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In this article our main concern is to prove the quantitative unique estimates for
the p-Laplace equation, 1 < p < oo, with a locally Lipschitz drift in the plane. To

be more precise, let u € Wllo’f(]R2) be a nontrivial weak solution to
. -2 -2 .
div(|VulP™* Vu) + W - (|Vu|’"*Vu) =0 in R?

where W is a locally Lipschitz real vector satisfying [[W| pq(m2) < M for ¢ >
max{p,2}. Assume that u satisfies certain a priori assumption at 0. For ¢ >
max{p,2} or ¢ =p > 2, if ||U||L°°(R2) < Cp, then u satisfies the following asymptotic
estimates at R > 1
1—-2
inf  sup |u(z)] > e R loeR
[zo|=R |z—z0|<1

where C' > 0 depends only on p, g, M and Cy. When ¢ = max{p,2} and p € (1,2],
if |u(z)| < |2|™ for |z| > 1 with some m > 0, then we have

inf  sup |u(z)| > Che~Callos B
[z0|=R |z—zg|<1

where C; > 0 depends only on m,p and Co > 0 depends on m,p, M. As an
immediate consequence, we obtain the strong unique continuation principle (SUCP)
for nontrivial solutions of this equation. We also prove the SUCP for the weighted
p-Laplace equation with a locally positive locally Lipschitz weight.
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1. Introduction

In this paper, we study the unique continuation principle (UCP) for certain nonlinear elliptic partial
differential equations in the plane. This principle, which states that any solution of an elliptic equation that
vanishes in a small ball must be identically zero, is a fundamental property that has various applications
e.g. in solvability questions, inverse problems, and control theory.

This problem has significant differences for linear and nonlinear equations. For linear elliptic PDEs,
Garofalo and Lin [11,12] have obtained even the strong unique continuation principle (SUCP) for solutions
in all dimensions. As for nonlinear elliptic PDEs, very little is known. As a matter of fact, it remains
unknown even for the p-Laplace equations in higher dimensions; see [2,14] and the references therein for
partial positive results in higher dimensions. The difficulty in establishing such a unique continuation result
for nonlinear equations (such as the p-Laplace equation) lies in the fact that the best a priori regularity
available for (viscosity or weak) solutions of the PDE is C*® and consequently, one cannot linearize the
corresponding nonlinear equation and apply the known unique continuation results for linear equations.

When restricted to the planar case, the situation is slightly different. For instance, the UCP holds for
solutions of the p-Laplace equations or even more general nonlinear elliptic equations in the plane; see [6,13,
17]. The main reason for this is that planar nonlinear elliptic equations are naturally tied with the complex
function theory. In the linear equation case, the real part and the complex part of an analytic function
are harmonic and each harmonic function (locally) raises as the real part of an analytic function. In the
nonlinear p-Laplace equation case (1 < p < o0), as discovered by Bojarski and Iwaniec [6], the complex
gradient of a p-harmonic function is a quasiregular mapping. The nice properties of quasiregular mappings
in return yield many surprising results for planar p-harmonic functions, in particular, the UCP holds for
these functions.

We will mainly consider the SUCP for two variants of the p-Laplace equations in this paper. The first
one is the following p-Laplace equation, 1 < p < oo, with a locally Lipschitz drift term

div(|Vu[" > Vu) + W - (|Vu[’ > Vu) =0 in R?, (1.1)

where W = (W;,Ws) is a real vector-valued locally Lipschitz function with bounded L%-norm for
max{2,p} < ¢ < co. As we will see in a moment, the SUCP for solutions of (1.1) will be a simple consequence
of certain lower estimate of the decay rate under certain a priori assumptions for the solutions. The decay
estimate will also yield quantitative uniqueness estimates of the solutions at large scale.

This kind of quantitative decay estimate problem was originally posed by Landis in the 60s [20]. He
conjectured that if u is a bounded solution of

div(Vu) + Vu =0 in R", (1.2)

with [V pee@ny < 1 and |u(z)| < Ce_c‘””lpr, then is identically zero. This conjecture was disproved by
4

Meshkov [24], who constructed a V() and a nontrivial u(x) with |u(z)| < Ce=¢1#I® satisfying (1.2). He also

showed that if |u(x)| < C'e_c|m‘%+, then v = 0 in R". A quantitative form of Meshkov’s result was derived
by Bourgain and Kenig [7] in their resolution of Anderson localization for the Bernoulli model in higher
dimensions. It should be noted that both V' and w constructed by Meshkov are complex-valued functions;
see also [9,22] for positive quantitative results along this direction.

In a recent paper of Kenig—Silvestre-Wang [18], the authors studied Landis’ conjecture for second order
elliptic equations in the plane in the real setting, including a special case of (1.1). In particular, it was proved
there that if u € WlQ’q(R2) is a real-valued solution of (1.1) with p = 2, ¢ = oo such that |u(z)| < e/l

oc

|[Vu(0)] = 1, and [|W|| g ®2) < 1, then

inf  sup |u(z)] > e B8R for R>> 1, (1.3)
[20[=R |z —z0|<1



where the constant C' depends only on Cj. Later, Kenig and Wang [19] obtained similar estimates as (1.3)
for Eq. (1.1) with p = 2 under an L?-boundedness assumption for W for 2 < ¢ < oo. To be more precise,
let u € W27(R2) be a real solution of (1.1) with p = 2. Suppose 2 < ¢ < oo. If [u(z)| < Co, |Vu(0)| = 1,

loc

W ||Loqr2) < M, then

inf  sup |u(z)] > efCRli% s R for R>> 1, (1.4)
[20|=R |z—zo|<1
where C' depends only on ¢, M and Cj. Similar quantitative estimates (but of different order) hold for the
case ¢ = 2 as well.
Our first main result is the following quantitative lower bound decay for nontrivial solutions of (1.1) that
generalizes the above-mentioned result of Kenig and Wang [19].

Theorem 1.1. Let u € Wllo’f(]Rz), 1 < p < oo, be a weak solution of (1.1) with W being locally Lipschitz.

(i) ¢ > max{2,p}: If |Jul|p~(r2) < Co, [Vu(0)| =1, and [|[W||agey < M, then

-2
> 6fCR q

inf  sup |u(2)] log R (1.5)

|z0|=R |z—z0|<1
for R>> 1, where C depends only on p, ¢, M and Cy.
(ii) ¢ = max{2,p} and p > 2: If |Jul|=(r2) < Co, [Vu(0)| = 1, and |W|| o2y < M, then

2
inf  sup |u(z)| > e CF TloeR (1.6)
[20|=R |z—zo|<1
for R>> 1, where C depends only on p, M and Cy.

In addition, instead of considering bounded solutions, if we only assume that the solution u has
polynomial growth condition, i.e., precisely |u(z)| < |z|™ for |z| > 1, with some m > 0, then the similar
estimates as (1.5) and (1.6) are also true.

(il) ¢ = max{2,p} and 1 < p < 2: If we assume ||ulz=®e) < Co, |Vulrr(p) = 1, and |[W| 2@y < M,
then

inf  sup Ju(z)| > R, (1.7)
[z0|=R |z —z0|<1

for R>> 1, where C > 0 depends on p, M and Cj.
Moreover, if [u(z)| < |2|™ for |z| > 1, with some m > 0, |[Vul|pr(p,) > 1, and |[W||r2@e) < M,
then

inf  sup |u(z)| > CpeC2(log R)? (1.8)
|ZO|=R|Z—Z()|<1

where C7 > 0 depends only on m,p and Co > 0 depends on m,p, M.

