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ON THE THEORY OF THE BELTRAMI EQUATION

DO TEORI} RIVNQNNQ BEL\TRAMI

We study ring homeomorphisms and, on this basis, obtain a series of theorems on existence of the so-called ring
solutions for degenerate Beltrami equations. A general statement on the existence of solutions for the Beltrami
equations is formulated extending earlier results. In particular, we give new existence criteria of homeomorphic
solutions f of the class W 1,1

loc with f−1 ∈ W 1,2
loc in terms of tangential dilatations and functions of finite mean

oscillation. The ring solutions also satisfy additional capacity inequalities.

Vyvçagt\sq kil\cevi homeomorfizmy, i na cij pidstavi otrymano nyzku teorem pro isnuvannq tak zvanyx

kil\cevyx rozv’qzkiv vyrodΩenyx rivnqn\ Bel\trami. Sformul\ovano zahal\ne tverdΩennq pro isnu-

vannq rozv’qzkiv rivnqn\ Bel\trami, wo uzahal\ng[ bil\ß ranni rezul\taty. Zokrema, navedeno novi

kryteri] isnuvannq homeomorfnyx rozv’qzkivf klasu W 1,1
loc z f−1 ∈ W 1,2

loc u terminax tanhencial\nyx

dylatacij ta funkcij skinçennoho seredn\oho kolyvannq. Kil\cevi rozv’qzky zadovol\nqgt\ takoΩ

dodatkovi [mnisni nerivnosti.

1. Introduction. As known, the Beltrami equation plays an important role in the mapping
theory. The main goal of this paper is to present general principles which allow to obtain
variety of conditions for the existence of homeomorphic ACL solutions in the degenerate
case. Our existence theorems are proved by an approximation method.

Let D be a domain in the complex plane C, i.e., open and connected subset of C, and
let µ : D → C be a measurable function with |µ(z)| < 1 a.e. The Beltrami equation is
the equation of the form

fz = µ(z) · fz (1)

where fz = ∂f = (fx+ ify)/2, fz = ∂f = (fx− ify)/2, z = x+ iy, and fx and fy are
partial derivatives of f in x and y, correspondingly. The function µ is called the complex
coefficient and

Kµ(z) =
1 + |µ(z)|
1 − |µ(z)| (2)

the maximal dilatation or in short the dilatation of the equation (1). The Beltrami equa-
tion (1) is said to be degenerate if

ess supKµ(z) = ∞. (3)

An ACL homeomorphism f : D → C is called a ring solution of the Beltrami equa-
tion (1) if f satisfies (1) a.e., f−1 ∈ W 1,2

loc and f is a ring Q-homeomorphism at every
point z0 ∈ D with Q(z) = KTµ (z, z0) where the function

KTµ (z, z0) =

∣∣∣∣1 − z − z0

z − z0
µ(z)

∣∣∣∣
2

1 − |µ(z)|2 (4)

is called the tangential dilatation with respect to z0, cf. [1 – 3]. For the definition of ring
Q-homeomorphisms, see Section 2. The terms have been first introduced in [4].

Recall that a mapping f : D → C is absolutely continuous on lines, abbr. f ∈ ACL,
if, for every closed rectangle R in D whose sides are parallel to the coordinate axes, f |R
is absolutely continuous on almost all line segments in R which are parallel to the sides of
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R. In particular, f is ACL if it belongs to the Sobolev class W 1,1
loc , see e.g. [5, p. 8]. Note

that, if f ∈ ACL, then f has partial derivatives fx and fy a.e. and, thus, by the well-known
Gehring – Lehto theorem every ACL homeomorphism f : D → C is totally differentiable
a.e., see [6] or [7, p. 128]. For a sense-preserving ACL homeomorphism f : D → C, the
Jacobian Jf (z) = |fz|2−|fz|2 is nonnegative a.e., see [7, p. 10]. In this case, the complex
dilatation µf of f is the ratio µ(z) = fz/fz, if fz �= 0 and µ(z) = 0 otherwise, and the
dilatation Kf of f is Kµ(z), see (2), and, thus, |µ(z)| ≤ 1 and Kµ(z) ≥ 1 a.e.

