab))”
log(e + ab) log log (€€ + ab)
We first note that

(10)

< Cjza (loglog (e + a))’ + ¢ THIOTS

(loglog (e + x))ﬁ
log(e + x) log log (e¢ + x)
is not necessarily less than 1 for positive x, but is less than a constant C' which
depends only on 3. So, if b < 1 the left hand side of (10) is less than C'a. So as long
as Cg > C, (10) will hold. Now choose b > 1, as the left hand side of (10) is less
than a constant times ab, as long as

Cab < Cga + el+ﬁ)gb
holds then (10) will as well. So, if
@T’;gb
a< —
~Cb—Cp
then (10) holds, even if Cb — Cjs is negative. We now wish to show (10) for a >
b

¢ 72" .— B. Again, the left hand side of (10) is less than

. b (loglog (¢¢ + Bb))?
log (e + Bb)loglog (e¢ + Bb) |

Examining the brackets above, and plugging in the value for B for large b the term
in the brackets is essentially

(log b)”.
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b
But as a > %,
(loglog (¢ + a))’ > (logb)’.

So the left hand side of (10) is less than or equal to
Ca (loglog (e + a))’

and so (10) holds. So for large enough fixed b, (10) is true for all @ > 0 and we
have shown (10). For smaller b the inequality is trivial as we allow a multiplicative
constant. This inequality, together with the distortion inequality |Df]* < J; K, the
local L(loglog L)? integrability of J;, and the sub-exponential integrability of the
distortion Ky will provide the regularity of the differential required in Theorem 1.

The examples f which show the sharpness of the result are similar to the example
of Kovalev which is discussed in the introduction of [2]. Let

2 1\]7"? . 1N\
(11) fo(z) = |— {log log (ee + —)1 {log log log (ee + —)] ,
Z| 2| 2|

then one can show using the formulas in chapter 11 of [10] that this example has
distortion Ky with (4), but whose Jacobian determinant and differential only lie in
the spaces presented in the conclusion of Theorem 1, but not in those spaces with

B =p. O

4. More properties and more distortion

We first note that according to the work in Chapter 7 of [10], knowledge of the
regularity of |Df| immediately gives us a modulus of continuity result for maps of
sub-exponential distortion.

Corollary 2. Suppose f is a principal solution to a Beltrami equation (1) sat-
isfying the assumptions of Theorem 1. Then for all points a,b € D and 0 < 3 < p

|f(a) — f(b)] < C(loglog (e + |a — b|))5/2

where C' = C (ﬁ,pa Hexp (1+€<§2K>‘ Ll(D))'

We also note the degree of integrability of the distortion of inverses of these maps.

Corollary 3. Let f be a homeomorphic solution to the Beltrami equation (1)
as in Theorem 1. Then the distortion function of the inverse homeomorphism, K1,
satisfies

log K;-1 € LP(D)
for all 0 < 3 < p.

Proof. If f(z) = w, then f~!(w) has the same distortion as f(z). Using this fact
and a change of variables, which remains valid by the Lusin property, it remains to
show that

/D J4(2) (log K5 (2))° d=
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is finite. This is immediate from the sub-exponential integrability of K, the integra-
bility of the Jacobian from Theorem 1, and the inequality

pl/B
e (&
ab < Cy - a [loglog (¢° +a))" +exp (1 + z}l/ﬁ) |

This inequality may be proved in precisely the same fashion as (10). O

Perhaps the most general consequence of the method of proof of Theorem 1 is
that the same method will apply to distortions in the 47,,(t) class described at the
end of section 1:

Ty (t) = z —p
1+ log(t)log(log(e — 1 +t))---log(--- (log(e® —1+1t))---)

Theorem 4. Suppose the distortion function K of a Beltrami equation satisfies
eTrn-1K) ¢ [P(D).

Then, for all 0 < 8 < p, the unique principal solution of the Beltrami equation, f,
has the following regularity properties:

Jy <1og ( y (10g (e X Jf)) ))B e (D)

where there are n-iterated logarithms above. And
D

log (e + |Df ) oglog (e + [Df]) - (tog (-~ (1og (e + D)) -+ ))

lies in L'(D), where the last factor in the denominator is an n-iterated logarithm.
This result is sharp in the sense that there exist functions f as above for which (3
cannot be taken to be equal to p.

Sketch of proof. As in the proof of Theorem 1 we first set

Ky K
1= ;
1 +log(K)log(log(e =1+ K))---log(--- (log(e® —1+K))---)
and so K enjoys the property that et € L'(D). Let w = h(z) be the principal
solution with distortion K. The “left-over” distortion

Ky(w) =: 14 log K(z)log(log(e — 1+ K(z))---log(-- - (log(ee'ﬁ —1+K(z)--)

will, by Theorem B and an analysis analogous to that in the proof of Theorem 1,
will be in the 4,,_5 class in the w-plane. Let g be the principal solution with
distortion Ks(w). Then f = g o h will be our desired solution. The respective area
distortions of h and g together give a Cy (log---log(Cy 4+ 1/|E|))™? area distortion
result for f, where the logarithm is iterated n = 1+ (n — 1) times. This, through
Lemma C will give the integrability of the Jacobian desired in Theorem 4. Then an
inequality similar to (10) can be proved with the same method, which then gives the
integrability of the differential desired in Theorem 4. A Kovalev-type example like
(11) with an (n + 1)-iterated logarithm multiplied by the n-iterated logarithm shows
the sharpness of the integrability classes. U
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Together, Theorems 1 and 4 tell the complete regularity story for Beltrami so-
lutions with distortion in iterated logarithm scale sub-exponential classes. For other
more general 7 satisfying properties 1,2, and 3 in Section 1, one may have to begin
afresh.
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