Note that since we are dealing with the nonlinear equation (1.1), the a priori assumption u € WlQO’cq(]Rz)

from [19] has to be replaced with the substantially weaker assumption u € Wl{)’cq (R?). For technical reasons,
we have also assumed that the drift W is locally Lipschitz and we believe that it is sufficient to assume that
W is locally bounded; see the discussion in Section 6.

In the formulation of (i) and (ii) in Theorem 1.1, we have an a priori global L*°-boundedness assumption

on the solution w. This assumption can be weakened to the pointwise boundedness assumption as in (iii)



of Theorem 1.1: see Theorem 3.6. As a matter of fact, upon changing the form of the lower bound in
Theorem 1.1, one can impose any a priori upper growth condition on the solution.

As in [19], a key reduction we will use in this paper is the scaling argument introduced by Bourgain and
Kenig [7]. It allows us to reduce our problem to certain estimate of the maximal vanishing order of the
solution v to the equation

div(|[VoP ? Vo) + A - (|[Vo|’ > Vu) =0 in Bs, (1.9)

with A = (A1, A) being Lipschitz and [|A| f«py) < M. The proof of the maximal vanishing order of
v relies on a nice reduction of (1.9) to a quasilinear Beltrami equation. Using the well-known theory of
Beltrami operators, we may represent the solutions of the Beltrami equation via quasiregular mappings
(cf. Theorem 3.1). Unlike the linear case p = 2 in [19], we need a version of the Hadamard’s three
circle theorem for quasiregular mappings (cf. Proposition 3.3) to derive the vanishing order. The case
q = max{2,p} needs special attention due to the fact that the Cauchy transform fails to be a bounded
mapping from L? to L.

As in the linear case [19], a quantitative form of the estimate of the maximal vanishing order of v provides
us the strong unique continuation property (SUCP) for (1.9).

Theorem 1.2. Let 2 C R? be a domain. Let v € Wli’f(!?), 1 < p < oo, be a weak solution of

div(|[Vo|P 2 Vo) + A (Vo[> Vo) =0 in 2,

where A is locally Lipschitz in 2. If for some zg € 2 and for all N € N, there exist Cn > 0 and rn > 0
such that

lv(2) — v(20)| < Cn |2 — 20|, ¥ |2 — 20| < 7w,
then

v(z) = v(z0).

The second class of equations we are considering in this paper is the following weighted p-Laplace equation
in a planar domain {2 for 1 < p < oco:

div(o |[Vu[" "> Vu) =0 in £, (1.10)

where o € I/VllocOO (£2) is a locally positive locally Lipschitz continuous function. Here by saying that o is
locally positive,’ we mean that for each K CC 2, there exists a positive constant cx such that o > cx in
K. The main result is the following SUCP for solutions of (1.10). Note that the UCP for solutions of (1.10)

are well-known; see e.g. [1,23] for the constant conductivity o, and [13,15] for more general case.

Theorem 1.3. Let 2 C R? be a domain and o € Wllocoo(()) a locally positive locally Lipschitz weight. Let
v E Wl’p(ﬁ) be a weak solution of the weighted p-Laplace equation (1.10) with 1 < p < oo. If for some

loc

zo € 12 and for all N € N, there exist Cn > 0 and ry > 0 such that
lv(z) —v(20)| < Cn |z — 20|, V |z — 20| <rn,
then
v(z) = v(zp).

L This terminology is not standard. The term “locally positive” is mainly used to distinguish the term “positive” in inverse
problems, which usually means a uniform positive lower bound (cf. [15]).



One can also prove a version of Theorem 1.1 for the weighted p-Laplace equation (1.10) and deduce
Theorem 1.3 as an immediate consequence of that: see Remark 5.3. As our interest lies in the SUCP for
Eq. (1.10), we do not formulate our theorem in that fashion.

The main idea of the proof relies on similar localizing arguments as in the previous case. Namely, it
suffices to consider our problem in the disk Bg. We will show that the estimate of the maximal vanishing
order of the solution v, Theorem 5.2, to the equation

div(A|Vo[P?Vu) =0 in Bg, (1.11)
with A € Wl’OO(Bg), being a positive Lipschitz coeflicient, is sufficient to establish Theorem 1.3. As in the

loc
previous case (p-Laplace with a locally Lipschitz drift), we will reduce the original Eq. (1.11) to certain
quasilinear Beltrami equation (5.5). Then the derivation of the estimate of the maximal vanishing order for
v will follow from the explicit representation of solutions of the Beltrami equation, the appropriate use of
Caccioppoli’s inequality for the weighted p-Laplace equation, and the Hadamard’s three circles theorem for
quasiregular mappings. When 1 < p < 2, the local Lipschitz regularity assumption on o can be weakened
and we discuss this improvement in Section 5.3.

This paper is organized as follows. Section 2 contains the basic definition of weak solutions to (1.1) and
some partial regularity result of the gradient of solutions for Eq. (1.1). In Section 3, we consider the case
q > max{p, 2} for the proof of Theorem 1.1 and the case ¢ = max{p,2} is treated in Section 4. Section 5
contains the proof of Theorem 1.3. The final section, Section 6 contains a short remark on reducing the
local regularity assumption in Theorem 1.1. Throughout the paper, C stands for an absolute constant whose
dependence will be specified if necessary. Its value may vary from line to line.

2. Partial regularity of weak solutions

Throughout this paper, 2 C R? will be a domain, i.e., an open connected set in R%. A real function
uwe WEP(£) is said to be a weak solution of (1.1) if

loc

/Q |VulP~2Vu - Vndz = /Q W - (|VulP~?Vu)ndz (2.1)

for all n € Cg°(£2). Note that W € L2 (2) and u € W, (), the right-hand side of (2.1) is integrable.

loc

(As a matter of fact, since |Vul[P~2Vu € ijj”‘”(rz), it suffices to assume W € L (£2) for s bigger than
the dual exponent of p/(p — 1)). Moreover, it is clear from our assumption that if u € Wﬁ)’f (£2) is a weak
solution of (2.1), then (2.1) holds for all n € Wy?(£2).

If u € WP (Bs) is a weak solution of (2.1), we consider the mapping F = |Vu|®~2/2Vuy. It is clear that

loc

F € L? (Bg). When W is locally Lipschitz, the next lemma implies that F enjoys higher regularity. The

loc

proof is similar to that used in [3, Theorem 16.3.1].

Lemma 2.1. Assume that W is locally Lipschitz in Bg. Then F € W1’2(Bg,R2).

loc

Proof. Since most of the argument we are adapting here is similar to [3, Proof of Theorem 16.3.1], see also
[6, Proposition 2], we will only outline the main steps and differences, and refer the interested readers to
[3,6] for the omitted details. We first consider the case p > 2.

For a compact set K C Bg and choose h € R? such that |h| < d(K,dBg). Note that both functions
¢(2) = n*(2) (u(z + h) —u(z)) and é(z—h)
belong to W, (Bg). Thus it is legitimate to write the identities

/ |Vu(2)[P2Vu(z) - Vé(2)dz = / |Vu(2)[P72W (2) - Vu(2)p(2)dz
Bg

Bs



and

/ |Vu(z + h)[P~2Vu(z + h) - Vé(2)dz = / |Vu(z + h)[P72W (2 + h) - Vu(z + h)p(z)dz.
Bs Bs
It follows that

/B (|Vu(z + h)|P2Vu(z + h) — |[Vu(2) P2 Vu(z), Vo(z))dz

= /B (IVu(z + R)[P2W (2 + h) - Vu(z + h) — |Vu(2)[P*W(2) - Vu(z)) ¢(z)dz.