Note that every homeomorphic ACL solution f of the Beltrami equation with Kµ ∈
∈ L1

loc belongs to the class W 1,1
loc as in all our theorems. Indeed,

|fz| + |fz| = K1/2
µ (z)J1/2

f (z)

and by Hölder’s inequality, on every compact set C ⊂ D,

‖fz‖1 ≤ ‖fz‖1 ≤ ‖Kµ‖1/2
1 A(f(C))1/2

where A(f(C)) is the area of the set f(C). Hence f ∈ W 1,1
loc , see e.g. [5, p. 8]. Similarly,

it is easy to show that, if Kµ ∈ Lploc, p ∈ [1,∞], then f ∈ W 1,s
loc where s = 2p/(1 + p) ∈

∈ [1, 2].
Note also that the condition f−1 ∈ W 1,2

loc given in the definition of a ring solution
implies that a.e. point z is a regular point for the mapping f, i.e., f is differentiable at z
and Jf (z) �= 0, see Remark 2. Finally, note that the condition Kµ ∈ L1

loc is necessary for
a homeomorphic ACL solution f of (1) to have the property g = f−1 ∈ W 1,2

loc because
this property implies that∫

C

Kµ(z) dxdy ≤ 4
∫
C

dxdy

1 − |µ(z)|2 = 4
∫
f(C)

|gw|2 dudv < ∞

for every compact set C ⊂ D.

Recall that a real valued function ϕ ∈ L1
loc(D) is said to be of bounded mean oscilla-

tion in D, abbr. ϕ ∈ BMO(D) or simply ϕ ∈ BMO, if

‖ϕ‖∗ = sup
B⊂D

−
∫
B

∣∣ϕ(z) − ϕB
∣∣ dxdy < ∞

where the supremum is taken over all disks B in D and

ϕB = −
∫
B

ϕ(z)dxdy =
1
|B|

∫
B

ϕ(z) dxdy

is the mean value of the function ϕ over B. It is well-known that L∞(D) ⊂ BMO(D) ⊂
⊂ Lploc(D) for all 1 ≤ p < ∞, see e.g. [8]. A function ϕ in BMO is said to have vanishing
mean oscillation, abbr. ϕ ∈ VMO, if the above supremum taken over all disks B in D

with |B| < ε converges to 0 as ε → 0.
The BMO space was introduced by John and Nirenberg, see [9], and soon became

one of the main concepts in harmonic analysis, complex analysis and partial differential
equations. BMO functions are related in many ways to quasiconformal and quasiregular
mappings, see e.g. [10 – 15], and to mappings with finite distortion, see e.g. [16 – 19].
VMO has been introduced by Sarason, see [20]. A large number of papers are devoted to
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the study of existence, uniqueness and properties of solutions for various kind of differen-
tial equations and, in particular, of elliptic type with VMO coefficients, see e.g. [21 – 24].
In this connection, it should be noted that by a recent result of Brezis and Nirenberg in
[25] the Sobolev class W 1,2

loc is a subclass of VMO, see also [26].
Let D be a domain in the complex plane C. We say that a function ϕ : D → R has

finite mean oscillation at a point z0 ∈ D, abbr. f of FMO at z0, if

dϕ(z0) = lim
ε→0

−
∫

D(z0,ε)

|ϕ(z) − ϕε(z0)|dxdy < ∞ (5)

where

ϕε(z0) = −
∫

D(z0,ε)

ϕ(z)dxdy < ∞ (6)

is the mean value of the function ϕ(z) over the disk D(z0, ε) with small ε > 0. Thus, the
notion includes the assumption that ϕ is integrable in some neighborhood of the point z0.