Substituting the form
Vo(2) = 2n(2)(u(z + h) — u(2))Vn(z) +n(2)*(Vu(z + h) = Vu(z))

in (I) and using some elementary inequalities (cf. [3, Proof of Theorem 16.3.1]), we conclude that
| n@PEG ) - PP
B

< /B § Mz + )~ u(IVale + WPVl + 1) = [Vu(P2Vu(e), Va()hs]

i ’/ (IVu(z + R)P72W (2 + h) - Vu(z + h) = [Vu(z) [P72W (2) - VU(Z))¢(Z)dZ"
Bs
By the proof of Theorem 16.3.1, the first term in (II) can be bounded from above by

T=0(i)( [ a@PIFG+ 8 - FP)

8

Thus it suffices to show that the second term can be bounded by O(|h|?) or T. To this end, we write

/ (IVu(z + h)|P2W (2 + h) - Vu(z + h) — |Vu(2) [P W (2) - Vu(z)) ¢(z)dz = T+ 1V,

Bg

where
I = /B (IVu(z + h)[P2Vu(z + h) — |[Vu(2)|P2Vu(z), W(z + h))¢(2)d=z
and 8
IV = /B |Vu(2)[P~2(W (2 + h) — W(2), Vu(2))é(2)dz.
By the elementary inequality fromg[S7 Proof of Theorem 16.3.1], |III| can be bounded from above by
Wl [ |90t + 0P 29ut: + ) = [Ful2)P>Vu(a)] o)l
s

< W lammn [ (1Futc+wP 4 19uP) " |G ) - PO

By Hoélder’s inequality, we have
(p—2)/2p
[ (19ut 4w+ vap) PG ) - PO 6)d:
Bs
1/ (p—2)/2
< c(/ [uz + h) = u(z)|dz) " (/ (V= + ) +[Vu(z)|dz) S
Bg BS
1/2
([ n@PpG ) - FoPa:)
Bs

< O(Jh)) (/ W) E (= + h) — F(z)|2dz>1/2 7

Bsg



It remains to estimate |IV|. Note that W is locally Lipschitz. By Holder’s inequality, we have the bound

oil([ 1va@ra)" ([t - upas) " = ogn)

where L depends on the Lipschitz constant of W in Bg. In conclusion, we have shown that
1/2
([ werIPG+n) - FePa)” =ogn)
Bs

and thus F' € W,2?(By).

loc

We now consider the case 1 < p < 2. In this case, we follow the approach used in [23, Proof of Theorem 1].
Namely, consider the regularized equation

div((e + |Vu|)P=2/200) + A - ((e 4 |Vu]*)P=2/200) = 0

Fix an open ball B CC Bsg, consider the above equation with boundary value u. Denote by u® the solution of
the prescribed boundary value problem. Similar as in [23, Proof of Theorem 1], we have u® — u in W1?(B).
For the regularized equation, our preceding proof gives that F*¢ := |Vu‘5|(p_2)/2 Vuf € WH2(B). Moreover,
by choosing appropriate 7, we have || DF¢||12p) < %HFEHLQ(B). Since F¢ — F in L*(B), we conclude
that |[F*[|w1.2(g) < C||F|r2(B), where the constant C' does not depend on e. By the weak compactness
of Sobolev spaces and the fact that ¢ — F € L?(B), we infer that I € W12(B). This completes the
proof. [

3. SUCP I: ¢ > max{p, 2}

Our main concern in this section is to consider Eq. (1.1) with [[W{| @2y < M for 1 < p < oo and
max{p, 2} < ¢ < oco. As pointed out in the introduction, by using the scaling argument from [7], we only
need to consider the problem in the disc Bg. It is convenient for us to restate the problem as follows: Let v
be a solution of

div(|Vo|P 2 Vo) + A (Vo[> Vo) =0 in Bs, (3.1)

with A = (Ay, Ay) being Lipschitz in B, [[AllLepy) < M, M > 1.
We will need the planar theory of quasiconformal mappings and quasiregular mappings in a sequence of
results below and we refer the readers to the excellent book [3] for a comprehensive treatment.

3.1. Auziliary results

In this section, we prepare some auxiliary results that are necessary for the proof of Theorem 1.1.

Denote by G = v, —iv, the complex gradient of v. Our aim is to derive a non-linear Beltrami equation for
(certain function of) G. In order to do that we mainly follow the approach by B. Bojarski and T. Iwaniec [6].

Define F' = |G|" G, where a = (p — 2)/2. By Lemma 2.1, F € W'2(Bg) and so we may apply a simple
computation (cf. [6]) to deduce that F' satisfies the following quasilinear Beltrami equation

oF OF  OF

il 7 F,

oz e T, T

where

1/p—2—a a F
qQ = -3 + T
2 p+a a+2/) F
1 /p—2—a a F
g2 = —5 - =,
2 p+a a+2/) F



and

w2 L (1 E) i (1 F)]

The following representation result should not surprise any expert and the proof we have adapted here is
very similar to that used in [5, Theorem 4.3].

Theorem 3.1. Let F satisfy the following quasilinear Beltrami equation

OF OF OF
— =g — — F in B 2
9z Q182+¢J28Z+Q3 m Dy, (3.2)
where
1/p—2 p—2\F
Gq=—7|—5* -
2\p+2 3p—-2) F
1 /(p—-2 p-2\F
©2="5\3-2 p+2)F
and

q3 ‘= —

2p F ‘ F
3p—2 |:A1 <1+F>+ZA2 (1—F>]

F(z) = h((b(z))e”(z) in Bs,

Then the solution is represented by

where ¢ : Bg — ¢(Bg) is a K-quasiconformal mapping, h : ¢(Bg) — R? is holomorphic, and

1 9(&)
wle) =Tl =~ [ e
Bs §— %
for some g € L°(Bg) with 6 € [2,min{po,q}), where T is the Cauchy transform of g. Moreover, the quasi-
conformality coefficient K and the constant py > 2 depending, explicitly, only on p.

Proof. Let F' be the solution of the quasilinear Beltrami equation (3.2) and let ¢;, i = 1,2, 3, be given as in
Theorem 3.1. It is clear that if F satisfies (3.2), then it is a solution of the following differential inequality

OF OF )
%‘ gk‘g‘—l—oF in Bg, (3.3)
where
k=gl Bs) + llg2llo(Bs) € (0,1)
and o € L9(Bg). We next express Eq. (3.3) as

oF oF
g = Olg + 02F in BS7 (34)
where |[01][ o (By) < k and |o2(2)| < o(z) for a.e. z € Bs.
Denote by 6;, ¢ = 1, 2, the zero extension of o, i.e., simply define o, = 0 outside Bg. Consider the integral

equation
(I —6,8)g =0y inR? (3.5)

where S is the Beurling transform of ¢ defined as

-1 9(&)
Sg(z) = 77/38 (f—z)Qdé'




In view of our assumptions (A, As) € L(Bs), ¢ > 2, we have 62 € L(R?) with compact support. In
particular, 6o € L°(R?) for any 6 < q. Note also that the Beltrami coefficient 6, is a bounded function with
compact support. By the well-known L’-theory of Beltrami operators (cf. [3, Chapter 14] or [4, Theorem 1]),
we know that for each 6 € (1 + k, min{q,po}), where py = 1 + £, there exists a unique solution g € L°(R?)
that solves (3.5). Set

wl2) =T(e() == [ £

where T' is the well-known Cauchy transform of g.

9(&)
-

~ds,

We now consider the function
f(z) = F(z)e @),

Using the well-known facts (cf. [3, Chapter 4]) that

Ow Ow
5 =9 and 2 = S(9),
we easily obtain
oF _, W _OF _ w
fg—ge —ge “F and fz—ae Fe™S(g).
Since g solves (3.5), we have
af of _ OF oF
A L F(a— o
L) =P asw) o
oF oF .
= o Ola_OQF—O in Bsg.
Since e is non-negative, we infer that f solves the following Beltrami equation
0 0 .
572 —ola—ic =0 in Bs. (3.6)

Note that [lo1]|z~(Bs) <k < 1. Applying [8, Theorem 3.3] or [3, Corollary 5.5.4], we obtain

f(z) = h(9(2))

where ¢ : Bs — ¢(Bg) is K-quasiconformal with K = 1 k (depending only on p) and h : ¢(Bg) — R? is
holomorphic. Consequently, each solution of (3.2) is of the form

F(z) = h(¢(=))e,
where ¢ : Bg — ¢(Bg) is a K-quasiconformal mapping, h : ¢(Bg) — R? is holomorphic, and

with g € L(Bg) being the solution of (3.5). [

Remark 3.2. It is easy to compute that

2
p—= ifp>2
k= p+2
22 i<
1
32 p <

and pg =1+ E It is also clear from the proof of Theorem 3.1 that if 2 < g < 1 —i— <, then the conclusion of
Theorem 3.1 remains valid with 6 € [2,¢].



The following proposition will serve as the key for our later proofs.

Proposition 3.3. Let ¢: Bg — R? be a K-quasireqular mapping. Then for each r € (0,%), there exists

0= log% € (0,1), where E and E’, depending only on K, such that

@]l Lo (B,) < C(r 1||¢HL2(B7/2)) 1911 3205,)-

Proof. Since ¢: Bg — R? is K-quasiregular, by the well-known factorization (cf. [8, Theorem 3.3] or
[5, Theorem 3.3] or [3, Corollary 5.5.4]), ¢ = F o f, where F': f(Bg) — R? is an analytic function and
f: Bs — f(Bs) is a K-quasiconformal mapping such that f(0) = 0 and f(Bg) = Bg. In particular, f|p, is
n-quasisymmetric with 7 depending only on K (cf. [16, Theorem 11.19]). Then it follows (from [16, Theo-
rem 11.3]) that there exist positive constants Cy and « € (0, 1], depending only on K (and the dimension
n = 2) such that

Co M —ylM™ < |f(z) = f(y)| < Colz —y|* (3.7)
for all z,y € Bg.
We next show that
Il (5) < NSl7 (5,0 1011 5,): (3.8)
Write 1 = r/4, ro = 1 and r3 = 6. We may select 71 and 75, quantitatively, so that f(B,,) D Bz and that

. ~ r 1/ ~ —ry\ 1/
f(By,) C Bjg,. For instance, we could choose 71 = (C—;) and 7o = 6 — (GC—OQ) .

Then it follows from our choice and the Hadamard’s three circle theorem for analytic functions that
19l (B,,) = [1F 0 fllzeB,,) < [1FlLe(B;,)
e N o T A P LN [P

where
log %

6 (&)
0<0=0(r)= = 5 < 1.

log = log ﬁ
(%)

For later purpose, we will refer the above result as the Hadamard’s three circle theorem for quasiregular

mappings.

We next point out the following standard fact about quasiregular mappings from [17, Section 14.35]: If
f: 2 — R? is a K-quasiregular mapping and if u: f(£2) — R is a harmonic function, then v = uo f is
A-harmonic (of type 2) in 2. Here v being A-harmonic (of type 2) means that v is a weak solution for

div A(z, Vo(z)) = 0,
where A: R? x R? — R? satisfies
Az, €) - € > algl;
i) [A(z, §)| < BI¢l;

) (A, &) — Az, &) - (& — &) > 0 for all &, & € R? with & # &;
Az, ) = MA(x, §) whenever A # 0.

For ¢« = 1,2, the coordinate function z; is a harmonic function and so the component function ¢; of the
K-quasiregular mapping ¢ is A-harmonic (of type 2). Since ¢; is A-harmonic (of type 2), standard interior

10



estimates (see for instance [17, Section 3]) imply that
16ill 2o, < O dill 25,
and that
@3l oo (B6) < Clldill2(Br)-
Substituting these estimates in (3.8), we have
|6l (8e) < CO M bl 2m,,) 1611520, -

from which our claim follows. O

Finally, we need the following Caccioppoli’s inequality.

Lemma 3.4. Let v be a real solution of the p-Laplace equation (3.1), 1 < p < oo, with the lower order gradient
term. Then the following Caccioppoli’s inequality holds true.

P
VolP ds < C max{1, ||A||Lp(38)} Iol?
B - (p—r)P =(B)

for 0 <r < p <8, where the positive constant C' depends only on p.

Proof. Let € C§°(Bs) be a smooth cut-off function, i.e., 0 <n <1in B,,n=0in Bs\ B,, =1 in B,
and |Vn| < ﬁ in B, \ B,. Then vn? € Wol’p(Bg) is an admissible test function and so

/B (div(\Vv|p*2Vv) + |Vu|P24 - Vv)mypdx =0.
s
Integrating by parts, we have
—/|Vv|p_2Vv~ (Von? + pon?~'Vn)dx + / |Vu|P~2A - VounPdr = 0.
It follows
/|Vv|p77pdx = fp/U|Vv|p7277p71Vv - Vndz + / |Vo[P~2A - VoonPde
=1y + I>.

By Holder’s inequality,

Ll <p / Vol v | dz

<p(/anv|pdm>l_;(/|U|p|V77|pdm);.

Similarly,

L) < / 7l A| o] [V ulP~ de

< ([wrvepar) " ([opiappas)”

1"



Combining these estimates, we obtain

/ VolPrPde < pP / (o[ |VafPdz + / [o[P| APrP da

c(p) p P
< ———|lv ) T vl e All5,
=17 o] 101 o (5 1 AN 0 (54
c(p) max{1, ||A||Lp Be) }” ”
- (p—r)P L= (B

from which our lemma follows. [

8.2. Proofs of the main results

With all the necessary auxiliary results at hand, the proofs of our following main results go along the
same line as [19, Section 2].

Theorem 3.5. Let v € Wl oP(Bg) be a real solution of (3.1). Assume that v satisfies ||v]|L(py) < Co and
sup,cp, |Vo(z)| > 1. Then

vl L (B,) > C§1pC2logCopCsM 59

where C1,Co, Cs are positive constants depending only on p and q.