We call dϕ(z0) the dispersion of the function ϕ at the point z0. We say that a function
ϕ : D → R is of finite mean oscillation in D, abbr. ϕ ∈ FMO(D) or simply ϕ ∈ FMO,

if ϕ has a finite dispersion at every point z ∈ D. We call also the number

dϕ(z0, ε0) = sup
ε∈(0,ε0]

−
∫

D(z0,ε)

∣∣ϕ(z) − ϕε(z0)
∣∣ dxdy < ∞ (7)

the maximal dispersion of the function ϕ in the disk D(z0, ε0).
Below we use the notations D(r) = D(0, r) = {z ∈ C : |z| < r} and

A(ε, ε0) = {z ∈ C : ε < |z| < ε0}. (8)

Lemma 1. Let D ⊂ C be a domain such that D(e−1) ⊂ D, and let ϕ : D → R be
a nonnegative function. If ϕ is integrable in D(e−1) and of FMO at 0, then∫

A(ε,e−1)

ϕ(z) dxdy(
|z| log 1

|z|

)2 ≤ C log log
1
ε

(9)

for ε ∈ (0, e−e) where

C = 2π
[
2ϕ0 + 3e2d0

]
, (10)

ϕ0 is the mean value of ϕ over the disk D(e−1) and d0 is the maximal dispersion of ϕ in
D(e−1).

Versions of this lemma have been first established for BMO functions in [27, 28] and
then for FMO functions in [29] and [30, p. 251] (Lemma 2.15).

Conditions for the existence and uniqueness of ACL homeomorphic solutions for the
Beltrami equation can be given in terms of the maximal dilatation Kµ(z). It was shown
for instance that if Kµ(z) has a BMO or FMO majorant, then the Beltrami equation
(1) has a homeomorphic ACL solution, see e.g. [27, 28, 30, 31], cf. [32, 33]. Various
conditions for the existence of solutions for the Beltrami equation have been formulated
in terms of integral and measure constraints on Kµ, see e.g. [32 – 39]. These conditions
assume either exponential integrability or at least high local integrability of the dilatation
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Kµ. Here, as in [2 – 4], the existence criteria are expressed in terms of the tangential
dilatations KTµ (z, z0).

In [30], we proved that if Kµ(z) has a majorant Q(z) of finite mean oscillation in D,

then (1) has a homeomorphic ACL solution. Now we prove a stronger result, namely,
the existence of a ring solution of (1) where the assumption on an FMO majorant for Kµ
in D is replaced by the weaker condition that every point z0 ∈ D has a neighborhood
Uz0 and a function Qz0 : Uz0 → [0,∞] which is of finite mean oscillation at z0 such that
KTµ (z, z0) ≤ Qz0(z) for all z ∈ Uz0 , see Theorem 4 in Section 3 below. This as well as
other new existence theorems established here are based on a general existence principle,
Lemma 3. Some of these existence theorems are expressed in terms of the mean and
the logarithmic mean of the tangential dilatation KTµ (z, z0) over infinitesimal disks and
annuli centered at z0, see e.g. Theorems 5 and 6. We also use Lemma 3 in a new proof of
an extension of Lehto’s theorem, Theorem 7, that we have first established in [4]. Finally,
note that a series of interesting distortion theorems have been formulated in various terms
in Section 2, see Remark 3 in the end of the work.

2. Distortion estimates for ring Q-homeomorphisms. Below we use the stan-
dard conventions a/∞ = 0 for a �= ∞ and a/0 = ∞ if a > 0 and 0 · ∞ = 0, see
e.g. [40, p. 6].

Given a measurable function Q : D → [1,∞], we say that a homeomorphism f : D →
→ C is a Q-homeomorphism if

M(fΓ) ≤
∫
D

Q(z) · ρ2(z)dxdy (11)

holds for every path family Γ in D and each ρ ∈ adm Γ. This term was introduced in [41 –
43].

Recall that, given a family of paths Γ in C, a Borel function ρ : C → [0,∞] is called
admissible for Γ, abbr. ρ ∈ adm Γ, if∫

γ

ρ(z) |dz| ≥ 1

for each γ ∈ Γ. The modulus of Γ is defined by

M(Γ) = inf
ρ∈adm Γ

∫
C

ρ2(z)dxdy.