Proof. Set

q ifq<1+%
3k+1
2k
since max{2,p} < gand 0 <k <1,6 € (2,1+ 1)

otherwise,

—2
Recall that, F = |G\pT G, where G = v, — iv, and that v satisfies (3.1). Due to Theorem 3.1, the
nonlinear function F' satisfies the following quasilinear Beltrami equation

oF _ oF  OF
oz 1o, TR,

where ¢1, ¢2, g3 are Beltrami coefficients given as in Theorem 3.1. Moreover, each solution of this Beltrami

+ @3 F,

equation is of the form

F(z) = h(¢(2))e*?)  in Bg

with ¢ : Bg — ¢(Bg) is a K-quasiconformal mapping with K depending only on p, h : ¢(Bg) — R? is
holomorphic, and w is the Cauchy transform of certain L-function g that solves (3.5).

By the Caccioppoli’s inequality, Lemma 3.4, we have
Cmax{L, | Al7,p,}
/ IVol? dz < ) llp

B, B (p—r)P
Cmax{1, | A}, 5}
y 0 8.
1) [0z (p,), 0<r<p<

Since [[AllLa(pg) < M, M > 1, we have

cMP
\V4 p p
/ | ’U‘ dx < (p_,r)p”,UHLOQ(BP)' (310)

r
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Note that, the Cauchy transformation T'(g(z)) = w(z) is a bounded linear operator from L’(Bg) to
L>(Bg) for 2 < § < oo (cf. [3, Section 4.3.2]) and that the Beltrami operator I — 615 has quantitative
bounded inverse norm from L°(Bs) to L°(Bs) (cf. [4, Theorem 1]) for all § € (2,1 + ). It follows that

Wil (Bs) < c(@gllzsms) < (@ k)laslls(ms) < (@ k) AllLa(ss) < clg; k) M.
Now, using the Caccioppoli’s inequality above, we have
21 _w(z)]?
o dlizas,,y = s, |FI[e®)]
S CeQCMf |V'U|p

2CM C*MP
< 2OM A || VI )

where C' is a positive constant depending only on p and ¢ (since k depends only on p). Similarly,
c
110 8l3s,) < C2CMMPI[o]? . -

Since h is holomorphic and ¢ is K-quasiconformal, the composition h o ¢ is K-quasiregular. Replacing ¢ by
h o ¢ in Proposition 3.3 yields

2(1-6
180 8l13 (s, < CO 2R 0 Bl3a(m, )" [0 6135 ),

with 0 < 6 < 1 satisfying 6 = og E, and r € (0, ) where E, E' are the positive constants depending only

on K (and thus only on p). As a consequence

0
_ _ C?MP -
e 2CM||Vv||’£m(Bl) < C |r2e2M - ||v||LOO(B )} [C’QeQCMM”HvH’iw(BS) . (3.11)
Recall that we have following assumptions on v:
(1) Jv(z)| < Cp for all z € Bs.
(2) sup..p, V()| > 1.
(3) v € Wyl (Bs).
Therefore, the estimate (3.11) becomes,
ritie” o
vl (B, > —1——7-
= Mmoo

Substituting the explicit expression of § = in the above estimate, we obtain that

_E
log( )
0] oo,y > CF 2108 Cop Gl

where C1, Cs, C3 are positive constants depending only on p and ¢. [

With the aid of Theorem 3.5, we are ready to prove our main result of this section. The idea of the proof
is similar to that used in [19, Corollary 3.3].
Theorem 3.6. Let u € Wli’f(Rz), 1 < p< oo, be areal solution of

div(|VulP > Vu) + W - (|Vulf > Vu) =0 in R2.

Assume also that |W||pagey < M with ¢ > max{2,p} and |Vu(0)| = 1.

13



(i) If w satisfies |u(z)| < Cy, then

2
q

-
inf  sup |u(z)] > e OF
[z0|=R |z—zo|<1

log R (3.12)

for R>> 1, where C depends only on p, q, M and Cy.
(ii) If u satisfies |u(z)| < |z|™ for |z| > 1 with some m > 0, then the similar estimate (3.12) also holds true.

Proof. (i) Similar as in [19, Corollary 2.2], we use the scaling argument from [7]. Let |29| = R, R > 1 and
we define ugr(z) = u(Rz + z0). Then ug satisfies the following weighted p-Laplace equation with lower order
gradient term:

div(|Vugr|’ > Vug) + Wg - (|Vugr|’ > Vug) =0 in Bj,

where Wgr(z) = RW(Rz + z). Since ¢ > max{2, p}, we have

(f war)" < m 2 ([ wvr)
Bs R2

< MR'3. (3.13)
Note that
20 o -
]wR (_E)‘ = R|Vu(0)| = R > 1.

The desired estimate follows by applying (3.9) with M = M R andr =R\

(ii) The proof is similar to part (i). The only difference is that, in this case, we use the polynomial
boundedness assumption on the solution ug. Our assumption on ug implies that,

[urllLe (g < 9" R™

ie,, Cyp = 9™ R™. Therefore the estimate (3.12) can be achieved by replacing Cyp = 9™ R™, M = MR %
and 7= R~ 'in (3.9). O

As an immediate consequence of Theorem 3.5, we are now able to prove the SUCP for (1.1).

Proof of Theorem 1.2. Using translation and scaling if necessary, we may assume that zg = 0 and Bg C {2.
Note that [|Al|z(,) = M < oo. We prove the claim by a contradiction argument. If v(z) # v(0) in By,
then sup,cp, [Vv(z)| > C for some C > 0. Therefore, applying Theorem 3.5 with ¢ = oo, we infer that
v(z) — v(0) cannot vanish at 0 in an infinite order. Hence v(z) = v(0) in B;. Using the standard chain of
balls argument, we thus conclude that v(z) = v(0) in 2. O

4. SUCP II: ¢ = max{p, 2}

In this section, we deal with the case ¢ = max{p,2}. It should be noticed that if 2 < p < oo, then
q = p and we may apply the exact argument as in the previous section to show the quantitative uniqueness
estimates. Thus, throughout this section, we will assume that 1 < p < 2. In particular, this implies that
q = 2. As before, we assume that || A/ z2(p,) < M for some constant M > 1.

The main difficulty we face in this case is that the Cauchy transform is not a bounded operator from
L?(Bg) to L*°(Bs). Instead, we will use the fact that it is a bounded operator from L?(Bg) to W12(Bsy).
This fact, together with certain Trudinger type inequality from [19], will enable us to repeat the previous
arguments to conclude the proof.

14



4.1. Auziliary result
We will need the following upper Harnack type estimate for quasiregular mappings.

Lemma 4.1. If ¢ : Bg — R? is a K-quasireqular mapping, then for each r € (0,1) we have

1
16112, < O /B o,

where the constant C' > 0 depends only on K.

Proof. As noticed in the proof of Proposition 3.3, the component functions ¢; = x; 0 ¢, i = 1,2, are
A-harmonic of type 2. Thus, the standard regularity theory of elliptic PDEs (cf. [17, Section 3]) implies that
for each 1 = 1,2, we have

1
ill oo <(C— i| dex.
Ioidie(o, 0 < O [l

The claim follows by summing up the above estimates. [

4.2. Proofs of the main results

Theorem 4.2. Let v € W,;P(Bs),1 < p < 2, be a real solution of (3.1). If |v(2)| < Co,(Co > 1) for all
z € Bs, and ||Vv||Le(B,,,) = 1, then
[ V]l o (B,) = C1Cy C2rCa o8 CopCaMd® (4.1)

for all 0 < r < 1, where the positive constants Cy,Cy,Cs, Cy depend only on p.

Proof. Recall that, I satisfies the following Beltrami equation

OF OF OF )
- —Q1$+Q2$+Q3F in Bg, (4.2)

where k = [|q1([ 2o (Bs) + [|@2/| L (Bs) < 1 with k = 32;—_”2 and ||g3||2(py) < CM, where C' depends on p. The
solution of (4.2) is represented by

F(z) = (ho¢)(2)e”“®) in B,

where h is holomorphic in ¢(Bs), ¢ is K-quasiconformal and

—ulz) = () = -3 [ IE) e ge 12(By),

T Jps §— 2

see for instance the proof of Theorem 3.1. Due to the fact that Cauchy transform is bounded from L?(Bjg)
to W12(Bg) (cf. [3, Section 4.3.2]) and that the operator I — 6195 is invertible from L?(Bsg) into L?(Bg), we
obtain

[wllw2(ss) < Cllglir2(ss) < Cllasllrzss) < CM.
In the second inequality we used the property that, the following integral equation, see (3.5),
(I —6,8)g =0y, inR?,

has a unique solution in L?(R?) and the solution is bounded by g3 in terms of the L?(R?) norm. With the
above representation of the solution and the auxiliary lemmata at hand, we proceed our proof similar to
[19, Section 3.
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Applying the Hadamard’s three circle theorem (cf. the proof of Proposition 3.3) to the K-quasiregular
mapping (h o ¢)(z) = F(2)e**®), we have

1Fe || oo (Byy5) < IFeN e, ) 1F e 11 5 (4.3)
where
1 2
Og 27(%)1/a
0<9:9(r):1—2°<17 a € (0,1], (4.4)
og

with Cy being a positive constant depending on K (which is in particular depending on p). Using Lemma 4.1

and Holder’s inequality, we obtain that

[Fe“ |l (B,,,) = Ik o dllL<(s, .

c / ‘ w(z)
< F(z)e
’BT/2| B2

1/2
gc7<1‘/ ezm> ( ! ./‘ |Fﬁ>
‘BT/Q} B2 |Br/2| B, 2

Note that, by [19, Lemma 3.3], we have the following integral estimate:

2
/ 2wl < Cp—20M 207,
r/2

dz

1/2

| B, 2]

Therefore, applying Caccioppoli’s inequality, Lemma 3.4, we conclude that

1/2
IFellzoes, .y < COrm (@Dt </ IVU"“) L 1<p<2,
B2

p/2
< Op—(C1+OM) OM* max{1, HAHL” Bs) } p/2
g (r/2)r/? oz,
_ 2 2
< CMr (C1+CM)eCM ”v”Z[),{w(BT)’

where the constant Cy > 0 depends only on p. Substituting the above estimate in (4.3), the right hand side
of the Hadamard’s three circle theorem becomes

w(l— —(C4 2 2 2 2 1-8
I |y < (OMr OO ol 2 ) (M5O o2 )
(4.5)
On the other hand, we have
2
1< IVollp,,y = [ 1P
6/5
<[ Ihospee
Bg/s
1/2
< </ e4|w|> ||ho¢||%4(35/5)
Bg s
2
< Ce?M Hh°¢||2L4(BG/5)
2
< Ce?M Hho¢||2Loo(BG/5)- (4.6)

Finally, our claim follows by combining the estimates (4.3), (4.5), (4.6) and the form of 8 (cf. (4.4)). O
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Theorem 4.3. Let u € Wl{)’f(Rz), 1 <p <2, be a real solution of the equation
div(|VulP 2 Vu) + W - (|VulP > Vu) =0 in R2.

Assume that |W||p2gey < M and |Vul|pr(g,) > 1.
(i) If w satisfies |u(z)| < Cy for some Cy > 0, then

inf  sup |u(z)] > R,
‘ZU‘:R‘Z—20‘<1

for R>> 1, where C > 0 depends only on M,p and Cj.
(ii) If u satisfies |u(z)| < |z|™ for |z| > 1 with some m > 0. Then
inf  sup |u(z2)| > Che~C2llos B)*

[z0|=R |z—z0|<1

for R> 1, where Cy > 0 depends only on m,p and Co > 0 depends only on m,p, M.

Proof. (i) Let |z9| = R, R > 1. Define v(z) = u(Rz + zp). Then v solves
div(|Vol’ > Vo) + Wg - (Vo[> Vu) =0 in By

with Wr(2) = RW(Rz + 2). Since |W| 122y < M, we also have ||Wgl|r2(py) < M. The final proof is
similar to [19, Theorem 1.1, Part (ii)].

(ii) Under the assumption on up, we have,
llurllLoe(Bg) < 9™ R™,

i.e.,, Co = 9™ R™. Finally, replacing r = %, Co=9™R"™ in (4.1), we obtain

1wl Lo (B, (z0)) = lurllL< (B, (0))
> Cl (ngm)sz R7C'3 log(9mRm)R7C'4]\712

> C’le(_é2(1°g R)2), for R>1

where C; depends on m, p and Cy depends on m,p, M. O

5. SUCP for the weighted p-Laplace equation

In this section, we consider the weighted p-Laplace equation, p € (1, 00),
div(o |[Vu[’ > Vu) =0 in £, (5.1)

where o € Wllofo (£2) is a locally positive locally Lipschitz continuous function, i.e., o is locally Lipschitz and
for each K CC {2, there exists a positive constant cx such that ¢ > cx in K.

The main idea of the proof relies on localizing the problem on a small region and then one uses the scaling
argument as discussed in the previous sections. We show that the estimate of the maximal vanishing order

of the solution v to the equation

div(A Vo’ >Vu) =0 in Bs, (5.2)
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with A being a positive Lipschitz coefficient, would be enough to establish Theorem 1.3. Similar to the
previous case, we first reduce the problem into certain quasilinear Beltrami equation. Then the derivation
of the estimate of the maximal vanishing order for v follows from the explicit solution of the Beltrami type
equation, the appropriate use of Caccioppoli’s inequality for the p-Laplace equation and the Hadamard’s
three circles theorem.

5.1. Auxiliary result
The following Caccioppoli’s inequality will be useful in our later proofs.

Lemma 5.1. Let v be a weak solution of (5.2). Then the following Caccioppoli’s inequality holds true:

clal,
P P(Bs) P
/ Vel e < — O ol

for 0 <r < p <8, where C depends only on p.

Proof. Since v is a weak solution of the weighted p-Laplace equation (5.2),

AV’ 2 Vo - Vndz =0 (5.3)
Bs

for all p € W, (Bg).

Let ¢ € C§°(Bs) be a smooth cut-off function, i.e., 0 < ¢ <1in B,, ( =0in Bs\ B,, ( =1 in B, and
V¢ < ﬁ in B, \ B,. Set

n = ¢Pv,
Vn = PV + pP~1oVe.