We say that a property P holds for almost every (a.e.) path γ in a family Γ if the subfamily
of all paths in Γ for which P fails has modulus zero. In particular, almost all paths in C

are rectifiable.
Given a domain D and two sets E and F in C, Γ(E,F,D) denotes the family of all

paths γ : [a, b] → C which join E and F in D, i.e., γ(a) ∈ E, γ(b) ∈ F and γ(t) ∈ D

for a < t < b. We set Γ(E,F ) = Γ(E,F,C) if D = C. A ring domain, or shortly a
ring in C is a doubly connected domain R in C. Let R be a ring in C. If C1 and C2 are
the connected components of C \R, we write R = R(C1, C2). The capacity of R can be
defined by

capR(C1, C2) = M(Γ(C1, C2, R)), (12)

see e.g. [44]. Note that

ISSN 1027-3190. Ukr. mat. Ωurn., 2006, t. 58, # 11



ON THE THEORY OF THE BELTRAMI EQUATION 1575

M(Γ(C1, C2, R)) = M(Γ(C1, C2)), (13)

see e.g. Theorem 11.3 in [45].
Motivated by the ring definition of quasiconformality in [46], we introduce the fol-

lowing notion that localizes and extends the notion of a Q-homeomorphism. Let D be
a domain in C, z0 ∈ D, r0 ≤ dist(z0, ∂D) and Q : D(z0, r0) → [0,∞] a measurable
function in the disk

D(z0, r0) = {z ∈ C : |z − z0| < r0}.

Set

A(r1, r2, z0) = {z ∈ C : r1 < |z − z0| < r2},

C(z0, ri) = {z ∈ C : |z − z0| = ri}, i = 1, 2.

We say that a homeomorphism f : D → C is a ring Q-homeomorphism at the point z0 if

capR(fC1, fC2) ≤
∫
A

Q(z) · η2
(
|z − z0|

)
dxdy (14)

for every annulus A = A(r1, r2, z0), 0 < r1 < r2 < r0, and for every measurable
function η : (r1, r2) → [0,∞] such that

r2∫
r1

η(r)dr = 1. (15)

Note that every Q-homeomorphism f : D → C is a ring Q-homeomorphism at each
point z0 ∈ D. The next proposition gives other conditions on f which force it to be a ring
Q-homeomorphism, see Theorem 2.17 in [4].

Proposition 1. Let f : D → C be a sense-preserving homeomorphism of the class
W 1,2

loc such that f−1 ∈ W 1,2
loc . Then at every point z0 ∈ D the mapping f is a ring Q-

homeomorphism with Q(z) = KTµ (z, z0) where µ(z) = µf (z).
If f is a plane W 1,2

loc homeomorphism with a locally integrable Kf (z), then f−1 ∈
∈ W 1,2

loc , see e.g. [47]. Hence we obtain the following consequence of Proposition 1.
Corollary 1. Let f : D → C be a sense-preserving homeomorphism of the class

W 1,2
loc and suppose that Kf (z) is integrable in a disk D(z0, r0) ⊂ D for some z0 ∈ D and

r0 > 0. Then f is a ring Q-homeomorphism at the point z0 ∈ D with Q(z) = KTµ (z, z0)
where µ(z) = µf (z).

Note also the convergence theorem which plays an important role in our scheme for
deriving the existence theorems of the Beltrami equation, see Theorem 2.22 in [4].

Proposition 2. Let fn : D → C, n = 1, 2, . . . , be a sequence of ring Q-homeomor-
phisms at a point z0 ∈ D. If fn converge locally uniformly to a homeomorphism f : D →
→ C, then f is also a ring Q-homeomorphism at the point z0.

For points z, ζ ∈ C, the spherical (chordal) distance s(z, ζ) between z and ζ is
given by

s(z, ζ) =
|z − ζ|

(1 + |z|2) 1
2 (1 + |ζ|2) 1

2
if z �= ∞ �= ζ,
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s(z,∞) =
1

(1 + |z|2) 1
2

if z �= ∞.

Given a set E ⊂ C, δ(E) denotes the spherical diameter of E, i.e.,

δ(E) = sup
z1,z2∈E

s(z1, z2).