Then Holder’s inequality implies

P Vol de = —p/ AP~ |[VolP™? Vo - V(da
Bsg Bs

< p/ |§Vv|p_1 |AvV (| dx
Bs

1-1/p 1/p
Sp{ <p|wczx} { / |A|Pv|p|v<”dw} ,
Bsg Bs

CPIVulPde <p? [ AP |u|” |VC|P da. (5.4)
BB BS

ie.,

In particular,

/ |Vol? doe < P / |A[P v]? dx
B, (p=1)? Jp,

PP
< s, [ AP
(p—rp " TE= B Jp,

OHAHIL),I'(BS) P
(p—r)P el >=(B,)’

where 0 < r < p < 8 and the constant C' > 0 depends only on p. O
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We follow the computation from [15, Appendix A3] to transform the weighted p-Laplace equation (5.2)
to a certain Beltrami type equation. Let G = Av, — iAv,, where v solves (5.2) and define F' = |G|* G with
a= %_2. Then F satisfies

oF oF OF
T =g — — F. inB .
B Q16z+q262+q3’ n by, (5.5)
where
1/p—2 p—=2\F
n=—5("5+ =
2\p+2 3p-2)F
__Y(p=2 p-2\F
2="5\3p-2 p+2)F
and

4P [EO (LN O (IN] e p [EO (1 O ( 1
qg_Ap+2{F82(A) &(Aﬂ A 3p—2 |Fo-\ar2) oz \ar2)|

Since A > ¢o and A is Lipschitz in Bg, it is easy to check that k = [q1]|L=(By) + la2llz=(By) < 1 and
llgsll Lo (Bg) < M (we may assume that M > 1). For § € (2,1 + 1), we know that ||gs||zs(5,) < CM, where
k is explicitly calculated in Remark 3.2 and the constant C' > 0 depends eventually only on p. Therefore, by
the proof of Theorem 3.1, the solution of the Beltrami equation (5.5) has the following representation:

F(z) = (ho¢)(2)e“® in Bg

where ¢ : Bg — ¢(Bs) is K-quasiconformal (with K depending only on p), h : ¢(Bg) — R? is holomorphic,
and w(z) = (T'g)(2) is the Cauchy transform of g for some g € L°(Bs) with 2 < § < (14 1).

5.2. Proofs of the main results

We are now able to prove the following estimate of the maximal vanishing order for the solution v of (5.2).

Theorem 5.2. Let v € Wl’p(Bg) be a weak solution of the weighted p-Laplace equation (5.2) with A satisfying

loc

that A > co and that A is M-Lipschitz in Bg. If ||v]|pe(py) < Co and sup, g, |Vou(2)| > 1, then

[0]| Lo,y > CF rC2108 CopCal (5.6)
where C1,Co, Cs are positive constants depending only on p, c¢o, and M.
Proof. The proof is similar to Theorem 3.5. For the convenience of the readers, we would like to add a few

lines here. In the view of the mapping properties of the Cauchy transform and the operator I — 61.5, we see
that

lw(z)] < CM, for z € Bs. (5.7)
Also, using the Caccioppoli’s inequality, see Lemma 5.1, we have the following estimate for the K-quasiregular
map h o ¢,

2o CPMP

(r/2)p
where C' > 0 depends only on p. We also remark from Proposition 3.3 that

_ 0 2(1-6
170 813 < (5, < C(r2lho dl32(s,,,)) 170 Bl 7o, (5.9)

with an appropriate 6 between 0 and 1.

Iho @l3as, ) < e ol 5, (5.8)
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Combining (5.7), (5.8) and (5.9), we can deduce the estimate (3.11). Finally, our result follows based on
the estimate (3.11). O

Proof of Theorem 1.3. With the help of Theorem 5.2, the proof is the same as the proof of Theorem 1.2. [

Remark 5.3. With Theorem 5.2 at hand, we could also obtain a version of Theorem 1.1 for the weighted
p-Laplace equation (1.10) under certain global a priori boundedness assumption on the weak solution. In
particular, for the standard p-Laplace equation, this will give certain lower bound on the decay rate of
p-harmonic functions, which might be of independent interest.

5.8. Weakening the regularity on o when 1 <p <2

In this section, we only consider the case p € (1,2]. The aim is to prove strong unique continuation
principle (SUCP) for the weighted p-Laplace equation (5.2) under weaker assumptions on the weight o. To
be more precise, throughout this section, we assume that

(1) o is locally positive, i.e., for each compact set K in (2, there exists a positive constant cx > 0 such that
o> ck in K;
(2) o e L (R)ifp=2and o € COY(2),0<a<1ifpe(1,2).

loc loc
Theorem 5.4. Let v € Wéf(()) be a weak solution of (5.1) with 1 < p < 2. If for some zy € £2 and for all
N €N, there exist Cny > 0 and ry > 0 such that
lv(z) —v(z0)| < Cn |z — 20|, ¥ |z = 20| <7,
then

v(z) = v(zp).

As in the previous section, the proof is based on the localization argument and we will do much of the
analysis to Eq. (5.2), where A satisfies

(1) A > ¢ in Bg;
(2) A€ L*®(Bg) if p=2and A € C%(By) if p € (1,2).

We start with the following lemma concerning the existence of weighted g-harmonic conjugate.

Lemma 5.5. Let v € WP(Bg) be a nontrivial weak solution of (5.2). Then there exists a weighted q-harmonic
function w € WH4(Bg) satisfying div(A' = Vw|?=2Vw) = 0 such that

w, = —A|VolP~ v, and w, = A|Vv[P" 20,

where p and q are the conjugate exponents.

Proof. For non constant v, the equation div(A|Vv|[P~2Vv) = 0 can be written as

0 _ 0 -
. (A|Vv[P~%0,) + o (A|Vv[P~%0,) = 0. (5.10)

Introduce ¢ such that ¢ = (¢1, @) where
¢1 = —A|Vu|P2v, and ¢y = A|Vv|Pv,.
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Then (5.10) becomes
061 _ 00,
oy Ox
Hence, from Cauchy-Riemann equation, there exists w € W,2?(£2) with w(0) = 0 (unique up to constant)

loc
such that
ow ow
R d _— =
oz ¢1 an By ®2,
from which the result follows. [
Note that if p = 2, then both v and w lie in W2(Bg). If p € (1,2), then v € CV#(Bg) (cf. [21]) and
hence both v and w belong to W12 (Bg). In particular, the mapping F := v + iw belongs to W?(Bg).

Lemma 5.6. Let v and w be given as in Lemma 5.5. Then we have the following two identities:
(i)

OF 1— A|VolP29F

9z 1+ A|Vu|p2 9z’

where F is defined as F = v + iw.
(i)

&)

F1-Alfp2FoF
T I+ AlfP2for

3

where f is defined as f = v, —ivy # 0.

Proof. Define I := v + jw. Calculating the complex derivatives of F', we obtain

or _ov  ou
oz oz ‘oz
1 _ .
= (U= AT ), + i)
and
oF _ov, o
9z 0z Zaz

1 _
— 5(1 + A VP2 (v, — ivy).

Combining the above two identities the proof of (i) follows immediately.

In order to establish the second equation, simply notice that v, — iv, = —iA|f|" -2 f and that
vy + vy = A fIP ~2 f. The claim follows by substituting these two identities in (i), O
Note that, f = v, —iv, = 2v, and |f| = 2[v.| = (v + v2)/2 = |Vu|. If we rewrite F as F =
v+ iw = Re(F) +iIlm(F) and |f| = 2|(Re(F)).| = |Vvl|, then Lemma 5.6 implies that
OF  1—20"2A|(Re(F)).|" > 0F
0% " 15 24| (Re(F)).F 7 0
OF
- M 82 9
where p is a function depending on the complex derivative of the real part of F.
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Theorem 5.7. Let F' satisfies the following nonlinear Beltrami equation
% = M%ﬁf in Bs,
where p is defined as
1— 2072 A|(Re(F)),["?
N T 22 |(Re(F)). P2
Then each weak solution F € W12(Bg) is represented by

F(z) = (hoo)(z) in Bs,

where ¢ : Bg — ¢(Bg) is a K-quasiconformal mapping and h : ¢(Bg) — R? is holomorphic. Moreover, the
[|All Lo (Bg)
co

quasiconformality coefficient K depends only on p, a, ||[v]|Le(By), and ¢y when p € (1,2) and on

co when p = 2.
Proof. Case 1. p = 2:

In this case,
1-A
W= T A
In view of our assumptions on A, we have ||u||L~(p,) < o < 1, where pg > 0 is a constant depending only
on c¢g. The solution of the above linear Beltrami equation can be represented as

F(z) =(ho¢)(z), zE€ Bs,

where ¢ : Bg — ¢(Bg) is a K-quasiconformal mapping with K depending only on po and h : ¢(Bg) — R? is
holomorphic; see e.g. [3, Theorem 5.5.1].