Given a number ∆ ∈ (0, 1), a domain D ⊂ C, a point z0 ∈ D, a number r0 ≤
≤ dist (z0, ∂D), and a measurable function Q : D(z0, r0) → [0,∞], let R∆

Q denote the

class of all ring Q-homeomorphisms f : D → C at z0 such that

δ
(

C \ f(D)
)
≥ ∆. (16)

Next, we introduce the classes B∆
Q and F∆

Q of certain qc mappings. Let B∆
Q denote the

class of all quasiconformal mappings f : D → C satisfying (16) such that

KTµ (z, z0) =

∣∣∣∣1 − z − z0

z − z0
µ(z)

∣∣∣∣
2

1 − |µ(z)|2 ≤ Q(z) a.e. in D(z0, r0) (17)

where µ = µf . Similarly, let F∆
Q denote the class of all quasiconformal mappings f : D →

→ C satisfying (16) such that

Kµ(z) =
1 + |µ(z)|
1 − |µ(z)| ≤ Q(z) a.e. in D(z0, r0) . (18)

Remark 1. Note that

F∆
Q ⊂ B∆

Q ⊂ R∆
Q. (19)

Lemma 2. Let f ∈ R∆
Q and ψε : (0,∞) → [0,∞], 0 < ε < r0, a one parameter

family of measurable functions such that

0 < I(ε) =

r0∫
ε

ψε(t)dt < ∞, ε ∈ (0, r0). (20)

Then, for all ζ ∈ D(z0, r0),

s
(
f(ζ), f(z0)

)
≤ 32

∆
exp

(
− 2π
ω(|ζ − z0|)

)
(21)

where

ω(ε) =
1

I2(ε)

∫
A(ε)

Q(z)ψ2
ε

(
|z − z0|

)
dxdy (22)

and A(ε) = A(ε, r0, z0) =
{
z ∈ C : ε < |z − z0| < r0

}
.

Proof. Set C = {z ∈ C : |z − z0| = |ζ − z0|} and C0 = {z ∈ C : |z − z0| = r0}.
Then

s
(
f(ζ), f(z0)

)
≤ 32

∆
exp

(
− 2π

capR(fC, fC0)

)

for every f ∈ R∆
Q by Lemma 3.21 in [4]. Thus, choosing η(r) = ψε(r)/I(ε), r ∈ (ε, r0),

in (14), we come to (21).
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Theorem 1. Let f ∈ R∆
Q and ψ : [0,∞] → [0,∞] a measurable function such that

0 <

r0∫
ε

ψ(t) dt < ∞, ε ∈ (0, r0). (23)

Suppose that ∫
ε<|z−z0|<r0

Q(z)ψ2(|z − z0|)dxdy ≤ C

r0∫
ε

ψ(t)dt (24)

for all ε ∈ (0, r0). Then

s(f(ζ), f(z0)) ≤
32
∆

exp


−2π

C

r0∫
|ζ−z0|

ψ(t)dt


 (25)

whenever ζ ∈ D(z0, r0).
In particular, Theorem 1 which is an immediate consequence of Lemma 2 makes

possible to estimate the distortion in terms of the mean value of Q over balls and its
maximal dispersion, see (7).

Theorem 2. Let f ∈ R∆
Q. Then

s
(
f(ζ), f(z0)

)
≤ 32

∆

(
log

eε0

|ζ − z0|

)− 1
β0

(26)

for every point ζ ∈ D(z0, e
1−eε0) where

β0 = 2q0 + 3e2d0, (27)

q0 is the mean value and d0 the maximal dispersion of Q(z) in D(z0, ε0).
Proof. With no loss of generality we may assume that Q has finite mean oscilla-

tion at z0 and integrable over a disk D(z0, ε0) because otherwise (26) is trivial. The
mean value and the dispersion of a function over disks are invariant under linear trans-
formations w = (z − z0)/eε0. Hence, (26) follows by Lemma 1 and Theorem 1 with
ψ(t) = 1/(t log 1/t).

Choosing in Lemma 2 a special functional parameter ψ(t) we obtain also the follow-
ing distortion theorem for ring Q-homeomorphisms in terms of the mean value of Q over
spheres.

Theorem 3. Let f ∈ R∆
Q. Then

s
(
f(ζ), f(z0)

)
≤ 32

∆
exp


−

r0∫
|ζ−z0|

dr

rq(r)


 (28)

for all ζ ∈ D(z0, r0) where q(r) is the mean of Q(z) over the circle |z − z0| = r.

Proof. With no loss of generality we may assume that the integral I �= 0 in (28)
because otherwise (28) is trivial and that I �= ∞ because otherwise we can replace Q(z)
by Q(z) + δ with arbitrarily small δ > 0 and then take the limit as δ → 0 in (28). Note
that R∆

Q ⊂ R∆
Q+δ. The condition I �= ∞ implies, in particular, that q(r) �= 0 a.e. in

(ε, r0), ε = |ζ − z0|. Set
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ψ(t) =

{
1/

[
tq(t)

]
, t ∈ (ε, r0),

0, otherwise.

Then ∫
A

Q(z)ψ2
(
|z − z0|

)
dxdy = 2πI

where A = A(ε, r0, z0) =
{
z ∈ C : ε < |z − z0| < r0

}
.

Another consequence of Lemma 2 can be formulated in terms of the logarithmic mean
of Q over an annulus A(ε) = A(ε, ε0, z0) =

{
z ∈ C : ε < |z − z0| < ε0

}
which is

defined by

MQ
log(ε) = −

ε0∫
ε

q(t) d log t :=
1

log ε0/ε

ε0∫
ε

q(t)
dt

t
(29)

where q(t) denotes the mean value of Q over the circle |z − z0| = t. Choosing in the
expression (21) ψε(t) = 1/t for 0 < ε < ε0, and setting ε = |ζ − z0| we have the
following statement.

Corollary 2. Let Q : D(z0, r0) → [0,∞], r0 ≤ dist (z0, ∂D), be a measurable
function, ε0 ∈ (0, r0) and ∆ > 0. If f ∈ R∆

Q, then

s
(
f(ζ), f(z0)

)
≤ 32

∆

( |ζ − z0|
ε0

)1/MQ
log(|ζ−z0|)

(30)

for all ζ ∈ D(z0, ε0).
3. A general existence lemma and corollaries.
Lemma 3. Let µ : D → C be a measurable function with

∣∣µ(z)
∣∣ < 1 a.e. and

Kµ ∈ L1
loc. Suppose that for every z0 ∈ D there exist ε0 ≤ dist (z0, ∂D) and a family of

measurable functions ψz0,ε : (0,∞) → (0,∞), ε ∈ (0, ε0), such that

0 < Iz0(ε) :=

ε0∫
ε

ψz0,ε(t)dt < ∞, (31)

and ∫
ε<|z−z0|<ε0

KTµ (z, z0)ψ2
z0,ε

(
|z − z0|

)
dxdy = o

(
I2
z0(ε)

)
(32)

as ε → 0. Then the Beltrami equation (1) has a ring solution fµ.

Proof. Fix z1 and z2 in D. For n ∈ N, define µn : D → C by letting µn(z) =
= µ(z) if

∣∣µ(z)
∣∣ ≤ 1 − 1/n and 0 otherwise. Let fn : D → C be a homeomorphic

ACL solution of (1), with µn instead of µ, which fixes z1 and z2. Such fn exists by
the well-known existence theorem in the nondegenerate case, see e.g. [48, p. 98], cf. [7,
p. 185 and 194]. By Proposition 1 and Lemma 2, in view of (32), the sequence fn is
equicontinuous and hence by the Arzela – Ascoli theorem, see e.g. [49, p. 267], and [50,
p. 382], it has a subsequence, denoted again by fn, which converges locally uniformly
to some nonconstant mapping f in D. Then, by Theorem 3.1 and Corollary 5.12 in [27]
on convergence, f is K(z)-qc with K(z) = Kµ(z) and f satisfies (1) a.e. Thus, f is
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a homeomorphic ACL solution of (1). Moreover, by Propositions 1 and 2 f is a ring
Q-homeomorphism, see (14), with Q(z) = KTµ (z, z0) at every point z0 ∈ D.