Case 2. 1 <p<2:

In this case,

_ 1222 A|(Re(F)).|""

N 2 A|(Re(F)). [P

Since A € C%%(Bg), 0 < a < 1, the weak solution v € C18(Bg) (cf. [21]), i.e., there exists 8 = B(p, a, 1)
with 0 < 8 < 1 so that ”v”Clvﬁ(Bi) < C for some positive constant C' = C(p,a,l, ||v]| 1 (By)), Where

l= %_ In particular, [[V||qo ;) < € and thus
Vol < [(Re(F)): o) < C- (5.11)

Since we also have A > ¢q in Bsg,

1-Cy
oo < —F>Fx<1
[l oo (Bg) < 1+ o
where Cy = Co(p, o, 1, [|[v|| L (By), co) is a positive constant.

In either cases, we infer that for some k < 1,

o) k‘a—F .

0z 1~ 10z
This implies that F' is a K-quasiregular mapping with K depending only on k (and hence only on p, «,
I, |||z (By) and co) (cf. [3, Section 5]). The final claim follows immediately from the well-known Stoilow

factorization; see e.g. [3, Corollary 5.5.3]. O
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Proof of Theorem 5.4. We first assume that zop = 0 and By C 2. Consider Eq. (5.2). Let v € W12(Bg) be
a weak solution of (5.2). Set F' = v + iw, where w is the conjugate weighted g-harmonic function given as
in Lemma 5.5. Then F satisfies the nonlinear Beltrami equation

OF  OF
9z Ma’ (5.12)

where p is defined as

120724 ?

12024

Re(F)):|
Re(F)).|

: ( "
IS ( PR

Theorem 5.7 implies that each W2(Bg)-solution of (5.12) can be written as
F(z) = (ho¢)(z) in Bs,

where ¢ : By — ¢(Bg) is a K-quasiconformal mapping with K depending only on p, o, I, ||v][ s (By) and co
as in the previous theorem, and h : ¢(Bg) — R? is holomorphic.

Now we apply the Hadamard’s three circle theorem to F' = ho¢ (cf. (3.8) in the proof of Proposition 3.3)
to deduce that

1F Nz 81y < NENGoe (i, ) IF I ) (5.13)
log Z??}é%Yfﬂ?
where 0 < 6 = 0(r) = 9 < 1 with Cy depending only on K.

o "
&&=

Applying Lemma 4.1 for the K-quasiregular mapping F' and using the Holder’s inequality, we have the
following estimates

C
1 F il < e / IF|
(Brsa) |B7"/2| B2

1/p 1/p'
<o ([ 1) ([ wr
’BT‘/2| Br/g Br/g

11
< C|Byjal” 1Fl e (B, 2)
< Cr(r/2)%" 1Fll o (5

A

r/2)
< Or P ol s,y + 10l 5, ) (5.14)

where 1/p+1/p’ = 1 and C depends only on K. In order to estimate ||w||Lp/(Br/2), we follow similar approach
from [19, Section 4] and proceed as follows:

/BT/Z ()| da = ~/Br/2 w(z) — w(O) dx

1 ’
:/ / Vuw(tx) - xdt
Bys 1J0

P
dx
< (ny” Yt
< (3) /B/ /0 w(te)
NPT 72001 ,
< (= — P .
<) [ g [ o wjas

pl
dtdx
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Using the fact that |Vw| = [A||[Vo[”™", we obtain

/ ’ T/2 / ’
w(z)[P de < CrP' 1 ! AP (wol? PV ay | ds
Jw(z)] y
BT/Q 0 |BS| B

, T’/2 1 ,
<C ”H/ —A|® / VolP dy| ds.
~ T 0 |BS|H HLOO(BS) BS| U‘ Y S

Since [|A||z(By) < C1, applying Caccioppoli’s inequality, Lemma 5.1, we obtain that

/ ' r/2 ||v||1£00(3 )
/ (@) de < CrP' / WL (Bas) (5.15)
B, 0 sP | By|

where C' > 0 depends only on p, K and C;. From our assumption that v vanishes at 0 in an infinite order,
i.e., 3C > 0 and 7 < 8 such that

lw(z)| < ClzY, V |2 <7, (5.16)

we infer that

/| Iute) <C

and hence
[ Fll Lo B,y < C, (5.17)

where C' > 0 depends on p, K and C;. Now, if [[v| g (p,) > e~ for some Iy > 0, then (5.13) and (5.17)
would give us

e < olloqmn) < CLOF |5 -
ie.,
Crt < || F =z, )
On the other hand, using (5.14)(5.16), we may conclude that, there exist Ny > Cly and ry, < 7 so that
||F||L00(B7./4) < CnyrMNo,  forall v < ry,.
The contradiction implies that for all Iy > 0, [[v]|r=(p,) < e, and hence v = 0 in By.

Finally, we will finish the proof using the scaling argument as in [7,19]. Let us take any point zg € 2 so
that

[v(z)] = O(lz = 20l™) as |2 =20 = 0,

for all N > 0. Choose ro > 0 such that Bs,,(20) C £2. Set u(z) = v(2p + roz) and o(z) = roA(zo + 102).
Then u satisfies

div(o |[Vul" > Vu) =0 in Bg
and
ol (Bs) < CllAl L (Bsry (20)) < Chr-

Hence, using the previous argument, we know that uw = 0 in By, which implies v = 0 in B,,(z0). Now, by
the chain of balls argument as in [19, Corollary 3.5], we easily conclude that v =01in 2. O
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6. Concluding remarks

In this section, we give a short remark on the local regularity assumption on W in Theorem 1.1. We have
assumed that W is locally Lipschitz and this assumption was only used in Lemma 2.1 to ensure that we are
legal to take the complex gradient of solutions of (1.1) to derive certain quasilinear Beltrami equation. The
constant C' appeared in the asymptotic estimate in Theorem 1.1 does not depend on the data associated
to the local Lipschitz regularity. Hence, we expect that this assumption is only a technical assumption and
can be possibly get rid of by a standard regularizing procedure as follows. Given a general W, say belongs
to L2, (R?). Let W. = n. * W be the standard smooth approximation of W in L2 (R?). For each ¢ > 0,

loc
consider the equations

div(|VuP=2Vu) + We - (|[Vu|P2Vu) =0 in R% (6.1)

Applying Theorem 1.1 for (weak or C1'®) solutions u. of (6.1), we may conclude that the quantitative

estimates as in Theorem 1.1 hold for each u. with a constant C' independent of €. It is plausible that the

(oo}

> (R?). Since C is independent of ¢, the same

approximation argument from [10] will imply that v, — w in L
estimate would hold for u as well.
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