Since the locally uniform convergence fn → f of the sequence fn is equivalent to
the continuous convergence, i.e., fn(zn) → f(z0) if zn → z0, see [49, p. 268], and since
f is injective, it follows that gn = f−1

n → f−1 = g continuously, and hence locally
uniformly. By a change of variables which is permitted because fn and gn are in W 1,2

loc ,

see e.g. [7, p. 121, 128, 130, and 150], we obtain that for large n∫
B

|∂gn|2 dudv =
∫

gn(B)

dxdy

1 − |µn(z)|2
≤

∫
B∗

Q(z) dxdy < ∞ (33)

where B∗ and B are relatively compact domains in D and in f(D), respectively, such
that g(B̄) ⊂ B∗. The relation (33) implies that the sequence gn is bounded in W1,2(B),
and hence f−1 ∈ W1,2

loc(f(D)), see e.g. [51, p. 319].
Remark 2. If fµ is as in Lemma 3, then f−1

µ is locally absolutely continuous and
preserves nulls sets, and fµ is regular a.e., i.e., differentiable with Jfµ

(z) > 0 a.e. Indeed,
the assertion about f−1

µ follows from the fact that f−1
µ ∈ W1,2

loc, see [7, p. 131 and 150]. As
an ACL mapping fµ has a.e. partial derivatives and hence by [6] it has a total differential
a.e. Let E denote the set of points of D where fµ is differentiable and Jfµ(z) = 0, and
suppose that |E| > 0. Then |fµ(E)| > 0, since E = f−1

µ (fµ(E)) and f−1
µ preserves null

sets. Clearly f−1
µ is not differentiable at any point of fµ(E), contradicting the fact that

f−1
µ is differentiable a.e.

Corollary 3. Let µ : D → C be a measurable function with |µ(z)| < 1 a.e., Kµ ∈
∈ L1

loc, and let ψ : (0,∞) → (0,∞) be a measurable function such that for all 0 < t1 <

< t2 < ∞

0 <

t2∫
t1

ψ(t)dt < ∞,

t2∫
0

ψ(t)dt = ∞. (34)

Suppose that for every z0 ∈ D there is ε0 < dist(z0, ∂D) such that

∫
ε<|z−z0|<ε0

Kµ(z)ψ2
(
|z − z0|

)
dxdy ≤ O


 ε0∫
ε

ψ(t)dt


 (35)

as ε → 0. Then (1) has a ring solution.
Lemmas 1 and 3 yield the following theorem by choosing

ψz0,ε(t) =
1

t log 1
t

. (36)

Theorem 4. Let µ : D → C be a measurable function with
∣∣µ(z)

∣∣ < 1 a.e. and
Kµ ∈ L1

loc. Suppose that every point z0 ∈ D has a neighborhood Uz0 such that

KTµ (z, z0) ≤ Qz0(z) a.e. (37)

for some function Qz0(z) of finite mean oscillation at the point z0 in the variable z. Then
the Beltrami equation (1) has a ring solution.

The following theorem is an immediate consequence of Theorem 4.
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Theorem 5. Let µ : D → C be a measurable function with
∣∣µ(z)

∣∣ < 1 a.e. and
Kµ ∈ L1

loc. Suppose that at every point z0 ∈ D

lim
ε→0

−
∫

D(z0,ε)

∣∣∣∣1 − z − z0

z − z0
µ(z)

∣∣∣∣
2

1 − |µ(z)|2 dxdy < ∞. (38)

Then the Beltrami equation (1) has a ring solution fµ.

Applying Lemma 3 with ψ(t) = 1/t, we have also the following statement which
is formulated in terms of the logarithmic mean, see (29), of KTµ (z, z0) over the annuli
A(ε) =

{
z ∈ C : ε < |z − z0| < ε0

}
for a fixed ε0 = δ(z0) ≤ dist (z0, ∂D).

Theorem 6. Let µ : D → C be a measurable function with
∣∣µ(z)

∣∣ < 1 a.e. and
Kµ ∈ L1

loc. If at every point z0 ∈ D the logarithmic mean of KTµ over A(ε) does not
converge to ∞ as ε → 0, i.e.,

lim inf
ε→0

M
KT

µ

log (ε) < ∞ , (39)

then the Beltrami equation (1) has a ring solution.
Corollary 4. Let µ : D → C be a measurable function with

∣∣µ(z)
∣∣ < 1 a.e. and

Kµ ∈ L1
loc. Denote by qTz0(t) the mean value of KTµ (z, z0) over the circle C = {z ∈

∈ C : |z − z0| = t}. If
δ(z0)∫
0

qTz0(t)
dt

t
< ∞ (40)

at every point z0 ∈ D for some δ(z0) > 0, then (1) has a ring solution.
Lehto considers in [2] degenerate Beltrami equations in the special case where the

singular set Sµ

Sµ =
{
z ∈ C : lim

ε→0
‖Kµ‖L∞(D(z,ε)) = ∞

}
of the complex coefficient µ in (1) is of measure zero, and shows that, if for every z0 ∈ C

and every r1 and r2 ∈ (0,∞) the integral

r2∫
r1

dr

r(1 + qTz0(r))
, r2 > r1,

is positive and tends to ∞ as either r1 → 0 or r2 → ∞ where

qTz0(r) =
1
2π

2π∫
0

∣∣1 − e−2iϑµ(z0 + reiϑ)
∣∣2

1 −
∣∣µ(z0 + reiϑ)

∣∣2 dϑ,

then there exists a homeomorphism f : C → C which is ACL in C \ Sµ and satisfies (1)
a.e. Note that the integrand here is the tangential dilatation KTµ (z, z0), see (4).

We present now an extension of Lehto’s existence theorem which enables to derive
many other existence theorems as it was shown in [4]. In this extension we prove the
existence of a ring solution in a domain D ⊂ C which by the definition is ACL in D and
not only in D \ Sµ. Note that, in the following theorem, the situation where Sµ = D is
possible. Note also that the condition (41) in the following theorem is weaker than the
condition in Lehto’s existence theorem.
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Theorem 7. Let D be a domain in C and let µ : D → C be a measurable function
with

∣∣µ(z)
∣∣ < 1 a.e. and Kµ ∈ L1

loc. Suppose that at every point z0 ∈ D

δ(z0)∫
0

dr

rqTz0(r)
= ∞ (41)

where ε0 = δ(z0) < dist (z0, ∂D) and qTz0(r) is the mean of KTµ (z, z0) over |z−z0| = r.

Then the Beltrami equation (1) has a ring solution.
Proof. Theorem 7 follows from Lemma 3 by special choosing the functional param-

eter

ψz0,ε(t) ≡ ψz0(t) : =

{
1/

[
tqTz0(t)

]
, t ∈ (0, ε0),

0, otherwise.

Corollary 5. If Kµ ∈ L1
loc and at every point z0 ∈ D

qTz0(r) = O

(
log

1
r

)
as r → 0, (42)

then (1) has a ring solution.
Since KTµ (z, z0) ≤ Kµ(z) we obtain, in particular, as a consequence of Theorem 7

the following result which is due to Miklyukov and Suvorov [38] for the case Kµ ∈ Lploc,

p > 1.
Corollary 6. If Kµ ∈ Lploc for p ≥ 1 and (41) holds for Kµ(z) instead of KTµ (z, z0)

for every point z0 ∈ D, then (1) has a W 1,s
loc homeomorphic solution with s = 2p/(p+1).

Since the maximal dilatation dominates the tangential dilatation, all the above re-
sults obviously imply similar existence theorems in terms of conditions on the maximal
dilatation established earlier in [30] which are important particular cases, see also the
survey [39].

Remark 3. Note that all the distortion estimates for Q-homeomorphisms given in
Section 2 can be applied to ring solutions from the above existence theorems. Indeed,
in these theorems, for every domain D ⊂ C and every pairs of points z1 and z2 ∈ D

and w1 and w2 ∈ C, there exist ring solutions with the normalization f(z1) = w1 and
f(z2) = w2. The estimates hold for such solutions with Q(z) = KTµ (z, z0) and ∆ =

= min
(
1/(1 + |w1|2

)1/2
, 1/(1 + |w2|2)1/2) and, in particular, if w1 = 0 and w2 = w0,

then ∆ = 1/
(
1 + |w0|2

)1/2
. For ring solutions with

∣∣f(z1)
∣∣ and

∣∣f(z2)
∣∣ ≤ R < ∞,

∆ = 1/(1 + R2)1/2.
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